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Abstract

Heparin and heparan sulfates are closely related linear anionic polysaccharides, called 

glycosaminoglycans, which exhibit a number of important biological and pharmacological 

activities. These polysaccharides, having complex structures and polydispersity, are 

biosynthesized in the Golgi of animal cells. While heparan sulfate is a widely distributed 

membrane and extracellular glycosaminoglycan, heparin is found primarily intracellularly in the 

granules of mast cells. While heparin has historically received most of the scientific attention for 

its anticoagulant activity, interest has steadily grown in the multi-faceted role heparan sulfate 

plays in normal and pathophysiology. The chemical synthesis of these glycosaminoglycans is 

largely precluded by their structural complexity. Today, we depend on livestock animal tissues for 

the isolation and the annual commercial production of hundred ton quantities of heparin used in 

the manufacture of anticoagulant drugs and medical device coatings. The variability of animal-

sourced heparin and heparan sulfates, their inherent impurities, the limited availability of source 

tissues, the poor control of these source materials and their manufacturing processes, suggest a 

need for new approaches for their production. Over the past decade there have been major efforts 

in the biotechnological production of these glycosaminoglycans, driven by both therapeutic 

applications and as probes to study their natural functions. This review focuses on the complex 

biology of these glycosaminoglycans in human health and disease, and the use of recombinant 

technology in the chemoenzymatic synthesis and metabolic engineering of heparin and heparan 

sulfates.
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1. Introduction

Heparan sulfate (HS) and heparin (HP) are anionic, linear polysaccharides, called 

glycosaminoglycans (GAGs), which are abundant in all animal species. These GAGs are 

biosynthesized as proteoglycans (PGs), consisting of an elongated core protein and one or 

more GAG chains covalently attached to core protein serine residues [1]. The structurally 

related HS and heparin GAGs are composed of a repeating disaccharide unit, comprised of 

β-D-glucuronic acid (GlcA) or α-L-iduronic acid (IdoA) 1, 4-glycososidically linked to D-

glucosamine (GlcN) (Fig. 1A). This disaccharide unit can be modified in various ways. The 

uronic acid residues can be modified with a 2-O-sulfo group (IdoA2S and rarely GlcA2S). 

The GlcN residue can contain an N-acetyl or N-sulfo group (GlcNAc or GlcNS), as well as 

modified with 6-O-sulfo group and 3-O-sulfo groups (GlcNAc6S and GlcNS6S, or rarely 

GlcNAc3S and GlcNS3S or GlcNAc3S6S and GlcNS3S6S [2]). With 32 (26) possible 

modifications for each disaccharide unit (although not all possible disaccharide units have 

been detected in natural HS/HP), the structures of HS and heparin are extremely complex 

and information dense. Heparin has a relatively uniform high level of sulfation (2.5-3 sulfo 

groups/disaccharide). In contrast, HS has an overall lower level of sulfation (0.5–1.5 sulfo 

groups/disaccharide) and a domain structure, which is determined by the presence or 

absence of GlcNS residues. Long stretches of GlcNAc-containing disaccharides correspond 

to the largely unsulfated NA domain, while shorter clusters of GlcNS-containing 

disaccharides correspond to the more highly sulfated NS domains, which are rich in IdoA, 

IdoA2S and GlcNS6S residues [3,4]. Heparin, a widely used anticoagulant drug, is 

essentially an extended NS domain with a very high level of sulfation, and rich in trisulfated 

disaccharides of the structure GlcNS6S-IdoA2S. The rare 3-sulfo group found in both 

heparin and HS is an essential component of the antithrombin III (AT) binding site, a 

pentasaccharide sequence that activates AT and which is responsible for anticoagulant 

activity [2].

HS and heparin are biosynthesized in the endoplasmic reticulum (ER) and the Golgi 

compartments. Biosynthesis begins in the ER with the stepwise addition of four 
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monosaccharides (Xyl-Gal-Gal-GlcA) to a serine residue in the core protein, which form the 

tetrasaccharide linker region (Fig. 2) [5]. Heparin is biosynthesized exclusively on the 

serglycin core, while HS is can be biosynthesized on a variety of different core proteins, 

including members of the syndecan and glypican families [6,7]. Glycosyltransferase 

enzymes catalyze the alternating addition of UDP-activated GlcA and GlcNAc residues to 

polymerize the chain, which is then modified by N-deacetylase, C5-epimerase and 

sulfotransferase enzymes [5]. N-deacetylase/N-sulfotransferases (NDST) are bifunctional 

enzymes (multiple isoforms) that replace the N-acetyl group with an N-sulfo group, a critical 

step for formation of domain structures [3]. Subsequent modifications by C5-epimerase and 

O-sulfotransferases (OSTs) are dependent on the presence of GlcNS residues (NS domains), 

while NA domains remain largely unmodified [3,8]. Iduronic acid residues are produced by 

C5-epimerase, which converts GlcA into IdoA, working in concert with 2-O-

sulfotransferase (2OST) to give IdoA2S. In rare cases, 2OST modifies GlcA to form 

GlcA2S. GlcNS residues are then modified by 6-O-sulfotransferases (6OSTs), followed by 

3-O-sulfotransferases (3OSTs). There are multiple isoforms of both 6OST and 3OST that 

display different specificity in their recognition sites. Tissue specific expression of different 

enzyme isoforms fine-tunes the synthesis of HP and HS to produce different structures, 

allowing adaptation of function to the local cellular environment. HS isolated from different 

tissues have different ratios of component disaccharides, which can be thought of as a kind 

of “glyco-fingerprint,” and can show distinctive changes in certain cancers [9–11].

Bioengineering of HP and HS will provide a source of molecules to investigate the 

structure-activity relationships of these important and ubiquitous biopolymers. Moreover, 

they may generate novel therapeutic strategies for the treatment of coagulation disorders, 

infectious disease, inflammatory conditions and cancers, and other pathologies in which 

these GAGs play a role.

2. Activities of HP/HS

2.1 Anticoagulation

The combinatorial complexity of HS structure and biosynthesis translates into an equally 

complex set of biological activities. The most well-known and established pharmacological 

activity of the heparin GAG is its anticoagulant activity. Heparin has been widely used as an 

anticoagulant drug since the 1930s [2], and today is an essential drug for treating thrombosis 

and related conditions. Interestingly, the biological function of endogenous heparin is not as 

an anticoagulant. Heparin is biosynthesized in mast cells and stored intracellularly and does 

not normally come into contact with blood. While the precise biological function of heparin 

is still unknown, it might be related to mast cell response to parasitic infections [2,12]. The 

anticoagulant activity of heparin is mediated by its binding to antithrombin III (AT), an 

inhibitor of serine proteases, including thrombin and factor Xa, involved in the coagulation 

cascade (Fig. 3A) [2]. On binding heparin, AT undergoes a conformational change that 

amplifies its inhibitory activity by several orders of magnitude. The interaction between AT 

and heparin is mediated through a specific pentasaccharide sequence with a central 3-O-

sulfo group, termed the AT-binding site (Fig. 1). This binding site is also found in 

endothelial HS and may provide a basal level of anticoagulant activity responsible for the 
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blood compatibility of the endothelium [13]. Interestingly, inhibition of thrombin (anti-FIIa 

activity) requires more than a pentasaccharide AT binding site, a chain of 16–18 saccharides 

is required for irreversible binding of thrombin by the HP-AT in a ternary complex. 

However, the AT pentasaccharide sequence bound to AT is only sufficient for the direct 

inhibition of factor Xa making it a specific anti-FXa agent. This discovery led to the 

development of low molecular weight heparins (LMWHs) as selective for factor Xa 

inhibitors (anti-FXa/anti-FIIa activity of ~ 5–10), which was believed would reduce 

bleeding complications and heparin-induced thrombocytopenia [13–15].

2.2 Signaling and development

A much more complex biological activity of HS-GAGs is their role in developmental 

biology and cell signaling. Cell surface and extracellular matrix (ECM) HSPGs exhibit 

complex pleiotropic effects, playing roles in cell differentiation, migration, angiogenesis, 

and regulation of cell signaling [16]. HS is essential for proper development, and mutations 

in HS biosynthetic genes are known to cause a range of conditions resulting in abnormal 

bone and organ formation [17]. As a major component of the ECM, HSPGs exhibit binding 

affinities for major ECM proteins including fibronectin, collagen and laminin, which are 

critical in cell adhesion and provide spatial context for cell signaling [16,18,19]. With a 

diverse array of sub-structures, HS acts as a binding platform for a host of extracellular 

signaling molecules such as growth factors, chemokines and morphogens, regulating their 

diffusion and distribution in the ECM [16,18,19]. HS can also signal directly as a co-

receptor, as in the case of fibroblast growth factor (FGF) signaling [20,21]. The FGF family 

is responsible for directing a wide range of developmental processes. Formation of an FGF-

FGF receptor (FGFR) signaling complex requires HS, whose role is to coordinate specific 

pairings of FGFs and FGFRs by binding to each, which have different preferences in HS 

structure [21,22]. However, the precise nature and specificity of these interactions is still 

being investigated.

