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METHODS FOR SYNTHESIZING NON-ANTICOAGULANT HEPARAN SULFATE

CROSS-REFERENCE TO RELATED APPLICATIONS
18000} The instant application claims the benefit of U.S. Provisional Application No. 63/051,764,

filed on July 14, 2020, the disclosure of which 1s hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION
{0001} The present invention relates to methods for synthesizing anticoagulant polysaccharides
using engineered, non-natural sulfotransferase enzymes that are designed to react with arvl sulfate

compounds as sulfo group donors.

REFERENCE TO SEQUENCE LISTING

0002] The present apphication 1s being filed along with a sequence listing in electronic format. The
sequence listing is provided as a file entitled “OPT-008P_sequence disclosure txt” created on June
30, 2020 and which ts 125,627 bytes in size. The information in electronic format of the sequence

fisting 13 incorporated by reference n its entirety.

BACKGROUND OF THE INVENTION

18003} Although heparin and low-molecular weight heparin (LMWH) are commonly known and
prescribed as anticoagulants to reduce or prevent blood clotting, they can also be usefid dunng the
treatment of conditions such as, for example: cancers, inflammation; thrombocytopenia;
neutropenta; apoptosis; asthma; emphysema; bronchitis; adult respiratory distress syndrome; cystic
fibrosis; and 1schemia-reperfusion related conditions. However, for many patients, diminished blood
coagulation 1s an unwanted side effect that in some instances can cause more problems than the
treatment itself is designed to remedy.

{0004} One scolution to this problem has been to develop 2-0, 3-U-desulfated heparin (ODSH)
derivatives, which have a greatly diminushed anticoagulant activity relative to heparin or LMWH
Generally, ODSH compositions are prepared by reacting unfractionated heparin or LMWH with a
strong base, often at cold temperatures, to remove 2-0 and 3-0 sulfate groups from the heparan
suifate polysaccharide backbone. Methods of preparing ODSH and their use in the treatment of
patients is described in U.S. Patents 10,052,346, 9,271,999, 7,468,358, 6489311, 5,990,097,
5,912,237, 5,808,021, 5,068,118, and 5,296,471, the disclosures of which are incorporated by

reference in their entireties (see also Mousavi, S. et al, (2015) Advances in Pharmacological

ey e .
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Sciences, Article 1D 507151, available at ki 51, incorporated by

reference in s entirety ). However, although ODSH has been produced that has a reduction of up to
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99% of anticoagulant activity relative to heparin, the coruplete removal of all anticoagulant activity,
while maintaining the pharmacclogical benefits of ODSH, has not been reported.

[8005] Further, because ODSH is prepared from unfractionated heparin, which is isolated and
purified from the internal organs of animals, such as pigs and cows, they are susceptible io
disruptions in the worldwide supply due to potential contamination of heparin {over 200 people died
as a result of contaminated compounds in 2007 in the United States alone), cross-species
transmission of the flu and/or other animal viruses into humans, or geopolitical tensions with global
suppliers, particularly China. As a result, there has been a recent push to try to synthesize heparin in
VItro.

[0006] Generally, sulfated polysaccharides, including heparin, are synthesized by the catalytic
transfer of sulfate functional groups, also called “sulfo groups”, from a suifo group donor to a
polysaccharide, which acts as a sulfo group acceptor. Each sulfo group transfer is catalvzed by a
sulfotransferase enzyme, and there are often multiple sulfotransfer reactions catalyzed by multiple
sulfotransterase  enzymes to  ultimately arrive at each sulfated polysacchanide product
Sulfotransferases are nearly ubiquitous in nature, and they exist in nearly all types of organisms,
including bacteria, yeast, and animals, including humans. Similarly, sulfotransferase enzymes play
an integral role in the sulfation of a wide array of sulfo group acceptors, including many types of
steroids, polysaccharides, proteins, xenobiotics, and other molecules.

{80607] With respect to polysaccharides in particular, there are several polysaccharides that can be
utilized as sulfo group acceptors, including, for example, dermatan, keratan, heparosan, and
chondrottin. In particular, heparin 1s formed from heparosan, which comprises repeating dimers of
1-»4 glycosidically-linked glucuronic acid and N-acetylated glucosamine residues.  In nature,
heparin is formed upon the removal of N-acetyl groups, inversion of stercochernistry of glucuronic
acid residues, and reaction with four different sulfotransferase enzymes that transfer sulfo groups to
multiple positions within the polysaccharide.

[0008] As wide-ranging and voluminous as the set of sulfo group acceptors can be, the number of
molecules used as sulfo group donors for reactions catalyzed by sulfotransferase enzymes is
relatively small. Most typically, 3'-phosphoadenosine S'-phosphosulfate (PAPS) 15 utilized as the
sulfo group donor, and in reactions in which a polysaccharide is the sulfo group acceptor, PAPS is
the only known suifo group donor. However, PAPS is often unsuitable for use as a sulfo group
donor to catalyze enzymatic syntheses of sulfated polysaccharides i vigro, particularly in farge scale
syntheses, because it has an extremely short shelf life and can readily decompose into adenosine
37, S-diphosphate, which actively inhibits the sulfotransferases’ biological activity. In contrast, in
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vivo systeros have evolved to exclusively and efficiently react with PAPS because adenosine 3',5'-
diphosphate can either readily be converted back into PAPS or be broken down into one or more
compounds that do not inhibit sulfotransferase activity.  As a result, the natural activity of
sulfotransferase enzymes to exclusively utilize PAPS as a sulfo group donor presents a steep barner
to the in vifro synthesis of heparin, from which ODSH is prepared.

{0009} On the other hand, aryl sulfate compounds, such as p-nitrophenyi sulfate (PNS) and
4-methylumbelliferyl sulfate (MUS) have been identified as cheap, widely-available compounds that
can be useful 1n Hnuted situations as sulfo donors with sulfotransferases to syothesize certain small
molecule products (see Malojcic, G, et al. (2008) Proc. Nat. Acad. Sci. 105 (49):19217-19222 and
Kaysser, L, et al, (2010} J Biol Chem. 285 (17y.12084-12694, the disclosures of which are
incorporated by reference in their entireties). As described by Malojcic, these aryl sulfate
sulfotransferases undergo a two-step mechanism, where the enzyme first removes the sulfo group
from the aryl sulfate compound and forms a sulfohistidine intermediate in which the sulfo group is
covalently bonded with an amino acid side chain, typically a histidine residue, within the active site.
The sulfate-bound form of the enzyme can then recognize and bind with a sulfo group acceptor to
complete the sulfo group transfer

[0010] Yet, only a small number of bacterial sulfotransferases have been shown to react with aryl
sulfate compounds as sulfo group donors, and eukaryotic sulfotransferases that react with
polysaccharides as sulfo group acceptors demonstrate no biological activity when aryl sulfate
compounds are used as sulfo group donors. Instead, such sulfotransferases exclusively react with
PAPS as the sulfo donor, as described above. As a result, when sulfotransferases are used in in vitro
syntheses of sulfated polysaccharides, the sulfotransferases cannot catalyze transfer of the sulfo
group from aryl sulfate compounds to the polysaccharides directly. Instead, aryl sulfate compounds
can only be used indirectly to repopulate the svstem with PAPS {(see U.S. Pat. No. 6,255,088, the
disclosure of which is incorporated by reference 1n its entirety).
{0011} Consequently, there is a need to develop facile methods of synthesizing heparan sulfate
polysaccharides in vifro, particularly N-sulfated, 6-0O sulfated heparan sulfate polysaccharides, which

can be utilized as analogs to ODSH while not possessing any of its low-level anticoagulant activity.

SUMMARY OF THE INVENTION
{8012} The present invention provides methods for producing heparan sulfate in vifro using non-
naturally occurning sulfotransferase enzymes that have been engineered to catalyze the transfer of

sutfo groups from aryl suifate compounds as sulfo group donors to react with polysaccharides as
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sulfo group acceptors. Non-anticoagulant N-, 6-O sulfated heparan sulfate (NS6S/HS) products
synthesized by such methods can formed as structural analogs of ODSH, which retain some
glucosamine 3-0 sulfation and accordingly, low-level anticoagulant activity. Ou the other hand,
NSOS/HS products can contain no 3-0) sulfated glucosamine residues, and optionally, no 2-00
sulfated hexuronic acid residues.  Such fully non-anticoagulant NS6S/HS compositions can be
utilized in the treatment of several medical conditions, including, as non-limiting examples, cancers;
inflammation; thrombocytopenia, neutropenia; apoptosis; asthma, emphysema; bronchitis; adult
respiratory distress syndrome; cystic fibrosis; and ischemia-reperfusion related conditions.  Such
treatments are described in further detail, below.

{8013} In an aspect of the present invention, heparan sulfate can be synthesized enzymatically by
combining a heparosan-based polysaccharide, an aryl sulfate compound, and an engineered
sutfotransferase enzyre having a biological activity comprising the transfer of a sulfo group from
the aryl sulfate compound to the polysaccharide. Heparosan-based polysaccharides are derived from
heparosan [B(1,HGlcA-a{1,4)GlcNAc), and comprise repeating dimers of 124 glvcosidically-
finked hexuronic acid and glucosamine residues, wherein each hexuronic acid is either glhucuronic
acid {GlcA, above} or iduronic acid (IdoA). Generally, the amine group in each glucosamine residue
can either be N-acetylated, N-sulfated, or N-unsubstituted. When at least one of the glucosamine
residues within heparosan is N-unsubstituted, the polysaccharide can also be called N-deacetylated
heparosan.  N-sulfated glucosamine residues can also be 3-0) and 6-0 sulfated, while any of the
GlcA or IdoA residues can be sulfated at the 2-0 position. Heparosan-based polysaccharides that
contain at least one sulfate group in any of the above positions within a hexuronic acid or
glucosamine residue can also be called heparan suffate (HS).

{0014} In various embodiments, a sulfated polysaccharide product formed tn a first sulfotransfer
reaction can be utilized as a sulfo group acceptor in a subsequent reaction with another
sulfotransferase enzyme, which can either be performed in the same reaction mixture as the first
sutfotransfer reaction, or in a separate reaction mixture after isolating the sulfated polysaccharnide
product and combining 1t with a sulfo group donor and a sulfotransferase enzyme. In various
embodiments, a plurality of sulfotransfer reactions can be cartied out, either sequentially or
simuitaneousty, on a single heparosan-based polysaccharide, including at least two, at least three, or
at least four sulfotransfer reactions. Each of the plurality of sulfotransfer reactions on a heparosan-
based polysaccharide can be catalyzed by at least two, at least three, or up to four sulfotransferase
enzymes. In various embodiments, at least one, and preferably all, of the sulfotransfer reactions are
catalyzed by an engineered sulfotransferase enzyme which recognizes, binds, and reacts with the
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aryl sulfate coropound as a sulfo group donor. In further embodiments, at least one, and preferably
all, of the sulfotransfer reactions are carried out in reaction mixtures that contain only an ary! sulfate
compound and do not contain PAPS.

{6015] In ancther aspect of the invention, each engineered suifotransferase enzyme comprises
several amine acid mutations made within the active site of a corresponding natural sulfotransferase
enzyme, in order to shift the enzyme’s biclogical activity from reacting with PAPS as the sulfo
group donor to reacting with an aryl sulfate compound as a sulfo group donor. However, in various
embodiments, each engineered sulfotransferase enzyme retains the natural enzyme’s biological
activity with its particular sulfo acceptor polysaccharide. As a non-limiting example, the N-
sulfotransferase domain of a natural N-deacetylase/N-sulfotransterase (NDST) enzyme, which has a
biological activity in which the enzyme reacts with PAPS as a sulfo group donor and N-deacetylated
heparosan as a sulfo group acceptor, can be mutated in multiple amino acid positions to generate an
engineered glucosaminyl N-sulfotransferase enzyme that recogunizes, binds, and reacts with an aryl
sulfate compound as a sulfo group donor, but that still reacts with N-deacetylated heparosan as a
sulfo group acceptor. Such engineered glucosaminy!l N-sulfotransferase (NST) enzymes, and others,
are described in further detail below.

{0016] In another aspect of the invention, NS68/HS can be synthesized using a method comprising
the following steps: (a) providing a starting polysaccharide composition comprising N-deacetylated
heparosan; (b) reacting the starting polysaccharide composition within a reaction mixture comprising
an N-sulfation agent, to form an N-sulfated heparan sulfate (NS/HS) product; and (¢} reacting the
NS/HS preduct within a reaction nuxture comprising an aryl sulfate compound and an engineered
glucosaminyl 6-0 sulfotransferase (6087} enzyme, thereby forming the NS658/HS product; wherein
the biological activity of the engineered 60ST enzyme comprises the transter of a sulfo group from
an aryl sulfate compound to a heparosan-based polysaccharide. In various embodiments, the
biological activity of the engineered 60ST enzyme consists of the transfer of a sulfo group trom an
aryl sulfate compound to a heparosan-based polysaccharide, preferably in the absence of PAPS.
{6017} In various embodiments, an engineered 60ST enzyme utilized in any of the methods
described herein can comprise any amino acid sequence so long as the enzyme catalyzes the transfer
of a sulfo group from an arvi sulfate compound to the 6-0J position of 3 glucosaming residue within a
heparosan-based polysaccharide.  Generally, the heparosan-based polysaccharides that can be
utiiized as sulfo group acceptors with an engineered 608T enzyme are identical to that of a nanural
60ST enzyme, in which the amine group of the glucosanune residue receiving the sulfo group at the

6~} position can be N-sulfated, N-unsubstituted, or N-acetylated. In various embodiments,
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glucosarmine residues within the heparosan-based polysaccharide that do not receive the sulfo group
can be optionally be N-, 3-0, and/or 6-0 sulfated, N-acetylated, or N-unsubstituted, and any of the
hexuronic acid residues within the heparosan-based polysaccharide can either be 1duronic acid or
glucuronic acid, and can optionally be 2-O sulfated, prior to reacting with the 60S8T enzvime. In
various embodiments, an engineered 608T can react with N-sulfated heparosan that is neither 2-0,
6-0J, por 3-(J sulfated, prior to reacting with the 60ST.

10018] In various embodiments, the engineered 60ST enzymes can be mutants of natural
sutfotransferases that have heparan sulfate 60ST activity, which are members of enzyme class
EC 2872~ According to the present invention, an engineered 608T enzyme can comprise several
amino acid mutations relative to one or more of the natural EC 2 8.2 - enzymes with 608T activity,
in order to reconfigure the active site to bind and react with an ary! suifate compound as a sulfo
group donor instead of PAPS. Non-limiting examples of engineered 60S8T enzymes that can be
utifized in accordance with any of the methods described herein can comprise an amino acid
sequence selected from the group consisting of SEQ ID NO: 18, SEQ 1D NG: 20, SEQ ID NO: 22,
SEQ ID NG 43, SEQID NG 44, SEQ 1D NG 45, SEQID NG 46, SEQID NG 47,
SEGID NG 48, SEQID NG: 49, SEQIDNO: 50, SEQ ID NG 59, S8EQ 1D NGO 60, and
SEQ ID NG: 61, ecach of which contaius several amino acid mutations made relative to highly
conserved regions within natural 608T enzymes. In various embodiments, the engineered 60ST
comprises the amino acid sequence SEQ ID NG 18, In various embodiments, engineered 608T
enzymes utilized in accordance with any of the methods described herein can aiso comprise an
aming acid sequence having one or more amino residue differences or mutations from, and/or is a
biological functional equivalent of, an amino acid sequence selected from the group consisting of
SEQ ID NO- 18, SEQ ID NO- 20, SEQ ID NO: 22, SEQ ID NO: 43, SEQ ID NO: 44, SEQ ID
NO: 45, SEQ 1D NO: 46, SEQ ID NO: 47, SEQ ID NO: 48, SBQ ID NO: 49, SEQ ID NO: 50, SEQ
ID NG: 39, SEQ ID NO: 60, and SEQ D NO: 61. Non-limiting examples of such residue
differences include amino acid insertions, deletions, substitutions, or any combination of such
changes.

{8619] In various embodiments, any natural 608T enzyme, or a biologically-active fragment thereof,
can be utihized to catalyze 6-0 sulfation during the synthesis of HS products, particularly NS65HS
products, in which an engineered sulfotransferase enzyme 15 utilized in at least one other sulfation
step, for example in the enzymatic N-sulfation of N-deacetylated heparosan. Reaction mixtures

comprising a natural 60S8T enzyme also comprise PAPS as a sulfo group donor.
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{8020} In various embodiments, NS/HS polysaccharides can be isolated and purified prior to
reacting with the 608T in a separate reaction mixture. In other embodiments, 6-0 sulfation of
glucosamine residues can take place in the same reaction mixture as the N-sulfation of N-
deacetylated heparosan.

{6021} In various embodiments, the step of providing the starting polysaccharide reaction mixture
can comprise the chemical synthesis of N-sulfated heparosan, comprising the following sub-steps: (i}
providing a precursor polysaccharide composition comprising heparosan; (i) combining the
precursor polysaccharide composition with a reaction nmixture comprising a base, preferably hthium
hydroxide or sodium hydroxide, for a time sufficient to N-deacetylate at least one of the N-acetylated
glucosarmne residues within the heparosan to form the starting polysaccharide composition.

18022} In various embodiments, the step of providing the precursor polysaccharide composition
comprising heparosan can further comprise the sub-step of isolating heparosan from a bactenal or
eukaryotic cell culture, preferably a bacterial cell culture, and more preferably a bacterial cell culture
comprising bacteria selected from the group consisting of the K35 strain of Kscherichia coli (F. coli)
and the BL.21 strain of £ cofi. Heparosan can be tsolated from /. coli as a polydisperse mixture of
polysaccharides having a weight-average molecular weight of at least 10,000 Da, and up to at least
1,000,000 Da.  In various embodiments, at least 90% of the glucosamine residues within the
heparosan are N-acetylated.

{0023] Treating heparosan with a base, such as Uthium hydroxide or sodium hydroxide, removes
acetyl groups from N-acety! glucosamine residues, forming N-unsubstituted glucosamine residues
that can subsequently be N-sulfated by an A-sulfation agent. In various embodiments, precursor
polysaccharides can be treated with a base for a time sufficient to reduce the relative number of V-
acetylated glucosamine residues to a desired level. The reaction time can be dependent on factors
such as the average molecular weight of the heparosan within the precursor polysaccharide
composition, the N-acetyl glucosamine content of the heparosan prior to reacting with the base, the
destred N-acetyl coutent within the N-deacetylated heparosan composition, and the concentration
and identity of the base itself. In various embodiments, the time sufficient to N-deacetylate the
heparosan within the precursor polysaccharide composition can be the time sufficient to form an
N-deacetylated heparosan composition in which less than 60%, down to less than 5%, preferably in
the range of 12% to 18%, and more preferably 15%, of the glucosamine residues remain N-
acetylated.

{0024} Additionally, treating the precursor polysaccharide composition with a base to reduce the
number of N-acetylated glucosamine residues can also have the effect of depolymerizing the
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heparosan, causing the N-deacetylated heparosan composition to have a lower average molecular
weight relative to the precursor polysaccharide composition. Accordingly, in various embaodiments,
the precursor polysaccharide composition can be treated with a base for a time sufficient to form an
N-deacetylated heparosan composition having a desired average molecular weight.  As with above,
the reaction time can depend on several factors, including the average molecular weight of the
heparosan within the precursor polysacchartde composition, and the desired average molecular
weight of the polysaccharides within the N-deacetylated heparosan composition itself.  In various
embodiments, the time sufficient to N-deacetylate the heparosan within the precursor polysaccharide
composition can be the time sufficient to form an N-deacetylated polysaccharide composition having
a weight-average molecular weight tn a range from 1,500 Da to 100,000 Da, for example, from at
feast 9,000 Da, and up to 12,500 Da.

{0025] In various embodiments, once the AN-deacetylated heparosan is formed, the resulting
N-unsubstituted glucosaminyl residues can then receive a sulfo group upon reacting within a reaction
mixture comprising an N-sulfation agent, to form NS/HS. In various embodiments, one or more of
the N-unsubstituted glucosamine residues within N-deacetylated heparosan can be chemically
N-sulfated. A non-limiting example of a chemical N-sulfation agent can comprise a reaction mixture
comprising a sulfur trioxide-containing compound or adduct, particularly a sulfur troxade-
trimethyiamine adduct.

{08026] In vanious emboduments, the N-sulfation agent 18 an engineered NST or natural NDST
enzyme. In various embodiments, enzymatic N-sulfation can either supplement or replace chemical
N-sulfation of N-deacetylated heparosan. In various embodiments, a natural NDST enzyme can be
utiiized when at least one additional enzymatic sulfation step, particularly 6-C sulfation, is catalyzed
by an engineered aryl sulfate-dependent sulfotransferase.  Sinular to the 60S8Ts above, reaction
mixtures containing a natural NDST enzyme also comprise PAPK as a sulfo group donor.

{8027} In various embodiments, an engineered NST enzyme utilized in any of the methods described
herein can coruprise any amino acid sequence so loog as the enzyme catalyzes the transfer of a sulfo
group from an aryl sulfate compound to the amine functional group of an AN-unsubstituted
glucosarmve residue of a heparosan-based polysacchande, preferably N-deacetylated heparosan. In
various embodiments, the engineered NST enzyme can be a mutant of the N-sulfotransterase domain
of a natural NDST enzyme, which is a member of the enzyme class, EC 2828  In various
embodiments, an engineered N8T enzyme can comprise several amino acid mutations relative to the
N-sulfotransterase domain of one or more natural NDST enzymes, in order {o engineer the active site

to bind and react with an aryl sulfate compound as a sulfo group donor instead of PAPS.
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{0028] Enginecered NXT enzymes utilized in accordance with any of the methods described herein
can comprise any amino acid sequence so long as the enzyme has activity with an aryl sulfate
compound as a sulfo group donor. In a non-lhimiting example, and in some embodiments, the amino
acid sequence of the engineered NST enzyme can be selecied from the group consisting of
SEQ ID NO: 2, SEQ ID NO: 4, SEQ ID NO: 6, SEQ ID NO: R, SEQ ID NQO: 10, SEQ ID NO: 12,
SEQ ID NO: 33, SEQIDNO: 34, SEQID NO:35 SEQIDNO.36, SEQIDNO: 37,
SEQ ID NO: 38, SEQ ID NO: 39, and SEQ ID NOG: 40, each of which contains several amino acid
mutations made relative to highly conserved regions within the N-sulfotransferase domain of natural
NDST enzymes within EC 2828 In various embodiments, engineered NST enzymes utilized in
accordance with any of the methods described herein can also comprise an amino acid sequence
having one or more amino residue differences or mutations from, and/or is a biclogical functional
equivalent of, an amino acid sequence selected from the group consisting of SEQ ID NO: 2, SEQ
NG 4, SEQID NGO: 6, SEQIDNO: E, SEQ D NG: 10, SEQID NGO 12, SEQ ID NG: 33,
SEQ ID NO: 34, SEQ ID NO: 35, SEQ ID NO: 36, SEQ ID NO: 37, SEQ ID NO: 38, SEQ ID NO:
39, and SEQ D NG: 40, Nop-limiting examples of such residue differences include amino acid
insertions, deletions, substitutions, or any combination of such changes.

[0029] In various embodiments, any of the engineered glucosaminyl N-sulfotransferase enzymes
described above can further include an N-deacetylase domain that is either identical or mutated
relative to the N-deacetylase domain that is present in any native NDST enzyme. In various
embodiments, any of the engineered NST enzymes can further include other domains or fusions with
other proteins to facilitate solubility or secondary biochemical reactions.

{6030} Glucosamine residues within the heparosan-based polysaccharide that do not receive the
sulfo group can be N-, 3-0, and/or 6-0 sulfated, N-acetylated, or N-unsubstituted, and hexuronic
acid residues can include GleA or IdoA, either of which can be sulfated at the 2-¢7 position
Preferably, the heparosan-based polysaccharide 1s N-deacetylated heparosan, and all other positions
within the polysaccharide are unsulfated. In other embodiments, the ©6-O group of an
N-unsubstituted glucosamine residue can already be sulfated prior to the N-sulfation reaction.

{0031] In various embodiments, by either chemical and/or enzymatic N-sulfation, at least about 10%,
and up to at least about 95%, of the glucosaminyl residues within N-deacetylated heparosan are
N-gulfated, prior to subsequently being sulfated at any of the 2-0, 3-0), or 6-0 positions.

{60321 In another aspect of the invention, a non-anticoagulant N-sulfated, 2-0) sulfated, 6-O sulfated
heparan sulfate polysaccharide (NS2Z86S/HS) product can be synthesized by a method comprising

the following steps: {(a) providing a starting polysaccharide reaction mixture comprising N-
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deacetylated heparosan; (b} reacting the starting polysaccharide composition within a reaction
mixture comprising an N-sulfation agent, to form an NS/HS product; (¢} combining the NS/HS
product with a reaction mixture comprising a sulfo group donor and an intermediate suifotransterase
enzyme selected from the group consisting of a hexuronyl 2-¢/ sulfotransferase (2O57T) enzyme and
a 608T enzyme, to form an intermediate HS product; (d) combining the intermediate HS product
with a reaction mixture comprising a finishing sulfotransferase enzyme, wherein the finishing
sutfotransferase enzyme 15 the enzyme that was not selected in step (¢}, to form the NS2565/HS
product; wherein (1) at least one of the sulfotransferase enzymes is an engineered suifotransterase
enzyme that 1s dependent on reacting with an aryl sulfate compound as a sulfo group donor to
catalyze a sulfotransfer reaction, and (1) in a reaction mixture comprising an engineered
sulfotransferase enzyme, the reaction mixture consists of an aryl sulfate compound as a sulfo group
donor. In various embodiments, the intermediate sulfotransferase enzyme 1s a 2087 enzyme and the
finishing sulfotransferase enzyme is a 608T enzyme. In various embodiments, all of the
sulfotransterase enzymes are engineered aryl sulfate-dependent sulfotransferase enzymes, and each
of the sulfotransfer reactions are performed in the absence of PAPS.

{8033} In various embodiments, an engineered 208T enzyme utilized in any of the methods
described herein can comprise any amino acid sequence so long as the enzyme catalyzes the iransfer
of a sulfo group from an aryl sulfate compound to the 2-O position of a hexuronic acid residue
within a heparosan-based polysacchanide, particularly NS/HS.  In vanous embodirents, the
engineered 2081 enzymes can be mutants of natural suifotransferases that have 2087 activity,
which are members of enzyme class EC 2.8.2.-  In various embodiments, an engineered 208T
enzyme can comprise several amino acid mutations relative to one or more of the natural EC 2.8.2.-
enzymes with 208T activity, in order to engineer the active site to bind and react with an arvl sulfate
compound as a sulfo group donor instead of PAPS.

