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Abstract

Heparin is a naturally occurring glycosaminoglycan from livestock, principally porcine intestine,
and is clinically used as an anticoagulant drug. A limitation to heparin production is that it
depends on a single animal species and potential problems have been associated with animal-
derived heparin. The contamination crisis in 2008 led to a search for new animal sources and the
investigation of non-animal sources of heparin. Over the past 5 years, new animal sources,
chemical, and chemoenzymatic methods have been introduced to prepare heparin-based drugs. In
this review, we describe advances in the preparation and synthesis of heparin and related products.
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Introduction

Heparin is a natural polysaccharide derived from animal tissues and has been widely used in
clinics as an anticoagulant for over 80 years [1,2]. Similar to many other natural products,
such as hormones or neurotransmitters, heparin was discovered accidentally [3]. The heparin
story started around a century ago. By the end of the 19th century, an enzyme inhibitor,
called antithrombin (AT), was suggested to exhibit anticoagulant activity [4]. Heparin,
isolated from dog liver, was discovered by Jay McLean in 1916 [5]. By the late 1930s,
heparin was shown to be an effective anticoagulant in the presence of a plasma component
called “heparin-cofactor’ [6]. The presence of a relationship between heparin-cofactor and
AT was understood during the 1950s and it was suggested that AT activity was catalyzed by
heparin [7,8]. Pure AT was isolated for the first time in 1968 by Abildgaard [9] and, finally,
during the early 1980s following extensive research, a unique pentasaccharide,
corresponding to the AT-binding site in heparin, was characterized [10,11].

Heparin, the most negatively charged biological molecule, is a highly sulfated member of
the glycosaminoglycan (GAG) family. The GAG family comprises heparin, heparan sulfate
(HS), chondroitin sulfate (CS), dermatan sulfate (DS), and keratan sulfate (KS) [12].
Heparin and HS comprise 1,4-glycosidically linked D-glucosamine (GIcN) and uronic acid
(UA) residues. The UA residue is either a-L-iduronic acid (IdoA) or p-D-glucuronic acid
(GlcA) and these residues can be sulfated at their 2-position (i.e., Ido2S and GIcA2S). The
B-D-glucosamine moiety can be substituted with an A-sulfo (GICNS) or an A-acetyl
(GIcNAC) group. These glucosamine residues can also be O-sulfated at the 6-position (i.e.,
GIcNAC6S and GIcNS6S). In addition, these glucosamine residues can be 3-O-sulfated
(GIcNS3S, GIcNS3S6S, GIcNACc3S, and GIcNAc3S6S). HS is considerably less sulfated
than heparin and has lower anticoagulant activity [13].

The heparin polysaccharide (Figure 1) comprises disaccharide repeating units, including a
major repeating unit that is trisulfated (TriS), —4) a-L-1doA2S (1—4) a-D-GIcNS6S
(1—). The polydispersity and structural variations of its chains make heparin a
heterogeneous and negatively charged polysaccharide [14]. This heterogeneity gives heparin
the possibility of interacting with many different proteins, resulting in a variety of biological
activities. Unfractionated heparin (UFH), obtained from tissue, is a large polysaccharide
with a molecular weight (MW) ~20 kDa and can contain an uncommon pentasaccharide
sequence motif, GICNAC/NS6S — GIcA — GIcNS3S6S — 1doA2S — GIcNS6S, which is
responsible for the specific binding of these chains to the serine protease inhibitor, AT,
resulting in the inhibition of factor Ila (thrombin) and factor Xa (FXa). The sulfo group at
the C3 position of the central glucosamine residue is crucial for the interaction with AT [15].
Such pentasaccharide sequences are randomly distributed throughout heparin chains and
only a fraction of these UFH chains contain these pentasaccharide sequence motifs.

Heparin is a well-known, essential anticoagulant drug used in extracorporeal therapy and in
surgery as well as in the prevention and treatment of deep venous thrombosis (DVT) and
other coagulation abnormalities, such as pulmonary embolism (PE). Heparin interacts with a
large number of heparin-binding proteins and receptors, selectively binding to these proteins
and receptors and regulating their functions. As a result of these heparin-biomacromolecule
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interactions, heparin presents numerous additional biological and pharmacological activities,
such as antilipidemic, tumor growth inhibition, regulating angiogenesis, and antimicrobial,
antiparasitic, and antiviral activities [2,16-20].

Heparin biosynthesis

Heparin and HS proteoglycans (PGs) are biosynthesized in the endoplasmic reticulum (ER)
and Golgi by a common pathway in a dynamic and complex process that requires the
concerted action of as many as 22 enzymes [21-25]. Biosynthesis of the heparin PG core
protein, serglycin, occurs in the ER [26]. The initial steps in the synthesis of a HS/heparin
GAG chain is the formation of the linkage tetrasaccharide (xylose-galactose-galactose-
glucuronic acid, with glucuronic acid at the nonreducing end and xylose at the reducing)
(Figure 2). The construction of this linker is initiated by the coupling of a xylose to the
serine through the action of xylosyltransferase (XyIT)-1 or -2, followed by the sequential
addition of two galactose by galactosyltransferase (GalT)-1 and -2 and GIcA by a
glucuronosyltransferase [27]. Once the construction of the linker on the core protein is
completed, the addition of monosaccharides to its nonreducing end is accomplished by three
isoforms of the EXT glycosyltransferase family.

The polymerization of polysaccharide chains occurs by adding a GIcA followed by a
GIcNAC residue to the chain by EXT1 and EXT2, respectively [28]. The GAG backbone is
further modified, because chain elongation takes place through the action of additional Golgi
enzymes. First, the A-acetyl groups are removed and replaced with A-sulfo groups by one of
the four NV-deacetylase/ N-sulfotransferase (NDST) isoforms. NDST-2 has been shown to
have specificity for highly modifying the GAG chains on the serglycin core protein, making
it an essential enzyme for the synthesis of mast cell heparin [29]. Further modification of the
HS/heparin chains, after this sulfation step, occurs in close proximity to these regions,
leading to highly sulfated domains [27]. Once the A-~sulfate modification has occurred,
uronosyl C5-epimerase (C5-epi) epimerizes most of the GIcA residues to 1doA residues,
followed by the conversion of most IdoA and a small number of the GICA residues to their
2-O-sulfo forms. The C5-epi and 2- O-sulfotransferase enzymes both have only a single
isoform and co-localize in the Golgi [30,31]. Next, the C6 hydroxyl group of either GICNAc
or GIcNS is 6-C-sulfated by one of three isoforms of the 6- O-sulfotransferase enzymes (6-
OST-1,-2,-3) giving rise to the highly sulfated TriS domains found frequently in heparin but
rarely in HS. Finally, one of the seven isoforms of 3- O-sulfotransferase (3-OST-1) acts to
introduce a sulfate on C3-hydroxyl group of GIcNAc and GIcNS residues [31].