It is more difficult to say exactly how HSPGs modulate the response to other extracellular 

signaling molecules. In addition to FGFs, HS binds a number of other growth factors (GFs) 

(vascular endothelial (VE) GF, platelet derived GF, glial cell-derived neurotrophic factor, 

and hepatocyte GF) and cytokines (interleukin (IL)-12, midkine, pleiotrophin, platelet factor 

4) [18,19,23]. How this binding affects the complex spatial biology of the ECM is poorly 

understood, especially given the diverse array of differentially expressed HSPGs, and the 

variable composition of their HS chains [20]. One mechanism by which HSPGs modulate 

signaling pathways is by stabilizing gradients of signaling molecules, which provide spatial 

information to cells during development [24]. In angiogenesis, HSPGs establish a gradient 

of VEGF, which provides spatial context for the migrating endothelial cells which will form 

the blood vessel (Fig. 3D) [25]. HSPGs can also facilitate the internalization of signaling 

molecules or act as storage, to be released by heparanase, a mammalian endoglucuronidase 

that cleaves HS chains [23,26,27]. In wound healing, heparanase accelerates repair through 

the release of these bound signaling molecules [28]. Moreover, increased syndecan 

expression is seen in migrating and proliferating cells at the injury site, which likely act to 

regulate ECM organization and growth factor response [29,30].
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2.3 Infectious Disease, Inflammation, and Cancer

HSPGs are a very common cellular receptor for viral and bacterial pathogens, which bind 

the HS chain to facilitate attachment and invasion of specific host tissues (Fig. 3B) [12]. 

Papillomavirus infection requires binding to either syndecan or glypican HS, and ectopic 

expression of these HSPGs has been shown to enhance infectivity [31]. Some viruses 

recognize specific sequences in HS, as seen in herpes simplex virus type-1, whose 

glycoprotein D binds a 3-O-sulfo group containing octasaccharide to trigger fusion of the 

host cell and virus [32]. Many intracellular bacterial pathogens such as those in the genus 

Chlamydia and B. burgdorferi, the causative agent of Lyme disease, invade host cells 

through similar mechanisms. The malarial protozoan P. falciparum infects liver tissue by 

binding to hepatocyte-associated HS chains, allowing remarkable specificity in host cell 

infection [33]. HSPGs can also play a key role in the virulence of many bacterial infections. 

H. pylori and P. aeruginosa stimulate the shedding of syndecan-1, which can inhibit 

neutrophil-mediated bacterial killing, and exacerbate inflammatory damage to tissues 

[34,35].

HSPGs are intimately involved in inflammatory processes, primarily for their role in 

regulating leukocyte extravasation (Fig. 3C). Leukocytes in the blood first weakly bind to 

the endothelial surface and roll along it, caused by the interaction between endothelial HS 

and L-selectin and P-selectins on the leukocyte [36,37]. Interleukins and chemokines bound 

to endothelial HS attract the leukocyte to the site of injury [16], where it activates integrins 

to produce a stronger adhesion in preparation for extravasation. HSPGs are major structural 

components of basement membranes, along with laminin and collagen, and provide a 

physical barrier to invading cells. Leukocytes extravasating to injury sites break down this 

barrier through the action of heparanase and various proteases, releasing biologically active 

HS fragments and their bound signaling molecules in the process [36]. Heparanase 

expression in many cancers can correlate with poor prognosis and higher metastatic 

potential as a result of co-opting this extravasation mechanism [38,39]. Remarkably, 

metastatic potential can be acquired by non-metastatic T-lymphoma cells on transfection 

with heparanase [40]. The breakdown of the basement membrane during metastasis also 

drives tumor angiogenesis by increasing the availability of angiogenic growth factors such 

as vascular endothelial growth factor, and HS fragments which can drive FGF signaling 

[41]. Heparanase causes increased expression of these growth factors, as well as syndecan-1, 

which is shed from the cell surface at a higher rate. This shed syndecan-1 concentrates 

growth factors in the tumor microenvironment, accelerating proliferation and angiogenesis 

[42].

In addition to its anticoagulant activity, heparin has been shown to have anti-inflammatory 

and anti-metastatic properties, primarily through binding L-selectin and P-selectin, which 

inhibit the ability of invading cells to bind to the endothelial surface [37,43,44]. Heparin has 

shown positive effects in acute inflammatory conditions such as bronchial asthma, ulcerative 

colitis and burns, and LMWH was found to afford a survival benefit (independent of its 

anticoagulant activity) to cancer patients [28,37,45–47]. However, complications associated 

with the anticoagulant properties of heparin may limit its use in these applications. Heparin 

and LMWH may have additional anti-cancer and anti-inflammatory effects due to its ability 
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to competitively inhibit heparanase, but evidence remains scant. However, heparanase 

inhibiting heparin mimetics such as PI-88 and PG545, have shown potent anti-metastatic 

and anti-angiogenic effects, and are currently in clinical trials [46,48].

A key element of the multifaceted biological activity of HS-GAGs is their complex structure 

and regulation. Detailed knowledge of structure-activity relationships will be essential for 

developing new therapeutics, which target HS-GAG associated processes. One major 

roadblock has been the inability to synthesize GAGs with defined structures. The 

complexity of HS largely precludes its chemical synthesis. However, new approaches, such 

as chemoenzymatic synthesis and bioengineering, offer promising results.

3. Preparation of unfractionated heparin and HS from animal sources

3.1 Methods

Methods of commercial production of pharmaceutical grade heparin are tightly guarded 

industrial secrets and few publications or patents describe most commonly used 

pharmaceutical processes. Large-scale commercial processes are typically used to prepare 

multi-kilogram batches of pharmaceutical grade heparin. The methods used today for the 

commercial preparation of heparin evolved from what was used early this century, with five 

basic steps: 1) preparation of tissues; 2) extraction of heparin from tissues; 3) recovery of 

raw heparin; 4) purification of heparin; and 5) purified heparin recovery (Fig. 4) [49,50]. 

The preparation of the tissue begins with the collection of the appropriate animal organ 

tissue at the slaughterhouse and its preparation for processing. The whole intestine is either 

used to prepare “hashed pork guts” or processed into casings, which requires scraping of the 

endothelial lining from the intestinal lumen (mucosa). Hashed guts and mucosa are 

preserved with 0.5 – 3.5% sodium metabisulfite or another suitable oxygen scavenger to 

prevent spoilage. In the past, all of the hashed gut and mucosa were transferred to a heparin 

manufacturing facility for further processing as shown in Fig. 4.

3.2 Issues and problems

In 2008 there was an unprecedented heparin crisis that markedly reduced the supply of 

heparin that could be used therapeutically. This crisis involved the introduction of an 

oversulfated chondroitin sulfate (OSCS) into heparin produced from pigs in China, leading 

to the death of nearly 100 Americans in 2008 [51,52]. This kind of deliberate adulteration 

was very difficult to detect since the tissue supply chain for heparin in slaughterhouses lacks 

current good manufacturing processes (cGMP) oversight. More recently, the mixing of 

heparin obtained from different animal species has been suspected. Bovine lung heparin, 

ovine intestinal heparin and porcine intestinal heparin can be distinguished from one another 

by their different distribution of structural variants of the AT pentasaccharide binding site as 

well as differences in their disaccharide compositions [53,54]. However, it is very difficult 

to detect the presence of small amounts of bovine intestinal heparin or ovine intestinal 

heparin in a porcine intestinal heparin product even using current state-of-the-art level 

analytical methods [54,55]. In fact, drug preparation from animal sources is always a 

concern. Pharmaceutical grade heparins and HS have been derived from a variety of animal 

tissues throughout heparin production history [2]. These animal source materials can contain 
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infectious agents leading to the potential transmission of viral and prion diseases. Moreover, 

the susceptibility of animal populations to infectious disease, such as porcine epidemics in 

China, overharvesting, or environmental concerns can dramatically reduce the supply 

animals from which heparin can be prepared [56]. Additionally, product quality can vary 

with environmental factors and animal subspecies, providing additional difficulties for drug 

regulation. Serious concerns over prion diseases such as bovine spongiform encephalopathy 

(BSE, “mad cow disease”), which causes Creutzfeldt-Jakob disease in humans [57], and the 

scrapies prion in sheep [58] have led to a decline in the use of bovine and ovine tissues as a 

source of heparin. However, with increasing spot shortages of heparin, the re-introduction of 

bovine heparin on the US market is under serious consideration to alleviate potential 

shortages in the supply of heparin and to decrease the risk of relying on a single species for 

this critical, lifesaving drug.