18034} Engineered 208T enzymes utilized in accordance with any of the methods described herein
can comprise an amino acid sequence selected from the group consisting of SEQ 1D NO: 14,
SEQ ID NO: 16, SEQ ID NO: 41, and SEQ 1D NO: 42, each of which contains several amino acid
mutations made relative to highly conserved regions within vatural 208T enzymes.  In various
embodiments, engineered 2OST enzymes utilized 1n accordance with any of the methods described
herein can also comprise an amino acid sequence having one or more amino residue differences or
mutations from, and/or is a biclogical functional equivalent of, an amino acid sequence selected

from the group consisting of SEQ ID NO: 14, SEQ ID NO: 16, SEQ ID NG 41, and SEQ ID NGO: 42
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Non-limiting examples of such residue differences include amino acid iusertions, deletions,
substitutions, or any combination of such changes.

{0035] In various embodiments, any natural 2087 enzyme within EC 2.82.- or a biologically-
active fragment thereof, can be utilized to catalyze 2-0 sulfation during the synthesis of HS products,
particularly NS286S/HS products, in which engineered sulfotransferase enzymes are utilized to
catalyze at least one other sulfation step, for example, the N-sulfation step and/or the 6-C sulfation
step. Reaction mixtures comprising a natural 205T enzyrme also comprise PAPS as a sulfo group
dounor.

{0036} In various embodiments, NS/HS polysaccharides can be isolated and purified prior to
reacting with the 20S8T in a separate reaction mixture. [n other embodiments, 2-0 sulfation of
hexuronic acid residues can take place in the same reaction mixture as the N-sulfation of N-
deacetylated heparosan.

{8037] In vartous embodiments, a hexuronic acid residue that can receive a suifo group from the
208T enzyme can be either glucuronic acid or iduronic acid, and preferably iduronic acid, while
other hexuronte acid residues within the polysaccharide can be glucuronic acid or iduronic acid,
either of which can be 2-0 sulfated. Both glucosamine residues adjacent to the hexuronic acid
residue receiving the sulfo group can be, and preferably are, N-sulfated prior to reacting with the
engineered or natural 205T. In various embodiments, the sulfo acceptor polysaccharide reacting
with a 208T enzyme s NS/HS. In various embodiments, glucosamive residues that are not adjacent
to the hexuronic acid residue receiving the sulfo group can optionally be N-, 3-0, and/or 6-OC
sulfated, N-acetylated, or N-unsubstituted.

{00338] In various embodiments, the non-anticoagulant NS2S568/HS product can be utilized directly
in the treatment of a subject having a medical condition, mncluding, as non-limiting exampies,
cancers; inflammation; thrombocyiopenia; neutropenta; apoptosis; asthma; emphysema; bronchitis;
adult respiratory distress syndrome; cystic fibrosis; and ischemia-reperfusion related conditions. In
other embodiments, the non-anticoagulant NSZ86S/HS product can be modified by cold alkaline
hydrolysis for a time sufficient to remove at least a portion of, and in some embodiments
substantially all, of the 2-0 sulfate groups from the non-anticoagulant NSZR6S/HS product,
according to the methods described in Fryer, A et al,, 1997, J Pharmacol. Exp. Ther. 282 208-219,
and US. Patents 10,052,346 and 9,271,999

{#039] In another aspect of the invention, an ODSH polysaccharide composition can be formed from
an N-, 2-0-, 3-0-, 6-O-suifated heparan sulfate (NS286835-HS) product that is synthesized by a

method that utilizes at least one engineered, aryl sulfate~-dependent sulfotransferase, the method

11



WO 2022/015794 PCT/US2021/041537

comprising the following steps: (a) providing a starting polysaccharide reaction nmuxiure comprising
N-deacetylated heparosan; (b) reacting the starting polysaccharide composition within a reaction
suxture comprising an N-sulfation ageot, to form an NS/HS product; {¢) combining the NS/HS
product with a reaction mixture comprising a sulfo group donor and a first intermediate
sulfotransferase enzyme selected from the group consisting of a 20587 enzyme and a 608T enzyme,
to form a first intermediate HS product; {d) combining the first intermediate HS product with a
reaction muxture comprising a second intermediate sulfotransferase enzyme, wherein the second
intermediate sulfotransferase enzyme 18 the enzyme that was not selected in step (¢}, to form a
second intermediate HS product; and (e) combining the second intermediate HS product with a
reaction mixture comprising a sulfo group donor and & glucosaminy] 3-0 sulfotransterase (308T)
enzyme, to form the NS286S838-HS product; wherein (i) at least one of the sulfotransferase enzymes
is an engineered sulfotransferase enzyme that is dependent on reacting with an aryl sulfate
compound as a sulfo group donor to catalyze a sulfotransfer reaction, and (i1) in a reaction mixture
comprising an engineered sulfotransterase enzyme, the reaction mixture consists of an aryl sulfate
compound as a sulfo group donor. In various embodiments, the first intermediate sulfotransferase
enzyme is a 2087 enzyme and the second intermediate sulfotransferase enzyme is a 60ST enzyme.
In various embodiments, all of the sulfotransferase enzymes are engineered aryl sulfate-dependent
sulfotransferase enzymes, and each of the sulfotransfer reactions are performed in the absence of
PAPS. In various embodiments, the NS2S6S35-HS product has anticoagulant activity. In various
embodiments, the N82S68538-HS product is substantially equivalent in molecular weight, purity, and
anticoagulant activity to any of the heparin compounds described by CAS NO: 90605-49-6 or
CAS NO: 9041-08-1. In various embodiments, once the NS286S38-HS product 1s formed, it can be
moditied by cold alkaline hydrolysis for a time sufficient to remove at least a portion of, and in some
embodiments substantially all, of the 2-0 and 3-0 sulfate groups to form an ODSH polysaccharide
composition. In various embodiments, the NS2S56838-HS product can be modified by any method
known 1o the art for forming an ODSH polysaccharide composition and/or until the synthesized
ODSH polysaccharide composition is substantially equivalent to any ODSH polysaccharide
composition described in the art.  Such prior art compositions and methods for forming them are
described above.

10040} In various embodiments, an engineered 30ST enzyme utilized itn any of the methods
described heretn can comprise any amino acid sequence so long as the enzyme catalyzes the transfer
of a sulfo group from an aryl sulfate compound to the 3-0 position of a glucosamine residue within a

heparosan-based polysaccharide, particularly NS286S/HS polysaccharides. In various embodiments,
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engioeered 308T enzymes can be mutants of natural sulfotravsferases that have 308T activity,
which are members of enzyme class EC 2.8.2.23. In various embodiments, an engineered 30ST
enzyme can comprise several amivo acid mutations relative to one or more of the vatural 30ST
enzymes, in order to engineer the active site to bind and react with an aryl sulfate compound as a
sulfo group donor instead of PAPS.

{0041} Engineered 30O8T enzymes utilized in accordance with any of the methods described herein
can comprise an amino acid sequence selected from the group consisting of SEQ 1D NO: 24,
SEQIDNO: 26, SEQIDNO: 28 SEQIDNO:S51, SEQIDNO: 52, SEQIDNO: 53,
SEQ ID NO: 34, SEQ 1D NQO: 56, SEQ ID NO: 57, and SEG ID NO: 58, each of which contains
several amino acid mutations made relative to highly conserved regions within natural 308T
enzymes within EC 28223 In various embodiments, engineered 308T enzymes utilized in
accordance with any of the methods described herein can also comprise an amuno acid sequence
having one or more aming residue differences or mutations from, and/or is a biological functional
equivalent of, an amino acid sequence selected from the group comnsisting of SEQ IDNG: 24,
SEGQIDNG: 26, SEQID NG 23, SEQIDNO: 51, SEQID NG 52, SEQIDNO: 53,
SEG D NO: 54, SEQ ID NQO: 56, SEQ ID NQO: 57, and SEQ ID NO: 58, Non-limiting examples of
such residue differences wnclude amino acid insertions, deletions, substitutions, or any combination
of such changes. In varicus embodiments, the engineered 308T enzyme comprises the amino acid
sequence of SEQ 1D NG 28

18042} In various embodiments, any natural 308T enzymes within EC 2.8.2.23, or a biologically-
active fragrment thereof, can be utilized to catalyze 3-0O sulfation during the synthesis of NS286583 8-
HS products, in which engineered sulfotransferase enzymes are utilized to catalyze the N-) 2-0,
and/or 6-0 sulfation of the polysaccharide. In various embodiments, reaction mixtures comprising a
natural 30ST enzyme also comprise PAPS as a sulfo group donor. In various embodiments, an
engineered 308T enzyme is utilized to catalyze 3-0O sulfation of an HS polysaccharide even if a
natural HS sulfotransferase 1s utilized 1n one or more of the M-, 2-0, or 6-0 sulfation steps to form
the NSZ86535-HS product.

{8043} In various embodiments, NS2S65/HS polysaccharides can be tsolated and purified prior o
reacting with the 30S8T in a separate reaction mixture. In other embodiments, 3-(7 sulfation can take
place in the same reaction mixture as the 6-0 sulfation of NS2S/HS.

{6044] In various embodiments, glucosamine residues within the HS polysaccharide that can receive
a sulfo group at the 3-O position are N-sulfated, and can optionally comprise a 6-0 sulfo group as

well, Any other glucosamine residue within the sulfo acceptor polysaccharide can be optionally be

i
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N-, 3-0, and/or 6-0 sulfated, N-acetylated, or N-unsubstituted. In various embodiments, one or
more of the glucosamine residues within the HS polysacchande, including the glucosamine residue
being 3-0 sulfated, can be both N-sulfated and 6-0 sulfated. According to the present invention, the
glucosamine residue being 3-(7 sulfated is adjacent to an unsulfated ghucuronic acid residue at the
non-reducing end and an 1iduronic acid residue, which can optionally be 2-0 sulfated, at the reducing
end. Any of the other hexuronic acid residues within the polysaccharide can optionally be iduronic
actd or glucuronic acid, and can optionally be 2-0 sulfated.

{8045] In various embodiments, aryl sulfate compounds that can be utilized as sulfo donors with any
of the engineered sulfotransferase enzymes are organosulfates that comprise a sulfo group covalently
bound to an aromatic moiety, bound together by a sulfaie ester linkage comprising a C-O bond.
Non-limiting examples of aryl sulfate compounds that are suitable substrates with the engineered
enzymes of the present invention include p-uitrophenyl sulfate (PNS), 4-methylumbeliiferyl sulfate
{MUS), 7-hydroxycoumarin sulfate, phenyl sulfate, 4-acetylphenyl sulfate, indoxyl suifate, 1-
naphthyl sulfate, 2-naphthyl sulfate (ZNap$S), and 4-nitrocatechol sulfate (NCS) In various
embodiments, engineered enzymes utilized in accordance with any of the methods of the present
invention can recognize, bind, and react with PNS. In some embodiments, PNS can be used as the
aryl sulfate compound 1o every sulfotransfer reaction during the synthesis of the HS polysaccharide
product.  In various embodiments, engineered enzymes utilized in accordance with any of the
methods of the present invention can recognize, bind, and react with NCS. In some embodiments,
NCS can be used as the aryl sulfate compound in every sulfotransfer reaction during the synthesis of
the HS polysaccharide product.  According to the present invention, a single engineered enzyme
utifized in accordance with any of the methods of the present invention can recognize, bind, and
react with multiple aryl sulfate compounds.

{8046} In various embodiments, each of the engineered sulfotransferase enzymes utilized in any of
the methods described herein can be selected to react with the same aryl sulfate compound as a sulfo
group donor.  In other embodiments, one or more of the engineered sulfotransferase enzymes can
have a biological activity with different aryl sulfate compounds than other enzymes utilized in the
same synthesis. As a non-himiting example, in syntheses in which multiple sulfotransfer reactions
occur in a single reaction mixture, both PNS and NCS can be included within the reaction mixture.
10047} In various embodiments, a glucuronyl Cs-epimerase enzyme can be added into the reaction
mixture for any of the sulfation steps within any of the methods described herein. In a non-limiting
example, and in some embodiments, the glucuronyl Cs-epimerase enzyme can comprise the amino

acid sequence of SEQ 1D NO: 29, preferably residues 34-617 of SEQ 1D NO: 29, In a non-limiting
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example, a glucuronyl Cs-epimerase enzyme corprising either the amino acid sequence of SEQ 1D
NO: 29 or residues 34-617 of SEQ ID NO: 29 can be included within a reaction mixfure comprising
N-sulfated heparosan and an engineered or vatural 60ST, to form NS6S/HS polysaccharides
comprising one or more IdoA residues. In another non-limiting example, a glucuronyl Cs-epimerase
enzyme cormprising either the amino acid sequence of SEQ ID NO: 29 or residues 34-617 of SEQ ID
N{h: 29 can be included within a reaction mixture comprising an engineered or natural 2087T, during
the tormation of an NSZS65/HS or NS2S6538-HS product.

0048] In various embodiments, within any reaction mixture or composition coroprising heparosan-
based polysaccharides, whether used as starting materials or formed as products, the reaction
mixture or compositions can be a polydisperse muxture of heparosan-based polysaccharndes having
variable chain lengths, molecular weights, N-acetylation, and/or N-, 2-0, 6-0, or 3-O sulfation.
Alternatively, any of the polysaccharides described above can be present or provided as a
homogeneous compostiion comprised of polysaccharides having identical chain lengths, molecular
weights, N-acetylation, and/or N-, 2-0, 6-0, or 3-0 sulfation.

{8049} In various embodiments, heparosan-based polysaccharides that can be used as sulfo group
acceptors in any of the sulfotransfer reactions described herein can generally be any molecular
weight greater than 1,000 Da, including greater than 1,000,000 Da. In various embodiments,
compositions or mixtures comprising N-deacetylated heparosan polysaccharides can preferably have
a weight-average molecular weight in the range of at feast 9,000 Da, and up to 12,500 Da. In
various embodiments, sulfated peolysaccharide products of any of the reactions described herein any
of the methods described above can comprise molecular weights associated with the addition of a
single sulfo group (about 80 Da), and up to the addition of sulfo groups to all available &, 2-0, 3-0,
and/or 6~} positions, based on the molecular weight of the polysaccharide used as the sulfo group
acceptor.

{805¢] In various embodiments, in any of the methods described herein, any reaction mixture
comprising an engineered sulfotransferase enzyme and an aryl sulfate compound can further
comprise one or more components for repopulating the aryl sulfate compound. In various
embodiments, the one or more components for repopulating the aryl sulfate compound can coruprise
an ary! sulfate sulfotransferase (ASST) enzvme and a secondary aryl sulfate compound. According
to the present invention, the engineered sulfotransferase enzyme has minimal or no activity with the
secondary aryl sulfate compound as a sulfo group donor. The ASKST enzyme from any bacteria can

be utilized, and can either be isolated from the bacteria directly or generated recorbinantly from an
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expression host i vitro. In various embodiments, the ASST enzyme can be a recombinant ASST
from F. cofi strain CFT073, comprising the amino acid sequence of SEQ 1D NG: 55.

[0051] In one non-limiting example, a reaction mixture comprising an NS/HS product, NCS, and an
engineered 0OST enzyme comprising the amino acid sequence SEQ ID NG: 18 can further comprise
an ASST enzyme and PNS, with which the engineered enzyme comprising the amino acid sequence
SEQ 1D NGO I8 is not active.  Upon being formed as a product of the sulfotransfer reaction,
4-nitrocatechol can then act as a sulfo group acceptor for a reaction between PNS and the ASST
enzyme, thereby reforming NCS for subsequent reactions with the engineered enzyme comprising
the amino acid sequence SEQ ID NO: 18, Alternatively, the NCS utilized for the sulfotransfer
reaction to form an NSO6S/HS product can be generated in sifir by forming a reaction mixture
comprising the engineered 608T enzyme comprising the amine acid sequence SEQ ID NG 1§,
4-mitrocatechol, PNS, and an ASST enzyme.

{6052] In various embodiments, the anticoagulant effect of antithrombin activation can be quantified,
particularly as a function of 1s subsequent effect on the activity of Factor Ha and Factor Xa, in terms
of International Units of activity per milligram (IU mg?h).  In various embodiments, HS
polysaccharides made by methods of the present invention can have an anticoagulant activity of less
than about 9 IU mg?.  In various embodiments, HS polysaccharides made by methods of the present
invention can have an anti-Factor Xa {(anti-Xa) activity of less than 5 I mg' In various
embodiments, HS polysaccharides made by methods of the present invention can have an anti-Factor
a {anti-la) activity of less than about 2 IU mg™. In various embodiments, HS polysaccharides
made by methods of the present invention, particularly methods to synthesize NS/HS, NS2S/HS,
NSOS/HS, and NS2S6S/HS 1o the absence of a 308T enzyme, have no anti-lia or anti-Xa activity.
{0053} In various embodiments, any of the HS product mixtures produced by any of the methods
above can have an average molecular weight of at least about 1,500 Dia, depending on the weight
average molecular weight of polysaccharides utilized as sulfo group acceptors, as described above.
In various embodiments, non-anticoagulant HS products, particularly NS6S/HS products, can have a
weight-average molecular weight in the range of about 2,000 Da to about 15,000 Da. In
embodiments which an ODSH product 15 generated by modifying an NS2S65385-HS product using
cold alkaline hydrolysis, the NS256835-HS product can have a molecular weight profile such that:
{a) the weight-average molecular weight of the NS2Z85653S5-HS product 1s at least 15,000 Da, and up
to 19,000 Da; (b} less than or equal to 20% of the polysaccharides within the NSZS683S-HS product
have a molecular weight greater than 24,000 Da; and (¢} the number of polysaccharide chains within

the NS256S35-HS product having a molecular weight between §,000 Da and 16,000 Da is greater
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than the number of polysaccharide chains having a molecular weight between 16,000 Da and 24,000
Da.

[8054] In various embodiments, engineered suifotransferase enzyres having biological activity with
aryl sulfate compounds as sulfo group donors can be expressed from a nucleic acid comprising a
nucleotide sequence that encodes for any of the amino acid sequences described above. Non-
limiting examples of such nucleotide sequences include SEQ ID NO: 1, SEQ ID NGO 3, SEQ D
NG: 5, SEGIDNO:7, SEQ ID NO: 9, SEQ ID NO: 11, SEQID NO: 13, SEQIDNO: 15,
SEQID NO: 17, SEQ ID NO: 19, SEQIDNO: 21, SEQ ID NO: 23, S8EQ ID NO: 25, and
SEQ ID NG: 27, Persons skilled in the art can determine appropriate nucleotide sequences that
encode for polypeptides baving the amino acid sequence of SEQ 1D NQOs: 33-54 and 56-61, based on
the nucleotide sequences above.

10055] In another aspect of the invention, any of the HS products produced by any of the methods
described above can be further modified by one or more subsequent processes to depolymerize
and/or modify the HS product to form a low molecular weight (EMW)-HS product.  Tn various
embodiments, a nos-anticoagulant LMW-HS composition can be svnthesized from compositions
comprising non-anticcagulant NS/HS, NS2ZS/HS, NS6S/HS, NS2S68/HS, or NSZS6S838-HS. In
various embodiments, the LMW-HS composition is an EMW-NS65/HS composition.  In various
embodiments, an anticoagulant LMW-HS composition can be synthesized from anticoagulant
NS256835-HS and subsequently subjected to cold alkaline hydrolysis to form LMW-0ODSH. In
other embodiments, an anticoagulant NSZ8683S8-HS composition can be modified using cold
alkaline hydrolysis to form an ODSH composition, which can subsequently depolymerized o form
LMW-ODSH.

{8056} In various embodiments, an HS product produced by any method described above can be
referred to as an “unfractionated” HS product, relative to an LMW-HS product or EMW-ODSH
product. Unfractionated HS products can include one or more non-anticoagulant NS/HS, NS2S/HS,
NSOS/HS, NSZROS/HS, or NS256S35-HS products, and/or anticoagulant NS286835-HS.

{6057} Generally, methods of the present invention for synthesizing an LMW-HS or LMW-0ODSH
product can comprise the following steps: (a) synthesizing an unfractionated HS product according
to any of the above methods; (b) providing one or more depolymerization agents; and (¢} treating the
unfractionated HS product with the one or more depolymerization agenis for a fime sufficient to
depolymerize at Jeast a portion of the polysaccharides within the unfractionated HS product, thereby

forming the LMW-HS or LMW-0ODSH preduct.  In various embodiments, the weight-average
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molecular weight of the LMW-HS or LMW-0ODSH product 15 at feast 2,000 Da, and up to 12,000 Da,
and preferably at least 3,000 Da, and up to 8,000 Da.

{0058] In various embodiments, the one or more depolyruerization agents can be formed by, and/or
be comprised of, one or more reaction components within one or more reaction mixtures, that can be
combined with an unfractionated HS product to chemically and/or enzymatically depolymerize the
unfractionated HS product and form an LMW-HS or LMW-ODSH product.  In various
embodiments, the selection of the depolyrmerization agent can determine which chemical or
enzymatic depolymerization process occurs, as well as the chemical structure and/or anticoagulant
activity of the depolymerized product. Such depolymerization processes can include, but are not
fimited to: chemical and/or enzymatic B-elimination reactions; deamination reactions; and oxidation
reactions, including combinations thereof. In various embodiments, an unfractionated HS product
can be treated with any combination of depolymerization agents in order to form an LMW-HS or
LMW-ODSH product.

{6059] In various embodiments, the amount of time that an unfractionated HS product 1s treated with
the one or more depolymerization agents can be controlled to form an LMW-HS or LMW-ODSH
product with a desired molecular weight and/or chemical structure. According to the present
invention, with respect to the same depolyrenization agent, the amount of tme that an
unfractionated HS product is treated with the depolymerization agent can be varied to form products
with similar chemical structures, but different molecular weights relative to each other.

18060} In one-non-limiting example, an unfractionated HS product can be depolymerized by an
enzymatic fP-elimination reaction to form an EMW-HS or LMW-ODSH product.  In various
embodiments, the depolymerization agent can comprise a heparinase reaction mixture comprising at
lcast one heparinase enzyme, preferably at least one heparinase enzyme comprising an anino acid
sequence selected from the group consisting of SEQID NG 30, SEQ I NGO 31, and
SEGID NO: 32 In various embodiments, the unfractionated HS product can be treated with the
heparinase reaction muxture for a time sufhicient to catalyze B-eliminative cleavage of the
unfractionated HS product and form an enzymatically-depolymerized LMW-HS or LMW-0ODSH
product.  In various embodiments, the weight-average molecular weight of the enzymatically-
depolymerized LMW-HS or LMW-0ODSH product can be in the range of 2,000 Da to 10,000 Da,
preferably 5,500 Da to 7,500 Da, and more preferably 6,500 Da.  In various embodiments, the
enzymatically-depolymerized LMW-HS or LMW-0ODSH product can comprise polysaccharides
having a 4,5-unsaturated uronic acid residue at the non-reducing end. In various embodiments, prior

to 2-0 and 3-0O desulfation to form LMW-ODSH, an anticoagulant enzymatically-depolymerized
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LMW-HS product can comprise a substantially equivalent chemical structure, weight-average
molecular weight, and/or anticoagulant activity relative to tinzaparin.

[8061] In another non-himiting example, an unfractionated HS product can be depolymerized by a
chemical B-elimination reaction. In various embodiments, the depolymerization agent for a chemical
B-elimination reaction can comprise a base, preferably a base selected from the group consisting of
sodiwm hydroxide, a quaternary ammonium hydroxide, and a phosphazene base, including any
combination thereof, and the unfractionated HS product can be treated with the base for a time
sufficient to cause B-eliminative cleavage of the unfractionated HS product and form a chemically
B-eliminative, LMW-HS or LMW-0ODSH product.

{8062} In various embodiments, a benzethonium salt can be formed prior to reacting the
unfractionated HS product with the base. Accordingly, in various embodiments, the step of treating
the unfractionated HS product with the depolymerization agent can comprise the following sub-
steps: {1} reacting the unfractionated HS product with a benzethonium salt, preferably benzethonium
chloride, to form a benzethomum HS salt; and (11) combining the benzethoruum HS salt with a
reaction mixture comprising the base for a time sufficient to form the chemically B-eliminative,
LMW-HS or LMW-0ODSH product. 1n various embodiments, the weight-average molecular weight
of the chemically B-eliminative, LMW-HS or LMW-0ODSH product can be at feast 2,000 Da, up to
10,000 Da, and preferably in the range of 2,000 Da to 6,000 Da. In various embodiments, the
chemically B-eliminative, LMW-HS or LMW-0ODSH product can comprise polysaccharides having
a 4, S-unsaturated uronic acid residue at the non-reducing end.

18063} In various embodiments, once the benzethonium HS salt is formed, it can be subsequently
treated with a base for a time sufficient to form the chemically B-eliminative, LMW-HS or LMW-
ODSH product.  In various embodiments, the base can be a quaternary ammonium hydroxide,
preferably benzyl trimethylammoniom hydroxide {(Triton® B). In various embodiments, the weight-
average molecular weight of the chemically B-eliminative, EMW-HS or LMW-ODSH product can
be 1n the range of 3,000 Da to 4,200 Da, and preferably 3,600 Da. In various embodiments, prior to
2-0 and 3-O desulfation, an anticoagulant enzymatically-depolymerized LMW-HS product can
comprise a substantially equivalent chemucal structure, weight-average molecular weight, and/or
anticoagulant activity relative to bemiparin.

10064] In various embodiments, the benzethonium HS salt can be further modified prior to reacting
with the base. In one non-limiting example, the benzethonium HS salt can be converted to a benzyl

ester form of HS upon reacting with a benzyl halide, particularly benzyl chlonde. In various
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embodiments, the conversion to the benzyl ester can take place within a chiorinated solvent,
including but not limited to methylene chloride and chloroform.