UFH, LMWH and ULMWH

There have been four generations of heparin products. The first-generation heparin, UFH, is
extracted from porcine intestinal mucosal tissue or bovine lung or intestine [average MW
(MWavg) ~19 000 Da]. The second-generation heparin product, low-molecular-weight
heparin (LMWH), is prepared through the controlled chemical or enzymatic
depolymerization of UFH and has a MWavg ~3500-6000 Da. The third generation of
heparin products, ultra (U)LMWH, principally includes chemically synthesized products
[29]. The fourth generation of heparin products are chemoenzymatically and bioengineered
heparins [32]. Currently, select members of the first three generations of heparin products
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are marketed and have been approved by the US Food and Drug Administration (FDA).
These include UFH prepared from porcine intestine, several LMWHSs (all derived from
porcine UFH) and the ULMWH Arixtra® (fondaparinux) (Figure 1b) prepared through
chemical synthesis (MW 1508.3) [33].

Commercially available UFH is isolated from animal tissues. Purification of heparin from
animal tissues, which is the only source for the industrial commercial production of UFH
and LMWHs, is an old process. Commercial production methods of pharmaceutical-grade
heparins are strictly protected as nonpublically available industrial secrets. The heparin
manufacturing processes aim to maximize the yield of the highly charged heparin chains
present in a starting material containing other less highly sulfated GAGs, such as HS and
DS, without resulting in chain degradation caused by the applied process conditions. Typical
industrial processes can be divided into five steps [34]: (i) collection and stabilization
starting material; (ii) digestion and release of heparin from proteoglycans; (iii) capture and
recovery of the heparin; (iv) purification and bleaching; and (v) isolation and drying.

The procedure begins with the immersion of the cleaned intestine in a salt solution (brine),
and then the mucosa is scraped from the intestines. Mucosa or whole porcine intestines,
called “hashed porcine guts’, can be used for heparin production. Hashed guts and mucosa
are preserved with 0.5-3.5% sodium metabisulfite or another suitable oxygen scavenger to
prevent spoilage and oxidation. Digestion steps aim to liberate the heparin from the mast
cells and requires enzymatic treatment (i.e., proteases) or chemical treatment (i.e., acidic or
basic conditions at high temperatures). The capture step aims to distinguish heparin from
other biopolymers (i.e., DNA, proteins/peptides, CS, DS, and HS) using soluble quaternary
ammonium cations or anion exchange resins. At this stage, crude heparin is obtained but still
contains impurities, such as nucleic acids, other GAGs, and a variety of pathogens.
Precipitation using organic solvents, such as methanol, ethanol, propanol, or acetone,
recovers and concentrates the crude heparin and bleaching using oxidation reagents removes
endotoxins, and is followed by isolation and drying [34].

Animal-sourced heparins are impacted by many factors associated with animal husbandry.
Heparin biosynthesis results in a variety of chain lengths and modification patterns, such as
sequences with different patterns of sulfation and C5-UA epimers [35]. After animal tissue
extraction, porcine intestinal mucosa contains other GAGs, including HS, that have a
different charge state from that of heparin. The mixture of GAGs is passed through an anion-
exchange resin to isolate heparin by separating GAGs based on their charge density. Even
the most advanced purification methods currently used are not capable of making pure
heparin, without the presence of other GAGs. In 2007-2008, the adulteration of crude
porcine intestinal heparin with a toxic semisynthetic oversulfated chondroitin sulfate
(OSCS) resulted in a heparin contamination crisis causing more than 100 deaths in the USA
and disrupting the heparin supply chain [36]. Bioactive substances, such as viruses, prions,
and heparin-binding growth factors, can be found in animal extracts, also representing
potential concerns associated with animal-derived heparin. Given that commercial heparin is
a highly complex, very heterogeneous mixture of polysaccharide chains, it is often not
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possible to completely purify UFH. Moreover, because LMWH and ULMWH are often
prepared from animal-sourced UFH, there has been a movement to develop heparin products
coming from non-animal sources.

UFH was once commonly used in the prevention and treatment of DVVT and PE. It is used
safely for the treatment of patients with renal failure and, if necessary, its effects can be
neutralized using protamine [37]. Although it was effective for this purpose, it has
pharmacokinetic, biophysical, and biological limitations. Given that UFH is highly charged
and has a relatively high MW, it cannot pass through membranes, and is administered
parenterally, primarily intravenously (i.v.). UFH is still used in kidney dialysis and in heart-
lung machines. Heparin is a preferred anticoagulant because it is inexpensive and often more
reliable than oral anticoagulants. Heparin has other advantages in that it does not pass
through the placenta and has very short onset of action [38]. In addition to its anticoagulant
activity, heparin also exhibits other pharmacological properties, such as antilipidemic
actions, tumor growth inhibition, regulating angiogenesis, and antimicrobial, antiparasitic,
anti-inflammatory and antiviral activities [2,16-20,39].

LMWH is obtained as a result of the controlled depolymerization of larger UFH chains by
chemical or enzymatic techniques. LMWH comprises 12—22 monosaccharide units (MWavg
~5000 Da). Similar to UFH, LMWH inactivates FXa in a dose-dependent fashion. Given
their longer chain length, UFH chains do not discriminate between the inhibition of
thrombin and factor Xa. Moreover, UFH binds to a greater variety of heparin-binding
proteins than does LMWH. Studies based on the modeling of the ternary heparin/
antithrombin/thrombin complex and crystallography studies suggested that the thrombin-
binding site is required at the nonreducing end of AT-binding site for heparin to inhibit
thrombin [40,41]. Thrombin inhibition is heparin chain size dependent, and a
dodecasaccharide sequence linked to the pentasaccharide sequence represents the shortest
chain length required for the ternary heparin/antithrombin/thrombin complex [42]. LMWHSs
have little effect on thrombin, because most LMWH do not contain sufficient saccharide
units for the formation of a ternary complex. Whereas the anti-FXa/anti-Flla activity ratio
for UFH is 1, this ratio varies between 2 and 5 for LMWHEs.