Unfortunately, despite the 1.2 billion or more pigs that are slaughtered each year worldwide, 

corresponding to >100 tons/year of heparin production, commercial suppliers may not be 

able to keep pace with increased worldwide demand particularly in developing countries. 

Recent market share analysis showed that the majority of crude heparin is sourced from 

China, which supplies about 57% of the worldwide market [59]. The potential shortage risk 

due to the single animal/single country sourcing of heparin has led to a push for the 

reintroduction of bovine heparin to bolster supply, despite concerns about potential mixing 

of porcine and bovine heparins and transmission of CJD. The development of non-animal 

sourced heparin and heparin-like drugs are urgently needed in the current market.

4. Chemical synthesis and depolymerization of heparin/HS and analogs

4.1 Chemical synthesis of Ultra LMWH

Numerous synthetic steps, low product yields, and high costs preclude the chemical 

syntheses of full-length heparin chains based on current technology. However, it is possible 

to prepare ultra low molecular weight heparin (ULMWH) and LMWH by the chemical or 

enzymatic depolymerization of unfractionated heparins or through chemical synthesis. The 

idea of making a synthetic version of heparin is not new, in 2002 Sanofi introduced a 

synthetic heparin pentasaccharide, Arixtra® (fondaparinux sodium) [60]. This drug was 

based on a simplification of the elegant synthesis of the heparin AT pentasaccharide binding 

site, first reported by Choay and coworkers in the 1980s [61]. Arixtra® differs from heparin 

in that it is a specific anti-FXa agent, which lacks many of the pharmacological properties of 

the polycomponent, polypharmacolgical drug as heparin [62], and its anticoagulant activity 

cannot be reversed using protamine, which is a basic protein administered to form a charge-

neutral complex with heparin, neutralizing heparin’s anti-clotting effects.

4.2 Chemical and enzymatic depolymerization of unfractionated heparin to prepare 
LMWHs

LMWHs are fractionated heparins with a molecular weight ranging from ~ 3–8 kDa used as 

selective anti-FXa anticoagulant/antithrombotic agents [14]. The commercial preparation of 

LMWHs from animal-sourced unfractionated heparin often relies on the controlled chemical 
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depolymerization of heparin using reactions such as peroxidative cleavage, nitrous acid 

cleavage, and chemical β-elimination [63].

Much milder enzymatic depolymerization, using heparin lyases isolated from 

Flavobacterium heparinum, has also been used to make LMWHs such as Tinzaparin. 

Heparin lyase I is most commonly used to enzymatically depolymerize heparin (Fig. 5) 

[15,64–66]. Studies have demonstrated that heparin lyase I is highly selective for →4)-α-D-

GlcNS3S6S(1→4)-α-L-IdoA2S(1→, a linkage present in the AT-binding site, while heparin 

lyase II is more selective for →4)-α-D-GlcNS6S(1→4)-α-L-IdoA(1→ [67–69]. Thus, 

heparin lyase II may represent an alternative cleavage enzyme for LMWH preparation [70]. 

Compared with chemical approaches, the mild conditions favored by heparin lyases offers 

the advantage of producing LMWHs with fewer process artifacts generated through side 

reactions.

4.3 Issues and problems

The current worldwide heparin market is evenly split between the use of heparin and 

LMWHs, with very little synthetic ULMWH being used [59,71]. Only ~5% of the heparin 

market is comprised of the expensive synthetic ULMWH, fondaparinux, which is used 

primarily when side effects such as heparin-induced thrombocytopenia are anticipated. 

Demand for fondaparinux remains low due to its high cost, poorer pharmacological profile, 

irreversibility and ineffectiveness in a number of applications [59,71]. A new synthetic 

ULMWH called semuloparin, which is prepared by a selective and controlled 

depolymerization of heparin through a β-elimination reaction, was recently developed for 

the prevention of venous thromboembolism [72]. The depolymerization leaves more AT-

binding sites intact within longer chains. The anti-factor Xa/IIa ratio from clinical studies is 

>30, which indicates semuloparin is a selective anti-factor Xa agent [73]. Although the 

preparation cost is significantly lower than that of fondaparinux, it is neither homogeneous 

nor structurally defined, and since it is still derived from porcine intestinal heparin, 

semuloparin as well as other LMWHs, could be subject to contamination or adulteration.

LMWHs including enoxaparin, ardeparin sodium, dalteparin sodium, nadroparin calcium, 

reviparin sodium and certroparin sodium rely on harsh chemical depolymerization 

conditions resulting in process-derived artifacts, such as 2,6-anhydromannitol, epoxide, 1,6-

anhydroglucopyranose, and 1,6-anhydromannopyranose [74–76]. The potential side effects 

associated with these process artifacts still remain unknown. Enzymatic depolymerization 

can circumvent some of these problems, although it is not without its own problems, such as 

AT binding site pentasaccharide protection and chain length control to avoid overdigestion. 

Without chain length control, overdigestion of heparin can convert an active LMWH into 

smaller disaccharides and tetrasaccharides, which lack bioactivity. Is it possible to control 

enzymatic depolymerization utilizing molecular weight cut-off membranes to control chain 

length [70]. However, further studies are required to access the in vivo biological activities 

and pharmacological efficacy of this kind of size refined LMWH.
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5. Bioengineering ULMWH, LMWH and heparin

The chemoenzymatic synthesis of full-length heparin, HS, LMWH and ULMWH as 

investigational drugs has now become possible with the successful expression of 

recombinant heparin biosynthetic enzymes including glycosyltransferases and 

sulfotransferases (Table 1) [77–80]. There are two types of processes used in 

chemoenzymatic synthesis. In the first, a single target structure, typically an ULMWH or a 

LMWH, is selected and an iterative chemoenzymatic scheme for its synthesis is designed 

and executed to afford a single molecular entity. In the second, the target is polycomponent 

heparin chains, typically a LMWH or heparin, the chemoenzymatic synthesis begins with a 

highly polydisperse (weight average molecular weight/number average molecular weight 

>1) large polysaccharide precursor heparosan, consisting of repeating disaccharide units of 

GlcNAc and GlcA, then relies on chemical and/or enzymatic treatment to obtain a lower 

molecular weight and less polydisperse, microheterogenous product.

5.1 Iterative synthesis of defined targets

A fondaparinux-like ULMWH (Figures 1 & 6) having comparable in vivo and in vitro 

anticoagulant activities was chemoenzymatically synthesized using heparin biosynthetic 

enzymes [80]. This approach mimics the heparin biosynthetic pathway, relying on 

recombinant synthases, C5-epimerase, 2OST, 6OSTs and 3OST enzymes, and afforded a 

homogeneous heptasaccharide in 12-steps, at multi-milligram scale, and in ~40% overall 

yield. This ULMWH was synthesized from UDP-sugar donors (the natural UDP-GlcA, 

UDP-GlcNAc and the unnatural UDP-GlcN-trifluoracetate (-GlcNTFA)) and a heparosan-

derived disaccharide acceptor containing a ring-contracted anhydromannitol residue (Fig. 6) 

using N-acetyl glucosaminyltransferase (KfiA) and heparosan synthase (pmHS2) [81]. 

Enzyme catalyzed chain elongation provides the correct anomeric stereochemistry in over 

80% percent yield, which would be impossible to achieve using chemical glycosylation. The 

resulting heptasaccharide was selectively epimerized with C5-epimerase and 2-O-sulfo 

groups were added using 2OST, converting GlcA into its sulfated C5-epimer IdoA2S. This 

selectivity requires the NST pre-treatment before C5-epimerase and 2OST [82]. C5-

epimerase only converts GlcA residues between two GlcNS residues [82,83] to IdoA and 

works best in conjunction with 2OST, which locks the normally reversible reaction into the 

IdoA epimer with the introduction of a 2-O-sulfo group [84]. Complete introduction of 6-O-

sulfo groups relies on two of the three 6OST isoforms, 6OST-1 and 6OST-3, which transfer 

sulfo groups to GlcNS residues next to GlcA and IdoA2S residues, respectively [50]. The 

selective introduction of a single 3-O-sulfo group with 3OST-1 completed the ULMWH. 

Interestingly, there are at least 6 different 3OST isoforms with distinct substrate 

specificities. Two of these, 3OST-1 and 3OST-3 have been crystallized and their structures 

[85,86] reveal different binding modes for the two isoforms, allowing recognition of distinct 

modification sites. 3OST-1 affords the AT-binding site and 3OST-3 affords an 

oligosaccharide that binds the gD envelope protein of herpes simplex virus 1 [32,87]. While 

this approach appears straightforward and simple, it is the result of a carefully optimized 

synthetic design.
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Starting from a commercially available p-nitrophenylglucuronide acceptor this iterative 

chemoenzymatic synthesis has been extended to the preparation of LMWHs, up to the size 

of dodecasaccharides [88]. In 22-steps, many fewer than required for the chemical synthesis 

of fondaparinux, this decasaccharide was obtained in ~40% yield (Fig. 6). This homogenous 

LMWH showed only anti-factor Xa activity that could be completely reversed with 

protamine sulfate. Furthermore, it was cleared from the circulation through the liver, 

allowing the potential use of this agent in patients with renal impairment. Thus, iterative 

chemoenzymatic synthesis offers an effective approach to prepare the next generation of 

LMWHs with improved therapeutic properties.