{8065] In various embodiments, once the benzyl ester HS is formed, it can be subsequently reacted
with a base to inttiate depolymerization. In various embodiments, the base can be sodium hydroxide.
In various embodiments, the chemically B-eliminative, LMW-HS or LMW-0ODSH product can
comprise polysaccharides having a 1,6-anhydromannose or 1 6-anhydroglucosamine residue at the
reducing end in addition to the 4, S-unsaturated uronic acid residue at the non-reducing end. In
various embodiments, the weight-average molecular weight of the chemically B-eliminative, LMW-
HS or LMW-0ODSH product can be in the range of 3,800 Da to 5,000 Da, preferably 4,500 Da. In
vartous embodiments, prior to 2-0 and 3-0 desulfation to form LMW-0DSH, an anticoagulant
enzymatically-depolymerized EMW-HS product can comprise a substantially equivalent chemical
structure, weight-average molecular weight, and/or anticoagulant activity relative to enoxaparin.
16066] In various embodiments, the benzyl ester HS can 1nstead be transalified in the presence of a
benzethonium salt, preferably benzethonium chiornide, in order to form a benzethonium benzyl ester
HS, which can then be subsequently depolymerized using a base. In various embodiments, the base
is a phosphazene base, preferably 2-tert-butylimino-Z-diethylaming-1,3-dimethylperhydro-1,2,3-
diaza-phosphonne (BEMP) After depolymenization is complete, the rervaining benzyl esters within
the chemically B-eliminative, LMW-HS or LMW-ODSH product can be saponified and removed. In
vartous ernbodiments, the weight-average molecular weight of the chemically P-eliminative, EMW-
HS or LMW-0ODSH product can be in the range of 2,000 Da to 3,000 Da, and 1s preferably 2,400 Da.
In various embodiments, prior to 2-0 and 3-0 desulfation to form LMW-0ODSH, an anticoagulant
enzymatically~-depolymerized ELMW-HS product can comprise a substantially equivalent chemical
structure, weight-average molecular weight, and/or anticoagulant activity relative to semuloparin.
{8067} In various embodiments, unfractionated HS products can optionally be depolymerized by
both an enzymatic and a chemical J-elimination reaction. For example, an enzymatically-
depolymerized LMW-HS or LMW-ODSH product can subsequently be subjected to a chemical
B-elimination reaction by reacting with a base. In another example, a chemically B-eliminative,
LMW-HS product can subsequently be subjected to an enzymatic B-elimivation reaction by reacting
one of more heparinase enzymes.

10068] In another non-limiting example, an unfractionated HS product can be depolymerized by a
deamination reaction. In various embodiments, the depolymerization agent can comprise a
deamination reaction nuxture comprising a deamination agent, preferably a deamination agent

selected from the group consisting of iscamyl nitrate and uwitrous acid, for a time sufficient to cause
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deaminative cleavage of the unfractionated HS product, thereby forming a deaminated LMW-HS or
LMW-0ODSH product.

[8069] In vanous embodiments, the deamination agent can be nitrous acid. 1o various embodiments,
the deamination reaction mixture can comprise stoichiometric quantities of an acid, preferably acetic
acid or hydrochloric acid, and an alkali or alkaline earth metal nitrite salt, preferably sodium nitrite,
to form nitrous acid i sife. o various embodiments, the deaminated LMW-HS or EMW-ODSH
product can comprise polysaccharides having a 2, 5-anhydro-D-mannose residue at the reducing end.
In various ersbodiments, the weight-average molecular weight of the deaminated LMW-HS or
LMW-ODSH product can be in the range of 2,000 Da to 10,000 Da, preferably in the range of 4,000
Da to 6,000 Da.

{8076} In one non-limiting example, the weight-average molecular weight of the deaminated LMW-
HS or LMW-ODSH product can be in the range of 3,600 Da to 5,500 Da, preferably 4,300 Da. In
various embodiments, prior to 2-O and 3-0 desulfation to form LMW-ODSH, an anticoagulant
deaminated LMW-HS product can comprise a substantially equivalent chernical structure, weight-
average molecular weight, and/or anticoagulant activity relative to nadroparin.

{8071} In ancther non-limiting example, the weight-average molecular weight of the deaminated
LMW-HS or LMW-0ODSH product can be in the range of 5,600 Da to 6,400 Da, preferably 6,000 Da.
{n varicus embodiments, prior to 2-0 and 3-( desulfation to form LMW-ODSH, an anticoagulant
deaminated LMW-HS product can comprise a substantially equivalent cheroical structure, weight-
average molecular weight, and/or anticoagulant activity relative to dalteparin.

10072} In another non-himiting example, the weight-average molecular weight of the deaminated
LMW-HS or LMW-0ODSH product can be in the range of 4,200 Da to 4,600 Da, preferably 4,400 Da.
In various embodiments, prior to 2-0 and 3-0 desulfation to formn LMW-0ODSH, an anticoagulant
deaminated LMW-HS product can comprise a substantially equivalent chemical structure, weight-
average molecular weight, and/or anticoagulant activity relative to reviparin.

10073] In another von-limiting example, the deamination agent 1s isoamyl nitrate, and the weight-
average molecular weight of the deaminated LMW-HS or LMW-0ODSH product can be in the range
of 5,000 Da to 5,600 Da, preferably 5,400 Da. In various embodiments, prior to 2-0 and 3-0
desulfation to form LMW-ODSH, an anticoagulant deaminated LMW-HS product can comprise a
substantially equivalent chemical structure, weight-average molecular weight, and/or anticoagulant
activity relative 1o certoparin.

{6074} In another non-limiting example, an unfractionated HS product can be depolymerized by an

oxidation reaction. In various embodiments, the depolymenization agent can comprise an oxidation
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agent, preferably an oxidation agent selected from the group cousisting of a peroxide ot a superoxide,
and more preferably hydrogen peroxide to form an oxidized LMW-HS or LMW-0ODSH product. In
various embodiments, the step of treating an unfractionated HS product with the oxidation agent can
comprise the following sub-steps: {1} acidifying the unfractionated HS product to form an acidified
HS product; (i1} combining the acidified HS product with the oxidation reaction mixture; and
(111} incubating the acidified HS product within the oxidation reaction mixture at a temperature of at
least than 50 °C for a time sufficient to form the oxidized LMW-HS or LMW-0ODSH product.

{0075 In various embodiments, the sub-step of acidifying the unfractionated HS product can
comprise the addition of a reaction mixture comprising an acid, preferably ascorbic acid, to the HS
product to forro the acdified HS product.  Alternatively, the sub-step of acidifying the
unfractionated HS product can further comprise the sub-steps of: loading the unfractionated HS
product into a cation exchange resin, preferably a cation exchange resin suspended within a
chromatography column; and eluting the unfractionated HS product from the cation exchange resin,
forming the acidified HS product. In various embodiments, the pH of the acidified HS product can
be at least 3.0, and up to 5.0, and preferably in arange of 3.0 t0 3.5

18076} In various embodiments, the weight-average molecular weight of the oxidized LMW-HS or
LMW-0ODSH product can be in the range of 2,000 Da to 12,000 Da, preferably in the range of 4,000
Dia to 6,000 Da.

{8677] In one non-limiting example, the weight-average roolecular weight of the oxidized LMW-HS
or LMW-0ODSH product can be in the range of at least 4,000 Da up to 6,000 Da, and is preferably
5,000 Da  In various embodiments, prior to 2-0 and 3-0 desulfation to form LMW-ODSH, an
anticoagulant oxidized LMW-HS product can comprise a substantially equivalent chemical structure,
weight-average molecular weight, and/or anticoagulant activity relative to parnaparin,

{8078] In another non-limiting example, the weight-average molecular weight of the oxidized
LMW-HS product can be in the range of 5,500 Da to 6,500 Da, preferably 6,000 Da. In various
embodiments, prior to 2-0 and 3-0 desulfation to form LMW-0DSH, an asticoagulant oxidized
LMW-HS product can comprise a substantially equivalent chemical structure, weight-average
molecular weight, and/or anticoagulant activity relative to ardeparin.

{8079} According to the present invention, and useful in combination with any one or more of the
above aspects and embodiments, any of the non-anticoagulant or anticoagulant HS products and/or
LMW-HS or LMW-ODSH products prepared according to any of the methods described above can
be prepared as pharmaceuticaliv-acceptable salts, particularly alkali or alkah earth salts including,

but not limited to, sodium, lithium, or calcium salts.
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{B080] These and other erbodiments of the present invention will be apparent to one of ordinary

skill in the art from the following detaiied description.

BRIEYF DESCRIPTION OF THE FIGURES

{0081] Figures 1A-1C show an example reaction mechanism between the human 308T enzyme,
PAPS, and an N-sulfated, 6-O sulfated ghucosamine residue within heparan sultate.

10082] Figure 2 shows a non-limiting example of an N-deacetylated heparosan polysacchande
capable of reacting as a sulfo group acceptor for both vatural NDST enzymes and engineered NST
enzymes that can be used in accordance with methods of the present invention.

{0083] Figures 3A-3C show a multiple sequence alignment for the M-sulfotransterase domains of
fifteen natural NDST enzymes within enzyme class EC 2.8.2.8, illustrating conserved amino acid
sequence motifs that are present regardless of overall sequence identity.

{6084] Figures 4A-4C show a reaction mechanism between conserved residues within the
N-sulfotransterase domain of a natural NDST enzyme, PAPS, and N-deacetylated heparosan.

{0085} Figure 5 shows a three-dimensional model of an aryl sulfate compound bound within the
active site of a first group of engineered NST enzymes, superimposed over the crystal structure of
PAPS bound within the N-sulfotransterase domain of a vatural human NDST enzyme.

{0086] Figure 6 shows an alternate view of the modelled active site of the engineered NST enzyme
shown i Figure 5, illustrating amino acid mutations present within the active site.

{8087} Figure 7 shows a three-dimensional model of an aryl sulfate compound bound within the
active site of a second group of engineered NST enzymes, superimposed over the crystal structure of
the N-sulfotransferase domatn of a natural human NIDST enzyme.

{0088] Figure 8 shows an alternate view of the modelled active site of the engineered NST enzyme
shown in Figure 7, iflustrating amino acid mutations present within the active site.

{8089} Figure 9 shows a sequence alignment of polypeptides comprising the amino acid sequences
of SEQ D NO: 2, SEQ ID NO: 4, SEQ ID NO: 6, SEQ ID NO: 8, SEQ ID NO: 10, SEQ ID NO- 12,
respectively, depicting the position and identity of amino acid residues differences between each of
the illustrated sequences and relative o the human NDSTT enzyme.

{8098} Figure 10 shows the 2-0 sulfation of one non-himiting example of an N-sulfated heparcsan
polysaccharide, catalyzed by either a natural or engineered 208T enzyme in accordance with
methods of the present invention, wherein the polysaccharide comprises N-sulfated, N-acetylated,

and unsubstituted glucosaminyl residues.

]
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{8091} Figure 11 shows the 2-0 sulfation of a glucuronic acid residue within another non-limiting
example of an N-sulfated heparosan polysaccharide, catalyzed by either a natural or engineered
2087 enzyme 1o accordance with methods of the present invention,

{6092] Figure 12 shows the 2-( sulfation of an idurcnic acid residue within the N-sulfated
heparosan polysaccharide shown in Figure 11, catalyzed by either a nawral or engineered 205T
enzyme in accordance with methods of the present invention.

10093] Figure 13 shows the 2-0 sulfation of a glucuronic acid residue and an iduronic acid residue
within the N-sulfated heparosan polysaccharide shown in Figure 11, catalyzed by either a natural or
engineered 208T enzyme in accordance with methods of the present invention.

[0094] Figures 14A-14D show a multiple sequence alignment for twelve natural 208T enzymes
within EC 2.8 2 - illustrating conserved amino acid sequence motifs that are present regardless of
overall sequence identity.

{6095] Figures 15A-15C show a reaction mechanism between conserved residues within a natural
208T enzyme, PAPS, and a hexuronic acid residue within N-sulfated heparosan.

{8096} Figure 16 shows a three-dimensional model of an aryl sulfate compound bound within the
active site of an engineered 2087 enzyme, superimposed over the crystal structure of PAPS bound
within the active site of the chicken 208T enzyme.

{0097} Figure 17 shows the 0-¢) sulfation of one non-limiting example of an N-sulfated, 2-( sulfated
heparan sulfate polysaccharide, catalyzed by either a natural or engineered 608ST enzyme in
accordance with methods of the present invention, wherein multiple glucosamine residues within the
polysaccharide are capable of receiving a sulfate group.

{0098] Figures 18A-18C show a muitiple sequence alignment for fifteen natural 608T enzvines
within BC 2 8.2~ iHustrating conserved amino acid sequence motifs that are present regardless of
overall sequence identity.

18099} Figures 19A-19C show a reaction mechanism between conserved residues within a natural
O6OS8T enzyme, PAPS, and an N-sulfated glucosamine residue within heparan sulfate

{0100} Figure 20 shows a three-dimensional model of an aryl sulfate compound bound within the
active site of an engineered 60ST enzyme, superimposed over the crysial structure of PAPS bound
within the zebrafish 608713 enzyme.

10101} Figure 21 shows a sequence alignment of polypeptides comprising the amino acid sequences
of SEG ID NO: 18, SEQ ID NO: 20, and SEQ 1D NO: 22, respectively, depicting the posttion and
wdentity of amino acid residues differences between each of the llustrated sequences and relative to

the mouse 60S8T1 enzyme.
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[0102] Figure 22 shows the 3-0 sulfation of one non-limtting example of an ¥-sulfated, 2-0 sulfated,
6-0 sulfated heparan sulfate polysaccharide, catalyzed by either a natural or engineered 308T
enzyme in accordance with methods of the present invention.

{0103] Figures 23A-23C show a muitiple sequence alignment for fifteen natural 308T enzvimes
within EC 2.8 2.23, illustrating conserved amino acid sequence motifs that are present regardless of
overall sequence identity.

10104] Figure 24 shows a three-dimensional model of an aryl sulfate compound bound within the
active sites of three superimposed engineered 308T enzymes, which themselves are superimposed
aver the crystal structure of PAPS bound within the mouse 308T1 enzyme.

{0105] Figure 25 shows a sequence alignment of polypeptides comprising the amino acid sequences
of SEQ ID NO: 24, SEQ ID NG: 26, and SEQ ID NG: 28, respectively, depicting the position and
identity of amino acid residues differences between each of the illustrated sequences and relative to
the mouse 30571 enzyme.

{0106] Figure 26 shows a series of overlaid SAX-HPLC chromatograms of digested N-sulfated
heparosan products synthesized using an engineered NST enzyme, compared to commercial
standards.

{0107] Figures 27A-27B show a series of LCMS chromatograms of digested N- 2-O-sulfated
polysaccharide products synthesized using an engineered ZOST having the amino acid sequence
SEQ ID NG 14 or SEQ 1D NO: 16, respectively.

{8108} Figures 28A-28C shows an LCMS chromatogram of digested N-, 2-0- 6-O-sulfated
polysaccharide products synthesized using an engineered 60OST having the amino acid sequence
SEQ ID NG 18, SEQ ID NG 20, or SEQ ID NG 22, respectively.

{0109] Figures 29A-29B show a series of overlaid LCMS chromatograms of digested N-, 2-0-, 6-0-
3-O-sulfated polysaccharide products synthesized using engineered 305T enzymes having the
amino acid sequence SEQ ID NG: 24, SEQ ID NO: 26, or SEQ 1D NO: 28, compared to a series of
disaccharide and polysaccharide standards.

{#119] Figure 30 shows the reaction scheme for deuterium labeling of protons of interest for nuclear
maguetic resonance (NMR) studies.

[0111] Figure 31 shows an expanded view of "H-NMR spectra for engineered 30OST enzymes
having the amino acid sequence SEQ ID NG: 24, SEQ 1D NO: 26, or SEQ 1D NO: 28, either with
PNS or NCK.

{6112] Figure 32 shows a magnified view of the 3.5ppm to 4.Sppm region of the 'H-NMR spectra

ihustrated in Figure 31,
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{8113] Figure 33 shows a SAX-HPLC chromatogram of a chemically N-sulfated polysaccharide
product, compared to a commercial standard.

{0114] Figure 34 shows a SAX-HPLC chromatogram of an enzymatically 2-0 sulfated
polysaccharide product prepared using the chemtecally N-sulfated polysaccharide product of
Example 7 as the sulfo acceptor polysaccharide, compared to a commercial standard.

{0115} Figure 35 shows a SAX-HPLC chromatogram of an enzymatically 2-0 sulfated
polysaccharide product prepared using the chemically N-sulfated polysacchanide product of
Example 7 as the sulfo acceptor polysaccharide and with a Cs-hexuronyl epimerase included iu the
reaction mixture, compared to a commercial standard.

{0116] Figure 36 shows a SAX-HPLC chromatogram of an enzymatically 6-0 sulfated
polysaccharide product prepared using the sulfated polysaccharide product of Example 8 as the sulfo
group acceptor, compared to a commercial standard.

{86117] Figure 37 shows a SAX-HPLC chromatogram of an enzymatically 6-0 sulfated
polysaccharide product prepared using the chemically N-sulfated polysaccharide product of Example

7 as the sulfo group acceptor, compared to a commercial standard.

DEFINITIONS

{0118} The term, “active site,” refers to sites in catalytic proteins, in which catalysis occurs, and can
include one or more substrate binding sites. Active sites are of significant utility 1o the wdentification
of compounds that specifically interact with, and modulate the activity of, a particular polypeptide.
The association of natural ligands or substrates with the active sites of their corresponding receptors
or enzymes 1s the basis of many biological mechanisms of action. Similarly, many compounds exert
their biological effects through association with the active sites of receptors and enzymes. Such
associations may occur with all or any parts of the active site. An understanding of such associations
helps lead to the design of engineered active sites within sulfotransferases that are capable of binding
to and reacting with aryl sulfate compounds nstead of PAPS

{6119} The term, “aminc acid,” refers to a molecule having the structure wherein a central carbon
atom (the alpha-carbon atom} ts linked to a hydrogen atom, a carboxylic acid group {the carbon atom
of which is referred to herein as a “carboxyl carbon atom”), an amingo group {the nitrogen atom of
which 1s referred to herein as an “amino nitrogen atom”), and a side chain group, R, When
incorporated into a peptide, polvpeptide, or protein, an amino acid loses one or more atoms of ifs
amino and carboxvlic groups in the dehydration reaction that links one amino acid to another. As a

result, when incorporated 1nto a protein, an anmuno acid is referred to as an “amino acid residue.” In
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the case of naturally occurting proteins, an amino acid residue's R group differentiates the 20 amino
acids from which proteins are synthesized, although one or more amino acid residues in a protein
may be derivatized or modified following incorporation into protein in biological systems (e g, by
glycosylation and/or by the formation of cysteine through the oxidation of the thiol side chains of
two non-adjacent cysteine amino acid residues, resulting in a disulfide covalent bond that frequently
plays an important role o stabilizing the folded conformation of a protein, etc.). Additionally, when
an alpha-carbon atom has four different groups {(as is the case with the 20 anmino acids used by
biological systems to synthesize proteins, except for glycine, which has two hydrogen atoms bonded
to the carbon atom}, two different enantiomeric forms of each amino acid exist, designated D and L.
In mammals, only L-amino acids are wncorporated into naturally occurring polypeptides. Engineered
sulfotransferase enzymes utilized in accordance with methods of the present invention can
incorporate one or more D- and L-aminoe acids, or can be comprised solely of D- or L-amino acid
residues.

{6120} Non-naturally occurring amino acids can also be incorporated into any of the sulfotransferase
enzymes ufilized in accordance with the methods of the present invention, particularly engineered
sulfotransferase enzymes having aryl sulfate-dependent activity. Examples of such amino acids
include, without imitation, alpha-amino 1sobutyric acid, 4-amino butyric acid, L-amino butyric acid,
t-amino hexanoic acid, 2-amino isobutyric acid, 3-amine propionic acid, ornithine, norleucine,
norvaline, hydroxyproline, sarcosine, citrulline, cysteic acid, t-butyl glycine, t-butyl alanine,
phenylglycine, cyclohexyl alanine, beta-alanine, fluorco-amino acids, designer amino acids {e.g,
beta-methyl amino acids, alpha-methyl anino acids, alpha-methyl amino acids) and amino acid
analogs 1n general.

{0121} The term, “and/or,” when used in the context of a listing of entities, refers to the entities
being present singly or in combination. For example, the phrase “A, B, C, and/or D7 includes A, B,
C, and D individually, but also includes any and all combinations and sub-combinations of A, B, (|
and D

{0122} The term, “API heparin,” refers to the form of heparin that 1s regulated for administering to
patients, and which conforms to the United States Pharmacopeia (USP) reference standard with
respect to tdentity, strength, quality, purtty, and potency. Properties defined by the USP monograph
for heparin sodium include: a characteristic 'H-NMR spectrum; chromatographic purity, particularly
with respect to dermatan sulfate and oversulfated chondroitin sulfate; anti-Factor Xa activity; anti-
Factor Ha activity; the ratio of anti-factor Xa activity relative to anti-factor Ha activity; the presence
or absence of inorganic and norganic impurities; and a charactenstic molecular weight distribution
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or profile. In particular, the USP Heparin Sodium standard has an anti-Factor Xa activity of not less
than 180 IU mg™; an anti-factor Ila activity of not less than 180 IU mg™'; a ratio of anti-Factor Xa
activity to anti-Factor Ha activity of 0.9-1.1, the amount of polysacchanide chains greater than
24,000 Da is less than 20% of a heparin sample; the amount of polysaccharide chains between 8,000
Da and 16,000 Da being greater than the amount of polysaccharide chains between 16,000 Da and
24,000 Da within the heparin sample; and a weight average molecular weight of the heparin sample
in the range of at least 15,000 Da and up to 19,000 Da

{0123] The terms, “aryl sulfate” or “aryl sulfate compound,” refer to any compound, functional
group, or substituent derived from an aromatic ring in which one or more of the hydrogen atoms
directly bonded to the aromatic ring is replaced by a sulfate functional group. Typically, the sulfate
functional group s covalently bound to the aromatic motety of an ary! sulfate compound through a
sulfate ester linkage. Exemplary aryl sulfate compounds that can donate a sulfo group to a
polysaccharide, particularly a heparosan-based polysaccharide, using any of the engineered
sulfotransterases include, but are not limited to, p-mitrophenyl sulfate (PNS), 4-methylumbelliferyl
suifate (MUS), 7-hvdroxycoumarin sulfate, phenvl sulfate, 4-acetyipheny! sultfate, indoxyl sulfate, 1-
naphthyl sulfate, 2-naphthyl sulfate, and 4-nitrocatechol sulfate (NCS).

{0124] The term, “aryl sulfate-dependent sulfotransferase,” refers to the collective group of
engineered sulfotransferases that possess biological or catalytic activity with aryl sulfate compounds
as sulfo donors. Non-himiting examples of aryl sulfate compounds upon which the biological
activity of the sulfotransferase can be dependent include PNS and NCS. As described herein,
engineered sulfotransferases having biological activity with aryl sulfate compounds as sulfo group
donors can possess biclogical activity with polysaccharides, particularly heparosan-based
polysaccharides, as sulfo group acceptors. “Aryl suifate-dependent sulfotransferase” also includes
both nucleic acids and polypeptides encoding for any aryl sulfate-dependent sulfotransferase,
including mutants derived from the sequences disclosed herein.

{8125] The term, “average molecular weight,” with respect to any of the polysaccharide starting
materials, intermediates, and/or products used or generated according to any of the methods of the
present invention, and unless otherwise indicated, can refer to any accepted measure of determining
the molar mass distribution or molar mass average of a mixture of polymers having varying degrees
of polymerization, functionalization, and molar mass, including but not limited to “number-average
molecular weight,” “mass-average molecular weight” “weight-average molecular weight”

“Z {centrifugation) average molar mass,” or “viscosity average molar mass.”
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{8126] The term, “weight-average molecular weight,” refers to a method of reporting the average
molecular weight of polysaccharides in a mixture, calculated using the mole fraction distribution of

oM}

, wherein &; is the number
DiNiM;

the polysaccharides within the sample, using the equation M,, =

of polysaccharides of molecular mass M;.
{6127} The term, “number-average molecular weight.” refers to a method of reporting the average
molecular weight of polysaccharides in a mixture, calculated by dividing the total weight of ali of

the polysaccharides in the sample divided by the number of polysaccharides in a sample, using the

Di MMy

TSN wherein #; is the number of polysaccharides of molecular mass M, .
[ EAN

equation, My =

Accordingly, the weight-average molecular weight, M,,, is necessarily skewed toward higher values
corresponding to polysaccharides within the sample that are larger than other polysaccharides within
the same mixture, and will always be larger than the number-average molecular weight, M,,. except
when the sample is monodisperse, and M,, equals M. If a particular sample of polysaccharides
within the sample has a large dispersion of actual weights, then M,, will be much larger than M,,.
Conversely, as the weight dispersion of polysaccharides in a sample narrows, M,, approaches M,,.
10128] The terms, “relative molecular weight” or “relative molar mass” (M.}, refers to another
method of reporting the average molecular weight of polysaccharides in a mixture as a unitless
quantity, most broadly determined by dividing the average mass of the molecule by an atomic mass
constant, such as 1 atomic mass unit (amu) or 1 Dalton {(Da). With respect to polysaccharides, M,
does not take into account the ditferent chain-lengths, functionalization, and/or weight distribution of
the polysaccharides in the sample, and instead simply represenis the true average mass of the
polysaccharides in the sample in a manner simatlar to small molecules.

[8129] The terms, “biological activity” or “catalytic activity,” refer to the ability of an enzyme to
catalyze a particular chemical reaction by specific recognition of a particular substrate or substrates
to generate a particular product or products. In some embodiments, the engineered enzymes of the
present invention possess a biclogical or catalytic activity that is dependent on binding and reacting
with aryl sulfate compounds, particularly PNS, as substrates.  Additionally, some engineered
enzymes are capable of having promiscuous catalviic activity with one or more alternate aryl sulfate
compounds n addition to PNS, including but not limited to MUS, 7-hydroxycoumarin sulfate,
phenyl sulfate, 4-acetylphenyl suifate, indoxyl sulfate, 1-naphthyl sulfate, Z-naphthy! sulfate, and
NCS.

{0130] The term, “coding sequence,” refers to that portion of a mucleic acid, for example, a gene,
that encodes an amino acid sequence of a protein.
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{8131} The term, “codon-optimized” refers to changes in the codons of the polynucleotide encoding
a protein to those preferentially used in a particular organism such that the encoded protein is
efficiently expressed in the organisro of interest.  Although the genetic code 1s degenerate 1o that
most aming acids are represented by several codons, it is well known that codon usage by particular
organisms 1s non-random and biased toward particular codon triplets. In some embodiments of the
invention, the polynucleotide encoding for an engineered enzyme may be codon optimized for
optimal production from the host organisiu selected for expression.

{0132] The terms, “corresponding to,” “reference to,” or “relative t0,” when used in the countext of
the numbering of a given amino acid or polynucleotide sequence, refers to the numbering of the
residues of a specified reference sequence when the given amino acid or polynucleotide sequence 18
compared to the reference sequence. In other words, the residue number or residue position of a
given polymer is designated with respect to the reference sequence rather than by the actual
numerical position of the residue within the given amino acid or polynucleotide sequence.