LMWH differs from UFH in MW, plasma clearance, tissue factor pathway inhibitor (TFPI)
release, and bioavailability. The elimination half-life of LMWH is 3-6 h after subcutaneous
(s.c.) administration and, unlike UFH, is dose independent. Therefore, LMWHSs can be
administered in an appropriate dose by weight without requiring laboratory monitoring.
There are several advantages of LMWHSs to UFH: (i) they exhibit high s.c. bioavailability;
(ii) they have a longer half-life and less binding to plasma proteins, endothelial cells, and
macrophages; (iii) they can be used as one or two doses daily; (iv) they generally show a
continuous antithrombotic effect without requiring laboratory monitoring; (v) they bind less
to platelet factor 4 (PF4) reducing heparin-induced immune thrombocytopenia (HIT); and
(vi) they show less osteoclast activation and a lower frequency of osteopenia.

LMWH is as effective as UFH in the prevention and treatment of venous thromboembolism
and is also used in stroke and unstable angina. In anticoagulant therapy after mechanical
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heart valve replacement and in mechanical valve cases where oral anticoagulant is
contraindicated, LMWH is as effective as UFH. LMWH can only be used at low doses in
patients with renal failure. The indications of LMWHSs have been expanded over time to
include thromboprophylaxis in high-risk abdominal surgery and in medical patients,
treatment of DVT, PE, acute coronary syndromes (ACS), and superficial vein
thrombophlebitis [43]. The anticoagulant effect of LMWH cannot be completely neutralized
with protamine. It has been shown that homogeneous LMWHSs must contain at least 12-mer
oligosaccharide chains to be fully neutralized of their anticoagulant effects by protamine
[44].

ULMWHs are synthetic, s.c. bioavailable products, corresponding to five to ten saccharide
units. Given their expense and limited clinical applications, ULMWH still represents a small
percentage of clinically used LMWH and UFH [45]. ULMWHs show greatly reduced risks
of HIT because of their reduced chain length. The only clinically approved ULMWH,
fondaparinux (Arixtra®) (Figure 1b), introduced in 2003, is a pentasaccharide containing the
AT-binding domain of heparin and a selective inhibitor of FXa [46]. After a daily dose, peak
levels are reached in 2 h, showing strong binding to AT and weak binding to other plasma
proteins. Fondaparinux has a prolonged half-life and duration of action and shown a better
biosafety profile compared with LMWH. The non-animal origin of fondaparinux reduces the
risk of impurities increasing its clinical use. After successful clinical development,
fondaparinux became the first synthetic heparin product for thromboprophylaxis in patients
undergoing orthopedic surgery [47]. However, the high cost of treatment using fondaparinux
results from the high-cost and time-consuming manufacturing process, limiting its
availability. Moreover, there are several clinical applications (i.e., in kidney dialysis and
heart-lung machines) where fondaparinux cannot be substituted for UFH.

Chemical synthesis and depolymerization of heparin/HS and analogs

Chemical synthesis of ULMWH

The chemical synthesis of oligosaccharides is challenging because it requires repetitive steps
of protection, activation, coupling, and deprotection reactions. Moreover, intensive
purification is required between these steps to remove undesirable isomers, side products,
and excess reagents [48]. For example, fondaparinux synthesis originally required ~60
chemical steps in a reported overall yield of 0.1% [46]. Over the past three decades, several
synthetic groups have synthesized fondaparinux dealing with the challenges of this multistep
chemical synthesis, including glycosylation reactions with low yield and low
stereoselectivity [49-55]. Zhao et al. reported a preactivation-based, one-pot glycosylation
method with high stereoselectivity, simplified purification, and improved the synthetic
efficiency [56]. Recently, Wong and coworkers developed a programmable one-pot synthesis
of fondaparinux using designed thioglycoside building blocks with well-defined relative
reactivity values (RRVs) for a-selective glycosylation (Figure 3). The careful selection of
orthogonal protecting groups reduced the number of synthetic steps and eliminated multiple
purification steps. This total synthesis of fondaparinux resulted in a 4.2% overall yield [57].

Drug Discov Today. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Baytas and Linhardt Page 7

Chemical and enzymatic depolymerization of UFH to prepare LMWHSs

The preparation of LMWHs is based on three different reaction mechanisms for the
depolymerization of UFH. Heparin is not stable under oxidative conditions and, thus, its
depolymerization can rely on oxygen-containing oxidative reagents, such as hydrogen
peroxide with or without metal ions, or by treatment radiation (i.e., ionizing y-radiation or
light). Ardeparin and parnaparin are approved and/or marketed drugs prepared using
oxidative depolymerization. A two-step deaminative degradation of UFH is another means
of oxidative depolymerization. In deaminative depolymerization, UFH is treated with a
nitrosating reagent, such as nitrous acid or isoamilnitrite, followed by the use of a reducing
reagent, such as sodium borohydride. This method affords an anhydromannitol residue at the
reducing end of each newly formed chain. Dalteparin and nadroparin are examples of
products synthesized using this deaminative LMWH process.

B-Elimination can rely on both chemical and enzymatic methods. Chemical B-elimination
first involves the formation of the quaternary ammonium or benzethonium salt of UFH. The
resulting organic solvent soluble salt is then esterified with benzyl chloride to afford the
heparin benzyl ester. Treatment with base results in p-elimination at the benzyl ester of
iduronic acid residues (with or without 2- O-sulfo groups). Proper control of these process
conditions affords a clinically approved LMWH, enoxaparin. The relatively harsh conditions
of the chemical B-elimination reaction results in process artifacts in many of the product
chains, including a 1,6-anhydro residue at the reducing end of the chain. Enzymatic p-
eliminative depolymerization relying on heparin lyase isolated from Flavobacterium
heparinum has also been used to make LMWHSs, including tinzaparin, under milder
conditions.

Heparin lyase | (heparinase I, Hepl) is specific for heparin and acts at —4)-a-D-
GIcNS6S(1—4)-a-L-1doA2S(1—, but is also highly selective for —4)-a.-D-
GIcNS3S6S(1—4)-a-L-1doA2S(1—, a linkage present in the AT-binding site. Heparin Il
(heparinase I, Hepll) is less selective, cutting at many linkages in heparin and HS. The third
member of this family, heparin lyase 111 (heparinase 111, Heplll) cleaves primarily next to
GlIcA in HS. Bohlmann and coworkers reported new bacterially sourced p-
endoglucuronidase (a hydrolase), heparanase Bp in 2015, from the pathogenic bacteria
Burkholderia pseudomallei [58]. Heparanase Bp has been prepared as a recombinant
Escherichia coli-expressed enzyme with high purity. Heparanase Bp acts endolytically on
both HS and low sulfated domains in heparin and is unable to cleave either at IdoA or at
GIcA residues in high sulfated domains. Heparanase Bp, or a related hydrolase, might
represent a new reagent for the preparation of LMWH [59].