5.2 Chemoenzymatic synthesis of polycomponent heparins

A chemoenzymatic alternative to heparin called “neoheparin” was first prepared in 2005 

(Fig. 7) [89]. This approach began with E. coli K5 as a source of the polysaccharide 

backbone, heparosan, which is then chemically de-N-acetylated and N-sulfonated. This N-

sulfoheparosan was treated with recombinant C5-epimerase and then chemically per-O-

sulfonated and selectively chemically O-desulfonated. Unfortunately, this neoheparin 

product contained unnatural sequences including 3-O-sulfo glucuronic acid (GlcA3S), not 

found in mammalian heparins. In light of the heparin contamination crisis involving a per-

O-sulfonated GAG oversulfated chondroitin sulfate (OSCS), also with unnatural GlcA3S 

sequences, the introduction of neoheparin poses real concerns.

A chemoenzymatic approach that more closely mimics the heparin biosynthetic pathway has 

been developed to produce “bioengineered heparin.” This approach again relies on the E. 

coli K5 capsular polysaccharide (CPS), heparosan, as the starting material [90]. Chemical 

(or enzymatic) de-N-acetylation and N-sulfonation of heparosan affords N-sulfoheparosan 

that is subsequently modified using recombinantly expressed C5-epimerase and OSTs [91] 

(Fig. 6). This chemoenzymatic preparation of bioengineered heparin differs from neoheparin 

in that it relies on enzymatic modification of the N-sulfoheparosan chain affording a product 

that closely resembles the heparin natural product. Moreover, bioengineered heparin 

eliminates many undesirable structural artifacts present in the animal-derived heparins 

including linkage region sugars, bleach-modified and base-modified saccharides. The major 

challenge of making a bioengineered heparin is meeting the annual global demand of more 

than 100 tons per year [50,51,92,93].

The large-scale preparation of bioengineered heparin can be subdivided into upstream, 

midstream and downstream processes. The upstream fermentation of E. coli has been 

optimized to obtain high yields of heparosan CPS [94,95]. Metabolic engineering 

approaches may offer further improvements in the yield of heparosan [96]. A recombinant 

E. coli BL21 strain, which produces nearly 2 g/L of heparosan, was prepared by introducing 

four heparosan biosynthetic genes (KfiA-D) from E. coli K5 [97]. The production of the 

structurally related chondroitin CPS from glucose using an engineered E. coli was also 

recently reported [98]. Control of the molecular weight of the heparosan CPS obtained from 

E. coli K5 may also be required [99,100]. Beside manipulation of culture conditions, chain 

termination and genetic optimization also can be possible to control the molecular weight of 

heparosan [101]. Infection with phage carrying heparosan lyase has also been examined as a 
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means to control molecular weight [102]. The midstream process involves the conversion of 

heparosan to N-sulfoheparosan. Base-catalyzed N-deacetylation can be carefully controlled 

using a response surface algorithm that gives the proper content of residual N-acetyl groups 

and the correct molecular weight properties [99]. The downstream process involves treating 

N-sulfoheparosan with recombinant C5-epimerase and OSTs in the presence of the cofactor 

3'-phosphoadenosine-5'-phosphosulfate (PAPS). A cofactor recycling system, involving 

arylsulfotransferase-IV (AST-IV), is used to convert spent, expensive cofactor 3'-

phosphoadenosine-5'-phosphate (PAP) to PAPS by transferring a sulfo group from an 

inexpensive sacrificial donor, p-nitrophenyl sulfate (PNPS), to PAP, regenerating PAPS. 

The reaction also produces p-nitrophenol (PNP) that can be recovered and chemically 

sulfonated. This cofactor regeneration system saves on cost, since PAPS is nearly 1000-fold 

more expensive than PNPS. Coupling this reaction to OST reactions not only overcomes 

strong product inhibition of these sulfotransferases by PAP [103], but also provides a 

reaction monitoring system. PNP produced by the reaction absorbs light at 400 nm 

wavelengths, which forms the basis of our current colorimetric sulfotransferase assay 

[104,105].

Careful design of the reaction scheme and process control is necessary to prepare a 

bioengineered heparin that is chemically and biologically equivalent to currently used 

animal-derived heparin. Other key challenges for future commercialization include scale-up, 

reduction in the costs of heparosan, PAPs and recombinant enzymes [103,106–109].

Recently, a one-pot chemoenzymatic synthesis of complex full-length heparin/HS 

polysaccharides was described [110]. This one-pot approach begins with the substrate N-

sulfoheparosan that is simultaneously treated with C5-epimerase and 2-OST with and low 

levels of 6-OST, followed by 3-OST. By optimizing the enzyme/substrate ratio the structure 

of the final bioengineered heparin can be controlled. It is possible that such an optimized, 

simplified process can one day be applied to facilitate the large-scale production of a 

bioengineered heparin.

6. Metabolic Engineering

While the field of metabolic engineering is still in its infancy, some steps toward the 

metabolic engineering of HS-GAGs have been made. One strategy has been to alter the 

natural HS produced by Chinese hamster ovary cells into a more heparin-like product. CHO 

cells have a number of advantages over other metabolic engineering systems, including the 

natural glycosylation of CHO cell proteins, and a proven use in producing therapeutic 

glycoproteins [111]. Transfecting CHO cells with human genes encoding for NDST-2 and 

3OST-1 (NDST2 and Hs3st1 respectively) produced an HS with increased AT-binding and 

anticoagulant activity, although the disaccharide composition of this HS varied significantly 

from pharmaceutical heparin [112]. With a much higher percentage of GlcA-GlcNS 

disaccharides, the expression level of NDST-2 outpaced the native OSTs, 2-OST and 6-

OST, whose modifications may be required for the action of 3OST-1. Further improvement 

of anticoagulant activity was reported by targeting 3OST-1 expression to the Golgi, which 

may also upregulate native OSTs [113]. Mass spectroscopy analysis of this CHO cell HS 

was able to confirm the presence of the AT binding site. However, CHO cell engineering of 
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a heparin-like product will require better pathway control, including the upregulation of 

critical 2-OST and 6-OST enzymes. CRISPR/CAS9 offers an approach to control the 

expression of multiple enzymes within the heparin biosynthetic pathway [96]. Even if CHO 

cell expression of heparin were achieved by a method such as CRISPR/CAS9, the scale of 

production would probably never exceed 10-100 kg/y, well below the 100-ton scale needed 

to replace animal-derived heparin.

An alternate strategy to prepare commercial quantities of heparin is to metabolically 

engineer bacteria. The pathway of CPS biosynthesis and secretion from E. coli is well 

established [90]. Moreover, the expression levels of enzymes in this pathway have been 

successfully controlled using CRISPR/CAS9 [96]. E. coli is able to express active 

recombinant forms of many of the heparin biosynthetic enzymes, including C5-epimerase 

and all types of OSTs [50]. Finally, E. coli is known to biosynthesize PAPS [114]. Thus, if 

the remained of the heparin biosynthetic enzymes could be actively expressed, made to act 

in an organized fashion and heparin could be secreted like a CPS, it is possible to envision 

the large-scale preparation of a metabolically engineered microbial heparin.

7. Conclusions and future prospects

Homogenous ULMWHs and LMWHs have been chemoenzymatically synthesized in multi-

milligram quantities and their activities have been evaluated both in vitro and in vivo 

[80,88]. These agents offer some chemical and pharmacological advantages over the 

currently approved ULMWHs and LMWHs [88]. Preclinical evaluation of these 

chemoenzymatically synthesized ULMWHs and LMWHs in multiple animal species will be 

needed if these are to be approved for human use. The major driving force for such an 

approval will be their improvements over the currently approved ULMWHs and LMWHs. 

Some improvements might include: more defined or improved pharmacokinetics/

pharmacodynamics associated with their homogenous structures [88]; their ability to be 

neutralized with protamine sulfate [88]; improved clearance through the liver allowing their 

use in renal compromised patients [88]; reduced side-effects such as bleeding and heparin-

induced thrombocytopenia (HIT). The small-scale chemoenzymatic synthesis of 

bioengineered heparin has been successful accomplished and is ongoing to scale-up for pre-

clinical evaluation. Additional effort will be required to improve both the bioengineered 

heparin process and the quality of the final product. Metabolically engineered CHO cells 

might be useful for producing high-value “designer heparins” with special properties 

allowing their high-cost, small-scale production. Metabolic engineering of prokaryotes 

(without a Golgi), such as E. coli, posses even greater challenges [96,107]. While the 

metabolic engineering of a single strain of engineered bacteria to produce heparin is far off, 

there are a number of intermediate steps that could be introduced sooner using a 

biotransformation approach. It is possible to envision several engineered bacteria each 

producing a component of a bioengineered heparin, for example, PAPS, heparosan and 

biosynthetic enzymes. These might then used in co-culture to effectively produce 

commercial quantities of a low cost bioengineered heparin.