{0133} The term, “deletion,” refers to modification of a polypeptide by removal of one or more
amino acids from the reference polypeptide. Deletions can comprise removal of 1 or more aming
acids, the net result of which is retaining the catalytic activity of the reference polypeptide.
Deletions can be directed to the internal portions and/or terminal portions of a polypeptide.
Additionally, deletions can comprise continuous segments or they can be discontinuous.

{8134} The term, “disaccharide unit,” refers to the smallest repeating backbone unit within many
polysaccharides, including linear polysaccharides, in which the smallest repeating unit consists of
two sugar residues. With respect to a heparosan-based polysaccharide, the disaccharide unit consists
of a hexuronic acid residue and a glucosamine residue, either of which can be functionalized and in
which the hexuronic acid residue can either be glucuronic acid or iduronic acid. Each disacchande
unit within the heparosan-based polysaccharide can be described by its backbone structure and by
the number and position of sulfo groups that are present. Further, the relative abundance of
disaccharide units having the same structure within the same polysaccharide, and/or within the same
sample of polysaccharides, can be characterized to determine the amount of sulfation at a particular
position as a result of reacting with any of the sulfotransferases described herein.

{8135} The terms, “fragment” or “segment,” refer to a polypeptide that has an amino- or carboxy-
terrminal deletion, but where the remaining amino acid sequence 18 identical to the corresponding
positions in a reference sequence. Fragments can be at least 50 amino acids or longer, and up to
70%, B0%, 90%, 95%, 98%, and 99% of a fulldength aryl sulfate-dependent or natural

sulfotransferase enzyme.
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{0136] The terms, “functional site” or “functional domain,” generally refer to any site in a protein
that confers a function on the protein. Representative examples include active sites (i.e., those sites
in catalytic proteins where catalysis occurs) and ligand binding sites. Ligand binding sites include,
but are not limited to, metal binding sites, co-factor binding sites, antigen binding sites, substrate
channels and tunnels, and substrate binding domatns. In an enzyme, a ligand binding site that 15 a
substrate binding domain may also be an active site. Functional sites may also be composttes of
multiple functional sites, wherein the absence of one or more sites comprising the composite resulis
in a loss of fusction. As a non-limtting example, the active site of a particular sulfotransterase
enryme may include muitiple binding sites or clefts, including one site for the sulfo donor and one
site for the sulfo acceptor.

{8137} The terms, “gene,” “gene sequence,” and “gene segment,” refer to a functional unit of nucleic
acid unit encoding for a functional protein, polypeptide, or peptide. As would be understood by
those skilled 1n the art, this functional term includes both genomic sequences and cBNA sequences.
The terms, “gene,” “gene sequence,” and “gene segment,” additionally refer to any DNA sequence
that i3 substantially 1dentical to a polynucleotide sequence disclosed herein encoding for engineered
enzyme gene product, protein, or polysaccharide, and can comprise any combination of assoctated
control sequence. The termos also refer to RNA, or antisense sequences, complementary to such
DNA sequences. As used herein, the term “DNA segment” inclades isolated DNA molecules that
have been isolated free of recombinant vectors, including but not himited to plasmids, cosmids,
phages, and viruses.

10138] The term, “glycosaminoglycan,” refers to long, linear polysaccharides consisting of repeating
disaccharide units. Hxamples of glycosaminoglycans {(GAGs) include chondroitin, dermatan,
heparosan, hyaluronic acid, and keratan.  GAGs are generally heterogeneous with respect to mass,
fength, disaccharide unit structure and functionalization, degree of sulfation.

{8139} The term, “heparosan,” refers to a particular GAG having repeating [B(1,4)GlcA-
af 1, GlcNAc: disaccharide units, in which GlcA is glucuronic acid and GlcNAc 18 N-acetyl
glucosamine.

{0140] The term, “heparosan-based polysaccharide,” refers to polysaccharides having the same
backbone structure as heparosan, in which the disaccharide unit contains 124 glycosidically-linked
hexuronic acid and glucosamine residues.  The hexuronic acid residue can either be GlcA, as in
heparosan, or iduronic acid (IdoA), and can optionally have a sulfo group at the 2-(7 position. The
glucosamine residue can either be N-acetylated, as in heparosan, N-suifated, or N-unsubstituted, and

can optionally be sulfated at the N-, 3-0, or 6-0 position. As used herein, the term “N-unsubstituted,”
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with respect to a glucosamine residue, is equivalent to an “N-deacetylated” glucosamine residue, and
refers to an amine functional group that is capable of receiving a sulfo group either chemically, or
enzymatically using an NST enzyme  According to the present inveuntion, heparosan-based
polysaccharides can be utilized as starting materials, formed as intermediates, acting as sulfo group
acceptors and/or synthesized as products according to any of the methods described herein.

{8141} The term, “insertion,” refers to modifications to the polypeptide by addition of one or more
amine acids to the reference polypeptide. Insertions can be in the internal portions of the
polypeptide, or to the C- or N-termini of the polypeptide. Insertions can include fusion proteins as is
known in the art and described below. The insertions can comprise a continuous segment of amino
acids or multiple insertions separated by one or more of the amino acids in the reference polypeptide.
{8142} The term, “isolated nucleic acid” as used herein with respect to nucleic acids derived from
naturally-occurring sequences, means a nibomucleic or deoxyribonucleic acid which comprises a
naturally-occurring nucleotide sequence and which can be manipulated by standard recombinant
DNA technigues, but which is not covalently joined to the nuclectide sequences that are immediately
contiguous on its 57 and 37 ends i the naturally-cccurring genome of the organism from which it ts
derived. As used herein with respect to synthetic nucleic acids, the term “isolated nucleic acid”
means a nibomucleic or deoxyribonucleic acid which comprises a nucleotide sequence which does
not occur in nature and which can be manipulated by standard recombinant DNA techniques. An
isolated nucleic acid can be wanpulated by standard recorobinant DNA techniques when 1t may be
used in, for example, amplification by polymerase chain reaction (PCR)}, in vitro translation, ligation
to other nucleic acids {e.g., cloning or expression vectors), restriction from other nucleic acids {e.g.,
cloning or expression vectors), transformation of cells, hybridization screening assays, or the like.
{0143} The terms, “naturally occurring” or “natural,” refer to forms of an enzyme found in nature.
For example, a naturally occurring or natural polypeptide or polynucleotide sequence is a sequence
present in an organism that can be isolated from a source in nature and which has not been
intentionally modified by human manipulation. A natural polypeptide or polynucleotide sequence
can also refer to recombinant proteins or nucleic acids that can be synthesized, amplified, and/or
expressed i visro, and which have the same sequence and biological activity as an enzyme produced
in vivo. In conirast to naturally occurring or natural sulfotransferase enzymes, the engineered aryl
sulfate-dependent sulfotransterase enzymes utilized in accordance with methods of the present
invention have different amino acid and nucleic acid sequences, biological activity with aryl sulfate

compounds instead of PAPS as sulfo group donors, and cannot be found in nature.
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{0144] The term, “oligosaccharide,” refers to saccharide polymers containing a small number,
typically three to nine, sugar residues within each molecule.

{0145] The term, “percent 1dentity,” refers to a quantiiative measurement of the simiarity between
two or more nucleic acid or amino acid sequences. As a non-limiting example, the percent identity
can be assessed between two or more engineered enzymes of the present invention, two or more
naturally occurring enzymes, or between one or more engineered enzymes and one or more naturally
occurring enzymes. Percent identity can be assessed relative to two or more full-length sequences,
two or more truncated sequences, or a combination of full-length sequences and truncated sequences.
{0146} The term, “polysaccharide,” refers to polymeric carbohydrate structures formed of repeating
units, typically monosaccharide or disacchande units, joined together by glycosidic bonds, and
which can range in structure from a linear chain to a highly-branched three-dimensional structure.
Although the term “polysaccharide,” as used in the art, can refer to saccharide polymers having more
than ten sugar residues per molecule, “polysaccharide” is used within this application o describe
saccharide polymers having more than one sugar residue, including saccharide polymers that have
three to nine sugar residues that may be defined in the art as an “oligosaccharide.” According to the
present invention, the term “polysaccharide,” is also used to generally describe GAGs and GAG-
based compounds, including chondroitin, dermatan, heparosan, hyaluronic acid, and keratan
compounds.

{0147] The terros, “protetn,” “gene product,” “polypeptide,” and “peptide” can be used
interchangeably to describe a biomolecule consisting of one or more chains of amuino acid residues.
In addition, proteins comprising multiple polypeptide subunits (e g, dimers, trimers or tetramers), as
well as other non~-proteinacecus catalytic molecules will also be understood to be included within the
meaning of “protein” as used herein.  Similarly, “protein fragments,” i.e, streiches of anuno acid
residues that comprise fewer than all of the amino acid residues of a protein, are also within the
scope of the invention and may be referred to herein as “proteins.” Additionally, “protein domains”
are also included within the term “protein” A “protein dorain” represents a portion of a protein
comprised of its own semi-independent folded region having its own characteristic spherical
geometry with hydrophobic core and polar exterior.

{8148} The term, “recombinant,” when used with reference to, for example, a cell, nucleic acid, or
polypeptide, refers to a material that has been modified in a manner that would not otherwise exist in
nature. Non-limiting examples inchude, among others, recombinant cells expressing genes that are
not found within the native (non-recombinant) form of the cell or express native genes that are

otherwise expressed at a different level
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{0149] The term, “reference sequence,” refers to a disclosed or defined sequence used as a basis for
sequence comparison. A reference sequence may be a subset of a larger sequence, for example, a
segment of a full-length gene or polypeptide sequence. Generally, a reference sequence refers to at
feast a portion of a full-length sequence, typically at least 20 amino acids, or the full-length sequence
of the nucleic acid or polypeptide.

{8158} The term, “saccharide,” refers to a carbohydrate, alsc known as a sugar, which is a broad
term for a chemical compound comprised of carbon, hydrogen, and oxygen, wherein the number of
hydrogen atoms 13 essentially twice that of the number of oxygen atorns.  Often, the number of
repeating units may vary in a saccharide. Thus, disaccharides, oligosaccharides, and polysaccharides
are all examples of chains composed of saccharide units that are recognized by the engineered
sulfotransferase enzymes of the present invention as sulfo group acceptors.

10151} The term, “substantially equivalent,” with respect to polysaccharides utilized as starting
materials, formed as intermediates, acting as sulfo group acceptors, and/or synthesized as producis
according to any of the methods described herein, refers to one or more properties of a
polysaccharide sample that are identical to those found in a polysaccharide sample characterized in
the prior art.  Such properties may include, but are not limited to, chemical structure, sulfation
frequency and location, disaccharide umit composition, molecular weight profile, and/or
anticoagulant activity. FEven if the two polysaccharide samples have additional properties that may
be different, such differences do not significantly affect their substantial equivalence. In a non-
limiting example, anticocagulant NS2Z86835-HS products synthesized according to methods of the
present invention can be substantially equivalent to the United States Pharmacopeia (USP) reference
standard {CAS No: 9041-08-1} with respect to chemical structure, molecular weight profile, and/or
anticoagulant activity, but can be produced at a different purity than the USP reference standard,
which is isolated from natural sources and can contain non-trace amounts of other GAGs in the same
sample.

[0152] The term, “substantially pure,” with respect to protein preparations, refers to a preparation
which contains at least 60% (by dry weight) the protein of interest, exclusive of the weight of other
intentionally included compounds. Particularly the preparation 1s at least 75%, more particularly at
feast 90%, and most particularly at least 99%, by dryv weight the protein of interest, exclusive of the
weight of other intentionally included compounds. Purity can be measured by any appropriate
method, eg, column chromatography, gel electrophoresis, or high-performance hquid
chromatography (HPLC) analysis. If a preparation intentionally includes two or more different

proteins of the invention, a “substantially pure” preparation means a preparation in which the total
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dry weight of the proteins of the invention is at least 60% of the total dry weight, exclusive of the
weight of other intentionally included compounds. Particularly, for such preparations containing
two or more protens of the tovention, the total weight of the proteins of the invention can be at feast
75%, more particularly at feast 90%, and most particularly at least 99%, of the total dry weight of the
preparation, exclusive of the weight of other intentionally included compounds.

{8153} The terms, “sulfo” or “sulfuryl” refer to a functional group, substituent, or moiety having the
chemical formula SO3H that can be removed from an arvl sulfate compound and/or be transterred
from a donor compound to an acceptor compound. In some embodiments, the engineered
sulfotransferases of the present invention catalyze the transfer of sulfo groups from aryl sulfate
compounds to a polysaccharide, particularly heparosan and/or heparosan-based polysaccharides.
{8154} The term, “sulfotransferase,” refers to any enzyme in an # vive or in vifro process that is
used to catalyze the transter of a sulfo group from a sulfo donor compound to a sulfo acceptor
compound. “Sulfotransferase” can be used interchangeably to describe enzymes that catalyze
sutfotransfer reactions in vive or to describe engineered enzymes of the present invention that
catalyze sulfotransfer reactions in vigro.

{8155} The term, “transtormation,” refers to any method of introducing exogenous a nucleic acid
into a cell including, but not limited to, transformation, transfection, electroporation, microinjection,
direct injection of naked nucleic acid, particle-mediated delivery, viral-mediated transduction or any
other roeans of delivering a nucleic acid nto a host cell which resulis v travsient or stable
expression of said nucleic acid or integration of said nucleic acid into the genome of said host cell or
descendant thereof.

16156} The term, “unfractionated heparin,” refers to any synthesized or isolated heparin that has not
been modified and/or partially depolymernized to form low molecular weight heparin. With respect
to naturally-obtained heparin, the term “unfractionated heparin™ generally represents the form of the
heparin isolated from the animal, typically from porcine or bovine scurces, prior to purification to
meet USP reference standards. With respect to products synthesized by methods of the present
invention, the term “unfractionated heparin” can refer to the N,2,3,6-HS product having
polysaccharides comprising the pentasaccharide sequence of Formoula I prior to purification to torm

API heparin or low-molecular-weight heparin.

DETAILED BESCRIPTION OF THE INVENTION
{0157} Heparin has been commonly described in a variety of medical treatments, most notably as a

blood thinner as a result of its anticoagulant activity. However, in many treatments, that same
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anticoagulant activity 1s not desired, and in many cases, can potentially cause dangerous side etfects,
including heparin-induced thrombocytopenia and increased risk of uncontrolled bleeding. To
sutigate that risk, polysaccharide compositions that can still interact with vanous targets within the
body while having reduced anticoagulant activity are prepared from heparin. Examples of such
targets are described in further detail below. Heparin derivatives (also known as “heparinoids”) are
typically prepared by O-desulfation of heparin, to form O-desulfated heparin {ODSH).  The
generated ODSH heparinoids are substantially desulfated at the 2-0 position of hexuronic acid
residues and/or the 3~0 position of glucosamine residues within each polysaccharide, while retaining
the N- and 6-0O glucosamine sulfation commonly found in heparin. Metheds of preparing and
controtling the desuifation of heparin to form ODSH are described in US. Patents 5,990,097,
5,912,237, 5,808,021, 5,668,118, and 5,296,471,

{0158] Although ODSH heparinoids prescribed in medical treatments are often substantially 2-0
and 3-(7 desulfated, from at least 85% and up to at least 99% 2-07 and 3-(7 desulfation, the ODSH
products nonetheless retain some of the anticoagulant activity from heparin, indicating that not all of
the 2-¢J and 3-0 positions are desulfated. For example, U.S. Patents 5,296,471 and 5,808,021 both
describe the production of 2-0 and 3-0) desulfated ODSH compositions having between 1.2 and
10% of the anticoagulant activity of heparin using an activated partial thromboplastin time (aPTT)
assay. Both patents also describe references which are referred to as “non-anticoagulant”
depolymerized heparins, although these similarly only describe low molecular weight heparing
(LMWH} having reduced anticoagulant potency under United States Pharmacopeia (USP} assay
reaction conditions {(see, ¢.g Jaseja, M, et al, Can J. Chem (1989} 67: 1449-1456 (< 5 WW/mg) and
U.S. Patent 6,150,342 (APTT: 54-102 U/mg, Anti-Factor Xa: 3-8 IL/mg), the disclosures of which
are incorporated by reference in their entireties). Similarly, U S Patents 5,668,118, 5,912,237, and
5,990,097 describe the production of 2-O desulfated heparin with “much reduced anti-coagulant
activity” when compared to heparin, while U8 Patents 6,489 311, 7468358, 0271999 and
10,052,346 describe the use of substantially 2-0 and 3-0 desulfated ODSH compositions having
from 6-10 {U/mg of USP activity, 1.9-10 IU/mg of Anti-Factor Xa activity, and 2 [U/mg of Anti-
Factor Hfa activity.  As a result, there is still potential for severe health risks associated with
anticoagulant heparin when using ODSH heparinoids derived from anticoagulant heparin,

10159} In contrast, heparan sulfate compounds that have no aPTT, USP, anti-Factor Xa (anti-Xa),
and/or anti-Factor Ia {anti-lla} anticoagulant activity can be synthesized by counstructing such
compounds 7# vitro, rather than depolymerizing heparin isolated from natural sources. Heparin

synthesized @ vifro has geverally been performed by utihizing recombinant beparan sulfate

36



WO 2022/015794 PCT/US2021/041537

sulfotransferase enzymes and PAPS to selectively and sequentially add sulfate groups fo N-
deacetylated heparosan {see e¢.g. U.S. Pat. No. 8,771,995 and 9,951,149, the disclosures of which are
incorporated by reference in its entirety), sumilar to processes performed in vive  In nature,
heparosan is synthesized in the Golgt apparatus as co-polymers of glucurenic acid and N-acetylated
glucosamine, before being modified by one or more sulfotransterases to form heparan sulfate (HS)
products. Such modifications include N-deacetylation and N-sulfation of glucosamine,
Cs epimertzation of glucuronic acid to form iduronic acid residues, 2-O-sulfation of iduronic and/or
glucuronic acid, as well as 6~-O-sulfation and 3-O-sulfation of glucosamine residues. The natural
sulfotransferases that catalyze N-sulfation, 2-C-sulfation, 6-O-sulfation and 3-C-sulfation of
heparosan and HS polysaccharides i vive exclusively recognize and bind with PAPS, a nearly
ubiguitous sulfo group donor recognized by nearly all sulfotransferases, particularly in eukaryotes.
An example of a sulfotransfer reaction mechanism between the human glucosaminyl 3-O
sutfotransferase (30ST) enzyme, PAPS, and heparan sulfate is illusirated in Figures 1A-1C. In
particular, the glutamic acid residue at position 43 abstracts the proton from the 3-O position of the
N-sulfoglucosamine residue within the polysaccharide, enabling the nucleophilic attack and removal
of the sulfo group from PAPS, whereas His-45 and Asp-48 coordinate to stabilize the transition state
of the enzyme before the sulfated polysaccharide product 1s released from the active site.

{0160} However, although PAPS 15 the exclusive sulfo donor in eukaryotes, it has a short halt-life
and can readily decompose iuto adevosine 3',5'-diphosphate, which acts as a competitive inhibitor
during sulfotransfer reactions. Animals can efficiently utilize PAPS because they can metabolize
adenosine 3',5'-diphosphate to prevent competitive inhibition and also replenish PAPS for each
sulfotransfer reaction, as needed. On the other hand, aryl sulfate compounds, which can be utilized
as sulfo donors in a limited number of bactenial systems (see Malojcic, G, et al., above), cannot
react with any of the known native sulfotransferase enzymes in eukaryotes, including those that are
involved in synthesizing HS polysaccharides in vive. Without being limited by a particular theory, it
is believed that the binding pockets for PAPS within the active sites of eukaryotic sulfotransferases
either do not have a high encugh affinity for aryl sulfate compounds to facilitate binding, and/or that
the aryl sulfate compounds are sterically hindered from entering the active site at all.

{8161 The present disclosure includes methods for synthesizing HS polysaccharides using
sutfotransferase enzymes that are engineered to recognize and bind with aryl sulfate compounds as
sutfo group donors. Particularly, the engineered sulfotransferase enzymes are designed o transfer
sulfo groups from aryl sulfate compounds to N-deacetylated heparosan or heparan sulfate. The
structure and activity (anticoagulant vs. non-anticoagulant} of the resulting HS polysaccharide
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products can be controlled, 1o part, by the enzymes selected for the product synthesis.  Depending
on thetr role, HS polysaccharides can contain one or more unique patterns or motifs recognized by
specific proteinds) involved in the particular biological process. In an embodiment of the invention,
the HS polysaccharide produced by any of the methods described herein can have anticoagulant
activity. In another embodiment, HS polysaccharides produced by any of the methods described
herein can have zero anticoagulant activity.

18162} It should be understood that while reference 1s made to exemplary embodiments and specific
language 15 used to describe them, vo himitation of the scope of the iovention s intended.  Further
modifications of the methods described herein, as well as additional applications of the principles of
those toventions as described, which would occur to one skilled in the relevant art and having
possession of this disclosure, are to be considered within the scope of this invention. Furthermore,
unless defined otherwise, all technical and scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art to which embodiments of this particular
invention pertain. The terminology used 1s for the purpose of describing those embodiments only,
and 1s not intended to be limiting unless specified as such. Headings are provided for conventence
only and are not to be construed to limit the invention in any way. Additionally, throughout the
specification and clairos, a given chemical formula or name shall encompass all optical isomers and

sterecisomers, as well as racemic mixtures where such isomers and mixtures exist.

Invitro synthesis of heparan sulfate polvsaccharides

18163} In an embodiment of the invention, the synthesis of HS polysaccharides can be accomplished
by treating a heparosan-based polysaccharide with an aryi sulfate compound and a sulfotransferase
enzyme that has been engineered to recognize, bind, and react with aryl sulfate compounds as sulto
group donors.  Each of the engineered sulfotransferase enzymes, including their sequences,
structures, and biological activities, are described in further detail below. Without being limited by a
particular theory, it is believed that sulfotransferase enzymes that recognize polysaccharides as sulfo
group acceptors, but also bind and react with aryl sulfate compounds as sulfo donors, have neither
been observed in vature nor described previously.

{8164} Those skilled in the art will appreciate that the engineered sulfotransferase enzymes utilized
in the methods of the present invention have several advantages over i vifro and i vivo reaction
mechanisms that are unable to bind and react with aryl sulfate compounds in order to catalyze sulfo
transfer. Presently, obtaining large-scale quantities of sulfated polysaccharides, including ODSH,

requires isolating heparin produced i vive from animal sources, such as pigs and cattle (see Xu, Y.,
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et al, (2011) Science 334 (60S5S): 498-501). However, a worldwide contamination crisis of heparin
shone a spotlight on the fragility of solely relying on obtaining them from animal sources.
Counsequently, in recent vears, there has been a push to develop synthetic routes to synthesizing
heparin and other HS polysaccharides in large enough quantities to compliment or replace animal-
sourced products.

{8165] In order to synthesize sulfated polysaccharides i vifro, there have historically been two
reaction schemes: total chemical synthesis and chemoenzymatic synthesis. While both types of
reaction schemes have led to purified products that o some instances are homogeneous, synthetic
routes as a whole have been inadequate to produce sulfated polysaccharides, particularly heparin, on
an industrial scale. Indeed, the production of such polysaccharides using total chemical synthesis
has historically required as many as 60 steps and resulted in very low yields {see Balagurunathan, K.,
et al., {eds) (2015) Glveasaminaglycans: Chemistry and Biclogy, Methods in Molecular Biology,
vol. 1229, DO 10.1007/978-1-4930-1714-3 2, © Springer Science + Business Media New York).
{0166} Chemoenzymatic synthesis routes, on the other hand, generally utilize far fewer steps and
increase the scale of the generated anticoagulant products into multi-milligram amounts (See US.
Pat. No. 8,771,995 and 9,951,149, the disclosures of which are incorporated by reference in its
entirety). The iraprovements 1u the quantity of obtainable product can be atiributed to the ability to
combine recombinant natural sulfotransferases and PAPS in a reaction vessel in order to catalyze
sulfo group transfer. Yet, chemoenzymatic methods to this point are inadequate for forming heparin
on a large scale, because of the natural sulfotransferases’ requirement to react with PAPS. PAPSisa
highly expensive and unstable molecule that has been an obstacle to the large-scale production of
enzymatically sulfated products, including heparin, because the half-life of PAPS at pH 8.0 15 only
about 20 hours.

{8167} Furthermore, product inhibition by adenocsine 3',5-diphosphate has also been a limiting
factor to large-scale synthesis of sulfated products. The highly negative impact of the product
inhibition by adevosine 3',5'-diphosphate can be somewhat reduced by employing a PAPS
regeneration system {see U.S. Pat. No. 6,255,088, above, and Burkhart, et al. (2000} J Org. Chem.
65. 5565-5574) that converts adenosine 3'.5-diphospbate into PAPS.  Despite the PAPS
regeneration sysiem, however, the absolute necessity to supply PAPK to initiate the chemical
reaction with native sultotransferases nonetheless creates an insurmountably high-cost barrier to
synthesize sulfated products, including heparin, on an industrial, production-grade scale.

{6168} In contrast o prior chemoenzymatic syntheses of sulfated polysaccharides that require PAPS

as a sulfo dovor 1o order to drive activity, the methods of the present invention obviate the need to
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use PAPS altogether, because each of the sulfotransterases have been engineered to recogmze, bind,
and react with aryl sulfate compounds as sulfo group donors. As described above, some ary! sulfate
compounds, such as BNS, NCS, or MUS, are cheap, widely-available, and have been shown to react
with some bacterial sulfotransterases as sulfo donors (see Malojcic, ., et al, above). However,
bacterial sulfotransferases are unsuitable to synthesize sulfated polysaccharides, particularly heparin
or ODSH, because the bacterial sulfotransferases only recognize other aromatic compounds as sulfo
group acceptors, and cannot bind or react with polysaccharides. Consequently, and without being
hmited by a particular theory, it 18 believed that the engineered sulfotransferases utilized in methods
of the present invention are the only known sulfotransferases that are capable of catalyzing sulfo
group transfer from an aryl sulfate compound io a polysaccharide, particulardy heparosav-based
polysaccharides. Generally, any of the methods described herein for synthesizing sulfated products
such as heparin and ODSH can be performed using one or more engineered sulfotransferases, and
such engineered sulfotransferases can comprise any amine acid sequence so long as its biological
activity 18 dependent on transferring a sulfo group from an aryi sulfate compound to heparosan-based
polysacchartde. Noun-limiting examples of engineered enzymes, aryl sulfate compounds, and
heparosan-based polysaccharides are described in further detail, below.