Recently published methods to prepare LMWHSs

LMWH can be prepared either using chemical or enzymatic methods, but these can be costly
in terms of the use of enzymatic reactions or lead to side reactions in the case of chemical
methods, resulting in low efficiency [60]. Thus, there has been a need to develop new
methods that are easy to apply, safe, inexpensive, and efficient for the preparation of
LMWH.
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Photodepolymerization of UFH relies on the use of a catalyst, such as titanium oxide, to
produce hydroxyl radicals (*OH). This approach affords excellent yields of LMWH and
titanium oxide, an inexpensive and relatively nontoxic catalyst that can be easily removed by
filtration [61]. Liquid chromatography-mass spectrometry (LC-MS) and nuclear magnetic
resonance (NMR) studies confirmed that heparin can be depolymerized by photolysis
through mechanisms of random scission of glycosidic linkages. This photochemical reaction
produces LMWHSs without damaging the main core structure and leads to a decrease in the
amount of sulfo groups (Figure 4).

Ultrasound is an effective and environmentally friendly technique that has been used to
depolymerize a variety of polysaccharides, including dextran, starch, chitosan, hydroxyl
propyl methyl cellulose, carboxyl methyl cellulose, high methoxyl pectin, Guar gum, and
carrageenan gum [62,63]. Hydroxyl radicals are an important reactive oxygen species that
can rapidly react with many organic compounds, attacking groups in these molecules,
disrupting their structures, and degrading the resulting compounds. Ultrasound produces an
acoustic cavitation that can form hydroxy| radicals, which are able to break glycosidic bond
in polysaccharides [64]. Ultrasound power can be combined with chemicals or enzymes to
more efficiently produce «OH radicals, enhancing their reactive potential. A hydrogen
peroxide (H,0,)-catalyzed radical hydrolysis reaction assisted by an ultrasonic wave has
been widely used to depolymerize polysaccharides [65,66].

Combining physical ultrasonic treatment with a chemical Fenton reaction, called sono-
Fenton, has been used for the preparation of LMWHs [67]. The Fenton system is a
combination of ferrous ion-hydrogen peroxide that increases the production of «OH radicals.
Uronic acid residues in heparin are the most susceptible region attacked by *OH radicals
formed in sono-Fenton processes. Additionally, results of both activated partial
thromboplastin time (APTT) and thrombin time (TT) assays of newly prepared LMWHs by
sono-Fenton process showed that the APTT of LMWHs is higher than that of UFH, and
anticoagulant activity evaluations suggested that LMWHSs exhibited their activity mainly
through the intrinsic coagulation pathway. Moreover, the anti-FXa and anti-Flla activity
results of one of the prepared LMWH were 118 IU/mg and 45 1U/mg, respectively, with the
anti-FXa/anti-Flla ratio of 2.6 comparable to that of commercial nadroparin. Thus, the sono-
Fenton system might be useful for the rapid preparation of LMWHs that have relatively high
anticoagulant activity, reduced adverse effects, and a preserved AT pentasaccharide binding
sequence. H,0,-catalyzed free radical reactions can also be applied in the presence of
copper (I1) to increase depolymerization of the polysaccharide [68]. However, the difficulty
of controlling H,O» titration rate and pH changes decreases the reaction efficiency. Removal
of the metal catalyst at the end of the reaction is also an important challenge. The use of
ascorbic acid in place of metal catalyst can be used to overcome these disadvantages.

LMWHSs were successfully prepared by physicochemical depolymerization of heparin using
a H,0,/ascorbic acid free radical reaction combined with ultrasonic waves [69]. By
optimizing reaction conditions, including the concentration of ascorbic acid, reaction
temperature, and intensity of ultrasonic power, LMWHSs were obtained with good yields.
More importantly, structural analysis of these LMWHSs showed that the products maintained
the major structure of (1—4)-linked glucosamine and iduronic acid, suggesting that the
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primary structure and the sulfate esters were preserved after the depolymerization.
Moreover, this environmentally friendly and mild process could be applied to the large-scale
production of LMWHSs, which will be required for industrial application. Cytotoxicity of
such LMWHs can be quickly evaluated /n vitro using A549 cell lines with the MTT method.

Nonporcine-sourced LMWHs

First-generation heparins are of animal origin. Primarily pigs, along with cows and sheep,
have been using for the manufacture of UFH. Until the mid-1990s in the USA, UFH was
often prepared from bovine tissues for clinic use and was approved by the FDA. Bovine
heparin products were voluntarily withdrawn from the market as a result of the prevalence of
mad cow disease (bovine spongiform encephalopathy, BSE) in the UK during the late 1980s.
Since the mid-1990s, porcine intestinal heparin has been the only approved UFH in the USA
and Europe [2]. Currently, >50% of heparin used worldwide is produced in China. Although
there are promising new pharmaceutical heparins in development, currently, with the
exception of synthetic fondaparinux, only the porcine-derived UFH (made in China) and
LMWH (made from UFH) are produced on a large scale in an economically viable manner.
Given its importance and indispensable features, the production of most heparin productions
from a single country and a single source endangers the global heparin supply. The heparin
supply chain was severely disrupted in 2007-2008 because of the contamination crisis
caused by the adulteration of crude porcine intestinal heparin with a toxic semisynthetic
oversulfated chondroitin sulfate (OSCS) [70]. The African swine fever (ASF) epidemic is a
current problem in Europe and Asia and threatens swine herds in these regions and, thus, the
world could face a global heparin shortage. Given the absence of a cure or an effective
vaccine against it, the rapid spread of ASF decimated China’s swine herd in 2019. It is
estimated that pig production in China will decrease by 33% in 2020, compared with 2018
[71]. All these developments have led regulatory agencies and researchers to consider
alternative sources for heparins, such as the development of bioengineered heparins,
synthetic heparins, or the re-introduction of bovine heparin onto the pharmaceutical market.

