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Dissecting structure-function of 3-O-sulfated heparin 
and engineered heparan sulfates
Richard Karlsson1†, Pradeep Chopra2†, Apoorva Joshi2,3, Zhang Yang1,4, Sergey Y. Vakhrushev1, 
Thomas Mandel Clausen5, Chelsea D. Painter5, Gergo P. Szekeres6,7, Yen-Hsi Chen1,4,  
Daniel R. Sandoval5, Lars Hansen1, Jeffrey D. Esko5,8, Kevin Pagel6,7, Douglas P. Dyer9,  
Jeremy E. Turnbull1,10, Henrik Clausen1*, Geert-Jan Boons2,3,11*, Rebecca L. Miller1*

Heparan sulfate (HS) polysaccharides are master regulators of diverse biological processes via sulfated motifs that 
can recruit specific proteins. 3-O-sulfation of HS/heparin is crucial for anticoagulant activity, but despite emerging 
evidence for roles in many other functions, a lack of tools for deciphering structure-function relationships has 
hampered advances. Here, we describe an approach integrating synthesis of 3-O-sulfated standards, comprehen-
sive HS disaccharide profiling, and cell engineering to address this deficiency. Its application revealed previously 
unseen differences in 3-O-sulfated profiles of clinical heparins and 3-O-sulfotransferase (HS3ST)–specific variations 
in cell surface HS profiles. The latter correlated with functional differences in anticoagulant activity and binding 
to platelet factor 4 (PF4), which underlies heparin-induced thrombocytopenia, a known side effect of heparin. 
Unexpectedly, cells expressing the HS3ST4 isoenzyme generated HS with potent anticoagulant activity but weak 
PF4 binding. The data provide new insights into 3-O-sulfate structure-function and demonstrate proof of concept 
for tailored cell-based synthesis of next-generation heparins.

INTRODUCTION
The heparan sulfate (HS) family of polysaccharides found through-
out metazoan lifeforms comprises the most anionic polysaccharides in 
nature ranging from 20 to 200 monosaccharide units in length, and 
HS is ubiquitously expressed on cell surfaces and in the extracel-
lular matrix of mammals. HS is essential for life in all mammalian 
species and modulates numerous biological activities involving 
growth and development, inflammation and immune system regu-
lation, angiogenesis and metabolism, as well as disease pathologies 
of cancer, infection, and neurodegenerative disorders (1, 2). The 
degree and patterns of their sulfation represent huge diversity for 
informational cues to direct and tightly regulate biological functions. 
They achieve this through selective interactions with protein partners 
via divergent sulfated binding motifs that bind to cognate protein- 
binding sites. HS is produced by a complex biosynthetic machinery 
that initially creates a repeating disaccharide unit of uronic acid (UA) 

and N-acetylglucosamine (GlcNAc), where the UA is either iduronic 
acid (IdoA) or glucuronic acid (GlcA). The glucosamines can be 
modified with an N-sulfate (NS) or remain as an N-acetyl (NAc) 
moiety [via action of N-deacetylase/N-sulfotransferases 1 to 4 (NDST1 
to NDST4)]. UAs can subsequently be modified with an O-sulfate at 
the carbon-2 position by 2-O-sulfotransferase (HS2ST1). Further 
O-sulfates can be added to glucosamine residues at the carbon-6 
position [via 6-O-sulfotransferases 1 to 3 (HS6ST1 to HS6ST3)] and 
more rarely at the carbon-3 position [via 3-O-sulfotransferases 1 to 
6 (HS3ST1 to HS3ST6)]. Divergent patterns of sulfation created by 
the orchestration of these enzyme families are the key hallmarks 
of functionally specific protein-binding sites in HS. Deciphering 
the details of these sulfation patterns, including the apparently less 
common 3-O-sulfate modification, remains a major hurdle.

Heparin, a member of the HS family, is a widely used anticoagu-
lant and is the world’s most sold biopharmaceutical by weight, yet it 
remains a poorly characterized heterogeneous animal-sourced product 
(3, 4). Most unfractionated heparin (UFH) is purified from porcine 
intestinal mucosa, with low–molecular weight heparins (LMWHs) 
being fractionated from UFH (5, 6). In addition, the supply and 
quality of heparins are causes for concern due to infection out-
breaks in animal stocks, such as the ongoing swine flu in China, and 
the contamination of crude heparin with oversulfated glycosamino-
glycans (GAGs) in 2007 that resulted in many deaths (7, 8).

The mechanism of heparin’s anticoagulant activity involves 
predominantly heparin binding and activation of antithrombin III 
(ATIII), which is then able to complex and inactivate thrombin, 
factor Xa (FXa), and other proteases (9). Heparin binds to ATIII 
through a specific pentasaccharide sequence, GlcNS6S-GlcA-GlcNS3S6S- 
IdoA2S-GlcNS6S, whereas the interaction of ATIII and thrombin 
requires heparin chains of at least 18 monosaccharide units in 
length (10). In contrast, FXa activity via ATIII activation requires 
only the pentasaccharide sequence, and a synthetic heparin mimetic 
(fondaparinux) has been created on the basis of this structure (11). 
Removal of the 3-O-sulfate group on the 3-O-sulfated glucosamine 
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(GlcNS3S6S) within the pentasaccharide sequence was shown to 
result in limited ATIII activity (12), demonstrating the essential re-
quirement for 3-O-sulfation for potent anticoagulant activity.

Major complications of heparin and LMWH in clinical use in-
clude both bleeding and thrombosis. The structural heterogeneity 
of heparins provides the avidity to complex with large numbers of 
proteins including plasma proteins, which can lead to adverse con-
sequences of unpredictable anticoagulation and also life-threatening 
heparin-induced thrombocytopenia (HIT) (13). HIT can be non-
immune or immune-mediated, both resulting in decreased platelet 
counts. Platelets produce a protein called platelet factor 4 (PF4; also 
called CXCL4), which is capable of forming large heparin-PF4 com-
plexes; in immune HIT, antibodies to these complexes are induced 
and platelets are activated, resulting in the formation of blood clots 
and low platelet levels (13, 14). Heparin has the highest incidence of 
HIT at around 5% of patients, whereas LMWH has an incidence of 
around 1% (15). Heparin/LMWH binding to PF4 has previously been 
demonstrated to require N-sulfation of the glucosamine (GlcNS) 
and 2-O-sulfation of the UA (UA2S) (16). This raises the possibility 
of better targeting of heparin therapeutics with reduced side effects 
by tailored generation of optimized structures.

Exploiting the evident biomedical potential of heparin and HS 
requires systematic structure-function relationship studies, which 
in turn requires detailed structural elucidation. Current methods 
for disaccharide analysis of HS, most commonly high-performance 
liquid chromatography (HPLC)–based methods, do not permit com-
plete identification of disaccharide units containing 3-O-sulfation 
of the glucosamine, primarily due to lack of standards. Although a 
few isolated 3-O-sulfated disaccharides have been studied (17, 18), 
many are not available for disaccharide analyses. Digestion of hep-
arins commonly results in digestion-resistant 3-O-sulfated tetra-
saccharide structures (19), adding to the difficulties of retrieving the 
3-O-sulfated disaccharide standards. The 3-O-sulfation step is cata-
lyzed by seven isoenzymes, the expression of which is spatiotemporally 
regulated in a broad range of tissues (20–22). HS3ST1/5 are consid-
ered to be the main isoenzymes involved in 3-O-sulfation of the 
anticoagulant drug heparin (produced in mast cells and from which 
UFH is derived) (23, 24), and a number of isozymes have been im-
plicated in herpes simplex virus entry to cells (24, 25). The HS3STs 
remain incompletely characterized, despite the fact that the 3-O- 
sulfate modification is increasingly being linked to much broader bio-
logical functions, including tissue formation, brain symmetry, and 
neuronal growth (2, 20, 22). Silencing of HS3ST expression is observed 
in cancers (26, 27), and 3-O-sulfation enhances tau phosphorylation 
and plaque formation in Alzheimer’s disease (28). Despite increasing 
insights into biological functions, the structural features of HS that 
drive these biological activities, and crucially the role of 3-O-sulfate 
groups, remain largely unknown (29) due to the limitations of ana-
lytical methods. This represents a major gap in knowledge, which must be 
closed in order to exploit HS/heparin in new therapeutic applications.