Heparin, an anticoagulant drug, is one of the few GAGs that commands a multi-billion 

dollar market [59]. Thus, it is not surprising that all the initial investigation in 
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chemoenzymatic synthesis and bioengineering approaches have focused on heparin and its 

derivatives. As HS and HS oligosaccharides become interesting therapeutic agents or are 

incorporated into biomaterials, the same approaches used for heparin should be directly 

translatable to HS. The future is bright for the controlled use of recombinant enzymes and 

metabolically engineered cells in the synthesis of HS, heparin and their derivatives.

Acknowledgments

The authors are grateful for support from the National Institutes of Health (HL094463, GM102137, HL62244, 
HL096972) and the National Science Foundation (MCB-1448657).

References

1. Salmivirta M, Lidholt K, Lindahl U. Heparan Sulfate: a piece of information. FASEB J. 1996; 
10:1270–1279. [PubMed: 8836040] 

2. Linhardt RJ. Heparin: structure and activity. J Med Chem. 2003; 46:2551–2564. [PubMed: 
12801218] 

3. Murphy KJ, Merry CLR, Lyon M, Thompson JE, Roberts IS, Gallagher JT. A new model for the 
domain structure of heparan sulfate based on the novel specificity of K5 lyase. J Biol Chem. 2004; 
279:27239–27245.10.1074/jbc.M401774200 [PubMed: 15047699] 

4. Turnbull JE, Gallagher JT. Distribution of iduronate 2-sulphate residues in heparan sulphate. 
Evidence for an ordered polymeric structure. Biochem J. 1991; 273:553–559. [PubMed: 1996955] 

5. Esko JD, Selleck SB. Order out of chaos: assembly of ligand binding sites in heparan sulfate. Annu 
Rev Biochem. 2002; 71:435–471.10.1146/annurev.biochem.71.110601.135458 [PubMed: 
12045103] 

6. Duelli A, Rönnberg E, Waern I, Ringvall M, Kolset SO, Pejler G. Mast cell differentiation and 
activation is closely linked to expression of genes coding for the serglycin proteoglycan core protein 
and a distinct set of chondroitin sulfate and heparin sulfotransferases. J Immunol. 2009; 183:7073–
7083. [PubMed: 19915053] 

7. Kramer KL, Yost HJ. Heparan sulfate core proteins in cell-cell signaling. Annu Rev Genet. 2003; 
37:461–484. [PubMed: 14616070] 

8. Sheng J, Liu R, Xu Y, Liu J. The dominating role of N-deacetylase/N-sulfotransferase 1 in forming 
domain structures in heparan sulfate. J Biol Chem. 2011; 286:19768–19776. [PubMed: 21454625] 

9. Shi X, Zaia J. Organ-specific heparan sulfate structural phenotypes. J Biol Chem. 2009; 284:11806–
11814. [PubMed: 19244235] 

10. Weyers A, Yang B, Yoon DS, Park J-H, Zhang F, Lee KB, et al. A structural analysis of 
glycosaminoglycans from lethal and nonlethal breast cancer tissues: toward a novel class of 
theragnostics for personalized medicine in oncology? OMICS. 2012; 16:79–89.10.1089/omi.
2011.0102 [PubMed: 22401653] 

11. García OS, Quirós LM. Multiple alterations of heparan sulphate in cancer. OA Cancer. 2013; 1:1–
7.

12. Kamhi E, Joo EJ, Dordick JS, Linhardt RJ. Glycosaminoglycans in infectious disease. Biol Rev. 
2013; 88:928–43.10.1111/brv.12034 [PubMed: 23551941] 

13. Munoz EM, Linhardt RJ. Heparin-Binding Domains in Vascular Biology. Arterioscler Thromb 
Vasc Biol. 2004; 24:1549–1557. [PubMed: 15231514] 

14. Mousa SA, Fareed J. Overview: from heparin to low molecular weight heparin: beyond 
anticoagulation. Curr Opin Investig Drugs. 2001; 2:1077–1080.

15. Xiao Z, Tappen BR, Mellisa L, Zhao W, Canova LP, Guan H, et al. Heparin Mapping Using 
Heparin Lyases and the Generation of a Novel Low Molecular Weight Heparin. J Med Chem. 
2011; 54:603–610. [PubMed: 21166465] 

16. Linhardt RJ, Toida T. Role of glycosaminoglycans in cellular communication. Acc Chem Res. 
2004; 37:431–8. [PubMed: 15260505] 

Fu et al. Page 13

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Nadanaka S, Kitagawa H. Heparan sulphate biosynthesis and disease. J Biochem. 2008; 144:7–14. 
[PubMed: 18367479] 

18. Capila I, Linhardt RJ. Heparin-protein interactions. Angew Chem Int Ed Engl. 2002; 41:391–412. 
[PubMed: 12491369] 

19. Xu, D.; Esko, JD. [accessed October 22, 2015] Demystifying Heparan Sulfate–Protein Interactions. 
2014. http://www.annualreviews.org/doi/abs/10.1146/annurev-biochem-060713-035314

20. Guimond SE, Turnbull JE. Fibroblast growth factor receptor signalling is dictated by specific 
heparan sulphate saccharides. Curr Biol. 1999; 9:1343–1346. [PubMed: 10574766] 

21. Beenken A, Mohammadi M. The FGF family: biology, pathophysiology and therapy. Nat Rev 
Drug Discov. 2009; 8:235–53.10.1038/nrd2792 [PubMed: 19247306] 

22. Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova AV, Yeh BK, Yayon A, et al. Crystal 
Structure of a Ternary FGF-FGFR-Heparin Complex Reveals a Dual Role for Heparin in FGFR 
Binding and Dimerization. Mol Cell. 2000; 6:743–750. [PubMed: 11030354] 

23. Kim SH, Turnbull J, Guimond S. Extracellular matrix and cell signalling: The dynamic 
cooperation of integrin, proteoglycan and growth factor receptor. J Endocrinol. 2011; 209:139–
151. [PubMed: 21307119] 

24. Zhang B, Xiao W, Qiu H, Zhang F, Moniz HA, Jaworski A, et al. Heparan sulfate deficiency 
disrupts developmental angiogenesis and causes congenital diaphragmatic hernia. J Clin Invest. 
2014; 124:209–21. [PubMed: 24355925] 

25. Stringer SE. The role of heparan sulphate proteoglycans in angiogenesis. Biochem Soc Trans. 
2006; 34:451–453. [PubMed: 16709184] 

26. Barash U, Cohen-Kaplan V, Dowek I, Sanderson RD, Ilan N, Vlodavsky I. Proteoglycans in health 
and disease: new concepts for heparanase function in tumor progression and metastasis. FEBS J. 
2010; 277:3890–3903. [PubMed: 20840586] 

27. Bernfield M, Götte M, Park PW, Reizes O, Fitzgerald ML, Lincecum J, et al. Function of cell 
surface heparan sulfate proteoglycans. Annu Rev Biochem. 1999; 68:729–777. [PubMed: 
10872465] 

28. Schmidt EP, Li G, Li L, Fu L, Yang Y, Overdier KH, et al. The circulating glycosaminoglycan 
signature of respiratory. J Biol Chem. 2014; 289:8194–8202. [PubMed: 24509853] 

29. Zcharia E, Zilka R, Yaar A, Yacoby-zeevi O, Zetser A, Metzger S, et al. Heparanase accelerates 
wound angiogenesis and wound healing in mouse and rat models. FASEB J. 2005; 19:211–221. 
[PubMed: 15677344] 

30. Elenius K, Vainio S, Laato M, Salmivirta M, Thesleff I, Jalkanen M. Induced Expression of 
Syndecan in Healing Wounds. J Cell Biol. 1991; 114:585–595. [PubMed: 1860887] 

31. Shafti-keramat S, Handisurya A, Kriehuber E, Meneguzzi G, Slupetzky K, Kirnbauer R. Different 
Heparan Sulfate Proteoglycans Serve as Cellular Receptors for Human Papillomaviruses. J Virol. 
2003; 77:13125–13135. [PubMed: 14645569] 

32. Liu J, Shriver Z, Pope RM, Thorp SC, Duncan MB, Copeland RJ, et al. Characterization of a 
heparan sulfate octasaccharide that binds to herpes simplex virus type 1 glycoprotein D. J Biol 
Chem. 2002; 277:33456–33467. [PubMed: 12080045] 

33. Sinnis P, Coppi A, Toida T, Toyoda H, Kinoshita-Toyoda A, Xie J, et al. Mosquito heparan sulfate 
and its potential role in malaria infection and transmission. J Biol Chem. 2007; 282:25376–25384. 
[PubMed: 17597060] 

34. Garcia B, Fernandez-Vega I, García-Suárez O, Castañón S, Quirós LM. The Role of Heparan 
Sulfate Proteoglycans in Bacterial Infections. J Med Microbiol Diagnosis. 2014; 03:157–164.