Studies of the structure and activity of bovine, ovine, and porcine-sourced heparins showed
that ovine and porcine heparins exhibit a similar structural and activity profile. Bovine
heparins do exhibit some different structures and a lower specific activity (units/mg)
compared with porcine intestinal heparins [72,73]. The similarities and differences between
porcine heparin and bovine intestinal and bovine lung heparins are well studied [74]. The
MW of bovine intestinal heparin is slightly lower than that of porcine heparin; it is also more
polydispersed, less highly sulfated, and more heterogeneous. Bovine intestinal heparin also
has a lower content of GICNS3S6S residues and higher content of GIcA residues compared
with porcine intestinal heparin. Bovine lung heparin also has a lower MW than bovine
intestinal heparin. However, unlike bovine intestinal heparin, bovine lung heparin is more
highly sulfated compared with porcine intestinal heparin [75]. There is also a difference in
the biological activity of bovine-sourced and porcine-sourced heparins. Porcine intestinal
heparin have significantly higher activity than bovine-sourced heparins [74,76]. The latter
also need to be used in significantly higher doses to achieve the same antithrombotic effect
as porcine heparin. Higher doses of protamine as antidote are also required to neutralize the
anticoagulant effect of bovine intestinal heparin [77].
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The preparation of the dalteparin LMWH using an animal source other than porcine intestine
was recently successfully carried out [78]. Dalteparin prepared from bovine UFH was
compared with dalteparin prepared from porcine UFH using an integrated analytical
approach. Bovine lung heparin and ovine intestinal heparin were deaminatively
depolymerized with nitrous acid followed by reduction of sodium borohydride to obtain
LMWHs. The resulting dalteparins were recovered by methanol precipitation for analysis.

The safety and efficacy of LMWHs are closely related to the composition and the sequence
of their oligosaccharide chains. Depolymerization reaction conditions, especially nitrous
acid concentration and reaction time, need to be optimized to control the chain length and
distribution of the newly formed oligosaccharide products. The alcohol concentration used
to precipitate the LMWH can also impact the size of the oligosaccharides recovered (or
discarded). More diluted concentrations of both nitrous acid and methanol, used in the
precipitation of bovine-derived LMWH, are required than for porcine-derived LMWH.
Careful control of these conditions can lead to bovine and ovine LMWHSs that meet
European Pharmacopeia (EP) and USP specifications (i.e., acceptable MW values >5600
Da; appropriate percentages of chains with MW <3000 Da and also MW >8000 Da).
Extensive 1D and 2D-NMR spectroscopy showed that the percentage of GICA in starting
bovine lung UFH is lower than that of porcine and ovine counterparts. When dalteparin
analogs prepared from these porcine, bovine, and ovine UFHs were examined, it was
determined that the percentage of GICNAc and GIcA residues was lowest in the bovine lung
LMWH compared with porcine and ovine LMWHSs. Hydrophilic interaction LC-electrospray
ionization-MS (HILIC-ESI-MS) facilitates intact chain analysis of LMWHSs and clearly
demonstrated that bovine lung LMWH oligosaccharides were more highly sulfated and
contained a significantly lower percentage of GICNAC residues than the corresponding
oligosaccharide components of porcine and ovine LMWHs, which confirmed the NMR
analysis results. The average anti-Flla and anti-FXa activities of bovine lung LMWHs were
at the lower levels of EP dalteparin monograph specifications. By contrast, ovine intestinal
LMWH was more similar to porcine LMWH with regard to both structure and bioactivity
[78].

Bovine lung-derived LMWHSs have also been prepared by benzylation and alkaline
depolymerization as an enoxaparin analog [79]. In the preparation of a USP enoxaparin, an
alkaline depolymerization reaction often uses 4 M NaOH to breakdown heparin benzyl
esters at 55°C in 2 h. USP enoxaparin has an average MW of 4500 Da with a range of 3800—
5000 Da. Approximately 20% (15-25%) of the enoxaparin chains contain a 1,6-anhydro
derivative at their reducing ends. Given that the MW of bovine lung heparin is significantly
lower than that of porcine intestine heparin, milder reaction conditions are required for
alkaline depolymerization. A concentration of 3.5 M NaOH and a reaction temperature of
50°C are required to prepare LMWH from bovine intestinal UFH. However, the reaction
time needs to be adjusted to 6 h to obtain 1,6-anhydro derivatives within the ranges
described in the USP enoxaparin monograph.

Other structural and biological comparisons between porcine intestines and bovine lung
LMWHs have shown that, in bovine LMWHS, oligosaccharide components have slightly
larger MWs, contain significantly less 1,6-anhydro mannopyranose, contain fewer AT-
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binding sites, and exhibit lower anti-Flla and anti-FXa activities. Similar results have been
reported for LMWHSs prepared from bovine lung and bovine intestinal heparin compared
with commercial enoxaparin [80]. Bovine lung enoxaparin met USP specifications for anti-
FXa but not for anti-Flla activities. By contrast, bovine intestinal LMWHSs exhibited
comparable anti-FXa and anti-Flla activities. A wide variation in anti-Flla activity was
identified among LMWH prepared from bovine intestine, but anti-FXa/anti-Flla ratios were
within USP specifications. Although the potency of both bovine-sourced heparins are lower
than porcine mucosal heparin, studies suggest that LMWHSs derived from these sources by
chemical B-elimination is biosimilar to its porcine counterparts [81].

Bioengineering UFH, LMWH, and ULMWH

Chemoenzymatic synthesis, which mimics the biosynthetic pathway of heparin, is a
promising strategy, combining chemical and enzymatic methods, although chemoenzymatic
synthesis overcomes many of the challenges encountered in chemical synthesis by benefiting
from the advantages of enzymatic synthesis. The utility of enzymes as catalysts in
carbohydrate synthesis provides high stereoselectivity and regioselectivity without the need
for protecting group manipulations in glycosylation reactions [82,83]. Using a variety of
heparin/HS biosynthetic enzymes under mild, environmentally friendly conditions,
chemoenzymatic synthesis is an efficient method for preparing structurally heterogeneous
heparin polysaccharides and structurally homogeneous LMWH and ULMWH
oligosaccharides [44,84,85].