The numerous roles that GAGs play in protein interactions 
have led to initial efforts to systematically engineer GAG biosynthetic 
pathways using a combinatorial genetic approach for generating large 
libraries of individual cells that display different repertoires of HS, 
chondroitin sulfate (CS), and dermatan sulfate structures (30, 31). 
The genetic engineering approach has enabled the dissection of 
protein-binding features, as well as the expression of a large library 
of homogeneous GAGs with differences in sulfation patterns that 
can be expressed with and without a proteoglycan core. These can 

be used for studies on extracellular matrices, mechanical properties, 
hydrogels, technology platforms, and biotherapeutics. Chemical and 
chemoenzymatic synthesis of oligosaccharide structures linked to 
array platforms has also been initiated to elucidate specific binding 
motifs (17, 32), platforms for GAG sequencing methods (33–38), 
and development of technology to synthesize fondaparinux in fewer 
steps (39). These approaches have the potential to contribute to dis-
secting the binding specificities of HS for a range of HS-binding 
proteins (30–34), but 3-O-sulfation has not been tackled in a sys-
tematic manner to date.

Here, we demonstrate an integrated strategy for dissecting the 
roles of 3-O-sulfation in HS and heparin by combining an opti-
mized HPLC method that enables comprehensive disaccharide analysis 
of HS and heparin/LMWH with genetic engineering in cells lacking 
expression of HS3STs (Fig. 1, A to D). The comprehensive HPLC 
method was validated with a complete set of chemoenzymatically 
synthesized 3-O-sulfated disaccharide standards (Fig. 1, A and B) 
and applied to demonstrate unique 3-O-sulfate profiles of clinical 
heparin/LMWHs. We further exploited the strategy to explore the 
functional properties of the HS3ST isoenzyme family by individual 
targeted knockin (KI) of all seven human HS3STs in Chinese ham-
ster ovary (CHO) cells (Fig. 1D). The resulting HS species displayed 
divergent 3-O-sulfation and disaccharide compositions, and also modi-
fied functional properties (Fig. 1C). We demonstrate that CHO cells 
expressing HS3ST4 generated HS chains with potent anticoagulant 
activity similar to some LMWHs, yet very weak ability to bind PF4, 
indicating potential for reduced HIT. These results provide proof of 
concept for cell-based biosynthesis of an anticoagulant HS with im-
proved therapeutic properties (Fig. 1E). Furthermore, the integrat-
ed strategy provides a new basis for dissecting the distinct sulfated 
motifs that drive the many biological functions of HS.

RESULTS
Production of 3-O-sulfated disaccharide standards
A widely used approach for evaluating structural composition of 
heparin/HS is profiling of disaccharide building blocks, typically by 
digestion with a mixture of heparin lyases followed by HPLC-based 
separation methods with ultraviolet, fluorescence, or mass spec-
trometry (MS) detection. Yet, no method to date is inclusive of all 
3-O-sulfated disaccharides due to the lack of suitable standards. We 
set out to resolve this longstanding issue by producing 3-O-sulfated 
tetrasaccharides having different patterns of N-, 2-O-, and 6-O-
sulfations (Fig. 2A, fig. S1, table S1, and supplementary experimental 
methods), which, after exposure to heparinases, were expected to 
provide the required disaccharide standards 1 to 8 having a 3-O-sulfate 
moiety. The strategy entailed the chemical synthesis of tetrasaccha-
rides that are modified by protecting groups (9 to 16) that, at a late 
stage of synthesis, can selectively be removed to reveal alcohols that 
can then be sulfated. This strategy overcomes the incompatibility of 
chemical oligosaccharides assembly in the presence of sulfates. Thus, 
disaccharide donor 21 and disaccharide acceptors 17 to 20 were 
coupled to give four tetrasaccharides that are modified by different 
patterns of levulinoyl esters and a napthylmethyl ether. These pro-
tecting groups could selectively be removed by treatment with 
hydrazine acetate and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 
respectively. The resulting alcohols were sulfated by sulfur trioxide- 
triethylamine complexes (SO3.NEt3). Next, the esters were saponified 
and the azido moieties were reduced to amines, which were either 
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N-sulfated or N-acetylated and then subjected to hydrogenation to 
provide the targeted tetrasaccharides 9 to 16.

These tetrasaccharides were subjected to heparinase digestion to 
provide the eight 3-O-sulfated disaccharides (1 to 8) required for 
compositional analysis of heparin/HS chains. A challenge, however, 

was that 3-O-sulfation can cause resistance to heparinase digestion, 
resulting in undigested tetrasaccharide products from HS/heparin 
substrates (19). To address this issue, the chemically synthesized 
tetrasaccharide GlcA-GlcNS6S–GlcA-GlcNS6S3S (G0S6-G0S9) (10, 
Fig. 2A), a known resistant structure, was used to develop a protocol 

Fig. 1. Strategy for dissection of 3-O-sulfation structure-function and engineering of a cell-based HS anticoagulant. (A) Chemical synthesis is used to generate 
3-O-sulfated tetrasaccharides, which are subsequently digested to the 3-O-sulfated disaccharide standards required for complete analysis of HS and heparin/LMWHs. 
(B) A comprehensive HPLC method is developed for the analysis of HS and heparin/LMWH disaccharide composition including 3-O-sulfation. (C) To generate a cell-based 
anticoagulant, functional assays for anticoagulant activity are used for comparing HS from genetically engineered cells with clinical heparin/LMWHs. A major side effect 
of heparin is HIT due to PF4 binding to heparin chains; therefore, PF4 binding of HS/heparin/LMWHs is measured to identify low-binding variants that would not generate 
this side effect. (D) CHO cells produce CS/dermatan sulfate (DS) GAGs as well as HS, which necessitates laborious and problematic purification for isolation of HS chains. 
To avoid this, CRISPR-Cas9 can be used to KO genes to ablate CS/DS biosynthesis. Targeted stable KI of genes can be achieved using ZFNs, producing CHO cell lines indi-
vidually expressing the seven HS3STs, resulting in a cell-based HS3ST library. (E) Heparin/LMWHs are widely used anticoagulant drugs, yet are complex, heterogeneous, 
and poorly characterized animal products derived predominantly from porcine intestinal mucosa. Cell-based production could offer reduced complexity, and genetic 
engineering of the heparin/HS biosynthetic pathway in cells can generate a more homogeneous population of HS/heparin chains with desired properties.
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that permitted heparin lyase conversion into the corresponding di-
saccharide products (fig. S2). Because heparinases are known to be 
unstable enzymes prone to loss of activity after freeze-thaw cycles 
(40), freshly resuspended lyophilized heparinases were used. Enzy-
matic digestion was carried out under optimized buffer conditions 
for heparinase activity with prevention of peeling reaction (41) and the 
stepwise addition of heparinase I (2 hours), heparinase III (2 hours), 

and heparinase II (2 hours), and complete digestion of tetrasaccha-
ride 10 was accomplished. This protocol was used to digest all eight 
synthesized tetrasaccharides (fig. S3 and tables S1 and S2), generat-
ing four N-acetylated disaccharides [1—(UA-GlcNAc3S6S (D0A9); 
3—UA-GlcNAc3S (D0A3); 5—UA2S-GlcNAc3S6S (D2A9); 
7—UA2S-GlcNAc3S (D2A3)] and four N-sulfated disaccharides 
[2—UA-GlcNS3S6S (D0S9); 4—UA-GlcNS3S (D0S3); 