35. Hayashida A, Amano S, Park PW. Syndecan-1 promotes Staphylococcus aureus corneal infection 
by counteracting neutrophil-mediated host defense. J Biol Chem. 2011; 286:3288–3297. [PubMed: 
21127056] 

36. Wang L, Brown JR, Varki A, Esko JD. Heparin’s anti-inflammatory effects require glucosamine 6-
O-sulfation and are mediated by blockade of L- and P-selectins. J Clin Investig. 2002; 110:127–
136. [PubMed: 12093896] 

37. Nelson RM, Cecconi O, Roberts WG, Aruffo A, Linhardt RJ, Bevilacqua MP. Heparin 
oligosaccharides bind L- and P-selectin and inhibit acute inflammation. Blood. 1993; 82:3253–
3258. [PubMed: 7694675] 

Fu et al. Page 14

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.annualreviews.org/doi/abs/10.1146/annurev-biochem-060713-035314


38. Parish CR, Freeman C, Hulett MD. Heparanase: a key enzyme involved in cell invasion. Biochim 
Biophys Acta. 2001; 1471:M99–M108. [PubMed: 11250066] 

39. Takaoka M, Naomoto Y, Ohkawa T, Uetsuka H, Shirakawa Y, Uno F, et al. Heparanase expression 
correlates with invasion and poor prognosis in gastric cancers. Lab Invest. 2003; 83:613–622. 
[PubMed: 12746471] 

40. Sato T, Yamaguchi A, Goi T, Hirono Y, Takeuchi K, Katayama K, et al. Heparanase Expression in 
Human Colorectal Cancer and Its Relationship to Tumor Angiogenesis , Hematogenous 
Metastasis , and Prognosis. J Surg Oncol. 2004; 87:174–181. [PubMed: 15334632] 

41. Vlodavsky I, Friedmanny Y, Elkin M, Aingorn H, Atzmon R, Ishai-Michaeli R, et al. Mammalian 
heparanase : Gene cloning , expression and function in tumor progression and metastasis. Nat 
Med. 1999; 5:793–802. [PubMed: 10395325] 

42. Vlodavsky I, Friedmann Y. Heparan sulfate proteoglycans Molecular properties and involvement 
of heparanase in cancer metastasis and angiogenesis. J Clin Investig. 2001; 108:341–347. 
[PubMed: 11489924] 

43. Ramani VC, Purushothaman A, Stewart M, Thompson C, Vlodavsky I, Au J, et al. The heparanase/
syndecan-1 axis in cancer: mechanisms and therapies. FEBS. 2013; 280:2294–2306.

44. Stevenson JL, Varki A, Borsig L. Heparin attenuates metastasis mainly due to inhibition of P- and 
L-selectin, but non-anticoagulant heparins can have additional effects. Thromb Res. 2007; 
120:107–111.

45. Li JP, Vlodavsky I. Heparin, heparan sulfate and heparanase in inflammatory reactions. Thromb 
Haemost. 2009; 102:823–828. [PubMed: 19888515] 

46. Lazo-Langner A, Goss GD, Spaans JN, Rodger MA. The effect of low-molecular-weight heparin 
on cancer survival. A systematic review and meta-analysis of randomized trials. J Thromb 
Haemost. 2007; 5:729–737. [PubMed: 17408406] 

47. Fath MA, Wu X, Hileman RE, Linhardt RJ, Kashem MA, Nelson RM, et al. Interaction of 
Secretory Leukocyte Protease Inhibitor with Heparin Inhibits Proteases Involved in Asthma. J Biol 
Chem. 1998; 273:13563–13569. [PubMed: 9593692] 

48. Yu G, Gunay NS, Linhardt RJ, Toida T, Fareed J, Hoppensteadt DA, et al. Preparation and 
anticoagulant activity of the phosphosulfomannan PI-88. Eur J Med Chem. 2002; 37:783–91. 
[PubMed: 12446036] 

49. Linhardt RJ, Ampofo SA, Fareed J, Hoppensteadt D, Folkman J, Mulliken JB. Isolation and 
characterization of human heparin. Biochemistry. 1992; 31:12441–12445. [PubMed: 1463730] 

50. Bhaskar U, Sterner E, Hickey AM, Onishi A, Zhang F, Dordick JS, et al. Engineering of routes to 
heparin and related polysaccharides. Appl Microbiol Biotechnol. 2012; 93:1–16. [PubMed: 
22048616] 

51. Liu H, Zhang Z, Linhardt RJ. Lessons learned from the contamination of heparin. Nat Prod Rep. 
2009; 26:313–321. [PubMed: 19240943] 

52. Guerrini M, Beccati D, Shriver Z. Oversulfated chondroitin sulfate is a major contaminant in 
heparin associated with adverse clinical events. Nat Biotechnol. 2008; 26:669–675. [PubMed: 
18437154] 

53. Loganathan D, Wang HM, Mallis LM, Linhardt RJ. Structural variation in the antithrombin III 
binding site region and its occurrence in heparin from different sources. Biochemistry. 1990; 
29:4362–4368. [PubMed: 2350542] 

54. Fu L, Li G, Yang B, Onishi A, Li L, Sun P, et al. Structural Characterization of Pharmaceutical 
Heparins Prepared from Different Animal Tissues. J Pharm Sci. 2013; 102:1447–1457.10.1002/
jps.23501 [PubMed: 23526651] 

55. Li G, Cai C, Li L, Fu L, Chang Y, Zhang F, et al. Method to detect contaminants in heparin using 
radical depolymerization and liquid chromatography-mass spectrometry. Anal Chem. 2014; 
86:326–330. [PubMed: 24364596] 

56. Zhou YJ, Hao XF, Tian ZJ, Tong GZ, Yoo D, An TQ, et al. Highly virulent porcine reproductive 
and respiratory syndrome virus emerged in China. Transbound Emerg Dis. 2008; 55:152–164. 
[PubMed: 18405338] 

57. Schonberger L. New variant Creutzfeldt-Jakob disease and bovine spongiform encephalopathy. 
Infect Dis Clin North Am. 1998; 12:111–121. [PubMed: 9494833] 

Fu et al. Page 15

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



58. Windl O, Dawson M. Animal prion diseases. Subcell Biochem. 2012; 65:497–516. [PubMed: 
23225014] 

59. Onishi, A.; Ange, KS.; Dordick, JS.; Linhardt, RJ. Heparin and anticoagulation. In: Tomatsu, S., 
editor. Glycosaminoglycans Relat Disord, Frontiers in Bioscience. 2015. submitted

60. Toschi V, Lettino M. Fondaparinux: pharmacology and clinical experience in cardiovascular 
medicine. Mini Rev Med Chem. 2007; 7:383–387. [PubMed: 17430224] 

61. Petitou M, Duchaussoy P, Lederman I, Choay J, Sinaÿ P, Jacquinet JC, et al. Synthesis of heparin 
fragments. A chemical synthesis of the pentasaccharide 0-(2-Deoxy-2-Sulfamido-6-0-Sulfo-alpha-
D-Glucopyranosyl)-(1-4)-0-(beta-DGlucopyranosyluronic Acid)-(1-4)-0-(2-0-Sulfo-alpha-L-
Idopyranosyluronic acid)-(1-4)-2-Deoxy-2-Sulfamido-6- Carbohydr Res. 1986; 147:221–236. 
[PubMed: 3708627] 

62. Bick RL, Frenkel EP, Walenga J, Fareed J, Hoppensteadt DA. Unfractionated heparin, low 
molecular weight heparins, and pentasaccharide: basic mechanism of actions, pharmacology, and 
clinical use. Hematol Oncol Clin North Am. 2005; 19:1–51. [PubMed: 15639107] 

63. Linhardt RJ, NSG, Linhardt Robert J, GUNAY NURS, Linhardt RJ, Gunay NS. Production and 
chemical processing of low molecular weight heparins. Semin Thromb Hemost. 1999; 25(Suppl 
3):5–16. [PubMed: 10549711] 

64. Lohse DL, Linhardt RJ. Purification and characterization of heparin lyases from Flavobacterium 
heparinum. J Biol Chem. 1992; 267:24347–24355. [PubMed: 1332952] 

65. Linhardt RJ, Galliher PM, Cooney CL. Polysaccharide lyases. Appl Biochem Biotechnol. 1986; 
12:135–177. [PubMed: 3521491] 

66. Langer, RS.; Linhardt, RJ.; Cooney, CL.; Fitzgerald, G.; Grant, A. Heparinase Derived 
Anticoagulants. U.S. PATENT #4,396,762. 1983. 