{8169] In nature, heparan sulfate can be sulfated at the 2-0O position of any hexuronic acid residue
and the N-, 3~} 6-O position of any glucosamine residue within the polysaccharide. Further,
several of the hexuronic acid or glucosamine residues within the samwe polysaccharide chain can be
sulfated at any of the above positions, and can form a characteristic sulfation pattern that can be
recognized by one or more enzymes or co-factors within the body.  As a non-limiting example,
heparin contains polysaccharides having a characteristic pentasaccharide sequence with a specific
sutfation pattern that 18 recogruzed by antithrombin.

{8176] In an embodiment of the iovention, methods are provided for chemoenzymatically
synthesizing heparan sulfate products, including ODSH and heparin. One or more, and preferably
all, of the N-, 2-0-, 3-0-~, and 6-O sulfation steps can be catalyzed using sulfotransterase enzymes
that are engineered to react with aryl sulfate compounds in the absence of PAPS. Each of these
enzymes are described in further detail below. Such product compositions that can be synthesized
comptise, as non-limiting examples, V-, 2-(} suifated heparan sulfate (NS2S/HS), N-, 6-O sulfated
heparan sulfate (INSOS/HS), M-, 2-0, 6-0 sulfated heparan suifate (NS2ZS6S/HS), and N-, 3-0, 6-0
sutfated heparan sulfate {(NS3S65/HS).  In various embodiments, the NSZS/HS, NS65/HS,
NS2ZS86S/HS, and NS3S65/HS product composition(s) synthesized by any of the methods described

herein can have substantially the same structure(s) and pharmaceutical activities as any ODSH
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composition 1 the art produced by O-desulfatiog beparin.  In various embodiments, NS2S/HS,
NSGS/HS, NS2865/HS, and NS356S/HS products, particularly NS65/HS products, can have zero
ISP, aPTT, Anti-Xa, and/or Auti-la anticoagulant activity, distioguishing them from ODSH
heparinoid compositions, which retain some anticoagulant activity from the heparin or low
molecular weight heparin (LMWH) compositions from which they are derived.
{8171} In an embodiment of the iovention, methods are provided for chemoenzymatically
synthesizing N-, 2-0- 3-0- 6-O-sulfated-HS (N,2,3,6-HS) products, particularly heparin. One or
more, and preferably all, of the N-, 2-0-, 3-0-, and 6-O sulfation steps can be catalyzed using
sulfotransferase enzymes that are engineered to react with aryl sulfate compounds in the absence of
PAPS. EHach of these enzymes are described o further detail below. By controlling the molecular
weight and N-acetyl glucosamine content of heparcsan-based polysaccharides utilized as starting
materials, an N,2,3,6-HS product composition can be formed that has a comparable molecular
weight, sulfation, and anticoagulant activity to the United States Pharmacopeia {USP) reference
standard (CAS No: 9041-08-1) for API heparin.  In various embodiments, once the NS2S683S-HS
product s formed according to any of the methods of the present invention, it can subsequently be
()-desulfated according to any method known in the art to form an ODSH composition i virro.
Such ODSH composttions can be completely free of dermatan sulfate and chondroitin sulfate
contaminants that can be found in ODSHs produced from animal-sourced heparin.
{8172} Heparin produced #n vitro and in vivo contains heparan sulfate polysaccharides having a
consensus pentasaccharide motif, which can only be formed when sulfated in a specific order. Thus,
in methods of the present invention in which a hepann product is synthesized, the order of sulfation
within the pentasaccharide motif is typically: (1} N-sulfation; (2) 2-C-suifation; (3} 6-O-sulfation;
and (4} 3-O sulfation. However, other portions of the polysaccharide can be sulfated in any order,
and other HS products, including NSZS/HS, NS6S/HS, NSZS6S/HS, NS3S65/HS, and non-heparin
NS2S6838-HS products, can be synthesized by sulfating heparosan-based polysaccharides in any
order. Each of the reaction steps utilized to synthesize any HS product can optionally be performed
in a single pot, or performed in one or more separate steps in which the products are isolated and
purified prior to performing the next sulfation step.
{8173} In general, and as described above, a vast majority of natural sulfotransferases, including all
sulfotransferases known to react with polysaccharides, react with PAPS as a sulfo donor
Consequently, each sulfotransferase enzyme ts generally classified by the chemical reaction it
catalyzes, particularly the sulfo group acceptor and the subsequently-formed product. With respect

to sulfotransferases that react with heparosan-based polysaccharides, the enzymes must further
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recognize specific structural motifs and sulfation patterns within the polysaccharide chain o order to
bind and react. FHach of the engineered, aryl sulfate-dependent sulfotransferases, and the sulfo
acceptor polysaccharides that they recognize, bind, and react with, are described in further detail

below.

Olucosaminy! N-sulforansferases

{0174} In nature, N-sulfation is typically carried out by N-deacetylase/N-sulfotransferase (NDST)
enzymes have dual activity, in which the same enzyme can catalyze the N-deacetylation of N-acetyl
glucosamine residues and the N-sulfation of unsubstituted glucosamine residues within heparosan.
In particular, N-sulfation is accomplished by the enzymatic transfer of a sulfo group from PAPS to
the glucosamine residue. The dual N-deacetvlase and N-sulfotransferase activity of NDST is
achieved via two separate structural domains—an N-deacetylase domain and an N-sulfotransferase
domain. However, the activity of one of the domains is not a pre-requisite for the activity of the
other dowain, and recombinant single domain proteins compnsing either N-deacetylase or
N-sulfotransferase activity can be expressed and purified. Thus, in # visro syntheses of heparan
sutfate products, a single-domain, recombinant N-sulfotransferase enzyme 1s often utilized to carry
out the N-suifation step. Similarly, and in an embodiment of the invention, engineered ary! sulfate-
dependent NST enzymes can be expressed and purified to comprise a single, N-sulfotransterase
domain, in order to catalyze the N-sulfation of N-deacetylated heparosan in the absence of PAPS.
{0175} Naturally-occurring NDST enzymes, which react with PAPS as a sulfo group donor, are
members of the EC 2. 8.2.8 enzyme class. N-deacetylated portions of beparosan that can react with
natural NDST enzymes, recombinant N-sulfotransferase domains of natural NDST enzymes, and the
engineered arvi-sulfate dependent NST enzymes described herein can comprise one or more

disaccharide units comptising the structure of Formula I, below:

OR

wherein n 18 an integer and R 1s selected from the group consisting of a hydrogen atom or a sulfo
group.  Although the portion of the polysaccharide that reacts with the enzyme comprises the
structure of Formula I, other portions of the polysaccharide can be N- or O- substituted. Typically,

N-deacetylated heparosan comprising the structure of Formula 1T can comprise at least four
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disaccharide units, or eight sugar residues total.  Sulfotransfer reactions in which N-deacetylated
heparosan is utilized as the sulfo group acceptor are discussed in Sheng, J, et al, (2011} J Biol
Chem. 286 (22).19768-76, as well as Gestewra, TF, et al,, (2013) Plo§S One &8 (8):270880, the
disclosures of which are incorporated by reference in their entireties.

{8176} Upon successfully binding PAPS and N-deacetylated heparosan, NDST enzymes can
catalyze transfer of the sulfo group to an ussubstituted glucosamine, forming an N-sulfated

heparosan product comprising the structure of Formula I below:

OR

wherein n is an integer and R 1s selected from the group consisting of a hydrogen atom or a sulfo
group. Similarly, when an engineered ary! sulfate-dependent NST enzyme successfully binds with
an aryl sulfate compound and N-deacetylated heparosan, N-sulfation is catalyzed to form an N-
sutfated heparcsan product comprising the structure of Formuia [

{8177} In another embodiment, each of the repeating disacchande units within the N-deacetylated
heparosan that reacts with any of the natural NDST enzymes or any of the engineered arvl sulfate-
dependent NST enzymes comprises the structure of Formula . In further embodiments, both of the
R groups at the 6-0 position of the glucosamnyl residues and the 2-0 position of the glucuronic
acid residues are hydrogen atoms, in all of the disaccharide units. In other embodiments, in some
focations within the polysaccharide, at least a portion of the glucosamine residues are still
N-acetylated, as shown in Figure 2, although glucosaminyl residues that are N-acetylated cannot
directly participate as sulfo group acceptors. However, the presence of N-acetylated residues within
the polysaccharide does not affect the sulfotransferases’ binding affinity for non-acetylated residues
within the same polysaccharide. In anocther embodiment, regardless of the structure of the
heparosan-based polysaccharide adjacent to portion comprising the structure of Formula I, the V-
sulfated polysaccharide product generated by reacting with an engineered NST or natural NDST (or
the recombinant N-sulfotransferase dorain of NDST) comprises the structure of Formula IIL

{6178} In another embodiment, when there are multiple dimers comprising the structure of
Formula II within the polysaccharide, anv unsubstituted glucosamine residue can be N-sulfated.
Similarly, the same polvsaccharide can be N-sulfated multiple times, including and up to all
available unsubstituted glucosaminyl residues that are present within the chain.

4
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{8179} In another embodiment, heparosan-based polysaccharides comprising the structure of
Formula I can be provided as a homogenous composition. In still other embodiments, suifo
acceptor polysaccharides comprising the structure of Formula I can be comprised within a
composition comprising a polydisperse mixture of polysaccharides having variable chain lengths,
molecular weights, and monosaccharide composition and functionalization,

{0180} In another embodiment, heparosan-based polysaccharides comprising the structure of
Formula H and utihized in accordance with methods of the present invention can be obtained and/or
modified from commercial sources. In other embodiments, heparosan can be 1solated from bacterial
or eukaryotic sources and subsequently chemically treated in order to produce an N-deacetylated
polysaccharide that comprises the structure of Formula I Such processes are discussed in detal in
the description and examples, below.

{0181} The N-sulfotransferase domains of natural NDST enzymes within EC 28228 typically
comprise approximately 300 to 350 amino acid residues that can vary greatly in their sequence, yet
ultimately have the exact same function, namely, to catalyze the N-suifation of unsubstituted
glucosamine residues within N-deacetylated heparosan. Without being himited by a particular theory,
it 1s believed that each of the natural N-sulfotransterase domains can catalyze the same chemical
reaction because there are multiple amino acid sequence motifs and secondary structures that are
either identical or highly conserved across all species.

{8182] Further, 1t is believed that several of the conserved amino acid sequence motits within NDST
are directly involved in binding of either PAPS and/or the polysaccharide, or participate in the
cherical reaction itself. The identity of conserved amino acid sequence motifs between the NDST
enzymes can be demonstrated by comparing the amino acid sequence of the N-sulfotransferase
domain of the human NDSTI enzyme, which has g solved crystal structure (PDB code: INST) in
which amino acid residues within the active site have been identified, with the amino acid sequences
of the N-sulfotransferase domains of other natural NDSTs. A multiple sequence alignment of the
N-sulfotransferase domains of fifteen enzymes within EC 2828, including several eukaryotic
organisms and several isoforms of the human NDST, is shown in Figures 3A-3C, along with their
percent wdentity relative to the hurvan NDST1 (UniProtKB Accession No. P52848). As Hustrated 1n
Figures 3A-3C, sequences range from having 98.4% sequence identity with the P52848 reference
sequence {entry spiQ02333NDSTI RAT) for the rat N-sulfotransferase domain down to 55.6%
sequence identity {entry spiQOVILHNDST DROME) for the fruit fly N-sulfotransferase domain.
Those skilled in the art would appreciate that the multiple sequence alignment was limited {o fifteen

sequences for clarity, and that there are hundreds of amino acid sequences encoding for the
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N-sulfotransferase domains of other vatural NDST enzymes that have been identified and that have
highly conserved active site and/or binding regions as well.

[8183] Within Figures 3A-3C, amino acids that are depicted in white with a black background at a
particular position, are 100% identical across all sequences. Amino acids that are highly conserved,
meaning that the amino acids are either identical or chermically or structurally similar, at a particular
position are enclosed with a black cutline. Within highly conserved regions, consensus amino acids
that are present in a majority of the sequences, are in bold. Amino acids at a particular position that
are not identical or highly conserved are typically variable. A period within a sequence indicates a
gap that has been inserted into the sequence in order to facilitate the sequence alignment with other
sequence(s) that have additional residues between highly conserved or identical region. Finally,
above each block of sequences are a series of arrows and coils that indicate secondary structure that
is conserved across all sequences, based on the identity of the amineo acids within the alignment and
using the structure of the natural human N-sulfotransterase enzyme as a reference. The § symbol
adjacent to an arrow refers to a P-sheet, whereas a coil adjacent to an g symbol or a 1 symbol refers
to a helix secondary structure.

{8184} Within the fifteen aligned sequences in Figures 3A-3C, there are several conserved amino
actd motifs that include ove or more amino acids that comprise the active site, based on the crystal
structure of the N-sulfotransferase domain of human NDST1. These conserved amino acid seguence
motifs, based on the numbering of the amino acid residues within Figures 3A-3C include residues
40-46 (Q-K-T-G-T-T-A}; residues 66-69 (T-F-E-E}; residues 101-105 (F-E-K-8-A); residues 139-
143 (S-W-Y-(3-H); and residues 255-262 (C-L-G-K/R-S-K-G-R}.  In further embodiments, some
isoforms of the natural sulfotransferase enzymes within EC 2.8.2.8 that comprise the conserved
amino acid sequence motf Q-K-T-G-T-T-A further comprise the expanded conserved amino acid
sequence motif, G-K-T-G-T-T-A-L-Y-L, from residues 40-49.

{8185} Without being limited by a particular theory, it is believed that these residues either facilitate
or participate in the chemical reaction, or enable binding of PAPS or the polysaccharide within the
active site. In particular and as illustrated in Figures 4A-4C, the histidine residue at position 143
{corresponding to position 716 in the amino acid sequence of the fuli-length natural sulfotransferase
enzyme that also includes an V-deacetylase domain} is in posttion to abstract one of the two protons
within the anune functional group of the unsubstituted glucosaminyl residue within the
polysaccharide, enabling the nitrogen atom to initiate the nucleophilic attack of PAPS and remove
the sulfuryl group. Additionally, lysine residues at position 41 and 260 are also universally

conserved, and are thought to coordinate with the sulfuryl moiety, driving binding of PAPS within

4

(4



WO 2022/015794 PCT/US2021/041537

the active site as well as stabilizing the transition state during the course of the reaction {see Gesteira,
TF., etal, above, as well as Sueyoshi, T, et al., (1998} FERS Leffers 433:211-214, the disclosure of
which is incorporated by reference n its entirety).

{6186} However, as described above, the natural NDST enzymes are unable to catalyze the transfer
of the sulfate group from an aryl sulfate compound to the polysaccharide, because without being
fimited by a particular theory, it 1s believed that the binding pocket for PAPS either does not have a
high enough affiruty for aryl sulfate compounds to facilitate binding and/or that the aryl sulfate
compounds are sterically hindered from entering the active site.  Consequently, and in another
embodiment, the N-sulfotransferase domain of a natural NDST enzyme can be mutated in several
focations within its amino acid sequence to enable binding of the aryl sulfate compound within the
active site and/or to optimally position the aryl sulfate compound so transfer of the sulfate group to
the polysaccharide can occur.

{#187] Accordingly, and in another embodiment, engineered NST enzymes that can be utilized 1o
accordance with methods of the present invention can comprise a single N-sulfotransferase domain
that 1s mutated relative to the N-sulfotransferase domain of any NDST enzyme, including enzymes
having the aming acid sequences illustrated in Figures 3A-3C. In other embodiments, engineered
NST enzymes that can be utilized in accordance with methods of the present 1uvention can further
comprise an N-deacetylase domain that has an identical or mutated amino acid sequence of the N-
deacetylase domain of any natural NDST enzyme.

{0188} In another embodiment, mutations engineered into the amino acid sequences of the
engineered enzymes facilitate a biological activity in which aryl sulfate compounds can both bind
and react with the engineered NST enzymes as sulfo group donors. In further embodiments, the
engineered NST enzyme can bind and react with an aryl sulfate compound as a sulfo group donor,
while retaining the corresponding natural sulfotransferases’ biclogical activity with heparosan and/or
N-deacetylated heparosan as a sulfo group acceptor. Without being limited by a pasticular theory, it
is believed that because of the mutations inserted into the amino acid sequences of the engineered
N&T enzymes, their sulfotransferase activity may comprise the direct transfer of a sulfuryl group
from an ary] sulfate compound to the sulfo acceptor polysaccharide, using a similar mechanism as
described in Figures 4A-4C above, except that the PAPS s substituted with the aryl sulfate
compound. Otherwise, it 15 believed that the mutations may cause the sulfotransferase activity to
comprise a two-step process tncluding the hydrolysis of an aryl sulfate compound and formation of a
sulfohistidine intermediate, followed by the nucleophilic attack of the sulfohistidine intermediate by

an N-unsubstituied glucosamine within N-deacetylated heparosan to form the N-sulfated product.
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By either mechanism, engineered NST enzymes have been shown to achieve sulfo transfer from an
aryt sulfate compound to a polysaccharide, as described in the examples, below.

[0189] In another embodiment, an engineered NST enzyroe can comprise one or more mutated
amino acid sequence motifs relative to the conserved amino acid sequence motifs described above
that are found in the N-sulfotransterase domains of natural NDST enzymes within EC 2828, as
described above and indicated in the multiple sequence alignment in Figure 3. In another
embodiment, each mutated amino acid sequence motif that 1s present in the amino acid sequence of
the engineered NST enzyme comprises at least one amino acid wmutation relative to the
corresponding conserved amino acid sequence motif within the N-sulfotransferase domain of a
natural NDST. In another erobodiment, an engineered NST enzyme comprises one mutated amino
acid sequence motif. In another embodiment, an engineered NST enzyme comprises two mutated
aming acid sequence motifs. In ancther embodiment, an engineered NST enzyme comprises three
mutated amino acid sequence motifs.  In ancther embodiment, an engineered NST enzyme
comprises four mutated amino acid sequence motifs. In another embodiment, an engincered NST
enzyme comprises five mutated amino acid sequence motifs. In another embodiment, an engineered
NST enzyme that includes at least one mutated amino acid sequence mouf relative to an N-
sutfotransferase domain of any of the natural NDST enzymes within EC 2.8 2.8 can have an amino
acid sequence selected from the group consisting of SEQ 1D NO: 2, SEQ 1D NG: 4, SEQ ID NO: 6,
SEQ ID NO: 8, SEQ ID NO: 10, SEQ ID NO: 12, SEQ ID NO: 33, SEQ ID NO: 34, 8EQ ID NO- 35,
SEQ ID NO: 36, SEQ ID NO: 37, SEQ ID NO: 38, SEQ ID NO: 39, and SEQ ID NO: 40,

101990] In another embodiment, upon viewing the crystal structure of the N-sulfotransferase domain
of the human NDST1 (PDB code: INST) within a 3D molecular visualization system (inchuding, as
a non-limiting example, the open-source software, PyMOL), the structure of related sequences, such
as those of engineered NST enzymes that contain one or more mutated amino acid sequence motifs
relative to the human N-sulfotransferase domain, can be modeled for comparison as illustrated in
Figures 5-8. In one non-limiting example, Figure 5 shows a magnified view of the active site of the
human N-sulfotransferase domain that is overlaid with an engineered NST enzyme, comprising the
amino acid sequence of SEQ ID NG 10, in which the structure of the engiveered enzyme 1s
modelled upon making mutations relative to the human N-sulfoiransferase domain amino acid
sequence. Adenosine 3'.5'-diphosphate, which is the product of a sulfotransfer reaction in which
PAPK is the sulfo donor, and which was co-crystallized with the buman N-sulfotransferase domain,
18 also illustrated within the active site. PNS is also modeled into the engineered enzyme active site,

using the consensus solutions of molecular dynamics (MD) simulations that designed to calculate the
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optimized position and orientation of a ligand within an enzyme active site adjacent to the
polysaccharide binding site (not shown}, if such solutions are possible.

[0191] As lustrated o Figure 3, although there are several mutations within SEQ 1D NO: 10,
relative to sequence of the human N-sulfotransferase domain (UniProtiB Accession No. P5S2848)
indicated in Figure 3, the respective protein backbones are tn a nearly identical location to one
another, enabling a one-to-one comparison of the active sites. Within the structure of the engineered
enzyme comprising the sequence of SEQ ID NO: 10, the consensus solutions from MD simulations
indicate that the sulfate motety within PNS s favored to bind adjacent to a histidine residue, His-45,
that has been mutated relative to the natural amino acid residue, threonine, which is also universally
conserved within EC 2.8.2.8  On the other hand, within the human N-sulfotransferase domatin, the
adenosine 3’ 5'-diphosphate is located near to the conserved His-143, described above. Although the
sulfo group that would be comprised within the PAPS substrate is not shown, those skilled in the art
would appreciate that if PAPS were present, the sulfate group would be ortented in a position
immediately adjacent to His-143 and partially overlapping with the sulfate group within PNS.
Without betng limited by a particular theory, it is believed that the nearly overlapping location of the
sulfate groups accounts for the engineered enzyme’s ability to facilitate sulfo group transfer by using
His~143 a5 a base to remove the proton from the glucosaminyl residue within the polysaccharide.
{0192] However, even though the sulfate groups can bind in a nearly identical location within the
active site, aryl sulfate coropounds cannot be utilized with EC 2.8.2 8 enzymes to facilitate sulfo
group transfer to a polysaccharide. As described above, the amino acid residues within the active
site of the natural enzymes are evolved to have strong binding aftinity for PAPS, and likely do not
have enough affinity for aryl sulfate compounds to drive binding and subseguently, reactivity.
Consequently, other mutations must be present within the engineered enzymes to drive binding of
aryt sulfate compounds within the active site. Figure 6 illustrates other mutations that surround PNS
within the engineered enzyme comprising the amino acid sequence of SEQ D NO: 10, including
Trp-106, His-69, and His-40. Trp-106 and His-69 are positioned to provide n-n stacking binding
contacts with aromatic moiety within PNS. Additionally, the 2 nitrogen atoms within His-69 and
His-40 coordinate with the sulfuryl group directly. Lysine residues retained from the vatural enzyme
sequence, Lys-41 (not shown, for clarity} and Lys-103 are in position to coordinate with the sulfate
group during transter in order to stabilize the transition state. Of note, the natural amino acid residue,
Lys-260, which also coordinates with the sulfate group in PAPS, is mutated to a valine residus
within the engineered enzyme sequence. Without being limited by a particular theory, it 1s believed

that His-45, which is vecessary for the reaction with PNS, would exhibit charge repulsion with a
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fysine residue at position 260, and that the wutation to a valine residue retains some steric bulk
within the binding site while eliminating the charge repulsion. Lys-103 is nonetheless positioned to
coordinate with the sulturyl group, particularly when the sulfuryl group is associated or bound to
His-45, as shown in Figure 6.

16193} In another non-limuting example, Figure 7 shows a magnified view of the active site of the
human N-sulfotransferase domain (UniProtKB Accession No. P52B48) that is overlaid with a
different enginecred NST enzyme, comprising the amino acid sequence of SEQ 1D NO: 2. PNS 15
modeled into the engineered enzyrme active site, as described above. As with the engineered NST
having the amino acid sequence SEQ D NO: 10, the protein backbone of the enzyme having the
amino acid sequence SEQ 1D NO: 2 also has a vearly identical structure to the N-sulfotransferase
domain of the human enzyme. However, the consensus solutions from MDD simulations indicate that
the sulfate moiety within PNS is favored to bind adjacent to a ditferent histidine mutation (His-49),
which is mutated from a natural leucine residue that is counserved in the active site of the
N-sulfotransterase domain of several of the natural NDST enzymes. Consequently, mutations within
SNEQ I NO: 10 that formed binding contacts with PNS are not necessarily present in SEQ 1D NO: 2.
As illustrated in Figure 8 and similar to SEQ ID NO: 10, there are two mutations present within
SEQ ID NG: 2 that appear to form n~n stacking binding contacts surrounding the aromatic moiety of
PNS, Trp-45 and His-67. Other mutations that comprise side chains that coordinate with PNS
include Ser-69 (coordinating with the nitro functional group of PNS) and His-260 (coordinating with
the sulfate motety). Similar to SEQ ID NO: 10, because the natural lysine residue at position 260 is
mutated, the natural Lys-103 residue 15 utilized within SEQ 1D NO: 2 to coordinate with the sulfate
moiety within PNS,

{0194] Those skilled in the art would appreciate that engineered NST enzymes of any other amino
acid sequence, including, but not limited to, those described by SEQ ID NGO 4, SEQ 1D NO» 6,
SEQ ID NO: 8, SEQ ID NO: 12, SEQ ID NO: 33, SEQ ID NO: 34, SEQ ID NO: 35, SEQ ID NO: 36,
SEGQID NG 37, SEQ ID NG: 38, SEQID NGO 39, and SEQ ID NG: 40, would likely exhibit a
similar structure to the human N-sulfotransferase domain and engineered NST enzymes having the
amino acid sequence of SEQ ID NG: 2 and SEQ ID NO: 16, Without being limited by a particolar
theoty, it is also believed that NCS would bind tn a similar position as PNS within the active site of
any of the engineered NST enzymes, since the structures of the two aryl sulfate compounds are very
similar, except that the sulfate group is located ortho on the aromatic ring relative 1o the nitro group,

rather than para to the nitro group.
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{8195] Further, engineered NST enzymes utilized in accordance with methods of the present
invention can include mutated amino acid sequence motifs that include the above-described
mutations as well as other mutations that facilitate binding of substrates, the sulfotransfer reaction, or
the stability of the enzyme during protein expression. In anocther embodiment, an enginesred NST
enzyme can include the mutated amino acid sequence motif, Xi-K-T-G-A-W/F-A/L-L-X-H,
mutated from the conserved amino acid sequence Q-K-T-G-T-T-A-L-Y-L within EC 2828,
wherein X 15 selected from the group consisting of glutamine, serine, and alanine; and X is selected
from the group consisting of tyrosine, threonine, and histidine. Engineered NST enzymes that
include the mutated amino acid sequence motif X1-K-T-G-A-W/F-A/L-L-X2-H include, but are not
fimited to SEQ ID NO: 2 (described above), as well as SEQ 1D NO: 4, SEQ ID NO: 12; SEQ ID
NO: 33, SEQ ID NG: 35, SEGQ ID NO: 36, and SEQ ID NO: 40, In further embodiments, engineered
NST enzymes can further include the mutated amino acid sequence motif, T-X3-X4-8, mutated from
the conserved amino acid sequence T-F-E-E, wherein X3 1s a mutation relative to the natural
sutfotransferase enzymes within EC 2.8.2.8, selected from the group consisting of histidine and
glycine; Xa is a mutation relative to the natural sulfotransferase enzymes within EC 2.8.2.&, selected
from the group consisting of glycine, histidine, and serine; and wherein at least one of Xz and X4 is a
histidine restdue. In some even further embodiments, Xi 15 glutamine, X2 18 tyrosine, Xz 1s histidine,
X4 is glycine, and the engineered NST enzyme further comprises the mutated amino acid sequence
motif, C-L-G-K/R-5-H-G-R. In other even further embodiments, X1 is serine, Xz is threonine, Xz 18
glycine, Xa is histidine, and the engineered NST enzyme further comprises the mutated aminc acid
sequence motif, C-H-G-K/R-R-W-G-R. In sill other even further embodiments, X; is alanine, X» is
histidine, X3 is histidine, X4 15 serine, and the engineered NST enzyme further comprises the mutated
amino acid sequence motf, C-A-H-K/R-G-L-G-R.