Fig. 2. Synthetic route to access 3-O-sulfated HS disaccharide standards underpinning a comprehensive HPLC-based disaccharide composition method for 
heparin/HS. (A) A modular synthetic approach from common disaccharide building blocks was used to generate tetramers, followed by a sequence of O- and N-sulfation 
and global deprotection to yield sulfated tetrasaccharides, which, upon lyase digestion, afforded eight 3-O-sulfated authentic disaccharide standards (1 to 8 on the right 
of the figure). Supplementary experimental methods provide complete details of synthesis and analysis. (B) Upper chromatogram shows C18 HPLC separation of the 12 
commonly used commercially available disaccharide standards, while lower chromatogram shows separation of an expanded panel of disaccharide standards including 
the eight 3-O-sulfated disaccharides synthesized as above in (A). AMAC-labeled disaccharides (20 pmol) were separated in each run using a gradient elution program of 
0 to 18 min (18.5% buffer B), 18 to 30 min (18.5 to 19% B), 30 to 57 min (19 to 27% B), and 57 to 70 min (27 to 51% B) at 0.2 ml/min at 30°C and fluorescence detection at 
525 nm. Dotted lines indicate elution times for disaccharide standards. Peaks at ~22, ~29, and ~32 min are derived from the UA-GlcNS6S (D0S6), UA2S-GlcNS (D2S0), 
and UA2S-GlcNAc3S6S (D2A9) disaccharides, respectively.
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6—UA2S-GlcNS3S6S (D2S9); 8—UA2S-GlcNS3S (D2S3)] (Fig. 2A). 
Note that digestion by heparinases (lyase enzymes) introduces a 
double bond between carbon atoms 4 and 5 on the GlcA/IdoA resi-
dues, resulting in loss of distinction between these UA isomers, 
as is the case with standard heparinase digestion of heparin/
HS for compositional analysis. To improve sensitivity of detection 
and facilitate isolation of the disaccharide standards, the tetrasaccha-
rides and the digestion products were derivatized with fluorescent 
2-aminoacridone (AMAC) via reductive amination. This was followed 
by purification by reversed-phase HPLC using C18, resulting in eight 
3-O-sulfated disaccharide standards, the structures of which were 
verified by MS and MS/MS (figs. S4 and S5).

HPLC method for comprehensive HS disaccharide analysis
Next, we developed an HPLC protocol that can separate the 12 con-
ventional and the 8 new 3-O-sulfated disaccharide standards expected 
to cover the complete range of disaccharides found in heparin/HS 
(Fig. 2B and table S3). C18 chromatography using 150 mM ammo-
nium acetate with 46 mM dibutylamine (pH 5.6) as buffer A and 
120 mM ammonium acetate with 36.8 mM dibutylamine and 20% 
acetonitrile as buffer B provided baseline separation of most standards. 
Partial overlaps of four disaccharide pairs were noted [UA2S-
GlcNS6S (D2S6)/UA2S-GlcNS3S (D2S3), UA-GlcNAc3S6S (D0A9)/ 
UA-GlcNS (D0S0), UA2S-GlcNH2 (D2H0)/UA2S-GlcNAc6S 
(D2A6), and UA-GlcNH2 (D0H0)/UA-GlcNAc6S (D0A6)], but 
quantitation could still be achieved.

Compositional HPLC analysis of clinical heparins and LMWHs
To verify that the optimized heparinase digestion protocol allows 
complete depolymerization of full-length 3-O-sulfate containing 
heparin as observed for the chemically synthesized tetrasaccharides 
(figs. S2 and S3), a dose-dependent heparinase digestion of porcine 
mucosal heparin (PMH) was evaluated using size exclusion chro-
matography (SEC) and C18 ion-pairing chromatography (Fig. 3, A 
and B, and figs. S6 and S7). Complete digestion without trace of 
resistant tetrasaccharides was achievable at 500 mU of each hepari-
nase per milligram of PMH.

The optimized digestion protocol and HPLC method were 
used to analyze clinical-grade heparins (UFHs/LMWHs) (table S4). 
This is important because of their known heterogeneity, relatively 
incomplete characterization, and the pressing need for better quality 
control. Notably, distinct disaccharide profiles for each were observed 
(Fig. 3, C and D, and fig. S8). The UFHs [PMH and bovine mucosal 
heparin (BMH)] contain four 3-O-sulfated structures [UA2S-
GlcNS3S6S (D2S9)/UA-GlcNS3S6S (D0S9)/UA2S-GlcNS3S 
(D2S3)/UA-GlcNS3S (D0S3)]. The main disaccharide for both 
was UA2S-GlcNS6S (D2S6), while BMH was particularly rich in 
UA2S-GlcNS (D2S0). We tested four PMH-derived LMWHs in-
cluding enoxaparin (fractionated after benzoylation and alkaline 
hydrolysis), tinzaparin (produced by enzymatic digestion), and dalteparin 
and reviparin (produced by partial nitrous acid depolymerization) 
(42). Enoxaparin and tinzaparin had disaccharide profiles similar to 
PMH, with the main difference being tinzaparin having lower amounts 
of UA2S-GlcNS3S (D2S3) (Fig. 3, C and D, and fig. S8). Dalteparin and 
reviparin both demonstrated larger peaks for the UA-GlcNS3S6S 
(D0S9) disaccharide. BMH was found to contain slightly more 
UA2S-GlcNS3S6S (D2S9) than the other heparins, indicating that 
this structure may not be as prevalent in porcine-derived heparins. 
None of the 3-O-sulfated N-acetylated structures were observed.

Next, we analyzed the anticoagulant activity of the clinical hepa-
rins by the commonly used anti-FXa assay, in which the ability to 
induce a conformational change in ATIII is measured via inhibition 
of cleavage of a FXa substrate (fig. S9A). As expected, the UFHs 
demonstrated a higher level of anticoagulant activity than the LMWHs. 
Next, we tested the propensity of the panel of heparins to bind the 
HIT-inducing agent PF4 (fig. S9B). LMWHs have reduced HIT side 
effects compared to UFHs due to their shorter chain lengths (43). 
All UFHs and LMWHs demonstrated PF4 binding, with UFHs 
demonstrating the strongest binding. An exception was the LMWH 
tinzaparin, which showed binding similar to BMH.