67. Xiao Z, Zhao W, Yang B, Zhang Z, Guan H, Linhardt RJ, et al. Heparinase 1 selectivity for the 
3,6-di-O-sulfo-2-deoxy-2-sulfamido-α-D-glucopyranose (1,4) 2-O-sulfo-α-Lidopyranosyluronic 
acid (GlcNS3S6S-IdoA2S) linkages. Glycobiology. 2011; 21:13–22. [PubMed: 20729345] 

68. Desai UR, Wang HM, Linhardt RJ. Substrate specificity of the heparin lyases from Flavobacterium 
heparinum. Arch Biochem Biophys. 1993; 306:461–468. [PubMed: 8215450] 

69. Desai UR, Wang HM, Linhardt RJ. Specificity studies on the heparin lyases from Flavobacterium 
heparinum. Biochemistry. 1993; 32:8140–8145. [PubMed: 8347612] 

70. Fu L, Zhang F, Li G, Onishi A, Bhaskar U, Sun P, et al. Structure and Activity of a New Low-
Molecular-Weight Heparin Produced by Enzymatic Ultrafiltration. J Pharm Sci. 2014; 103:1375–
1383. [PubMed: 24634007] 

71. Suflita M, Fu L, He W, Koffas M, Linhardt RJ. Heparin and related polysaccharides : synthesis 
using recombinant enzymes and metabolic engineering. Appl Microbiol Biotechnol. 2015:7465–
7479. [PubMed: 26219501] 

72. Viskov C, Just M, Laux V, Mourier P, Lorenz M. Description of the chemical and pharmacological 
characteristics of a new hemisynthetic ultra-low-molecular-weight heparin, AVE5026. J Thromb 
Haemost. 2009; 7:1143–1151. [PubMed: 19422447] 

73. Lassen MR, Dahl OE, Mismetti P, Destrée D, Turpie AGG. AVE5026, a new hemisynthetic ultra-
low-molecular-weight heparin for the prevention of venous thromboembolism in patients after 
total knee replacement surgery-TREK: a dose-ranging study. J Thromb Haemost. 2009; 7:566–
572. [PubMed: 19187076] 

74. Higashi K, Hosoyama S, Ohno A, Masuko S, Yang B, Sterner E, et al. Photochemical preparation 
of a novel molecular weight heparin. Carbohyd Polym. 2012; 87:1737–1743.

75. Keire DA, Buhse LF, Al-Hakim A. Characterization of currently marketed heparin products: 
composition analysis by 2D-NMR. Anal Methods. 2013; 5:2984–2994.

76. Linhardt RJ, Loganathan D, Al-Hakim A, Wang HM, Walenga JM, Hoppensteadt D, et al. 
Oligosaccharide mapping of low-molecular-weight heparins: structure and activity differences. J 
Med Chem. 1990; 33:1639–1645. [PubMed: 2160537] 

77. Gijsen HJM, Qiao L, Fitz W, Wong C. Recent advances in the chemoenzymatic synthesis of 
carbohydrates and carbohydrate mimetics. Chem Rev. 1996; 96:443–474. [PubMed: 11848760] 

Fu et al. Page 16

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



78. Karst NA, Linhardt RJ. Recent Chemical and Enzymatic Approaches to the Synthesis of 
Glycosaminoglycan Oligosaccharides. Curr Med Chem. 2003; 10:1993–2031. [PubMed: 
12871100] 

79. Deangelis PL, Liu J, Linhardt RJ. Chemoenzymatic synthesis of glycosaminoglycans: Re-creating, 
re-modeling and re-designing nature’s longest or most complex carbohydrate chains. 
Glycobiology. 2013; 23:764–777.10.1093/glycob/cwt016 [PubMed: 23481097] 

80. Xu Y, Masuko S, Takieddin M, Xu H, Liu R, Jing J, et al. Chemoenzymatic synthesis of 
structurally homogeneous ultra-low molecular weight heparins. Science (80- ). 2011; 334:498–
501.

81. Sismey-Ragatz AE, Green DE, Otto NJ, Rejzek M, Field RA, DeAngelis PL. Chemoenzymatic 
synthesis with distinct Pasteurella heparosan synthases: Monodisperse polymers and unnatural 
structures. J Biol Chem. 2007; 282:28321–28327. [PubMed: 17627940] 

82. Sheng J, Xu Y, Dulaney SB, Huang X, Liu J. Uncovering biphasic catalytic mode of C 5-
epimerase in heparan sulfate biosynthesis. J Biol Chem. 2012; 287:20996–21002. [PubMed: 
22528493] 

83. Liu R, Xu Y, Chen M, Weïwer M, Zhou X, Bridges AS, et al. Chemoenzymatic design of heparan 
sulfate oligosaccharides. J Biol Chem. 2010; 285:34240–34249. [PubMed: 20729556] 

84. Qin Y, Ke J, Gu X, Fang J, Wang W, Cong Q, et al. Structural and functional study of D-
glucuronyl C5-epimerase. J Biol Chem. 2015; 290:4620–4630. [PubMed: 25568314] 

85. Moon AF, Edavettal SC, Krahn JM, Munoz EM, Negishi M, Linhardt RJ, et al. Structural analysis 
of the sulfotransferase (3-O-sulfotransferase isoform 3) involved in the biosynthesis of an entry 
receptor for herpes simplex virus 1. J Biol Chem. 2004; 279:45185–45193. [PubMed: 15304505] 

86. Moon AF, Xu Y, Woody SM, Krahn JM, Linhardt RJ, Liu J, et al. Dissecting the substrate 
recognition of 3-O-sulfotransferase for the biosynthesis of anticoagulant heparin. Proc Natl Acad 
Sci. 2012; 109:5265–5270. [PubMed: 22431632] 

87. Kusche-Gullberg M, Kjellén L. Sulfotransferases in glycosaminoglycan biosynthesis. Curr Opin 
Struct Biol. 2003; 13:605–611. [PubMed: 14568616] 

88. Xu Y, Cai C, Chandarajoti K, Hsieh P-H, Li L, Pham TQ, et al. Homogeneous low-molecular-
weight heparins with reversible anticoagulant activity. Nat Chem Biol. 2014; 10:248–50. 
[PubMed: 24561662] 

89. Lindahl U, Li JP, Kusche-Gullberg M, Salmivirta M, Alaranta S, Veromaa T, et al. Generation of 
“neoheparin” from E. coli K5 capsular polysaccharide. J Med Chem. 2005; 48:349–352. [PubMed: 
15658847] 

90. Cress BF, Englaender Ja, He W, Kasper D, Linhardt RJ, Koffas MAG. Masquerading microbial 
pathogens: Capsular polysaccharides mimic host-tissue molecules. FEMS Microbiol Rev. 2014; 
38:660–697. [PubMed: 24372337] 

91. Zhang Z, McCallum SA, Xie J, Nieto L, Corzana F, Jimenez-Barbero J, et al. Solution Structures 
of Chemoenzymatically Synthesized Heparin and Its Precursors. J Am Chem Soc. 2008; 
130:12998–13007. [PubMed: 18767845] 

92. Wang Z, Yang B, Zhang Z, Mellisa L, Takieddin M, Mousa S, et al. Control of the heparosan N-
deacetylation leads to an improved bioengineered heparin. Appl Microbiol Biotechnol. 2011; 
91:91–99. [PubMed: 21484210] 

93. Linhardt RJ, Liu J. Synthetic heparin. Curr Opin Pharmacol. 2012; 12:217–219. [PubMed: 
22325855] 

94. Wang Z, Dordick JS, Linhardt RJ. Escherichia coli K5 heparosan fermentation and improvement 
by genetic engineering. Bioeng Bugs. 2011; 2:63–67. [PubMed: 21636991] 

95. Zoppetti G, Oreste P, Application F, Data P. Process for the preparation of chondroitin sulfates 
from k4 polysaccharide and obtained products. 2004

96. Cress BF, Toparlak ÖD, Guleria S, Lebovich M, Stieglitz JT, Englaender JA, et al. 
CRISPathBrick: Modular Combinatorial Assembly of Type II-A CRISPR Arrays for dCas9-
Mediated Multiplex Transcriptional Repression in E. coli. ACS Synth Biol. 201510.1021/
acssynbio.5b00012

Fu et al. Page 17

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



97. Zhang C, Liu L, Teng L, Chen J, Liu J, Li J, et al. Metabolic engineering of Escherichia coli BL21 
for biosynthesis of heparosan, a bioengineered heparin precursor. Metab Eng. 2012; 14:521–527. 
[PubMed: 22781283] 

98. He W, Fu L, Li G, Andrew Jones J, Linhardt RJ, Koffas M. Production of chondroitin in 
metabolically engineered E. coli. Metab Eng. 2015; 27:92–100. [PubMed: 25461828] 