Bioengineered heparosan

Heparosan, an unsulfated GAG comprising a linear copolymer of repeating units a-1,4
linked GIcNAc-GIcUA, is the precursor of heparin and HS [86] and is biosynthesized by
bacteria such as £. coli K5 and Pasteurella multocida capsular polysaccharides. Research has
focused on the metabolic engineering of £. coli K5 to produce LMW heparosan for the
chemoenzymatic synthesis of LMWH. Deletion of the a-1,2-glucosyltransferase encoding
waaR in E. coliincreased the productivity of LMW heparosan. These results suggest that it
is possible to produce a LMW heparosan from engineered £. coli [87].

Environmentally sustainable microbial platforms can serve as an alternative metabolic
engineering cyanobacteria platform for the photoautotrophic production of heparosan from
CO, through the introduction of 2 multocida heparosan synthase 2 (PmHS2) [81]. Bacillus
megaterium has been metabolically engineered to produce heparosan using a T7 RNA
polymerase (T7 RNAP) expression system, which has been co-opted for the control of
PmHS2. These heparosan products displayed a different range of MW products compared
with traditional £. coli K5 products, diversifying its potential applications and facilitating
increased product utility [88]. In another study, the heterologous expression of £. coli K5
kfiC and N-acetylglucosaminyltransferase (k7iA) glycosyltransferase genes enhanced
heparosan production. NMR analysis confirmed that the chemical structure of B.
megaterium-derived heparosan was identical to £. coli K5 heparosan and its MW was in
range of ~31-60 kDa, confirming its potential as a precursor for heparin synthesis. The
engineered B. megaterium yielded a maximum LMW heparosan concentration of 394 mg/I
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in a batch bioreactor and of 1.32 g/l in fed-batch fermentation. These studies provide
efficient processes to produce heparosan from nonpathogenic B. megaterium [88,89].

Chemoenzymatic synthesis of heparins by modification of heparosan

Chemoenzymatic semisynthesis of heparin or HS usually begins with heparosan prepared
from the K5 strain of £. coli. The biosynthesis pathway of heparin can be reproduced
through the /n vitro modification of heparosan with recombinant enzymes [90]. These
recombinant biosynthetic enzymes can usually be actively expressed and produced on a
large scale and have been successfully used as biocatalysts in heparin and HS synthesis
[91,92].

The most problematic enzyme in the preparation of bioengineered heparin is N-deacetylase/
N-sulfotransferases (NDST). Although four human NDST isoforms that have been
distributed in various tissues and cells have been identified to date, only the use of NDST-1
and -2 isoforms has been demonstrated for the enzymatic synthesis of heparin [93]. The A-
sulfotransferase (NST) domain of NDST can be effectively expressed in £. coli with a lack
of the AV-deacetylase activity. NDST-2 in a baculovirus expression and rat NDST-1 in
Saccharomyces cerevisiae have been successfully expressed and their enzymatic catalysis of
the N-deacetylation/A-sulfation reaction of heparosan and HS were reported on a microgram
scale [94,95]. The use of recombinant NDSTs as biocatalysts is limited because they can
only be expressed at low levels in yeast or insect cells [95,96].

Instead of using NDSTs, chemical A-~deacetylation and A-sulfation reactions are often
incorporated into chemoenzymatic heparin synthesis. Heparosan is first A-deacetylated
using NaOH, followed by treatment with trimethylamine-sulfur trioxide for the A-sulfation
step to prepare the intermediate A-~sulfoheparosan [97]. The ratio of A-sulfation to N-
acetylation and MW of the heparin derivatives obtained can be controlled by the
optimization of the chemical reaction conditions [97,98].

Another key step in heparin/HS biosynthesis is the epimerization of GIcA into IdoA. D-
glucuronyl C-5 epimerase (C5-epi) catalyzes the conversion of both a GIcA to an IdoA
residue and IdoA to a GIcA residue. That two-way conversion produces a polysaccharide
that contains both GIcA and IdoA residues. A recent study showed that C5-epi catalyzes the
reversible and irreversible conversion of GIcA to IdoA, depending on the context of the site
at which C5-epi acts (Figure 5) [99]. This reversibility depends on the positioning of the A-
acetylation and O-sulfation in a heparin oligosaccharide. The presence of an adjacent GICNS
at epimerization site (-1 position) allows C5-epi to bind to the substrate for both reversible
and irreversible C5-epimerization, whereas a GIcNAc at -1 position prevents the binding of
the enzyme and C5 epimerization cannot occur. A GIcNS, a GIcN, or no sugar residue at -3
of the epimerization site results in reversible epimerization. However, GIcNAc at the -3
position prevents conversion of newly formed IdoA back to a GIcA residue. After the
formation of an IdoA residue within the polysaccharide backbone, it can be locked in place
through the action of 2- O-sulfotransferase (2-OST) to form I1doA2S. Given that IdoA2S is
not a substrate for C5-epi, no reverse epimerization takes place even if there is a GICNS at
position -1 [100].
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O-sulfation is a crucial modification for the anticoagulant activity of heparin. A biocatalytic
approach using 6- O-sulfotransferease (6-OST) and 3- O-sulfotransferase (3-OST) is required
for the chemoenzymatic synthesis of heparin and HS because of the high conversion
efficiency of these enzymes and the mild reaction conditions [101]. In humans, there are
three 6-OST isoforms (6-OST1, 6-OST2, and 6-OST3), and seven isoforms of 3-OST (3-
OST-1-3-0OST-7) transfer sulfo groups to the 6- and 3-positions of GIcN, respectively. Given
that 6-OST1, 6-OST2, and 6-OST-3 show similar substrate specificity patterns, a
combination of 6-OST isoforms (such as 6-OST1 and 6-OST3) has been widely used to
catalyze 6- O-sulfation. Fed-batch fermentation has been used to produce active
sulfotransferase enzymes, 6-OST1 and 6-OST3 in £. co/i[92,102]. The GIcA residues
adjacent to GIcNS6S and GICNAC6S units are not substrates for the C5-epi. Thus, if
heparosan is treated with 6-OST-1 or 6-OST-3, after A-acetylation/A-sulfation and before
epimerization reaction, the resulting modified heparosan cannot serve as a substrate for C5-
epi. Once C5-epimerization and then 2- O-sulfation is completed, IdoA2S-containing
modified heparosan is ready to be treated with the 60STs to afford the major TriS
disaccharide-repeating unit of heparin, IdoA2S-GIcNS6S [103].