HS3ST-dependent alterations in HS profiles
It is very noteworthy that the apparently rare but functionally im-
portant step of the addition of 3-O-sulfate group to a HS chain is 
catalyzed by seven isoenzymes. HS3ST2/4/3A/3B/6 share a high 
sequence similarity in humans with ~70% sequence overlap, where 
HS3ST3A and HS3ST3B share identical catalytic domains, and HS3ST1 
and HS3ST5 are less similar to the other HS3STs (fig. S10A) 
(20–22, 24, 44). As a further step toward systematic unraveling of 
the importance of 3-O-sulfation for the structure and bioactivity of 
HS, we used a genetic engineering approach to individually KI all 
seven human HS3STs into CHO cells (Fig. 4A and tables S5 to S11). 
CHO cells were selected as they are devoid of background HS3ST 
expression (45, 46). Furthermore, CHO cells express both HS and 
CS, and to avoid the presence of CS as a contaminating GAG, we 
used a genetically engineered cell line with knockout (KO) of 
CSGalNAcT1/CSGalNAcT2/Chsy1 (designated as CHO KO CS), 
where KI of the seven human HS3STs was performed by site-directed 
zinc finger nuclease (ZFN) gene KI (Fig. 4A). Expression of the 
HS3ST enzymes was confirmed by immunocytochemistry and so-
dium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-
PAGE) Western blot analysis (figs. S10, B and C, and S11). HS3ST1 
lacks an apparent transmembrane domain and was predominantly 
detected as a secreted protein in the culture medium (figs. S10 and 
S11). This may question the role of this isoenzyme in intracellular 
sulfation of HS. It is presently unclear what the biological roles of 
secreted sulfotransferases and glycosyltransferases are given that 
these enzymes require high concentrations of donor substrates pro-
vided in the Golgi. Expression of secreted glycosyltransferases has, 
however, demonstrated variable efficiency in intracellular glyco-
sylation (47, 48). It should be noted that replacing the signal peptide 
in HS3ST1 with a Golgi targeting transmembrane domain results in 
increased FXa activity of cellular HS (44), indicating that HS3ST1 at 
least primarily functions intracellularly. HS3ST2/6 was observed 
only in the cell lysate, and HS3ST5/4/3A/3B was observed in both 
lysate and culture medium, potentially indicating extracellular activ-
ities of these enzymes. The presence of sulfotransferases in the me-
dium may be due to proteolytic cleavage of the transmembrane 
domains, which has previously been shown to result in secretion of 
HS3STs, NDSTs, and HS6STs (49, 50).

Our genetically engineered HS3ST-expressing CHO cells and the 
newly developed HS compositional analysis approach were com-
bined to study the properties of the seven HS3STs by analyzing the 
HS produced in these cells at the disaccharide level (Fig. 4, B and C, 
and fig. S12). HPLC disaccharide analysis revealed distinct differ-
ences for most KI clones compared to the parent CHO cell. HS3ST1 
primarily introduced UA-GlcNS3S (D0S3), suggesting that UA-
GlcNS (D0S0) is the preferred substrate. In contrast, the related 
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HS3ST5 (51, 52) mainly introduced UA2S-GlcNS3S (D2S3) and 
UA2S-GlcNS3S6S (D2S9). HS3ST2 displayed a preference for 
2-O-sulfated epitopes as UA2S-GlcNS3S (D2S3) was the main 3-O- 
sulfated disaccharide; however, note that HS3ST2 generated mini-
mal UA-GlcNS3S (D0S3) units. HS3ST4 displayed high levels of 
all four 3-O- and N-sulfated disaccharides, indicating that the en-
zyme is active on a wider range of substrates. As expected, HS3ST3A/3B 
showed similar disaccharide profiles, and in this case, UA2S-
GlcNS3S (D2S3) and UA-GlcNS3S (D0S3) were the predominant 
3-O-sulfated disaccharides. CHO cell HS from HS3ST6 showed a 
disaccharide profile very similar to the parental clone with minute 
levels of 3-O-sulfation detected. Although CHO cells are believed to 
lack expression of HS3STs, we unexpectedly noticed a peak corre-
sponding to UA-GlcNS3S6S (D0S9) in the digested HS from the 
parental CHO cell. To investigate this peak, we performed disac-
charide profiling of a CHO cell with KO of all 6-O-sulfotransferases 
(CHO KO Hs6st1/2/3), which should thus be incapable of producing 
UA-GlcNS3S6S (D0S9) (fig. S13). Because a peak corresponding to 
UA-GlcNS3S6S (D0S9) was not observed for CHO KO Hs6st1/2/3, 

we suggest that, in CHO KO CS, the UA-GlcNS3S6S (D0S9) di-
saccharide is not an artifact, and that CHO cells are capable of pro-
ducing a minor amount of endogenous 3-O-sulfation through an 
undetermined mechanism. Together, the analysis of the HS3STs 
indicates that they all have preferences for N-sulfated substrates, 
and that HS3ST5/2 have a strong preference for 2-O-sulfated sub-
strates, while HS3ST3A/3B/4 have more promiscuous substrate 
specificity for N/2-O/6-O-sulfated substrates.

Divergent bioactivities of HS from HS3ST-expressing cells
To relate different 3-O-sulfated HS structures derived by the action 
of the HS3ST family to resulting bioactivities, and to also exploit 
this approach for initial development of a cell-based heparin with 
low PF4 binding (Fig. 1E), we tested our HS3ST library of CHO 
cells for anticoagulant activity and PF4 binding. We first performed 
flow cytometry assays probing ATIII binding to the HS3ST-expressing 
CHO cells where HS3ST1/5/3A/3B demonstrated similar binding, 
while HS3ST4 demonstrated the highest binding, HS3ST2 demon-
strated low ATIII binding, and HS3ST6 demonstrated no binding 