{8196} In another embodiment, enginescred NST enzymes can include the mutated amino acid
sequence motif, H-Xs-T-G-Xe-H-A, mutated from the conserved amino acid sequence
3-K-T-G-T-T-A, wherein Xs is selected from the group consisting of lysine and glycine; and Xs is a
mutation relative to the natural sulfotransterase enzymes within EC 2.8.2.8, selected from the group
counsisting of glycine and valine. Engineered NST enzymes that include the mutated amino acid
sequence motif H-Xs-T-G-Xe-H-A include, but are not limited to SEQ 1D NG: 10 {described above),
as well as SEQ ID NG: 6, SEQ ID NO: §; SEQ 1D NG: 34, SEQ ID NG: 37, SEQ ID NO: 38, and
SEQ ID NG 39 In further embodiments, Xs is glycine and Xe 1s glycine. In some even further

embodiments, the engineered NST enzyme further comprises the mutated anmino acid sequence motif,
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C-G-G-K/R-H-L-G-R.  In other even further embodiments, the engineered NST enzyme further
comprises the mutated amino acid sequence motif, F-E-H-S-G.

{81971 In another embodiment, within any of the engineered NST enzymes that include the mutated
amino actd sequence motif, H-X-T-G-Xe-H-A, Xs 1s selected from the group consisting of lysine
and glycine; and Xs 1s a mutation relative to the natural sulfotransterase enzymes within EC 2.8.2.8,
selected from the group consisting of glycine and valine. In further embodiments, Xs is selected to
be lysine, Xe 18 selected to be valine, and the engineered NST enzyme further comprises the mutated
amino acid sequence motf, T-G-N-H.

{0198} Furthermore, the amino acid sequences (SEQ ID NG: 2, SEQ ID NO: 4, SEQ ID NO: 6,
SEQ IDNQG: 8, SEQ ID NO: 10, SEQ ID NG 12) of six engineered NST enzymes, which have been
experimentally determined to be active with aryl sulfate compounds as suifo group donors (see
Example 2 below) can be compared with the amino acid sequence of the N-sultotransferase domain
of the human NIDST1 {entrv sp|P52848NDST1 HUMAN) v a multiple sequence alignment to
determine if there are relationships between mutations among each of the enzymes. A period within
the amino acid sequence of an engineered enzyme indicates tdentity at a particular position with the
human N-suifotransferase domain. As shown in Figure 9, the sequence alignment demonstrates that
while over 90% of the amino acid residues within the six sulfotransferase sequences are identical,
there are several positions in which muitiple amino acids can be chosen. Without being limited by a
particular theory, 1t is believed that these enzymes have a simlar relationship with each other as the
N-sulfotransferase domains of the natural NDST enzymes that comprise EC 2.8.2.8. As a result, and
in another embodiment, engineered NST enzymes comprising an amino acid sequence in which
multiple amino acids can be chosen at defined positions are disclosed as SEQ IDNO: 33 and
SEQ ID NO: 34, Positions at which the identity of an amino acid can be chosen from a selection of
possible residues are denoted in terms “Xaa” “Xn,” or “position n,” where n refers to the residue
position.

[0199] In another embodiment, within an engiveered NST enzyme comprising the amino acid
sequence of SEQ ID NO: 33 or SEQ 1D NO: 34, the amino acid residue at position 41 is lysine, the
amino acid residue at position 44 is alanine, the amino acid residue at position 45 15 an aromatic
amino acid residue, preferably tyrosine or phenylalanine, and the amino acid residue at position 49 is
histidine. In another embodiment, when the engineered NST enzyme comprises the above residues

~r
]
i

from positions 41-49, the amine acid residue at position 67 ts glycine or histidine, the amino acid

residue at position 08 15 selected from the group consisting of glycine, histidine, and serine, and the

amino acid residue at position 69 13 serine.
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{0200] In another embodiment, within an engineered NST evnzyme comprising the amino acid
sequence of SEQ ID NG: 33 or SEQ 1D NO: 34, the anuno acid residue at position 40 is histidine
and the amino acid residue at position 45 1s histidine.  In further embodiments, the amino acid
residue at posttion 41 1s glycine and the amino acid residue at position 44 is glycine. In other further
embodiments, the amino acid residue at position 41 18 lysine and the amuno acid residue at position
44 is valine. In even further embodiments, the amino acid residue at position 67 is glycine and the
amine acid residue at position 69 is hustidine. In still further emboediments, the amino acid residue at
position 106 13 tryptophan. In even still further embodiments, the amino acid residue at position 260
is valine.

{0201] In another embodiment, within an engineered NST evnzyme comprising the amino acid
sequence of SEQ ID NO: 33 or SEQ 1D NG: 34, the amino acid sequence can optionally include one
or more mutations at residue positions not specified by an “Xn” or “Xaa,” so long as any such
mutations do not eliminate the NST and/or aryl sulfate-dependent activity of the enzyme. In another
embodiment, such mutations not eliminating aryl sulfate-dependent activity at positions not specified
by an “Xn” or “Xaa” can include substitutions, deletions, and/or additions.

18202} Accordingly, in ancther embodiment, an engineered NST enzyme utilized in accordance with
any of the methods of the present invention can comprise an amino acid sequence selected from the
group consisting of SEQ 1D NG: 2, SEGQ ID NGO 4, SEQ ID NO: 6, SEQ ID NO: &, SEGQ ID NO: 10,
SEQ ID NO: 12, SEQ ID NO: 33, SEQ ID NO: 34, SEQ 1D NO: 35, SEQ ID NO: 36, SEQ ID NO:
37, SEQ ID NO: 38, SEQ ID NG: 39, and SEQ ID NQ: 40, In another embodiment, any of the
above enzymes react with an aryl sulfate compound, instead of PAPS, as a sulfo group donor. In
further embodiments, the aryl sulfate compound is selected from the group consisting of PNS, MUS,
7-hydroxycoumarin sulfate, phenyl sulfate, 4-acetyiphenyl sulfate, indoxyl suifate, I-naphthyl
sulfate, 2-naphthyl sulfate, and NCS. In some even further embodiments, the aryl sulfate compound

is PNS. In other even further embodiments, the aryl sulfate compound is NCS.

Hexuronyl 2-0 sulfotransferases

[0263] In nature, HS hexuronyl 2-O sulfotransferase (208T) enzymes recognize, bind, and react
with N-sulfated heparosan-based polysaccharides as sulfo group acceptors. As with the natural
NIDSTs described above, natural 20S5Ts transter the sulfo group to the polysaccharide upon reacting
with PAPS as a sulfo group donor. However, natural 2ZO0S8Ts are members of the EC 2.82.- enzyme
class. Generally, a majority of the glucosaminyl residues within the heparosan-based polysaccharide

are N-sulfated, and the sulfo group is transterred to the 2-(J position of a hexuronic acid residue,
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generally either glucuronie acid or wWduronic acid. A first non-limiting example of an N-sulfated
heparosan that can bind and react with a natural or engineered 2087 is illustrated by the structure of

Formula [V, below:

Ot

In another non~limiting example, an 20ST enzyme can recognize, bind, and react with heparosan-

based polysaccharides having the structure of Formula V, below:

in both instances, the hexuronic acid residue (glucuronic acid in Formula 1V, iduronic acid in
Formula V) is flanked on either side by N-sulfated glucosamine residues that are otherwise
unsubstituted at the 3-0 and 6-0 positions. Natural 2087 enzymes, and their biological activity
with N-sulfated heparosan polysaccharides comprising the structures of Formula IV or Formula V,
have been described by Rong, I, et al., (2001} Biochemisiry 48 {18):5548-5553, the disclosure of

which is incorporated by reference in its entirety.
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{0204] As described above, although the portion of the polysaccharide that reacts with the enzyme
comprises the structure of Formula IV or Formula V, other portions can be N- or O- substituted.
Similarly, the heparosan-based polysaccharides can comprise both the structure of Formula IV and
the structure of Formula V within the same polysaccharide, and either or both of the hexuronyl
residues within the structure of Formula TV and Formula V polysaccharide can be sulfated by the
same enzyme molecule.  Typically, N-sulfated HS polysaccharides comprising the structure of
Formula IV and/or Formula V can comprise at least eight monosaccharide residues. In some
embodiments, the heparosan-based polysaccharide is only N-sulfated or N-acetylated, and is not 3-0)
or 6-() sulfated prior to reacting with the 2087, In another embodiment, engineered 208Ts that can
be utilized in accordance with methods of the present invention have the same biological activity as
natural 2087Ts with heparosan-based polysaccharides, particularly those comprising the structure of
Formula IV and Formula V| as sulfo acceptors.

{6205] The identity of the hexuronic acid residue in N-sulfated heparosan comprising the structure
of Formula IV or Formula V can be controlled by the presence of a hexuronyl Cs-epimerase, which
reversibly inverts the stereochemistry of the Cs-carbon. However, once the hexurony! residus within
a polysaccharide comprising the structure of Formula IV or Formula Vo is 2-0 sulfated,
epirerization can vo longer occur. In eukaryotic systerus, the N-sulfated heparosan products of
WNDST are almost exclusively formed as disaccharide units of N-suifoglucosamine and glucuronic
acid. Consequently, the ghucuronic acid residue must be epimerized to an iduromie acid residue to
from the structures of Formula V prior to reacting with the 2087 enzyme. However, and without
being himited by a particular theory, it is believed that natural 2087 enzymes generally have
preference for binding and reacting with heparosan-based polysaccharides comprising the structure
of Formula V, and that most N- 2-0 suifated HS (N 2-HS) polysaccharides produced in vivo
generally comprise 2-0 sultated iduronic acid.

18206} Upon successfully binding PAPS and N-sulfated heparosan comprising the structure of
Formula IV, natural ZO8T enzymes can catalyze transter of the sulfo group to the 2-O position of
the glucuronic acid residue, forming an N,2-HS product comprising the structure of Formula V1,

below:
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10207} Sinularly, engineered 20857 enzymes that successtully bind and react with an aryl sulfate
compound and an N-sulfated heparosan comprising the structure of Formula IV can also form an
N,2-HS product comprising the structure of Formula VI Upon successfully binding PAPS and
N-sulfated heparosan comprising the structure of Forroula V, natural 2087 enzymes can catalyze
transfer of the sulfo group to the 2-O position of the iduronic acid residue, forming an N 2-HS

product comprising the structure of Formula V1L, below:

\"»ﬁ;"' o
xé\‘{%
AG/) G

Similarly, engineered 20ST enzyres that successtully bind and react with an aryl sulfate compound
and an N-sulfated heparosan comprising the structure of Formula V ocan also form an N2-HS
product comprising the structure of Formula VIL

[0208] In  another embodiment, in other locations within the N-sulfated sulfo acceptor
polysaccharide, some of the glucosaminy! residues can be N-substituted with a sulfo group, an acetyl

group, or a hydrogen, although hexuronyl residues within the polymer must reside between two N-
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sulfoglucosamine residues, as described above, in order to receive a sulfo group. A non-limiting
example of one such polysaccharide is illustrated in Figure 10. In Figure 10, hexuronyl residues 10
within polysaccharide 40 are flanked by glucosaminyl residues 20, 21, and 22, that are either V-
sulfated, N-acetylated, or unsubstituted, respectively. Upon reacting the polysaccharide with either a
natural or engineered 208T, only the hexuronyl residue 10 flanked by two N-sulfoglucosaminyl
residues 20 is sulfated, ultimately forming a sulfated hexuronyl residue 110 within the product
polysaccharide 41,

10209] In another von-lumiting example, sulfo acceptor polysaccharides comprising the structures of
Formula IV and Formula V are illustrated by polysaccharide 50 in Figure 11, Figure 12, and
Figure 13, Additional monosaccharide residues required for catalysis are omiited for clarity. In
Figure 11, Figure 12, and Figure 13, a hexuronyl residue 10 and an epimerized hexuronyl residue 30
reside between the three N-sulfoglucosaminy! residues 20 within polysaccharide SO, Although
hexurony! residues 10 and 30 are represented in a chair conformation, those skilied in the art can
appreciate that such monosaccharide residues within a longer oligo- or polysaccharide chain can
adopt several different conformations, including chair, half-chair, boat, skew, and skew boat
conformations, and that those additional conformations are omitted for clanty.

10219] Upon reacting polysaccharide SO with any of the engineered aryl sulfate-dependent 208T
enzymes that can be utilized with methods of the present invention, the enzyme can catalyze sulfo
group traunsfer to hexurconyl residue 10 to forro a sulfated hexuronyl residue 110 within product
polysaccharide 51 (Figure 11}, to epimerized hexuronyl residue 30 to form a sulfated epimerized
hexurony! residue 130 within product polysaccharide 52 (Figure 12), or to both hexurony! residue 10
and epimerized hexurony! residue 30 to form a sulfated hexuronyl residue 110 and a sulfated
epimerized hexuronyi residue 130, respectively, within product polysaccharide 53 (Figure 13).
{0211} In another embodiment, polysaccharides comprising the structure of Formula IV and/or
Formula V' can be provided as a homogenous composition. In still cother embodiments,
polysaccharides comprising the structure of Formula IV and/or Formula V can be comprised within
a composition comprising a polydisperse mixture of polysaccharides having variable chain lengths,
molecular  weights, relative abundance of Formula IV and/or FormulaV, and  overall
monosaccharide composition and functionalization.

10212] In some embodiments, polysaccharnides comprising the structure of Formula IV and/or
Formula V and utilized in accordance with methods of the present invention can be obtained and/or
moditied from commercial sources. In other embodiments, polysaccharides comprising the structure
of Formula 1V and/or Formula V can be obtained by enzymatically or chemically N-sulfating
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polysaccharides 1solated and modified from bacterial or eukaryotic sources. In still other
embodiments, polysaccharides comprising the structure of Formula IV and/or Formula V can be
obtained by isolating and punfving the sulfated polysaccharide products of any of the other
engineered aryl sulfate-dependent sulfotransferases wtilized in conjunction with methods of the
present invention. Each of these processes are discussed in detail in the description and examples,
below.

10213] Natural 208Ts within the EC 2.8.2.- enzyme class generally comprise approximately 325-
375 amino acid residues that 1n some cases vary greatly in their sequence, yet ultimately have the
exact same function, namely, to catalyze the transfer of a sulfo group from PAPS to the 2-0 position
of hexuronyl residues within heparosan-based polysaccharides, particularly those comprising the
structure of Formula IV and/or Formula V. Without being limited by a particular theory, it is
believed that each of the natural 208Ts can catalyze the same chemical reaction because there are
multiple amino acid sequence motifs and secondary structures that are either identical or highly
conserved across all species.

{0214} Further, it is beligved that several of the conserved aming acid sequence motifs are directly
involved in binding of either PAPS and/or the polysaccharide, or participate in the chemical reaction
itseif.  The identity between the natural 20ST enzyroes can be demonsirated by comparing the
amino acid sequence of enzymes with a known crystal structure {e.g. chicken 2-07 sulfotransferase,
PDB codes: 3F5F and 4NDZ), in which amino acid residues within the active site have been
identified, with the aminc acid sequences of other 208Ts within the EC 2.8.2.- enzyme class. A
multiple sequence alignment of twelve enzymes, including the chicken, human, and other 208T
enzymes, is shown in Figures 14A-14D, along with percent identity relative to the chicken 2O8T
reference sequence (UniProtKB Accession No. Q76KB1).  As illustrated in Figures 14A-14D,
sequences range from having 94 9% sequence identity with the (J76KB1 reference sequence {entry
tr| TIDMVZITIDMVZ CROHD) for the timber rattlesnake 2OS8T, down to 56.3% sequence identity
{eniry tr]AOAI31Z2T4] AGAI31Z2T4 RHIAP) for the brown ear tick 208T. The human enzyme
{entry splQ7LGA3HS2ST HUMAN) has 94.1% sequence identity with the Q76KB! reference

sequence. Those skilled 1o the art would appreciate that the multiple sequence aligoment was
fimited to twelve sequences for clarity, and that there are hundreds of amino acid sequences
encoding for natural 2087 enzymes that have been identified and that have highly conserved active
site and/or binding regions as well,

{0215} Within Figures 14A-14D, amino acids that are depicted in white with a black background at a
particular position, are 100% identical across all sequences. Amino acids that are highly conserved,
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meaning that the amino acids are either identical, or chemically or structurally similar, at a particular
position are enclosed with a black cutline. Within highly conserved regions, consensus amino acids
that are present 10 a majority of the sequences are in bold. Arotvo acids at a particular position that
are not identical or highly conserved are typically variable. A period within a sequence indicates a
gap that has been inserted into the sequence in order to facilitate the sequence alignment with other
sequence(s) that have additional residues between highly conserved or identical region. Finally,
above each block of sequences are a series of arrows and coils that indicate secondary structure that
is conserved across all sequences, based ou the identity of the amino acids within the alignment and
using the structure of the natural chicken 2087 enzyme as a reference. The f symbol adjacent to an
arrow refers to a PB-sheet, whereas a col adjacent to an « symbol or a 1 symbol refers to a helix
secondary structure.

10216] Within the twelve aligned sequences in Figures 14A-14D, there are several conserved amino
acid motifs that include one or more amino acids that comprise the active site, based on the crystal
structures of the chicken 2087 enzyme described above. Based on the nurnbering of the amino acid
residues within Figures 14A-14D, these motifs include residues 12-19 (R-V-P-K-T-A/G-S-T),
residues 40-44 (N-T-8/T-K-N), residues 71-74 (Y-H-G-H), residues 108-115 (F-L-R-F/H-G-D-D/N-
F/Y), residues 121-125 (R-R-K/R-Q-G), and residues 217-222 (S-H-L-R-K/R-T). Without being
limited by a particular theory, it is believed that these residues either facilitate or participate in the
chemical reaction, or enable binding of PAPS or the polysacchande within the active site. In
particular and as illustrated in Figures 15A-15C, the histidine residue at position 74 abstracts the
proton from the 2-0 position of the iduronic acid residue within the polysaccharide, enabling
nucleophilic attack and removal of the sulfo group from PAPS, whereas the lysine restdue at position
1S coordinates with the phosphate moiety of PAPS to stabilize the transition state of the enzyme
before the N,2-HS product is released from the active site.

18217} However, as described above, the natural 2087 enzymes are unable to catalyze the transfer
of the sulfate group from an aryl sulfate compound to the polysaccharide. As with the NDSTs, 1t is
believed that the binding pocket for PAPS within the active site of the natural sulfotransferase either
does not have a high enough affinity for aryl sulfate corpounds to taciiitate binding and/or that the
aryl sulfate compounds are sterically hindered from entering the active site. Consequently, and in
another embodiment, a natural 208T enzyme can be mutated in several locations within its amino
actd sequence to enable binding of the aryl sulfate compound within the active site and/or to
optimally position the aryl sulfate compound so transfer of the sulfate group to the polysaccharide

Can OCCuUr.
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{0218] Accordingly, and tn another embodiment, engineered 208T evzymes that can be utilized
with methods of the present invention can be mutants of natural 208T enzymes within EC 2.8.2 .-,
including enzymes having the amino acid sequences iflustrated n Figures 14A-14D.  In another
embodiment, the aryl sulfate-dependent, 20S57Ts have been engineered to recognize, bind, and react
with aryl sulfate compounds as sulfo group donors, while retaining the natural enzymes’ ability to
recognize, bind, and react with N-sulfated, heparosan-based polysaccharides, particularly those
comprising the structure of Formula IV and/or Formula V, as sulfo group acceptors. Without being
Hmited by a particular theory, it is believed that because of the mutations iuserted into the amino
acid sequences of the engineered 20871 enzymes, their sulfotransferase activity may comprise the
direct transfer of a sulfuryl group from an aryl sulfate compound to the sulfo acceptor
polysaccharide, using a similar mechanism as described in Figures 15A-15C above, except that the
PAPS 1s substituted with the aryl sulfate compound. Otherwise, it 1s believed that the mutations may
cause the sulfotransferase activity to comprise a two-step process including the hydrolysis of an aryl
sutfate compound and formation of a sulfohistidine intermediate, tollowed by the nucleophilic attack
of the sulfohistidine intermediate by the oxygen atom at the 2-(7 position of a hexuronic acid residue,
to form the N 2-HS product. By either mechanism, engineered 208T enzymes achieve sulfo transfer
from an aryl sulfate compound to a polysaccharide, as described in the examples, below,

{0219} In another embodiment, an engineered 208T enzyme can comprise one or more mutated
amino acid sequence motifs relative to the conserved amino acid sequence motifs described above
that are found in the natural 20S8T enzymes within EC 282 -, as described above and indicated in
the multiple sequence alignment in Figures 14A-14D. In another embodiment, each mutated amino
acid sequence motif that is present in the amino acid sequence of the engineered enzyme comprises
at least one amino acid mutation relative to the corresponding conserved armino acid sequence motif
within the natural 2085T enzymes. In another embodiment, an engineered 208T enzyme can
comprise one mutated amino acid sequence motif. In another embodiment, an engineered 2081
enzyme can comprise two mutated amine acid sequence motifs.  In another embodiment, an
engineered 208T enzyme can comprise three mutated amino acid sequence motifs. In another
embodiment, an engineered 208T enzyme can comprise four mutated amino acid sequence motifs.
In another embodument, an engineered 2085T enzyme can comprise five mutated amino acid
sequence motifs. In another embodiment, an engineered 208T enzyme can comprise six mutated
amino acid sequence motifs, In another embodiment, an engineered 20ST enzyme that includes at

feast one mutated amino acid sequence motitf relative to any of the natural 2087 enzymes within EC
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2.8.2 - can have an amino acid sequence selected from the group consisting of SEQ ID NO: 14,
SEQID NO: 16, SEQ D NG: 41, and SEQ 1D NG: 42

10220] In avother embodiment, upon viewing the corystal structure of the chicken 208T
{PDB code: 3FSF) within a 31 molecular visualization system (including, as a non-limiting example,
the open-source software, PyMOL), the structure of related sequences, such as those of engineered
208T enzymes that contain one or more mutated amino acid sequence motifs relative to the chicken
sulfotransferase structure, can be modeled for comparison as illustrated in Figure 16, Figure 16
shows a magnified view of the active site of the chicken 20ST enzyme overlaid with two engineered
2ZO8T enzymes, comprising the amino acid sequences of SEQ ID NO: 14 and SEQ ID NG: 16, in
which the structure of the engineered enzyme is calculated upon making mutations relative to the
chicken 208T amino acid sequence. Adenosine 3’ 5-diphosphate, which s the product of a
sulfotransfer reaction in which PAPS is the sulfo donor, and which was co-crystallized with the
chicken 2087, is also illustrated within the active site. The sulfate group that would be present in
the natural substrate, PAPS, is modeled onto the 5'-phosphate functional group to illustrate its
approximate position within the active site prior to inifiating the reaction. NCS is also modeled into
the active site of the engineered enzymes, using the consensus solutions of molecular dynamics
{(MD) stimulations that designed to calculate the optimized position and orientation of a higand within
an enryme active site adjacent to the polysaccharide binding stte (not shown), if such solutions are
possible. Hydrogen atoms are not shown.

18221} As illustrated in Figure 16, although there are several mutations made to SEQ D NO: 14 and
SEQ 1D NO: 16, relative to the chicken 2ZOST, the respective protein backbones are in a nearly
identical location to one ancther, enabling a one-to-one comparison of the active sites. When
comparing the two active sites, the PAPS is located in the background and adjacent to a lysine
residue (position 15 of the Q76KB1 sequence in Figures 14A-14D), whereas the convergent
solutions from the above MD simulations indicate that NCS binding within the engineered enzymes
is favored ov the opposite side of the active site. However, binding of NCS would be sterically
hindered in the natural enzyme in part by the lysine residue as well as the phenylalanine residue
focated on the nearby a-helix (position 108 of the Q76KB1 sequence 1u Figures 14A-14D). Without
being limited by a particular theory, it is believed that binding of NCS in the active site of the
engineered enzyme comprising the amino acid sequence of SEQ ID NO: 14 1s facilitated by the
mutation of the lysine residue to a histidine residue, which creates additional space within the active
site and provides a m-m stacking partner for the aromatic ring within NCS.  Also without being

fimited by a particular theory, it 18 believed that binding of NCK in the active site of the engineered
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enzyme coroprising the amino acid sequence of SEQ 1 NO: 16 1s facilitated by the mutation of the
fysine to an arginine residue in concert with the adjacent mutation of the proline residue {position 14
of the Q76KB1 sequence 1 Figures 14A-14D) to a hustidine residue.  The increased number of
conformational degrees of freedom of the arginine side chain facilitate entry of the NCS while suill
being in a position to provide a polar contact to stabilize the transition state during the transfer
reaction, whereas the adjacent histidine provides other binding contacts for NCS.

10222} Another mutation of note includes the mutation from an arginine residue {(position 220 of the
Q76KB1 sequence in Figures 14A-14D) to a istidine residue, a mutation that is found at position
221 in both SEQ ID NO: 14 and SEQ D NO: 16, Without being limited by a particular theory, the
mutated histidine residue is 1o a favorable position to faciiitate removal of the sulfate group from
NCS. Other illustrated mutations from the chicken 208T enzyme, particularly mutations present in
SEQ ID NO: 16 (His-20, Ser-114, Lys-116, Met-122) may similarly drive binding of NCS within the
active site, either by providing a direct binding contact with the suifate moiety within NCS (His-20},
coordinating with other mutated residues {Ser-114 coordinating with His-221), or by increasing the
hydrophobic environment near NCS (Met-1223.

{8223] Those skilled in the art would appreciate that engineered 208T enzymes of any other amino
actd sequence, including, but not himited to, those disclosed by SEQ 1D NG 41 and SEQ ID NO: 42,
would likely exhibit a similar structure to the chicken 2087, as well as engineered 2087Ts having
the amino acid sequence of SEQ ID NO: 14 and SEQ ID NO: 16, Without being himited by a
particular theory, it is believed that PNS would bind 1in a similar position as NCS within the active
site of any of the engineered 208T enzymes, since the structures of the two aryl sulfate compounds
are very similar, except that the sulfate group is located or#he on the aromatic ring relative to the
nitro group in NCS, rather than para to the nitro group in PNS.