99. Wang Z, Li J, Cheong S, Bhaskar U, Akihiro O, Zhang F, et al. Response surface optimization of 
the heparosan N-deacetylation in producing bioengineered heparin. J Biotechnol. 2011; 156:188–
196. [PubMed: 21925548] 

100. Higashi K, Ly M, Wang Z, Masuko S, Bhaskar U, Sterner E, et al. Controlled Photochemical 
Depolymerization of K5 Heparosan, a Bioengineered Heparin Precursor. Carbohydr Polym. 
2011; 86:1365–1370. [PubMed: 21841848] 

101. Griffiths G, Barrett B, Cook N, Roberts IS. Biosynthesis of the Escherichia coli K5 capsular 
polysaccharide. Biochem Soc Trans. 1999; 27:507–512. [PubMed: 10917630] 

102. Clarke BR, Esumeh F, Roberts IS. Cloning, expression, and purification of the K5 capsular 
polysaccharide lyase (KflA) from coliphage K5A: evidence for two distinct K5 lyase enzymes. J 
Bacteriol. 2000; 182:3761–3766. [PubMed: 10850992] 

103. Burkart M, Izumi M, Chapman E, Lin C, Wong C. Regeneration of PAPS for the enzymatic 
synthesis of sulfated oligosaccharides. J Org Chem. 2000; 65:5565–5574. [PubMed: 10970295] 

104. Burkart M, Wong C. A continuous assay for the spectrophotometric analysis of sulfotransferases 
using aryl sulfotransferase IV. Anal Biochem. 1999; 274:131–137. [PubMed: 10527506] 

105. Sterner E, Li L, Paul P, Beaudet JM, Liu J, Linhardt RJ, et al. Assays for determining heparan 
sulfate and heparin O-sulfotransferase activity and specificity. Anal Bioanal Chem. 2014; 
406:525–536. [PubMed: 24271188] 

106. Zhou X, Chandarajoti K, Pham TQ, Liu R, Liu J. Expression of heparan sulfate sulfotransferases 
in Kluyveromyces lactis and preparation of 3′-phosphoadenosine-5′-phosphosulfate. 
Glycobiology. 2011; 21:771–780. [PubMed: 21224284] 

107. Wang W, Englaender JA, Xu P, Mehta KK, Suwan J, Dordick JS. Expression of Low Endotoxin 
3-O-Sulfotransferase in Bacillus subtilis and Bacillus megaterium. Appl Biochem Biotechnol. 
2013; 171:954–962. [PubMed: 23912211] 

108. Bhaskar U, Fu L, Ickey AM, Cai C, Li G, Ou Z, et al. A Purification Process for Heparin and 
Precursor Polysaccharides Using the pH Responsive Behavior of Chitosan. Biotechnol Prog. 
201510.1002/btpr.2144

109. Xiong J, Bhaskar U, Li G, Fu L, Li L, Zhang F, et al. Immobilized enzymes to convert N-sulfo, 
N-acetyl heparosan to a critical intermediate in the production of bioengineered heparin. J 
Biotechnol. 2013; 167:241–247. [PubMed: 23835156] 

110. Bhaskar U, Li G, Fu L, Onishi A, Suflita M, Dordick JS, et al. Combinatorial one-pot 
chemoenzymatic synthesis of heparin. Carbohydr Polym. 2015; 122:399–407. [PubMed: 
25817684] 

111. Datta P, Li G, Yang B, Zhao X, Baik JY, Gemmill TR, et al. Bioengineered chinese hamster 
ovary cells with golgi-targeted 3-O-sulfotransferase-1 biosynthesize heparan sulfate with an 
antithrombin-binding site. J Biol Chem. 2013; 288:37308–37318. [PubMed: 24247246] 

112. Baik JY, Gasimli L, Yang B, Datta P, Zhang F, Glass Ca, et al. Metabolic engineering of Chinese 
hamster ovary cells: Towards a bioengineered heparin. Metab Eng. 2012; 14:81–90. [PubMed: 
22326251] 

113. Datta P, Linhardt RJ, Sharfstein ST. An ’omics approach towards CHO cell engineering. 
Biotechnol Bioeng. 2013; 110:1255–1271. [PubMed: 23322664] 

114. Leyh TS, Taylor JC, Markham GD. The sulfate activation locus of Escherichia coli K12: cloning, 
genetic, and enzymatic characterization. J Biol Chem. 1988; 263:2409–2416. [PubMed: 
2828368] 

115. Chen M, Bridges A, Liu J. Substrate specificities of recombinant N-acetyl-D-glucosaminyl 
transferase (KfiA). Biochemistry. 2006; 45:12358–12365. [PubMed: 17014088] 

116. Masuko S, Bera S, Green DE, Weïwer M, Liu J, Deangelis PL, et al. Chemoenzymatic synthesis 
of uridine diphosphate-GlcNAc and uridine diphosphate-GalNAc analogs for the preparation of 
unnatural glycosaminoglycans. J Org Chem. 2012; 77:1449–1456. [PubMed: 22239739] 

Fu et al. Page 18

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



117. Zhang J, Suflita M, Li G, Zhong W, Li L, Dordick JS, et al. High Cell Density Cultivation of 
Recombinant Escherichia coli Strains Expressing 2-O-Sulfotransferase and C5-Epimerase for the 
Production of Bioengineered Heparin. Appl Biochem Biotechnol. 2015; 175:2986–2995. 
[PubMed: 25586487] 

118. Restaino OF, Bhaskar U, Paul P, Li L, De Rosa M, Dordick JS, et al. High cell density cultivation 
of a recombinant E. coli strain expressing a key enzyme in bioengineered heparin production. 
Appl Microbiol Biotechnol. 2013; 97:3893–3900. [PubMed: 23318839] 

119. Zhang J, Suflita M, Fiaschetti CM, Li G, Li L, Zhang F, et al. High cell density cultivation of a 
recombinant Escherichia coli strain expressing a 6-O-sulfotransferase for the production of 
bioengineered heparin. J Appl Microbiol. 2015; 118:92–98. [PubMed: 25362996] 

120. Saribaş AS, Mobasseri A, Pristatsky P, Chen X, Barthelson R, Hakes D, et al. Production of N-
sulfated polysaccharides using yeast-expressed N-deacetylase/N-sulfotransferase-1 (NDST-1). 
Glycobiology. 2004; 14:1217–1228. [PubMed: 15253930] 

121. USP37 Official Monograph, page 3224, Heparin Sodium, D. Molecular Weight Determinations.

Fu et al. Page 19

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Structures of heparin and HS GAGs and their oligosaccharides. A. typical heparin and HS 

chains; B. typical low molecular weight heparin (enoxaparin) chains; and C. examples of 

ultra-low molecular weight heparins.
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Figure 2. 
Biosynthesis of heparin/HS Synthesis begins with the stepwise addition of four 

monosaccharides (Xyl, Gal, Gal, and GlcA) to a serine residue of the core protein. 

Polymerization extends the chain by alternately adding GlcNAc and GlcA, and the chain is 

modified by epimerase and sulfotransferase enzymes to produce a variable structure, which 

includes high and low sulfated domains (NS and NA respectively) and antithrombin binding 

sites.
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Figure 3. 
Bioactivities of heparin/HS. A. Anticoagulant activity of heparin- a pentasaccharide 

sequence in heparin induces a conformational shift in ATIII upon binding, which 

irreversibly binds thrombin, which also binds to heparin at an adjacent site, to inhibit 

coagulation. B. Role of HSPGs in infectious disease- Intracellular pathogens and viruses 

bind cell surface HSPGs to facilitate invasion or viral fusion. C. Role of HSPGs in leukocyte 

extravasation/metastasis- rolling along endothelial surface is mediated by selectin-HS 

binding, and chemokines bound to endothelial HSPGs attract the leukocyte to damaged 

tissue. Invasion requires heparanase activity to degrade HSPGs in the basement membrane. 

D. Role of HSPGs in angiogenesis-HSPGs stabilizes gradients of angiogenic factors (VEGF, 

PDGF, FGF2) to direct blood vessel formation.
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Figure 4. 
Extractive preparation of heparin, HS and LMWHs. Typical process steps are shown the 

anion-exchange step is used in recovering GAG and the cation-exchange step is used in 

removing cationic impurities.
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Figure 5. 
Preparation of ultra-low molecular weight heparin and low molecular weight heparin. A. 
Summary of a convergent multistep chemical synthesis of Arixtra® from cellobiose 

derivative (reagents not shown). B. Enzymatic and chemical depolymerization to prepare 

low molecular heparins from unfractionated heparin.
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Figure 6. 
Chemoenzymatic synthesis of heparin and heparin products. A. ultra-low molecular weight 

heparins; B. low molecular weight heparins; and C. bioengineered heparin.
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Figure 7. 
Pathway for the preparation of neoheparin.
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