The final step in the preparation of heparin with anticoagulant activity requires treatment
with 3-OST. The different 3-OST isoforms exhibit different substrate specificities. The 3-
OST-1 isoform catalyzes 3- O-sulfation to a GICNS6X or GIcNAc6X residue linked to a
GIcA/IdoA residue at the nonreducing end to afford an AT pentasaccharide-binding site
[104]. The level of 3-O-sulfation correlates to the anticoagulant activity of heparin; thus,
monitoring 3-OST-1 sulfation is crucial in the synthesis of bioengineered heparin. A high-
throughput sensing platform based on ELISA and enzymatic signal amplification has been
developed that allows the in-process monitoring of 3-OST sulfation in the last step of
bioengineering heparin synthesis [105].

Synthetic LMWH and ULMWH

GAG oligosaccharides have also been synthesized using backbone elongation on
monosaccharide or disaccharide acceptors followed by chemoenzymatic modifications
[31,33]. Monosaccharide and disaccharide derivatives have been used as acceptors, greatly
facilitating the development of chemoenzymatic synthesis. The GIcA (1—4)
anhydromannose disaccharide and two monosaccharides, S-glucuronide with p-nitrophenyl
(0-NP) and p-aminophenyl A-(6-azidohexanamidyl) (oNA-N3), have been used as acceptors
in chemoenzymatic synthesis. Acceptors can be further modified to introduce a “click’
reactive azide group or amino group at the reducing end, allowing for conjugation, o-NP or
PNA-N3 groups enable easy detection, purification, and modification with a fluorescent tag
or biotin of the resulting oligosaccharides [106].

The donors in the chemoenzymatic synthesis of GAGs, uridine diphosphate (UDP)
monosaccharides, are transferred to glycosyl receptors by glycosyltransferase or synthase.
Two bacterial glycosyltransferases, an A-acetylglucosaminyltransferase (KfiA) from E. coli
K5 strain and PmHS2 from P multocida, are used as substitutes for EXT1 and EXT2 to
build the HS/heparin backbone. Both KfiA and PmHS2 can be readily expressed in £. coli
[107,108]. UDP-GIcA and UDP-GIcNAc are the natural donor substrates required in the
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chemoenzymatic synthesis of HS. Although most of the HS biosynthetic enzymes have been
efficiently prepared from E£. coli, only an active A-sulfotransferase (NST) domain of NDST
can be easily expressed in £. coli.

The synthesis of the HS backbone containing GICNS residues represented a major
problematic step because of the lack of efficient recombinant NDST. An unnatural sugar
nucleotide, UDP-GICNTFA (uridine diphosphate A~trifluoroacetyl glucosamine), has been
used as an excellent substrate for KfiA in the synthesis of carbohydrates of an O-linked
glycoprotein with modest yield [109,110]. In chemoenzymatic HS/heparin synthesis, the
trifluoroacetyl group of the GICNTFA residue, introduced using UDP-GICNTFA, was treated
under mild alkaline conditions and A-sulfated using A-sulfotransferase to obtain a GICNS
residue (Figure 6a). The use of UDP-GICNTFA provides a means of introducing a GICNS
residue precisely at the desired position within an oligosaccharide [111]. Applying this
strategy, structurally homogeneous ULMWHSs, LMWHSs, and heterogeneous heparin-like
polysaccharides have been synthesized [44,111-113].

Chen et al. reported a one-pot three-enzyme system to produce UDP-6N3GIcNAc [114].
Wang et al. developed a chemoenzymatic approach involving E. coli GIctNAc1-P
uridyltransferase (GImU) catalysis to obtain UDP-6N3GalNAc and UDP-GalNAc [115].
Given the presence of 1 — 4 linkages in the HS/heparin family, the C4 position of the UDP-
donor offers an interesting target for modification. By chemically modifying the
monosaccharide before the addition of a UDP moiety, the structure of the final
polysaccharide chain can be manipulated. Unnatural chemically modified nucleotide sugars
UDP-4N3-GlcNAc and UDP-4N3-GalNAc, UDP-4-deoxy-4-fluoro- A-acetylglucosamine
(UDP-4FGIcNACc), and UDP-4-deoxy-4-fluoro- A-acetylgalactosamine (UDP-4FGalNAc)
have been prepared using both chemical and chemoenzymatic syntheses. UDP-4N3-GIcNAc
and UDP-4N3-GalNAc were then tested for incorporation into hyaluronan, heparosan, or
chondroitin using polysaccharide synthases, and UDP-4N3-GIcNAc at the nonreducing end
of the sugar chain served as a chain termination substrate in HA and heparin. Conjugation
with Alexa Fluor 488 DIBO alkyne using “click chemistry’, showed that this approach can
be used for labeling and detecting glycosaminoglycans [116]. Similar results were obtained
when PmHS1 was used with UDP-4FGIcNAC, resulting in the incorporation of a single
4FGIcNAc at the nonreducing end of the acceptor serving as a chain terminator [117].

Starting from commercially available p-nitrophenyl glucuronide (GICApPNP), two
dodecasaccharides (Figure 6b) were synthesized chemoenzymatically using UDP-sugar
donors, a glycosyltransferase, sulfotransferases, and an epimerase, with an overall yield of
~10% [118]. These dodecasaccharides are structurally homogeneous, containing an A-
sulfo-6- O-sulfo glucosamine (GICNS6S) residue at their nonreducing end, a glucuronic acid
(GIcA) residue at the reducing end, and one or two GIcNS3S6S residues in the middle of the
structure. When the chain elongation was completed, six 6- O-sulfo groups were installed
into each dodecasaccharide in a single reaction step.

There have been some concerns over the scalability of chemoenzymatic synthesis of
LMWH. Completing the compound 6-O-sulfation in a single step, eliminating the need to
purify from a partial 6- O-sulfated 12-mer mixture, facilitated the purification of the product,

Drug Discov Today. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Baytas and Linhardt

Page 15

allowing it to be obtained with high yield at the gram scale. Recombinant C5-epi and 2-OST
expressed in insect cells using the baculovirus expression system instead of £. coliwere
used to obtain these LMWHSs. These recombinant C5-epi and 2-OST from insect cells are
more active but more expensive than the same enzymes expressed in £. coli. Hence, the
excellent expression of C5-epi and 2-OST offsets the higher costs of culturing insect cells.
High-performance liquid chromatography (HPLC), high-resolution MS and 1D and 2D-
NMR analyses confirmed the structure and purity of synthesized LMWHSs. The /n vitro
anticoagulant activity and its protamine neutralization were compared with that of UFH and
to two other FDA-approved heparin drugs, fondaparinux and enoxaparin. /n vitro
experiments demonstrated that the anticoagulant activity of the dodecasaccharides could be
reversed using protamine. Additional activity and toxicity studies suggest that a synthetic
homogeneous oligosaccharide can replace animal-sourced LMWHSs [118].