Fig. 3. Comprehensive disaccharide analysis of clinical heparins and LMWHs. (A) Selective clinical UFHs and LMWHs were digested sequentially using heparinases I, 
III, and II, resulting in disaccharide products. (B) SEC of heparinase-digested products of PMH using heparinases at PMH concentrations of 50 and 500 mU/mg (elution was 
monitored at 232 nm). Chromatograms for the complete set of heparinase concentrations used for the experiment can be found in figs. S6 and S7. (C) Fluorescence C18 
HPLC disaccharide analysis of PMH and reviparin (an LMWH). Disaccharide products of sequential heparinase digestion were labeled with AMAC before analysis and were 
compared with 20 pmol standards. Dotted lines indicate elution times for authentic disaccharide standards (red dotted lines, 3-O-sulfated disaccharides; truncated lines, 
disaccharides not found in the samples). The UA2S-GlcNS3S (D2S3) and UA-GlcNS3S (D0S3) disaccharides partially coelute with the highly abundant UA2S-GlcNS6S 
(D2S6), reducing certainty of quantification for these disaccharides. Stars in the chromatograms indicate peaks that stem from the heparinases. Chromatograms for all 
analyzed heparins/LMWHs are provided in fig. S8. (D) Heat map of compositional differences in 3-O-sulfated disaccharide products from digested heparin/LMWHs com-
pared to PMH. The heat map was constructed by quantifying the molar amounts of each disaccharide in a sample as percent of the total disaccharides and comparing this 
to the amounts found in the sample from PMH. The color coding illustrates increase/decrease observed in percentile ranges as indicated: +++, >5% increase; ++, 2.5 to 
5% increase; +, 1 to 2.5% increase; −, 1 to 2.5% decrease; −−, 2.5 to 5% decrease; −−−, >5% decrease.
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Fig. 4. Comprehensive analysis of HS from CHO cells expressing the human HS3ST family. (A) Genetic engineering strategy for dissecting effects of specific HS3ST isoenzyme 
expression in CHO cells. (B) HS extracted from CHO KO CS and HS3ST4 KI cells was digested, and compositional disaccharide analysis was performed (a complete set of chromato-
grams can be found in fig. S12). Stars indicate heparinase enzyme peaks, and dotted lines indicate elution times for disaccharide standards. (C) Heat map analysis of the disaccharide 
products from the HS3ST-expressing cells. The heat map was constructed by quantifying the molar amounts of each disaccharide in a sample as percent of the total disaccharides 
and comparing this to the amounts found in the sample from the parental cell line. The color coding illustrates increase/decrease observed in percentile ranges as indicated: +++, 
>10% increase; ++, 5 to 10% increase; +, 1 to 5% increase; −, 1 to 5% decrease; −−, 5 to 10% decrease; −−−, >10% decrease. (D) FXa assay determining the anticoagulant activity of 
HS from the genetically engineered cells and select clinical heparin/LMWHs. The y axis shows absorbance at 405 nm, which is indicative of the amount of substrate cleaved by FXa 
for different concentrations of heparins/HS. All experiments were performed with duplicates and repeated a minimum of three times. (E) Biolayer interferometry assay for determin-
ing PF4 binding. The y axis shows the PF4-binding signal (nanometer) at two doses (125 and 500 nM). All experiments were performed a minimum of two times.
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(fig. S14). Treatment with heparinases abolished ATIII binding to 
all cells. Next, we analyzed the anticoagulant activity of HS isolated 
from the engineered CHO cells and compared these to clinical 
heparin/LMWHs using anti-FXa assays (Fig. 4D and fig. S15A). HS 
from CHO KO CS demonstrated no measurable anticoagulant 
activity, while CHO cell HS produced by HS3ST1 showed anticoag-
ulant activity in agreement with previous studies (44), further provid-
ing support for the prediction that HS3ST1 functions intracellularly 
in the HS biosynthesis despite being primarily secreted. CHO cell 
HS from HS3ST5/4/3A/3B demonstrated even higher levels of ac-
tivity than HS3ST1, while CHO cell HS from HS3ST2 had compar-
atively low levels and HS3ST6 demonstrated no anticoagulant activity. 
To enable comparison of anticoagulant activity between the cellular- 
derived HS and heparins, we calculated half maximal inhibitory con-
centration (IC50) values from the FXa data, where lower IC5O values 
indicate more potent activity (fig. S16). Remarkably, the FXa activ-
ities of some of the CHO cell–derived HS were comparable to the 
activities found for some of the LMWHs. Thus, HS produced by CHO 
cells with KI of HS3ST4 exhibit almost 80% of the activity found for 
the LMWH reviparin. In clinical practice, the low IC50 of heparin is 
not necessary to achieve the anticoagulant effect, as LMWHs are 
efficient in the treatment of thrombosis and are clinically more com-
monly used than heparin. Comparing the results of ATIII binding 
and FXa assays with disaccharide analysis, it emerged that the in-
ability of HS3ST2/6 to produce UA-GlcNS3S (D0S3) may have had 
an impact on their ability to produce anticoagulant structures, which 
was an unexpected finding. HS from CHO cells with KI of N-sulfation 
(CHO KI NDST2) and 6-O-sulfation (CHO KI HS6ST1) (30) did not 
demonstrate anticoagulant activity, emphasizing the importance of 
3-O-sulfation over N-/6-O-sulfation.

HIT is a potential life-threatening, immune-mediated adverse 
drug reaction to heparin due to the formation of PF4-heparin com-
plexes. For the generation of cell-based HS as an alternative to ani-
mal heparins, we thus explored the PF4 binding of HS from the 
HS3ST1 to HS3ST6 KI cell lines (Fig. 4E and fig. S15B). CHO cell 
HS from HS3ST4-expressing cells demonstrated particularly low 
PF4 binding, despite exhibiting the highest anticoagulant activity, 
meaning that this isoenzyme is a potential candidate to use for bio-
engineering heparin with reduced potential to cause HIT. CHO cell 
HS from HS3ST5/3B also demonstrated comparatively low binding 
to PF4, while CHO cell HS from HS3ST1/2/3A/6 exhibited increased 
binding compared to CHO KO CS. HS from CHO cells with KI of 
HS6ST1 showed the strongest PF4 binding of all cellular HS, indi-
cating that not only N-/2-O-sulfation but also 6-O-sulfation could 
be important for PF4-heparin complex formation. These data demon-
strate the ability of the cell-based strategy to both identify and opti-
mize HS bioactivities associated with distinct biosynthetic enzyme 
combinations.

DISCUSSION
The integrated strategies described here, incorporating an HPLC 
method for comprehensive disaccharide analysis, address a long-
standing challenge in analysis of 3-O-sulfation in both HS and heparin. 
A comprehensive panel of 20 HS disaccharide standards, including 
eight 3-O-sulfated structures derived from synthetic compounds, 
made it possible to determine compositional differences in 3-O- 
sulfated disaccharides in both clinical heparins and HS derived from 
engineered CHO cells. The data provide insights into distinct action 

patterns of the seven human HS3ST isoenzymes. Our studies re-
vealed that UA-GlcNS3S (D0S3) is an important feature for anti-
coagulant activity, and 6-O-sulfation is important for PF4 binding. 
In addition, we identified that CHO cell HS from cells expressing 
HS3ST4 may be the optimal choice for cellular production of a hep-
arin-like HS with high anticoagulant activity and low PF4 binding. 
This is a notable finding that could permit alleviation of the side 
effects of HIT often experienced with current animal-sourced hep-
arins (Fig. 1E).

Although the critical role of 3-O-sulfation for anticoagulant ac-
tivity of heparin was discovered in the 1980s, the importance of 
studying 3-O-sulfation has more recently emerged in the context 
of a much wider range of biological processes (2). To date, over 
400 heparin/HS-binding proteins have been identified (53), yet only 
a handful of 3-O-sulfated structures have been identified or charac-
terized (54). The HS3ST family has been most thoroughly studied at 
an organism level in zebrafish, where hs3st2 and hs3st4 were found 
to regulate brain symmetry and neuron growth, hs3st5 and hs3st6 
play roles in cilia length and movement, and hs3st7 plays a role in 
cardiac contractile apparatus. In zebrafish, hs3st2 and hs3st3 generate 
the epitope for herpes simplex virus–1 (HSV-1) viral entry, and hs3st2 
drives the epitope for tau plaques observed in Alzheimer’s disease 
(20). In mice, flies, rats, and worms, the importance of HS3STs in 
organ development and inflammatory processes is well documented 
(2). The strategy developed here now allows dissection of the struc-
tural features involved in 3-O-sulfated HS binding to proteins in 
these processes.

Heparin remains one of few pharmaceuticals still isolated from 
animal tissues without thorough structural characterization (4, 55). 
The new compositional analysis method described here, which in-
cludes all major 3-O-sulfate–containing disaccharides, will facilitate 
improved quality control of clinical heparins. It will make it possi-
ble to better understand their structure-activity profiles, as well as 
to tailor and develop new pharmaceutical applications of heparins. 
It was observed that LMWHs dalteparin and reviparin contain high 
levels of UA-GlcNS3S6S (D0S9) and UA2S-GlcNS3S (D2S3). In 
contrast, partial depolymerization and fractionation of PMH to 
generate enoxaparin and tinzaparin do not seem to affect disaccha-
ride composition greatly, as disaccharide profiles are similar to those 
for parental PMH.