{0224 Accordingly, in another embodiment, an engineered 20ST enzyme utilized in accordance
with any of the methods of the present invention can comprise an amino acid sequence selected from
the group consisting of SEQ ID NO: 14, SEQID NGO 16, SEQ ID NG: 41, or SEQ ID NG 42, In
another embodiment, any of the above 208T enzymes react with an aryl sulfate compound, instead
of PAPS, as a sulfo group donor.  In further embodiments, the aryl sulfate compound is selected
from the group consisting of PNS, MUS, 7-hydroxycoumarin sulfate, phenyl sulfate, 4-acetylphenyl
sulfate, indoxyl sulfate, T-naphthyl sultate, 2-naphthyl sultate, and NCS. In some even further
embodiments, the aryl sulfate compound is PNS. In other even further embodiments, the arvl sulfate

compound 1s NCS,
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{8225} In another embodiment, within reaction mixtures that comprise any natural or engineered
2087 enzyme, particularly an engineered 208T enzyme comprising the amino acid sequence of
SEGQIDNG: 14, SEQID NGO: 16, SEQ ID NG: 41, or SEQ ID NO: 42, the reaction mixture can
further comprise an hexurony! Cs-epimerase to catalyze formation of an N,2-HS product. In some
embodiments, the N, 2-HS product can comprise the structure of Formula VI In other embodiments,
the N,2-HS product can comprise the structure of Formula VL In another embodiment, any isolated
or recombinant hexuronyl Cs-epimerase can be used. In another embodiment, the hexuronyl Cs-
epiroerase can comprise the amino acid sequence of SEQ 1D NO: 29 In another embodiment, the

hexurony! Cs-epimerase can comprise residues 34-617 of SEQ ID NO: 29

Glucosaminyl 6-0 sulforransferases

{8226] In nature, 60STs recognize, bind, and react with heparosan-based polysaccharides as sulfo
group acceptors. Generally, a majority of the glucosaminyl residues are N-sulfated, but the enzymes
can still transfer sulfo groups to the 6-0 position of glucosaminyl residues that are N-acetylated.
Additionally, either adjacent hexuronic acid residue can be either ghuicuronic acid or idurounte acid,
and can optionally be 2-0 sulfated. Generally, the hexuronic acid at the non-reducing end of the
glucosaming residue recetving the 6-O sulfo group is 2-0 sulfated idurcnic acid, and in many
instances, the glucosamine residue itself is also N-sulfated.  Simtlar to the NSTs and 208Ts,
naturally-occurring 6058T enzymes transter the sulfo group to the polysaccharide upoun reacting with
PAPS as a sulfo group donor. As with natural 2087Ts, natural 6087 enzymes are alsc members of
the EC 2.8.2.- enzyme class. In a non-limiting example, either natural or engineered 60ST enzymes
can recognize, bind, and react with heparosan-based polysaccharides comprising the structure of

Formula VII, below:
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wherein the glucosamine residue receiving the 6-0 suifo group is N-sulfated and is adjacent to a 2-0
sulfated iduronic acid residue at its non-reducing end, and X comprises any of the hexuronyl
residues depicted 1n Formula VI, above. 60OS8T enzymes within EC 2.82.- having biclogical
activity with polysaccharides comprising the structure of Formula VI have been described by Xu,
Y., etal, (2017) ACS Chem. Biol 12 (1:73-82 and Holmborn, K, et al,, (2004} J. Biol Chem. 279,
(41):42355-42358, the disclosures of which are incorporated by reference in their entireties.

{82271 As described above, although the portion of the heparosan-based polysaccharide that reacis
with the 60ST enzyme can comprise the structure of Formula VHI, other portions of the
polysaccharide can be N- or O- substituted, and can comprise other structural motifs that can also
react with the enzyme. Similar to the other enzymes above, 608T enzymes can transfer a sulfo
group to multiple positions within the same polysaccharide molecule, and multiple positions within
the same polysaccharide molecule can be 6-(J sulfated by the same enzyme molecule. Typically,
heparosan-based polysaccharides that can react with 608T enzymes, including those comprising the
structure of Formula VI, can comprise at feast three monosaccharide residues.

18228] Upon successfully binding PAPS and a heparosan-based polysaccharide comprising the
structure of Formula VIH, natural 608T enzymes can catalyze transfer of the sulfo group to the 6-0
position of the glucosamine residue, forming an N,2,6-HS product comprising the structure of

Formula IX| below:

o
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wherein X comprises any of the hexuronyl residues depicted 1o Formula IX, above. Similarly, an
engineered O0ST enzyme that binds and reacts with an aryl sulfate compound and a heparosan-
based polysaccharide comprising the structure of Formula VHI can form an N,2,6-HS product
comptising the structure of Formula IX.

10229] A non-limiting example of one such polysaccharide sulfo acceptor that can react with an
60ST enzyme is lustrated tn Figure 17, Figure 17 shows a heparosan-based polysaccharide 240
that includes three N-substituted glucosamine residues 210 that can be N-substituted with either an
acetyl group 211 or a suifate group 212, Within the polysaccharide 240, N-substituted glucosamine
residues 210 that are capable of acting as a sulfo acceptor are flanked by two hexurony! residues.
Hexuronyl residues can include any residue represented by the tunctional group "X in Formula VI
particularty ghucuronyi residue 220 and idurony! residue 230, Either the glucuronyl residue 220 or
iduronyl residue 230 can further be substituted by a sulfate group 231 at the 2-0 position. Upon
reacting the polysaccharide 240 with an 608T enzyme and a sulfo group donor, the 6-(7 position 213
of any of the glucosamine residues 210 can be sulfated, ultimately forming 6-0O sulfated glucosamine
residues 310 withio the product polysaccharide 241, 1o another embodiment, the 608T enzyme can
be an engineered ary! sulfate-dependent enzyme, and the sulfo group donor is an aryl sulfate
compound.

{0230} In another embodiment, engineered 6038Ts that can be utidlized in accordance with methods
of the present invention can have the same biological activity with heparosan-based sulfo acceptor

polysaccharides as natural 60S8Ts, particularly heparosan-based polysaccharides comprising the
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structure of Formula VIHL  Io another embodiment, when there are multiple portions of the
polysaccharide comprising the structure of Formula VIHI within the sulfo acceptor polysaccharide,
any glucosamine residue can be sulfated by the engineered 60ST enzyme. Similarly, the same
polysaccharide can be sulfated multiple times by the engineered 6087, including and up to all of the
glucosamine residues that are present within the polysaccharnide.

{8231} In another embodiment, sulfo acceptor polysaccharides that can react with an engineered or
natural 608T, including but not limited to those comprising the structure of Formula VHI, can be
provided as a homogenous composition. In still other ermnbodiments, sulfo acceptor polysaccharides
that can react with an engineered or natural 60ST can be comprised within a composition
comprising a polydisperse mixture of polysaccharides having variable chain lengths, roolecular
weights, relative abundance of Formula VIH, and overall monosaccharide composition and
functionalization.

{62321 In another embodiment, N,2-HS polysaccharides, including but not limited to those
comprising the structure of Formula VI and utilized in accordance with methods of the present
invention with either an engineered or natural 60UST enzyme can be obtained and/or modified from
commercial sources. In another embaodiment, either an engineered or natural 60ST can be utilized
in accordance with methods of the present tnvention can react with N-sultated heparosan producis
produced by an NST enzyme in one or more previcus steps. In another embodiment, either an
engioeered or natural 6O8T that can be utilized in accordance with methods of the present invention
can react with N, 2-HS products produced by an NST and/or 2 2087 in one or more previous steps.
In another embodiment, one or more of the sulfation steps to produce the N 2-HS product was
catalyzed by an engineered, aryl sulfate-dependent sulfotransferase. Each of these processes are
discussed in detail in the description and examples, below.

18233} Natural 60OST enzymes within the EC 2.8.2.~ enzyme class generally comprise between 300
and 700 amino acid residues that can in some cases vary greatly in their sequence, yet ultimately
have the exact same function, vamely, to catalyze the transfer of a sulturyl group from PAPS to the
6-(} position of glucosamine residues within heparosan-based polysaccharides, particularly those
comprising the structure of Formula VI Without being luvuted by a particular theory, it 15 believed
that each of the natural 60STs can catalyze the same chemical reaction because there are multiple
amine acid sequence motifs and secondary structures that are either identical or highly conserved
across all species.

{0234} Further, 1t 18 believed that several of the conserved amino acid sequence motifs are directly
involved in binding of either PAPS and/or the polysaccharide, or patticipate i the chemical reaction

6
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itself.  The identity between the natural 608T enzymes can be demonstrated by comparing the
amingo acid sequence of an enzyme with a known crystal structure {zebrafish 6087 isoform 3-B,
PDB codes STO3, ST0S and 3T0A), in which amino acid residues within the active site have been
fifteen enzymes is shown in Figures 18A-18C, along with the percent identity of each sequence
relative to the mouse 60ST (isoform 1) reference sequence (UniProtkB Accession No. Q9QYKS).
As illustrated m Figures 18A-18C, sequences range from having 97 3% identity with the Q9QYKS
reference  sequence  {entry  O60243H68TI HUMAN) down to  53.7% dentity {entiy
ACA3PEWIMOAOAZPSWIMS CYSNE)  For comparison, the zebrafish 608T isoform 3-B
enzyme {eniry AOMGZ7HOS3B DANRE) has 60.4% sequence identity with the Q9QYKS
reference sequence. Those skilled in the art would appreciate that the multiple sequence alignment
was limnited to fifteen sequences for clarity, and that there are hundreds of amino acid sequences
encoding for natural 60OST enzymes that have been identified and that have highly conserved active
site and/or binding regions as well.

{0235} Within Figures 18A-18C, amino acids that are depicted in white with a black background at a
particular position, are 100% identical across all sequences. Amino acids that are highly conserved,
meaning that the amino acids are either identical or chemically or structurally similar, at a particular
position are enclosed with a black cutline. Within highly conserved regions, consensus amingo acids
that are present in a majority of the sequences, are in bold. Amino acids at a particular position that
are not identical or highly conserved are typically variable. A period within a sequence indicates a
gap that has been inserted into the sequence in order to facilitate the sequence alignment with other
sequence{s} that have additional residues between highly conserved or identical region. Finally,
above each block of sequences are a series of arrows and coils that indicate secondary structure that
is conserved across all sequences, based on the identity of the amino acids within the alignment and
using the structure of the natural mouse 60S8T enzymes enzyme as a reference. The § symbol
adjacent to an arrow refers to a PB-sheet, whereas a coil adjacent to an o symbol refers to a helix
secondary structure. Fach of the fifteen aligned sequences in illustrated Figures 18A-18C have been
truncated relative to their natural full-length sequences o coincide with the engineered enzymes of
the present invention, particularly SEQ ID NG 18, SEQID NG 20, and SEQID N 22, In
particular, the residues illustrated in Figures 18A-18C are aligned with residues 67-377 of the
(QOQYKS reference sequence for the mouse 60ST.

{0236} Within the fifteen aligned sequences in Figures 18A-18C, there are several conserved amino
acid sequence motifs that include one or more amino acids that comprise the active site, based on the
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crystal structure of the zebrafish 608T enzyme (entry AOMGZ7HOS3B DANRE) described above.
Based on the numbering of the amino acid residues within Figures 18A-18C, these conserved amino
actd sequence motifs include amino acid residues 29 through 34 (Q-K-T-G-G-T); 81 through 86 (C-
G-L-H-A-Dy, 127 through 139 (S-E-W-R/K-H-V--R-G-A-T-W-K}; 178 through 184 (N-L-A-N-N-
R-Q); and 227 through 231 (L-T-E-F/Y-Q) In particular, and as illustrated in the reaction
mechanism in Figures 19A-19C, the histidine residue within the C-G-L-H-A-D conserved amino
actd sequence motif 15 in position to abstract the hydrogen atom from the 6” hydroxyl group of an N-
sutfoglucosarine tesidue, enabling the vegatively-charged oxygen atom to then initiate the
nucleophilic attack of PAPS and remove the sulfate group. Additionally, the universally conserved
tysine residue within the Q-K-T-G-G-T conserved amino acid sequence motif coordinates with the
5’-phosphate in PAPS, while the universally conserved histidine and tryptophan residues at positions
131 and 138 coordinate with the N-sulfoglucosamine residue (see Xu, Y, et al | above).

{0237] However, as described above, natural 60ST enzymes are unable to catalyze the transfer of
the sulfate group from an arvl suifate compound to a polysaccharide. Without being limited by a
particular theory, and as with the NSTs and 20875 described above, it is believed that the binding
pocket for PAPS within the active site of the natural 608T either does not have a high encugh
affinity for aryl sulfate compounds to facilitate binding and/or that the aryl sulfate compounds are
sterically hindered from entering the active site. Consequently, and in another embodiment, a
natural 608T enzywe can be mutated in several locations within 1ts amino acid sequence to enable
binding of the aryl sulfate compound within the active site and/or to optimally position the aryl
sulfate compound so transfer of the sulfate group to the polysaccharide can occur.

{0238] Accordingly, and in another embodiment, engineered 60ST enzymes that can be utilized
with methods of the present invention can be mutants of natural 60ST enzymes within EC 2.8.2.-
including enzymes having the amino acid sequences tllustrated in Figures 18A-18C. In another
embodiment, the engineered 6087 enzymes have been engineered to recognize, bind, and react with
aryl sulfate compounds as suifo group donors, while retaiming the natural enzymes’ ability to
recognize, bind, and react with any of the HS polysaccharides described above, including but not
fimited to those comprising the structure of Formula VI, as sulfo group acceptors. Without being
imited by a particular theory, it is believed that because of the mutations inserted into the amino
acid sequences of the engineered 60OST enzymes, their sulfotransferase activity may comprise the
direct transfer of a sulfuryl group from an aryl sulfate compound to the sulfo acceptor
polysaccharide, using a similar mechanism as described in Figures 19A-19C, above, except that the

PAPS is substituted with the aryl sulfate compound. Otherwise, it is believed that the mutations may
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cause the sulfotransferase activity to comprise a two-step process including the hydrolysis of an aryl
sulfate compound and formation of a sulfohistidine intermediate, foliowed by the nucleophilic attack
of the sulfohistidine intermediate by the oxygen atorn at the 6-0 position of a glucosamine residue,
to form a 0-O sulfated HS product. In another embodiment, the 6-O sulfated HS product of either
sulfotranster mechanism is an N,2,6-HS product.

{0239} In another embodiment, an engineered 60ST enzyme can comprise one or more mutated
amine acid sequence motifs relative to the conserved amino acid sequence motifs found in natural
60ST enzymes within EC 2.8.2.-, as described above and indicated in the multiple sequence
alignment in Figures 18A-18C. In another embodiment, each mutated amino acid sequence motif
that is present 1u the amino acid sequence of the engineered enzyme comprises at least one amino
acid mutation relative to the corresponding conserved amino acid sequence motif within the natural
60S8T enzymes. In another embodiment, an engineered 608T enzyme can comprise one mutated
amino acid sequence motif. In another embodiment, an engineered 60ST enzyme can comprise two
mutated amino acid sequence motits. In another embodiment, an engineered 60ST enzyme can
comprise three mutated amino acid sequence motifs. In another embodiment, an engineered 608T
enzyme can comprise four mutated amino acid sequence motifs. In another embodiment, an
engineered 608T enzyme can comprise five mutated amino acid sequence motifs. o avother
embodiment, an enginegred 60ST enzyme that includes at least one mutated amingo acid seguence
motif relative to any of the natural 60ST enzymes within EC 2.8.2.- can have an amino acid
sequence selected from the group consisting of SEQ 1D NO: 18, SEQ 1D NG: 20, SEQ ID NG: 22,
SEQIDNO: 43, SEQ ID NO: 44, SEQ ID NO:- 45, SEQIDNO: 46, SEQIDNO: 47
SEQ ID NG 48, SEQ ID NO: 49, SEQ ID NG 50, SEQ 1D NO: 59, SEQ ID NO: 60, and
SEQ ID NG: 6L

2

{8246} In another embodiment, upon viewing any of the crystal structures of the zebrafish 608T
(UnProtKB Accession No. AOMGZ7) within a 3D molecular visualization system (including, as a
nou-timiting example, the open-source software, PyMOL), the structure of related sequences, such
as those of engineered 6OST enzymes that contain one or more mutated amine acid sequence motifs
relative to any of the zebrafish 60ST structures, can be modeled for comparison as tllustrated
Figure 20. Figure 20 shows a magnified view of the active site of the zebrafish 608T enzyme
(PDB code: STO3) with one of the engineered enzymes of the present invention, comprising the
amino acid sequence of SEQ 1D NO: 22, in which the structure of the engineered 608T enzyme i3
calculated upon making mutations relative to the zebratish 608T amino acid sequence. Adenosine

37, S'-diphosphate, which s the product of a sulfotransfer reaction in which PAPS 15 the sulfo donor,
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and which was co-crystallized with the zebrafish 60ST, is also illustrated within the active site.
PNS 15 also modeled into the active site of the engineered enzymes, using the consensus solutions of
molecular dynamics (MD} simulations that designed to calculate the optimized position and
ortentation of a ligand within an enzyme active site adjacent to the polysaccharide binding site {not
shown), if such solutions are possible. Hydrogen atoms are not shown for clarity.

{0241} As illustrated in Figure 20, although there are several mutations made SEQ D NO: 22,
relative to the zebrafish 60OST enzyme, the respective protein backbones are in a nearly identical
location to one another, enabling a one-to-one comparison of the active sites. However, when
comparing the two active sites, the adenocsine 3’ 5'-diphosphate product is located on the opposite
side of the central a~helix as the PNS molecule, as determined by the convergent solutions from the
above MD simulations. Without being limited by a particular theory, it is believed that the
convergent MD simulation solutions place PNS on the opposite side of the w-helix because there is
not enough of an affinity toward PNS in the same or similar position as PAPS within the zebrafish
enzyme. As described by Xu, Y, et al | above, the conserved histidine at position 158 of the full-
fength amino acid sequence 1s the catalytic histidine that abstracts the proton from the 6" hydroxyl
group of N-sulfoglucosamine, which is then subsequently able to react with PAPS to initiate sulfo
group transfer. Yet, despite the apparent differences in the binding pocket for PAPS and PNS,
engineered 608T enzymes comprising the amine acid sequences of SEQ ID NG: 18, SEQ ID NO:
20, and SEQ 1D NOG: 22 all achieved sulfo transfer from aun aryl sulfate compound to the
glucosaminy! 6-0 position within a heparosan-based polysaccharide, as described in the examples
below.

162421 As a result, and without being limited by a particular theory, one or more mutations present
within the active site of engineered 60ST enzymes may assist binding of the sulfate moiety of the
aryt sulfate compound in a position in which it can be transferred to the sulfo acceptor HS
polysaccharide. As illustrated in Figure 20, the engineered enzyme has the amino acid sequence
SEQ D NO: 22, and the aryl sulfate compound 1s PNS.  However, a sulfo acceptor HS
polysaccharide is not illustrated. In a non-limiting example, the histidine residue engineered into
position 31 of SEQ ID NO: 22 may be in position to facilitate removal of the sulfate group trom
PNS using a ping-pong mechanism, as described in Malojcic, et al, above. Additionally, the
histidine residue engineered into position 133 of SEQ ID NO: 22 may further coordinate with the
sutfate motety along with the conserved histidine at posttion 132 of SEQ ID NG 22 {corresponding
to positions 131-132 in each of the sequences in Figures 18A-18C). Mutation to G-A-N at positions

137-139 of SEQ 1D NO: 22 {corresponding to the couserved A-T-W motif at positions 136-138 of
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the sequences n Figures 18A-18C) removes steric bulk that way prevent binding of PNS in a
position where the sulfate can be abstracted by the engineered histidine at position 31 of
SEQ ID NG: 22, The mutations to G-A-N within the loop containing A-T-W also appears to cause
the loop to move away from PNS, which may further assist PNS to reach its binding pocket. Finally,
a serine residue engineered into position 84 of SEQ ID NO: 22, immediately adjacent to a native
histidine corresponding to His-158 in the full-length zebrafish 608T, described above, may create an
additional hydrogen-binding contact to assist the engineered enzyme in retaining the zebrafish
enzyme’s natural activity with the sulfo acceptor polysaccharide.

{0243} Those skilled 1n the art would appreciate that engineered 6087 enzymes of any other amino
acid sequence, including, but not himited to, those disclosed by SEQ 1D NG: 18, SEQ ID NG: 20,
SEQ ID NO:43, SEQ 1D NGO 44, SEQ ID NO: 45, SEQIDNO: 46, SEQ ID NGO 47,
SEQ 1D NO: 48, SEQ ID NO: 49, SEQ ID NO: 50, SEQ ID NO: 59, SEQ ID NO: 60, and SEQ ID
NO: 61, would exhibit similar structural motifs, particularly within the active site. Without being
timited by a particular theory, it 1s believed that NCS would bind in a sinular position as PNS within
the active site of any of the engineered enzymes, since the structures of the two aryl sulfate
compounds are very sinular, except that the sulfate group is located orfho on the aromatic ring
relative to the nitro group, rather than para to the nitro group.

{0244] In ancther embodiment, engineered 60ST enzymes that can be utilized in accordance with
methods of the present invention can comprise one or more mutated amino acid sequence motifs,
which can be determined in-part by comparing conserved amino acid sequence motifs indicated in
the multiple sequence alignment of Figures 18A-18C with the known structure(s) of natural enzymes
and/or modeled engineered enzymes, including but not limited to, as a non-limiting example,
enzymes iHustrated in Figure 20 In another embodiment, mutated amino acid sequence motifs that
can be comprised within an engineered 60ST enzyme can be selected from the group consisting of
(a) G-H-T-G-G-T, (b) C-G-X1-X2-A-D, wherein Xi is selected from the group consisting of
threonine and serine, and X2 15 selected from the group consisting of asparagine, arginine, and
histidine; {¢)} X3-X4-W-R-H-X5-Q-R-G-G-Xe-N-K, wherein Xj is selected from the group consisting
of serine and glycine, X4 is selected from the group consisting of glycine and histidine, Xs 15 selected
from the group consisting of histidine and threonine, and Xe is selected from the group consisting of
alanine and threonine; and {(d) N-L-X7-N-N-R-Q, wherein X7 is selected from the group consisting
of alanine and glycine; including any combination thereof Each of the mutated amino acid
sequence motifs corresponds with a conserved amino acid motf indicated in Figures 18A-18C

above. sequence motif (a) corresponds to the conserved amino acid sequence mont, Q-K-T-G-G-T;
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mutated amino acid sequence motif {(b) corresponds to the conserved amino acid sequence motif, C-
G-L-H-A-D;, mutated amino acid sequence motif {¢) corresponds to the conserved amino acid
sequence motif, S-E-W-(R/AKFH-V-Q-R-G-A-T-W-K; and mutated amino acid sequence motif {d)
corresponds to the conserved aming acid sequence motif, N-L-A-N-N-R-(. In another embodiment,
engineered 60ST enzymes comprising at least one mutated amino acid sequence motif described
above can be selected from the group consisting of. SEQ I NO: 18, SEQ ID NO: 20,
SEQ 1D NO: 22, SEQ 1D NO: 43, SEQ ID NO: 44, SEQ 1D NO- 45, SEQ ID NO: 46, SEQ ID NO:
47, SEQ ID NO: 48, SEQ ID NO- 49, SEGQ ID NO: 50, SEQ ID NO: 59, SEQ ID NO: 60, and SEQ
D NO: 61,

{0245} In another embodiment and in one non-limiting example, engineered 608T enzymes can
comprise the mutated amino acid sequence motifs (b) and {¢) within the same amino acid sequence.
Engineered enzymes comprising the mutated amino acid sequence motifs (b) and {¢) include, but are
not limited to, enzymes comprising the amino acid sequences of SEQ 1D NO: 18, SEG HI NO» 20,
SEQ ID NO: 22, SEQ ID NO: 43, SEQ ID NO: 44, SEQ 1D NO: 45, SEQ ID NO: 46, SEQ ID NO:
47 SEQ 1D NG: 48, SEQ 1D NGO: 49, and SEQ 1D NGO 50 In ancther embodiment, each of the
engineered 60ST enzymes comprising the mutated aminc acid sequence motifs {b) and (¢} have a
sumilar active site as SEQ ID NO: 22, as illustrated in Figure 20, Without being hmited to another
theory, it is believed that several of the mutations comprised within mutated amino acid sequence
motifs (b and (¢} bave one or more functions during sulfotransferase activity, including not hmited
to: increasing the affinity of aryl sulfate compounds to the active site by reducing the size of the
binding pocket, increasing the hydrophobicity of the pocket, remnoving or creating polar or hydrogen
bonding contacts, and/or creating m-m interactions with the aromatic moigties of the aryl sulfate
compounds; stabilizing the transition state of the enzyme during the chemical reaction; and/or
participating in the chemical reaction itself.

{8246} In another embodiment, within engineered 60ST enzymes that comprise the mutated amino
actd sequence motifs (b) and {¢), X415 glycine and Xs 13 histidine. Io other embodiments, X4 i3
histidine and X is threonine.

{0247} In another embodiment, within engineered 60ST enzymes comprising the mutated amino
acid sequence motifs (b} and {¢), X3 is serine, Xs 15 alanine, and X7 is glycine. In other embodiments,
X3 is glyeine, Xe 18 threonine, and X 1s alanine.

{6248} Furthermore, the aminoe acid sequences (SEQ D NGO 18, SEQ ID NO: 20, SEQ 1D NG: 22)
of three engineered 60ST enzymes, which have been experimentally determined to be active with

aryl sulfate compounds as sulfo group douors (see Example 4 below) can be compared with the
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amino acid sequence of the mouse 608T enzyme (entry QSQYKSHOSTT MOUSE) in a multiple
sequence alignment to determine if there are relationships between mutations among each of the
enzymes. A period withio the armivo acid sequence of an engineered enzyme indicates identity at a
particular position with the mouse 60ST enzyme. As shown tn Figure 21, the sequence alignment
demonstrates that while over 90% of the amino acid residues within the three sulfotransferase
sequences are identical, there are several positions in which multiple amino acids can be chosen.
Without being himited by a particular theory, these enzymes have a similar relationship with each
other as the 60S8T enzymes that comprise EC 2.82.-  As a result, and 10 another embodiment,
engineered 0OST enzymes comprising an amino acid sequence in which multiple amino acids can be
chosen at defined positions are disclosed as SEQ H3 NO: 43 and SEQ ID NO: 44, Positions at which
the identity of an amino acid can be chosen from a selection of possible residues are denoted in
terms “Xaa,” “Xn,” or “position n,” where n refers to the residue position.