The main disadvantage of this approach is that, because of the GIcApNP used as the starting
material, it contains a structural feature at the reducing end of the carbohydrate chain of the
target molecule that is unnatural. The elimination of oNP from chemoenzymatically
synthesized HS oligosaccharides using ceric ammonium nitrate has been investigated [119].
Using a modified Smith degradation, unnatural moieties are formed at the reducing end of
the resulting degradation products. Treatment with periodate oxidation followed by Smith
degradation or alkaline elimination results in the selective cleavage of vicinal diol-containing
glucuronic acid residues, affording heparin pentasaccharides rich in TriS disaccharide units
with a completely natural structure. Recently, this strategy was used to prepare a heparin
nonasaccharide, containing an internal 2-sulfoiduronic acid residue uniformly 13C-labeled,
with a natural structure [120]. This was the first publication in which these two degradation
approaches have been applied to the preparative synthesis of a natural heparin
oligosaccharide (Figure 7). Importantly, no desulfation was detected during the synthesis.
This chemoenzymatically synthesized 13C-labeled compound was intravenously
administered to septic and nonseptic mice. This study confirmed that oligosaccharides
containing these highly sulfated domains selectively targeted and penetrated the
hippocampal blood-brain barrier following sepsis, where they might influence spatial
memory formation [120].

As a part of an ongoing effort to introduce more natural group on acceptor, a HS
tetrasaccharide intermediate was prepared which contained an O-methylglycoside at its
reducing end, similar to that found in fondaparinux. Importantly, this was the first use of
GIcNAc-OMe as an acceptor in PmHS2-catalyzed glycosylation and efficiently prepared a
HS key tetrasaccharide in seven steps with an overall yield of 7.1% [121].

The development of new heparin products and new biochemical and pharmacological
analysis are major challenges in the GAG field. The stable isotope labeling (SIL) strategy is
a unique way to produce and investigate the roles of heparin in metabolic pathways.
Selective partial isotopic labeling of UFH was previously reported [122,123]. A SIL heparin
with 13C and 15N labeling was synthesized chemoenzymatically a decade ago [85]. A
recently synthesized heparin nonasaccharide, containing a uniformly 13C-labeled internal 2-
sulfoiduronic acid residue, allowed the tracking of its distribution in septic mice using MS
[120]. Recently, SIL was applied to the first preparation of stable isotope enriched
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perdeuteroheparin (‘heavy’ heparin), from microbially produced perdeuteroheparosan [124].
Perdeuteroheparosan chemically deacetylated and A-sulfonated, using NaOH and a
trimethylamine-sulfurtrioxide complex, respectively. Simultaneous epimerization and 2-O-
sulfation of this chemically derived intermediate, yielded perdeutero-2- O-sulfo- N-
sulfoheparosan. This intermediate was sulfated through the action of recombinant 6-OST
and 3-OST enzymes, to generate perdeuteroheparin with similar disaccharide content to
pharmaceutical heparin. Using heavy heparin, SIL disaccharide standards were prepared and
a nonradioactive NMR assay for glucuronosyl-C5-epimerase was developed [125].

One-pot chemical synthesis of heparin oligosaccharides from sugar building blocks is used
for simplified heparin synthesis, and successful synthesis was reported with reasonable
overall yields [126]. A combinatorial study of multienzyme, one-pot, /n /ntro biocatalytic
synthesis resulted in heparin products similar to pharmaceutical heparin. Following this
chemoenzymatic process, NA-sulfoheparosan was first prepared by partial chemical A-
deacetylation/ N-sulfonation of bioengineered heparosan, followed by simultaneously
treatment of A-sulfoheparosan with C5-epimerase and 2-OST, and low levels of 6-OST,
followed by 3-OST. Optimization of the enzyme/substrate ratio is required to control of the
structure of the final bioengineered heparin. This approach allows the production of
anticoagulant heparin without time consuming work-up processes of all the intermediates
and requires only the purification and characterization of the final product with a moderate
yield [127].

Concluding remarks

Anticoagulant therapy is a vital treatment method in the prophylaxis and treatment of
thromboembolic diseases. Heparin and heparin products are globally used indispensable
anticoagulants. With the latest developments in the fields of synthesis, biotechnology,
metabolic engineering and analysis, methods for the preparation of new structurally defined
heparin derivatives with high yields are rapidly emerging. Over the past 5 years, new
chemical and chemoenzymatic methods have been introduced to prepare LMWH, ULMWH,
and bioengineered heparins. All these advances are important to extend our understanding of
the structural differences between porcine and bovine heparins, and to develop new, safer,
and improved animal and/or non-animal sourced heparins and related products using
cutting-edge chemoenzymatic and metabolic engineering technologies. Preclinical and
clinical studies are required to determine pharmacokinetic and pharmacodynamic properties
and toxicity profiles of the heparin derivatives obtained using chemoenzymatic methods.
However, the successful synthesis of heparin oligosaccharides provides structurally defined
carbohydrates for advancing heparin research and presents the potential to introduce new
therapeutic agents to the clinic to treat antitumoral, anti-inflammatory, and infectious
diseases.
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Structure of heparin derived from porcine intestine and chemically synthesized ultralow-
molecular-weight heparin (ULMWH), Arixtra®. (a) The generalized symbolic structure of a
typical chain present in porcine intestinal UFH. (b) The chemical structure of Arixtra®, a
synthetic ULMWH containing an AT-binding site. Abbreviation: MW, molecular weight.
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Figure 2.
Biosynthesis of heparin/heparin sulfate (HS) occurring in the endoplasmic reticulum (ER)

and the Golgi.
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Programmable one-pot synthesis of fondaparinux.

Drug Discov Today. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Baytas and Linhardt

Heparin
COOH
o
H
0350,
LMWHs
CH:080y
Q
H OH
NHSO0y

Figure 4.
Photochemical depolymerization of heparin. Photochemical reaction with >370 nm light in

presence of TiO2 in water produces low-molecular-weight heparin (LMWH) containing a
complex mixture of both even and odd numbered chains. This figure contains a few possible
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Chemoenzymatic synthesis of the low-molecular-weight heparin (LMWH) containing an
internal (13C)1doA2S residue; GIcA-pNP cleavage via alkaline elimination and Smith

degradation.
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