Production of heparin in mammalian cells is considered a potential 
alternative to current animal sources, and advances have been made 
through overexpression and directed KI of enzymes functioning in 
the HS biosynthetic pathway (56). CHO cells have historically been 
chosen for genetic engineering (57, 58), and there is a need for 
custom-designed heparins with better safety profiles, such as reduced 
HIT. CHO cells stably expressing individual HS3STs had distinct 
differences in the composition of 3-O-sulfated HS disaccharides 
(Fig. 4, B and C). The analysis of the HS3STs indicates that they all 
have preferences for N-sulfated substrates and that HS3ST5/2 have 
a strong preference for 2-O-sulfated substrates, while HS3ST3A/3B/4 
have more promiscuous substrate specificity for N/2-O/6-O-sulfated 
substrates. To explore the functional differences among the seven 
HS3STs, we tested the hypothesis that the HS3STs differentially reg-
ulate anticoagulant activity and PF4 binding (Fig. 4, D and E). This 
was clearly the case, and for example, CHO cell HS produced in 
HS3ST4 cells induced very strong anticoagulant activity and almost 
no PF4 binding, while CHO cell HS from HS3ST1 cells, the isoen-
zyme most commonly implicated in biosynthesis of anticoagulant 
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heparin/HS (44, 57), induced relatively strong PF4 binding and only 
moderate anticoagulant activity. We found evidence that 6-O-sulfation 
can be important for PF4 binding because HS from CHO KI 
HS6ST1 induced particularly strong binding. This may be relevant 
for interpretation of the PF4-binding results, as heparins contain 
high levels of N-/6-/2-O-sulfated disaccharides. Our results high-
light the need to further dissect the functions of the sulfotransferase 
isoenzyme families, their spatiotemporal expression, and their in-
terplay in producing distinct binding motifs. Nevertheless, the find-
ings here constitute an important step toward genetic engineering 
designs of CHO cells for production of heparin.

The study also increases the understanding of 3-O-sulfated mo-
tifs that lack anticoagulant activity, which may be desirable in the 
development of tailor-made GAG-based therapeutics where antico-
agulant effects are unwanted. This may include GAG designs with 
anti-inflammatory, antitumor, antioxidant, and antiviral properties 
(59). Furthermore, the library of HS3ST KI cells can be applied beyond 
dissection of binding to ATIII and PF4 for determining binding speci-
ficities for known 3-O-sulfate–binding proteins such as neuropilin-1, 
cyclophilin B, stabilin, receptor for advanced glycation endproducts 
(RAGE), fibroblast growth factor–7 (FGF-7), FGF-9, FGF receptor–1 
(FGFR-1), and bone morphogenetic protein 2 and 4 (BMP-2/4) (17, 60).

In summary, we describe an integrated strategy to analyze and 
determine biological properties of 3-O-sulfated HS structures. 
Proof of concept was demonstrated for the application of HS3ST- 
expressing cells for studying structure-function relationships and 
for production of heparins in mammalian host cells. This facilitated 
the development of improved heparins with potential for lower in-
cidence of side effects. In combination with emerging HS sequencing 
methods, these approaches show promise for advancing discovery 
and characterization of the distinct motifs that direct the many bio-
logical interactions and functions of HS.

MATERIALS AND METHODS
Chemical synthesis of 3-O-sulfated tetrasaccharides 
and production of 3-O-sulfated disaccharide standards
General procedure for chemical glycosylation
Disaccharide acceptor (1.0 equiv), donor (1.2 equiv), and activated 
molecular sieves (4 Å) in dichloromethane (DCM) (0.2 M) were 
placed under an atmosphere of argon, and the resulting suspension 
was stirred at room temperature for 0.5 hour. The mixture was 
cooled (−20°C), trifilic acid (TfOH; 1.5 equiv) was added, and the 
resulting reaction mixture was stirred at −20°C for an additional 
1 hour, after which it was quenched by the addition of pyridine. The 
mixture was filtered, the filtrate was concentrated under reduced 
pressure, and the residue was purified by silica gel column chroma-
tography using a gradient of hexanes and EtOAc (from 4:1 to 1:9, v/v) 
to give a pure tetrasaccharide.
General procedure for O-sulfation
SO3.NEt3 complex (12.5 equiv per OH) was added to a solution of 
the hydroxyl-containing tetrasaccharide in N,N′-dimethylformamide 
(0.5 ml for 0.025 mmol), and the reaction mixure was stirred at 
60°C for 16 hours. The reaction was quenched by the addition of a 
premixed solution of Et3N/MeOH [1:1 (v/v), 1.0 ml], and stirring 
was continued for another 0.5 hour. The mixture was concentrated 
in vacuo, and the resulting residue was purified by SEC over Sepha-
dex LH-20 (GE healthcare) using MeOH/DCM (1:1, v/v) as eluent. 
The desired fractions were combined and concentrated in vacuo, 

and the residue was passed through a column of Dowex 50 × 8 Na+ 
resin (1.5 × 5 cm) using MeOH/H2O (9:1, v/v) as eluent.
General procedure for N-acetylation
Acetic anhydride (Ac2O; 10.0 equiv per amine) was added to a stir-
ring solution of amino sugar in a mixture of MeOH (1.0 ml for 2.0 mg) 
and Et3N (20.0 equiv per amine) at 0°C. After 4 hours, another 
portion of Et3N and Ac2O was added. After stirring at 0°C for addi-
tional 4 hours, the reaction mixture was concentrated in vacuo, and 
the residue was passed through a column of Dowex 50 × 8 Na+ resin 
(0.6 × 5 cm) using H2O/AcCN (1:1, v/v) as eluent. Appropriate frac-
tions were concentrated in vacuo and further purified by reversed- 
phase column chromatography (RP-18 silica gel column, H2O/AcCN, 
9:1 to 1:1, v/v).
General procedure for N-sulfation
SO3.Py complex (5.0 equiv per amine) was added to a stirring solu-
tion of amino sugar in a mixture of MeOH (1.0 ml for 0.006 mmol), 
Et3N (0.3 ml), and aq. NaOH (0.1 M, 2.0 equiv) at 0°C. Additional 
portions of SO3.Py complex were added after 1, 2, 4, and 8 hours. 
After stirring at 0°C for additional 8 hours, the reaction mixture was 
concentrated in vacuo and the residue was passed through a column of 
Dowex 50 × 8 Na+ resin (0.6 × 5 cm) using H2O/AcCN (9:1, v/v) as 
eluent. Appropriate fractions were concentrated in vacuo and fur-
ther purified by reversed-phase chromatography (RP-18 silica gel 
column, H2O/AcCN, 9.5:0.5 to 1:1, v/v).
General procedure for global deprotection
Pd(OH)2/C (10%, 1.5 times the weight of starting material) was 
added to a solution of tetrasaccharide in tBuOH/0.1 M aq. formic 
acid [1:1 (v/v), 1.0 ml for 1.0 mg]. The mixture was placed under an 
atmosphere of hydrogen, and after stirring for 16 hours, the mixture 
was filtered through a Polytetrafluoroethylene (PTFE) syringe filter 
and lyophilized. The residue was analyzed by nuclear magnetic reso-
nance to confirm complete deprotection and identity of the tetrasac-
charide. The compound was dissolved in sodium phosphate buffer 
(pH was adjusted to 3.5 with formic acid to avoid peeling reaction), 
aliquoted, and stored at −80°C.

Heparinase digestion
For enzymatic digestion of heparins, cellular HS, and synthetic tet-
rasaccharides with heparinases I, II, and III (IBEX Pharmaceuticals), 
a digestion buffer with a final concentration of 50 mM sodium ace-
tate and 5 mM calcium acetate (pH 6.5) was used. Freshly resus-
pended lyophilized heparinase I was added first, heparinase III was 
added after 2 hours, and heparinase II was added 2 hours later, fol-
lowed by incubation overnight at 37°C. A detailed description of 
reaction volumes, sample quantities, and enzyme doses used for all 
heparinase digestions is found in table S5.

Mass spectrometry
Disaccharide standards labeled with AMAC were subjected to of-
fline MS analysis in an Orbitrap Fusion/Lumos MS (Thermo Fisher 
Scientific) and a Synapt G2-S modified with a drift tube Ion mobil-
ity spectrometry (IMS) cell. In the Orbitrap Fusion/Lumos MS 
(Thermo Fisher Scientific), an atmospheric pressure ionization heated 
electrospray ionization source (Thermo Fisher Scientific) was used, 
and the ion transfer tube was set at 275°C. Mass spectra were ac-
quired in negative ion mode at a resolution of 120,000 [at mass/charge 
ratio (m/z) of 200] with a spray voltage of 3000 V. In the Synapt 
G2-S, the disaccharides were ionized using Pd/Pt-coated borosilicate 
capillaries fabricated in-house in negative mode at a capillary voltage of 
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800 V. MS/MS was performed on selected ions in the trap cell of the 
instrument at either 15- or 30-V collision voltage.

C18 HPLC disaccharide analysis of AMAC-labeled 
disaccharides
HS from CHO cells and pharmaceutical heparins were digested 
with heparinases I, II, and III, and disaccharide products were lyo-
philized. The disaccharides were then labeled with AMAC by resus-
pension in 10 l of 0.1 M AMAC in 3:17 (v/v) acetic acid/dimethyl 
sulfoxide followed by incubation at room temperature for 15 min, 
before addition of 10 l of 1 M NaCNBH3 and incubation at 45°C 
for 3 hours. The reactions were lyophilized, and excess AMAC was 
removed by two rounds of resuspension in 500 l of acetone and 
pelleting by centrifugation at 20,000g for 20 min at 4°C. Samples 
were dissolved in 2% acetonitrile and analyzed on a Waters Acquity 
UPLC system equipped with a fluorescence detector with a BEH 
C18 column (2.1 × 150 mm, 1.7 m; Waters) detecting the fluores-
cence signal at 525 nm. A standard mix of AMAC-labeled disaccha-
rides (20 pmol of each) was analyzed immediately before samples. 
Commercially available disaccharide standards were purchased from 
Iduron and Sigma-Aldrich.

Size exclusion analysis of heparinase-digested PMH
For determining the enzyme concentration needed for complete di-
gestion of heparin, PMH was digested with increasing concentrations 
of heparinases I, II, and III, and digested samples were purified 
using the Discovery BIO Wide Pore C5 HPLC Column (4.6 mm by 
250 mm, 6-m bead size; Sigma-Aldrich). Water was used as eluent 
A, and the flow-through was collected and lyophilized. The lyo-
philized samples were resuspended in 200 l of 0.5 M ammonium 
bicarbonate and separated on a Superdex 30 (10 mm by 300 mm by 
9 m; GE Healthcare) SEC column using 0.5 M ammonium bicar-
bonate with monitoring at 232 nm. Standards of hexasaccharides 
(dp6), tetrasaccharides (dp4), and disaccharides (dp2) with one to 
three sulfate groups were used for calibration.

Anti-FXa assay
Human plasma ATIII (1 M) (Sigma-Aldrich) in 50 mM tris-HCl, 
175 mM NaCl, and 7.5 mM EDTA (pH 8.4) and bovine FXa (1 M) 
(Sigma-Aldrich) were both diluted 1:30 in 0.9% NaCl, and 8 mM 
FXa substrate (Sigma-Aldrich) was diluted 1:10 in 0.9% NaCl im-
mediately before assay. ATIII (37.5 l) was added to each well of a 
96-well plate before adding heparin/HS samples at a range of con-
centrations diluted to 12.5 l in 0.9% NaCl. Mixtures were incubated 
for 2 min at 37°C before addition of bovine FXa (37.5 l) followed 
by 1-min incubation at 37°C. The FXa substrate (37.5 l) was then 
added followed by incubation at 37°C for 10 min before 37.5 l of 
acetic acid was used to stop the enzymatic reaction. Absorbance was 
read at 405 nm using a Synergy LX plate reader (BioTek), and IC50 
values used for quantification of anticoagulant activity relative to PMH 
were determined with an online AAT Bioquest IC50 calculator.

Biolayer interferometry
GAGs were biotinylated at their reducing end as described previously 
(61). Briefly, biolayer interferometry was carried out using strepta-
vidin biosensors (ForteBio) hydrated for 10 min before use in the assay 
buffer [10 mM Hepes, 150 mM NaCl, 3 mM EDTA, and 0.05% Tween 
20 (pH 7.4)]. Hydrated sensors were then submerged into wells of a 
black-walled 96-well plate containing 200 l of biotinylated GAGs 

suspended at 2.5 g/ml in assay buffer until saturated. Saturation 
was confirmed with an additional GAG immobilization step, where 
no further GAG was immobilized. Sensors were then cleaned by 
submersion in wells containing 200 l of regeneration buffer [0.1 M 
glycine, 1 M NaCl, and 0.1% Tween (pH 9.5)] and equilibrated in 
assay buffer. GAG-coated sensors were submerged in wells contain-
ing 200 l of PF4 resuspended in assay buffer for 180 s (association) 
and then transferred to wells containing assay buffer alone (dissoci-
ation), and data were recorded throughout. Background binding to 
non–GAG-coated sensors and signal produced by buffer alone was 
recorded and subtracted from the GAG-coated sensor signal. The 
maximum signal recorded during each cycle was then used as a 
measure of the degree of binding of PF4 to each GAG at different 
concentrations. Between cycles, bound PF4 was removed from 
GAG-coated sensors using regeneration buffer and sensors were 
then equilibrated in assay buffer. Data were acquired using an Octet 
Red96 system (ForteBio) at 5 Hz and analyzed using the Octet anal-
ysis program.

Genetic engineering of CHO cells
CHOZN GS−/− (Sigma-Aldrich) cells were maintained as suspen-
sion culture in T-flasks at 37°C and 5% CO2 using a 1:1 mix of EX-
CELL CD CHO Fusion (Sigma-Aldrich) and BalanCD CHO Growth 
A (Irvine scientific), supplemented with 2 mM l-glutamine. For 
targeted KI at the CHO SafeHarbor locus, a modified ZFN ObLiG-
are method was used as previously described (58, 62). Full comple-
mentary DNAs of coding regions of the human HS3STs (Horizon 
Discovery and Harvard PlasmID Database) were used, a C-terminal 
S-tag or V5-tag was linked to HS3STs by polymerase chain reaction 
(PCR), and constructs were further cloned into the EPB69 donor 
plasmid. EPB69 contained inverted CHO SafeHarbor locus ZFN- 
binding sites flanking the cytomegalovirus promoter–ORF (open 
reading frame)–BGH (bovine growth hormone) polyA terminator 
and two tDNA insulator elements flanking the ZFN-binding sites, 
as previously described (58, 63). Transfection DNA mixes con-
tained 4.5 g of donor plasmid DNA and 1.5 g of each of two ZFNs 
tagged with green fluorescent protein (GFP) and Crimson, respec-
tively. For each transfection, 1.5 × 106 cells were electroporated using 
Amaxa Kit V and Amaxa Nucleofector 2B (Lonza) according to the 
manufacturer’s instructions. Forty-eight hours after transfection, 10 to 
15% of cells with the highest labeling for both GFP and Crimson 
were enriched by fluorescence-activated cell sorting (FACS) on SH800 
(Sony). One week later, the FACS-sorted cell pool was further single 
cell–sorted into round-bottom 96-well plates with Dulbecco’s 
Modified Eagle Medium F-12 Nutrient Mixture (Thermo Fisher 
Scientific) to obtain single clones. KI clones were screened by im-
munocytochemistry, and monoallelic-targeted KI clones were validated 
by PCR with primers specific for the junction area between the donor 
plasmid and the SafeHarbor locus. A primer set flanking the targeted 
KI locus was also used to characterize the allelic insertion status. 
A minimum of three clones were obtained for each HS3ST KI.

Immunocytochemistry
CHO cells were washed in phosphate-buffered saline (PBS), spotted 
onto Teflon printed diagnostic slides (Immuno-Cell International), 
air-dried, and permeabilized with ice-cold acetone for 5 min. Poly-
clonal antibodies to S-tag (GenScript) were used 1:200 in PBS 
with 0.1% bovine serum albumin (BSA) at 4°C overnight followed 
by fluorescein isothiocyanate (FITC)–conjugated rabbit anti-mouse 
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immunoglobulin G (IgG) antibody (DAKO) 1:300 in 1× PBS with 
0.1% BSA for 1 hour at room temperature. An FITC-conjugated 
monoclonal antibody to V5-tag (Thermo Fisher Scientific) was used 
1:500 in PBS with 0.1% BSA at 4°C overnight. Slides were analyzed 
in an Axioskop 2 Plus (Zeiss) microscope, and images were obtained 
using an AxioCam MRc (Zeiss) camera.

SDS-PAGE Western blot
Cells (1 × 106) were seeded in a T25 flask in 6-ml medium and 
grown for 72 hours, before washing the cells three times in PBS and 
adding 700 l of cold radioimmunoprecipitation assay (RIPA) buf-
fer [50 mM tris-HCl (pH 7.5), 150 mM NaCl, 1% NP-40, 0.1% Na 
deoxycholate, and 1 mM EDTA] containing protease inhibitor cock-
tail (Sigma-Aldrich). Samples were thoroughly vortexed before in-
cubation for 20 min on ice with vortexing every 5 min followed by 
ultrasonication (40% amplitude) for 3 × 5 s with 5-s pauses using the 
Fisherbrand Model 120 Sonic Dismembrator (Thermo Fisher 
Scientific). Samples were centrifuged at 20,000g at 4°C for 15 min, and 
the protein concentration of the supernatant was measured using a 
BCA protein assay kit (Thermo Fisher Scientific). Protein (10 g) or 
the corresponding fraction of medium used for culturing cells to 
obtain 10 g of protein was mixed with 10 mM DDT (Dichlorodi-
phenyltrichloroethane) and 1× loading buffer, heated to 90°C for 
10 min, and separated on NuPAGE 4 to 12% Bis-Tris gels (Thermo 
Fisher Scientific). Proteins were transferred to nitrocellulose mem-
branes at 320 mA for 60 min in MES buffer with 20% methanol. 
Membranes were blocked with 5% skimmed milk in TBS-T (tris- 
buffered saline tween-20) for 60 min before they were incubated 
with either horseradish peroxidase (HRP)–conjugated antibodies to 
V5-tag (Thermo Fisher Scientific) or S-tag in TBS-T with 5% 
skimmed milk at 4°C overnight. Membranes were washed 3 × 5 min 
in TBS-T followed by incubation of S-tag membranes with HRP- 
conjugated rabbit anti-mouse IgG antibody (DAKO) in 5% 
skimmed milk in TBS-T for 1 hour at room temperature and wash-
ing 3 × 5 min in TBS-T. Pierce ECL Plus Western Blotting Substrate 
(Thermo Fisher Scientific) was used according to the manufac-
turer’s instructions, and images were captured using ImageQuant 
Las 4000 (GE Healthcare).

Extraction and purification of GAGs from CHO cells
Cells were washed in PBS and diluted to 1 × 107 cells/ml in 50 mM 
tris-HCl (pH 7.4), 10 mM CaCl2, and 0.1% Triton X-100. Pronase 
(Roche) was added (1 mg/ml), and reactions were incubated over-
night rotating tray in an incubator set at 37°C followed by heat 
inactivation. MgCl2 (5 mM) and deoxyribonuclease I (1 g/ml; 
Sigma-Aldrich) were added, and samples were incubated at 37°C 
for 4 hours. Samples were treated with ribonuclease A (10 g/ml; 
Sigma-Aldrich) and 5 mM EDTA at 37°C for 2 hours, followed by 
neuraminidase (0.5 mU/ml; Sigma-Aldrich) at 37°C overnight. For 
cells expressing CS, chABC (chondroitinase ABC) (20 mU/ml) 
was added and samples were incubated at 37°C for 4 hours. Sam-
ples were again incubated with pronase at 1 mg/ml for overnight 
digestion at 37°C. Samples were acidified to pH 4 to 5 with acetic 
acid, centrifuged at 20,000g for 20 min, filtered through 0.45-m 
filters, and isolated on HiTrap DEAE FF columns (5 ml; GE 
Healthcare). Columns were equilibrated with 20 mM NaOAc and 
0.5 M NaCl (pH 5.0), and samples were eluted with 1.25 M NaCl. 
GAGs were precipitated by addition of cold NaOAc-saturated 100% 
ethanol (3:1, v/v) and centrifuged at 20,000g for 20 min at 4°C, and 

the pellets were dried on SpeedVac. Samples were resuspended in 
deionized water, further purified using Discovery BIO Wide Pore 
C5-5 (Sigma-Aldrich), and desalted on 1-ml HiTrap desalting col-
umns (GE Healthcare).

Flow cytometry assays
Cells at 50 to 80% confluence were detached with PBS containing 
10 mM EDTA (Gibco) and washed in PBS containing 0.5% BSA. The 
cells were seeded into a 96-well plate at 105 cells per well. A portion 
of the cells were treated with a heparinase mix [heparinase II 
(2.5 mU/ml) and heparinase III (5 mU/ml); IBEX] for 30 min at 
37°C in PBS containing 0.5% BSA. Staining with recombinant ATIII 
(Hyphen BioMed) (500 nM) was done for 1 hour at 4°C in PBS con-
taining 0.5% BSA. Cells were then incubated with an anti-ATIII anti-
body (Serpin-C1, R&D Systems) for 30 min at 4°C in PBS containing 
0.5% BSA. The bound complex was finally detected using anti-goat 
Alexa Fluor 488 (Thermo Fisher Scientific). Data analysis was per-
formed using FlowJo software, and statistical analyses were done in 
Prism 8 (GraphPad).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl6026

View/request a protocol for this paper from Bio-protocol.
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