{0249] In another embodiment, within SEQ ID NG 43, residues having the designation, “Xaa,”
tlhustrate known instances in which there is a lack of identity at a particular position within the
amino acid sequences of SEQ ID NG 18, SEQID NG 20, and SEQID N 22 In another
embodiment, the amino acid sequence, SEQ ID NG: 44, also illustrates known instances in which
there is a lack of identity at a particular position within the amino acid sequences of SEQ 1D NO: 13,
SEQ ID NG 20, and SEQ D NO: 22, but SEQ ID NO: 44 further comprises N-terminal residues 1-
66, and C-terrinal residues 378-411, of several fuli-length 60ST enzymes within EC 282
including, as non-limiting examples, the mouse, human, and pig 60ST enzymes. In contrast, amino
acid restdues in SEQ ID NGO 18, SEQ ID NG: 20, SEQ ID NO: 22, and SEQ ID NO: 43 correspond
with residues 67-377 of several full-length 60ST enzymes within EC 2.82 -, including, as non-
himiting examples, the mouse, human, and pig 608T enzymes. To facilitate protein expression, an
N-terminal methionine residue was added to each SEQ D NG 18, SEQ ID NGO 20, SEQ 1D NG 22,
and SEQ D NO: 43 amino acid sequence, relative to residues 67-377 of the mouse, human, and pig
60ST enzymes.

{0250} In another embodiment, any selection can be made for an Xaa residue, defined by the amino
acid sequence SEQ ID NQO: 43 or SEQ ID NO: 44, so long as the resulting enzyme maintains its
608T activity upon reacting with an arvl sulfate compound as a sulfo group donor.

10251} In another embodiment, within an engineered 60ST enzyme comprising the amino acid
sequence of SEQ I NO: 43, the amino actd residue at position 129 is glycine and the amino acid
residue at position 133 is histidine.  In another embodiment, within an engineered 60ST enzyme

comprising the amino acid sequence of SEQ ID NGO 43, the amino acid residue at position 129 1s
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histidine and the amino acid residue at position 133 is threonine. In another embodiment, within an
engineered 6OST enzyme comprising the amino acid sequence of SEQ 1D NO: 44, the amino acid
residue at position 194 1s glycine and the amino acid residue at position 198 13 histidine. In another
NO: 44, the amino acid residue at position 194 is histidine and the amino acid residue at position 198
is threonine.

10252} In another embodiment, within an engineered 60ST enzyme comprising the amino acid
sequence of SEQ ID NO: 43, the amino acid residue at position 128 is senine, the amino acid residue
at position 138 is alanine, and the amino acid residue at position 181 is glycine. In another
embodiment, within an engineered 60ST enzyme comprising the amino acid sequence of SEQ 1D
NO: 43, the amino acid residue at position 128 is glycine, the amino acid residue at position 138 is
threonine, and the amino acid residue at position 181 1s alanine. In another embodiment, within an
engineered 608T enzyme comprising the amino acid sequence of SEQ 1D NO: 44, the amino acid
residue at position 193 is serine, the amino acid residue at position 203 is alanine, and the amino acid
residue at position 246 is glycine. In another embodiment, within an engineered 608T enzyme
comprising the amino acid sequence of SEQ 1D NQ: 44, the amino acid residue at position 193 is
glycine, the amino acid residue at position 203 is threonine, and the amino acid residue at position
246 is alanine.

{02583] In another embodiment, within an engineered 60ST enzyme comprising the amino acid
sequence of SEQ ID NO: 43 or SEQ 1D NG: 44, the amino acid sequence can optionally include one
or more mutations at residue positions not specified by an “Xn” or “Xaa,” so long as any such
mutations do not eliminate the 60ST and/or aryl sulfate-dependent activity of the enzyme. In
ancther embodiment, such mutations not eliminating aryl sulfate-dependent activity at positions not
specified by an “Xn” or “Xaa” can include substitutions, deletions, and/or additions.

18254} Accordingly, in another embodiment, an engineered 60ST enzyme utilized in accordance
with any of the methods of the present invention can comprise an amino acid sequence selected from
the group consisting of SEQ ID NO: 18, SEQ ID NO: 20, SEQ ID NQ: 22, SEQ D NG: 43, SEQ ID
NO: 44, SEQ ID NO: 45, SEQ ID NO: 46, SEQ ID NO: 47, SEQ ID NO- 48, SEQ ID NO: 49, SEQ
D NO: 50, SEQ ID NG: 59, SEQ ID NG: 60, and SEQ 1D NO: 61, In another embodiment, any of
the above engineered 60ST enzymes react with an aryl sulfate compound, instead of PAPS, as a
sutfo group donor. In further embodiments, the arvl suifate compound 13 selected from the group
consisting of PNS, MUS, 7-hydroxycoumarin sulfate, phenyl sulfate, 4-acetyiphenyl sulfate, indoxyl

sulfate, T-vaphthyl sulfate, Z-naphthyl sulfate, and NCS.  In sore even further embodiments, the
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aryt sulfate compound 1s PNS. In other even further embodiments, the aryl sulfate compound is

NCS.

Glucosaminl 3-O sulfotransferases

[0255] In nature, 308Ts geverally recognize, bind, and react with N,2-HS polysaccharides and
N,2,6-HS polysaccharides as sulfo group acceptors.  (Generally, the glucosamine residus that
receives the sulfo group at the 3-0 position is N-sulfated, and is optionally also 6-O sulfated
Additionally, either adjacent hexuronic acid residue can be either glucuronic acid or iduronic acid,
and can optionaily be 2-O sulfated. In some embodiments, the hexuronic acid residue on the non-
reducing end of the glucosamine residue is unsulfated glucuronic acid, while the hexuronic acid
residue on the reducing end of the glucosamine residue ts 2-(7 sulfated iduronic acid. Similar to each
of the natural sulfotransferases described above, naturally-occurring 308Ts transter the sulfo group
to the peolysaccharide upon reacting with PAPS as a sulfo group donor. Natural 308T enzymes that
attlize PAPS as the sulfo group donor are members of the EC 2.8 2.23 enzyme class. In a non-
Himiting example, both natural 3087 enzymes and engineered aryl sulfate-dependent 308T enzymes
can recognize, bind, and react with N,2,6-HS polysaccharides comprising the structure of Formula X,

below:
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wherein the central glucosamine residue 15 N-sulfated and s adjacent to an unsubstituted glucuronic
acid residue at its non-reducing end and a 2-O sulfated iduronic acid residue at its reducing end, X
can optionally be a sulfate group or an acetyl group, and Y can optionally be a sulfate group or a
hydroxyl group.

10256] As described above, although the portion of the polysaccharide that reacts with the enzymwe

comprises the structure of Formmula X, other portions of the polysaccharide can be N- or
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(-~ substituted, and can comprise other structural motifs that can also react with the enzyme. Simiar
to the other enzymes above, 308T enzymes can transfer a sulfo group to multiple positions within
the same polysaccharide molecule, and multiple positions within the same polysaccharide molecule
can be 3-0J sulfated by the same enzyme molecule. Typically, HS polysaccharides that can react
with 305Ts as sulfo group acceptors typically comprise at least five monosaccharide residues, as
shown in Formula X, In another embodiment, polysaccharides comprising the structure of Formula
X and can react with 308Ts as sulfo group acceptors can comprise at least 32 monosaccharide
residues.

{02571 Upon successfully binding PAPS and an N,2,6-HS polysaccharide comprising the structure
of Formula X, natural 308T enzymes can catalyze transfer of the sulfo group to the 3-0 position of
the central glucosamine residue, forming an N23.6-HS product comprising the structure of

Formula I, below:
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wherein X is either a sulfo group or an acetate group and Y is either a sulfo group or a hydroxyl
group. Similarly, engineered 308T enzymes that react with an aryl sulfate compound and an N,2,6-
HS polysacchande comprising the structure of Formula X can also form an N.2,3,6-HS product
comprising the structure of Formula I In further embodiments, the functional group X in the
N,2,3,6-HS product is a sulfate group. In other further embodiments, the functional group Y in the
N,2,3,6-HS product 1s a sulfate group. To another embodument, 1o some locations within the polymer,
at least a portion of the glucosamine residues are N-acetylated. Natural 308T enzymes within
EC 28223, which have biological activity with N,2,6-HS polysaccharides coraprising the structure
of Formula X as sulfo group acceptors and form N,2.3 6-HS products comprising the structure of

Formula I, have been described by Xu, D, et al, (2008} Nat. Chem. Biol 4(3) 200-202 and
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Edavettal, S.C., et al., (2004} /. Biol Chem. 24(11): 25789-25797, the disclosures of which are
incorporated by reference in their entireties.

[0258] A non-lirotting example of one such N.2,6-HS sulfo group acceptor for 308T enzyrmes 18
iltustrated in Figure 22. Figure 22 shows a polysaccharide 440 that includes three glucosamine
residues 410 comprising an N-sulfo group 411 at each N-position and an O-sulfo group 412 at each
6-0) position. Within the polysaccharide 440, glucosamine residues 410 that are capable of acting as
a sulfo acceptor must be flanked by two hexuronic acid residues. Hexuronic acid residues can
include any residue represenied by the functional group “X” i Forroula X, and are shown in Figure
22 as glucuronic acid residue 420 and iduronic acid residue 430, Hither hexuronic acid residue can
further be substituted by a sulfo group 431 at the 2-0 position.  Upon reacting the polysaccharide
440 with an 308T enzyme and a sulfo group donor, the 3-07 position 413 of any of the glucosaminyl
residues 410 can be sulfated. As shown in Figure 22, the central glucosamine residue 410 receives a
suifo group, ultimately forming a 3-O sulfated glucosaminyl residue 510 within the sulfated product
polysaccharide 441, Also as shown, sulfated product polysaccharide 441 comprises the structure of
Formula [

{82591 In another embodiment, engineered 308Ts that can be utilized in accordance with methods
of the present invention can have the same bioclogical activity with heparosan-based sulfo acceptor
polysaccharides as natural 308Ts, pasticularly heparosan-based polysaccharides comprising the
structure of Formula X. o another embeodiment, when there are multiple portions of the
polysaccharide comprising the structure of Formula X within the sulfo acceptor polysaccharide, any
N-gulfated glucosamine residue can be 3-0) sulfated by the engineered 3087 enzyme. Similarly, the
same polysacchartde can be sulfated multiple times by the engineered 3057, including and up to all
of the N-sulfated glucosamine residues that are present within the polysaccharide. In another
embodiment, a heparin muxture, either isolated from an animal source or synthesized according 10
any of the methods described herein, can also be utilized as a sulfo group acceptor and further 3-0
sutfated upon reacting with an engineered 305T enzyme and an aryl sulfate compound, to form an
“over-sulfated” heparin mixture.

{0260] In another embodiment, sulfo acceptor polysaccharides that can react with an engineered or
natural 308T, including but not limited to those comprising the structure of Formuda X, can be
provided as a homogenous composition. In still other embodiments, sulfo aceeptor polysaccharides
that can react with an engineered or natural 30ST can be comprised within a composition

comprising a polydisperse mixture of polysaccharides having variable chain lengths, molecular
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weights, relative abundance of Formula X, and overall monosaccharide composition and
functionalization.

{0261] In another embodiment, N,2-HS and N.2,6-HS polysacchanides, including but not limited to
those comprising the structure of Formula X, and utilized 10 accordance with methods of the present
invention with either an engineered or natural 60ST enzyme, can be obtained and/or modified from
commercial sources. In another embodiment, either an engineered or natural 60ST can be utilized
in accordance with methods of the present invention can react with N,2-HS products produced by an
NST and/or a 2057 1o one or more previous steps.  In another embodument, either an engineered or
natural 608T can be utilized in accordance with methods of the present invention can react with
N,2,6-HS products produced by an NST, a 2087, and/or a 60ST in one or more previous steps. In
another embodiment, one or more of the sulfation steps to produce the N 2-HS or N,2,6-HS product
was catalyzed by an engineered, aryl sulfate-dependent sulfotransferase. In another embodiment, all
of the suifation steps to produce the N,2-HS or N,2,6-HS product was catalyzed by an engineered,
aryl sulfate-dependent sulfotransferase. Each of these processes are discussed in detail in the
description and examples, below.

18262} Natural 308T enzymes within the EC 282723 enzyme class generally comprise
approximately 300 to 325 amino acid residues that can in some cases vary greatly in their sequence,
vet ultimately have the exact same function, namely, to catalyze the transfer of a sulfury! group from
PAPS to the 3-0 position of N-sulfoghicosamine residues within N2-HS or N26-HS
polysaccharides, particularly those comprising the structure of Formula X. Without being limited by
a particular theory, it 1s believed that each of the natural 308Ts can catalyze the same chemical
reaction because there are multiple amino acid sequence motifs and secondary structures that are
either identical or highly conserved across all species.

{0263} Further, it is beligved that several of the conserved aming acid sequence motifs are directly
involved in binding of either PAPS and/or the polysaccharide, or participate in the chemical reaction
itself. The identity between the natural 30ST enzymes can be demonsirated by comparing the
amino acid sequence of a particular enzyme with 308T enzymes that have known crystal structures
in which amino acid residues within the active site have been identified, including the mouse (PDB
code: 3UAN) and human (PDB code: 1ZRH} 305T1 enzymes, which have nearly identical active
sites and overall structures even though they have only an 83% sequence identity with one another.
A muitiple sequence alignment of fifteen enzymes within EC 2.8.2.23, including the mouse and
human enzymes, 15 shown in Figures 23A-23C, along with the percent identity of each sequence

relative to a human 30S8T reference sequence (UniProtiKB Accession No. 014792}, As tHustrated 1n
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Figures 23A-23C, sequences range from having 98% identity with the 014792 reference sequence
{entry triHOZG39HOZG39 MACMU) for the rhesus monkey 30ST, down to 53% identity (entry
sp|QBIZTEHS3SS HUMAN) for hurmnan 30STS Those skilled in the art would appreciate that the
multiple sequence alignment was limited to fifteen sequences for clarity, and that there are hundreds
of amino acid sequences encoding for natural 30S8T enzymes that have been 1dentified and that have
highly conserved active site and/or binding regions as well.

10264] Within Figures 23A-23C, amino acids that are depicted in white with a black background at a
particular posttion, are 100% identical across all sequences. Amino acids that are highly conserved,
meaning that the amino acids are either identical or chemically or structurally similar, at a particular
position are enclosed with a black outline. Within highly couserved regions, consensus amino acids
that are present in a majority of the sequences, are in bold. Amino acids at a particular position that
are not identical or highly conserved are typically variable. A period within a sequence indicates a
gap that has been inserted into the sequence in order to facilitate the sequence alignment with other
sequence(s) that have additional residues between highly conserved or identical region. Finally,
above each block of sequences are a series of arrows and coils that indicate secondary structure that
is conserved across all sequences, based on the identity of the amino acids within the alignment and
using the structure of the natural human sulfotransferase enzyme as a reference. The B symbol
adjacent to an arrow refers to a B-sheet, whereas a coil adjacent to an ¢ symbol or a nj symbol refers
to a helix secondary structure.

18265] Within the fifteen aligned sequences in Figures 23A-23C) there are several conserved amino
acid sequence motifs that include one or more amine acids that comprise the active site, based on the

crystal structures of the mouse (entry sp/O35310{HS381T MOUSE)} and human 30871 {entry

sp|O14792/HS351 HUMAN) enzymes described above. Based on the numbering of the amino acid

residues within Figures 23A-23C, these motifs include residues 16-27 {including G-V-R-K-G-G
from residues 18-23), residues 43-48 (E-V/I-H-F-F-D), residues 78-81 (P-A/G-Y-F), residues 112-
117 (including S-B-Y-T-Q-V), and residues 145-147 (Y-K-A). It 15 believed that these residues
either facilitate or participate in the chenucal reaction, or enable binding of PAPS or the
polysaccharide within the active site. In particular, within residues 43-48, as described above and as
thustrated in Figure 1, the glutamic acid residue at position 43 abstracts the proton from the 3-0
position of the N-sulfoglucosamine residue within the polysaccharide, enabling the nucleophilic
attack and removal of the sulfo group from PAPS, whereas His-45 and Asp-48 coordinate to
stabilize the transition state of the enzyme before the sulfurylated polysaccharide product is released

from the active siie,



WO 2022/015794 PCT/US2021/041537

{0266] However, as described above, the natural 30ST enzymes are unable to catalyze the transfer
of the sulfate group from an aryl sulfate compound to a polysaccharide. Without being limited by a
particular theory, and as with the NSTs, 208Ts, and the 605Ts described above, it 18 believed that
the binding pocket for PAPS within the active site of the natural sulfotransferase either does not have
a high enough affinity for aryl sulfate compounds to facilitate binding and/or that the aryl sulfate
compounds are sterically hindered from entering the active site. Consequently, and in another
embodiment, a natural 30ST enzyme can be mutated in several locations within its amino acid
sequence to enable binding of the aryl sulfate compound within the active site and/or to optimally
position the aryl sulfate compound so transfer of the sulfate group to the polysaccharide can occur.
{0267 Accordingly, and tn another embodiment, engineered 308T evzymes that can be utilized
with methods of the present invention can be mutants of natural 308T enzymes within EC 2.8.2.23,
including enzymes having the amino acid sequences illustrated in Figures 23A-23C. In another
embodiment, the engineered 308T enzymes have been engineered to recognize, bind, and react with
aryl sulfate compounds as suifo group donors, while retaining the natural enzymes’ ability to
recognize, bind, and react with any of the HS polysaccharides described above, including but not
limited to those comprising the structure of Formula X as sulfo group acceptors. Without being
Hmited by a particular theory, it is believed that because of the mutations iuserted into the amino
acid sequences of the engineered 3081 enzymes, their sulfotransferase activity may comprise the
direct transfer of a sulfuryl group from an aryl sulfate compound to the sulfo acceptor
polysaccharide, using a similar mechanism as described in Figure 1, above, except that the PAPS is
substituted with the aryl sulfate compound. Otherwise, it 1s believed that the mutations may cause
the sulfotransferase activity to comprise a two-step process including the hydrolysis of an aryl
sutfate compound and formation of a sulfohistidine intermediate, tollowed by the nucleophilic attack
of the sulfohistidine intermediate by the oxygen atom at the 3-O position of a gluicosamine residug,
to form a 3-0 sulfated product. In another embodiment, the 3-(7 sulfated HS product is an N,2,3 6~
HS product.

{0268} In another embodiment, an engineered 308T enzyme can comprise one or more mutated
amino acid sequence motifs relative to the conserved amino acid sequence motifs tound n natural
3OST enzymes within HC 2.8.2.23, as described above and indicated in the multiple sequence
alignment in Figures 23A-23C. In another embodiment, each mutated amino acid sequence motif
that ts present in the amino acid sequence of the engineered enzyme comprises at ieast one amino
acid mutation relative to the corresponding conserved amino acid sequence motif within the natural

30S8T enzymes. In another embodiment, an eogiveered 30ST enzyme can comprise one mutated
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amino acid sequence motif. In another embodiument, an engineered 308T enzyme can comprise two
mutated amino acid sequence motifs. In another embodiment, an engineered 3087 enzyme can
comprise three mutated amino acid sequence motifs. In another embodiment, an engineered 30ST
enzyme can comprise four mutated amino acid sequence motifs.  In ancther embodiment, an
engineered 308T enzyme can comprise five mutated amino acid sequence motifs.  In another
embodiment, an engineered 30ST enzyme that includes at least one mutated amino acid sequence
motif relative to any of the natural 3087 enzymes within EC 2.8.2.23 can have an amino acid
sequence selected from the group consisting of SEQ 1D NG 24, SEQ 1D NO: 26, SEQ 1D NO: 28,
SEQ ID NO: 51, SEQ D NO: 52, SEQ IDNO: 53, SEQ ID NO: 54, SEQ ID NO: 56, SEQ ID
NGO 57, and SEQ ID NO: S8,

18269] In ancther embodiment, upon viewing the crystal structure of the mouse 308711 enzyme
within a 3D molecular visualization system (including, as a non-limiting example, the open-source
software, PyMOL)}, the structure of related sequences, such as those of engineered 30ST enzymes
that contain one or more mutated amino acid sequence motifs relative to the mouse 308Tl
{(UnProthB Accession No. 335310} structure, can be modeled for comparison as illustrated in
Figure 24. Figure 24 shows a magnified view of the active site of the mouse 308T enzyme (PDB
code: 3UAN) with three engineered 308T enzymes, comprising the amino acid sequences of
SEQ ID NG: 24, SEQ D NO: 26, and SEQ 1D NG: 28, Adenocsine 3’ 5'-diphosphate, which is the
product of a sulfotransfer reaction 1 which PAPS 1s the sulfo donor, and which was co-crystallized
with the mouse 308T, is also illustrated within the active site. PNS is also modeled into the active
site of the engineered enzymes, using the consensus solutions of molecular dynamics (MD)
simulations that designed to calculate the optimized position and onentation of a ligand within an
enzyme active site adjacent to the polysaccharide binding site {(not shown), if such solutions are
possible. Hydrogen atoms are not shown for clarity.

18276} As illustrated in Figure 24, although there are several mutations made to SEQ ID NO: 24,
SEQ ID NO: 26, and SEQ ID NGO: 28, relative to the natural mouse sulfotransferase, the respective
protein backbones are in a nearly identical location to one another, enabling a one-to-one
comparison of the active sites. However, when comparing the two active sites, the adenosine 3',5'-
diphosphate product from the natural sulfotransfer reaction is adjacent to the lysing residue, whereas
the convergent solutions from the above MD simulations indicate that PNS binding within the
engineered enzymes is favored on the opposite side of the active site. Without being limited by a
particular theory, it is believed that the convergent MD simulation solutions place PNS on the

opposite side of the active site because there 13 not enough of an affinity toward PNS in the same or
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sirotlar position as PAPS. Yet, despite the apparent differences in the binding pocket for PAPS and
PNS, engineered 30S8T enzymes comprising the amino acid sequences of SEQ ID NO: 24,
SEQ ID NG 26, and SEQ 1D NGO 28 sl achieved sulfo transter from an aryl sulfate compound to
the glucosaminyl 3-0J position within an N,2,6-HS, as described in the examples below.

10271] Further, the arginine residue corresponding to position 20 of the mouse 30STH and
conserved in all of the other 3U8T enzymes illustrated in Figures 23A-23C, if present in an
engineered 305T enzyme, would block PNS from binding in the position indicated in Figure 24
Accordingly, and in another embodiment, engineered 308T enzywmes that bind PNS can comprise a
mutation of the active site arginine residue to a glycine residue, which removes all steric hindrance
for PNS to bind within the binding pocket.  As indicated in the amino acid sequences for SEQ 1D
NO: 24, SEQ D NO: 26, SEQ ID NO: 28, SEQ ID NO: 51, SEQ ID NO: 52, SEQ ID NO: 53, and
SEQ ID NO: 54, the arginine to glycine mutation 15 at position 21, As indicated in the anuno acid
sequences for SEQ ID NG 56, SEQ ID NG: 57, and SEQ ID NO: 58, the arginine to glycine
mutation is at position 99.

{8272} Simularly, the next amino acid residue in each of the engineered enzymes, corresponding to
position 22 in the amino acid sequences SEQ D NO: 24, SEQ ID NG: 26, SEQ D NO: 28,
SEGQIDNG: 51, SEQ ID NG: 52, SEQ ID NG: 53, SEQ 1D NO: 54, 18 mutated to a histidine residue.
Without being limited by a particular theory, it is believed that the mutation to a histidine residue
from the conserved lysine residue (corresponding to position 21 in each of the arnno acid sequences
in Figures 23A-23C) facilitates removal of the suifate group from PNS, using a similar mechanism
described by Malojcic, et al., above. As indicated in the amino acid sequences for SEQ 1D NO: 56,
SEQ ID NG 57, and SEQ 1D NO: S8, the lysine to histidine residue is at position 100,

{0273} Those skilled in the art would appreciate that engineered 3087 enzymes of any other amino
acid sequence, inchuding, but not limited to, those disclosed by SEQ 1D NG 51, SEQ ID NGO 52,
SEQ ID NO: 53, SEQ ID NO: 54, SEQ ID NO: 56, SEQ ID NO: 57, and SEQ ID NO: 58, would
exhibit a similar structure would exhibit similar structural mootifs as engineered enzymes having the
amino acid sequences of SEQ 1D NO: 24, SEQ ID NO: 26, and SEQ ID NO: 28, particularly within
the active site. Without being limiuied by a particular theory, it 15 also believed that NCS would bind
in a similar position as PNS within the active site of any of the engineered enzymes, since the
structures of the two aryl sulfate compounds are very similar, except that the sulfate group s located
orthe on the aromatic ring relative to the nitro group, rather than para to the nitro group.

10274} In another embodiment, engineered 30ST enzymes that can be utilized in accordance with

methods of the present invention can comprise one or more mutated amino acid sequence motifs,
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which can be determined in-part by comparing conserved amino acid sequence motifs indicated in
the multiple sequence alignment of Figures 23A-23C with the known structure(s) of natural enzymes
and/or modeled engineered enzywes, including but not hmited to, as a non-limiting example,
enzymes iHustrated in Figure 24, In another embodiment, mutated amino actd sequence motifs that
can be comprised within an engineered 30ST enzyme can be selected from the group consisting of
(a) G-V-G-H-G-G; (b H-5-Y-F, (¢} S-X1-Xo-T-H-Xs3, wherein Xi is selected from the group
consisting of alanine and leucine; X s selected from the group consisting of tyrosine and glycine,
and X3 is selected from the group consisting of methionine and leucine; and {d) Y-Xu-G, wherein X4
is selected from the group consisting of valine and threonine; inchuding any combination thereof.
Each of the mutated amino acid sequence motifs corresponds with a conserved amino acid motit
indicated in Figures 23A-23C above: the mutated amino acid sequence motif G-V-G-H-G-G
corresponds to the conserved amino acid sequence motif G-V-R-K-G-G; the mutated amino acid
sequence motif H-8-Y-F corresponds to the conserved aming acid sequence motif P-A/G-Y-F; the
mutated amino acid sequence motf S-Xy-X3-T-H-X3 corresponds to the conserved amino acid
sequence motif S-D-Y-T-(Q-V,; and the mutated amino acid sequence motif Y-Xa-3 corresponds to
the conserved aminc acid sequence motif Y-K-A. In another embodiment, an engineered 30OST
enzyme comprising each of the mutated amino acid sequence motifs above can be selected from the
group consisting of: SEQIDNO: 24, SEQ ID NO: 26, SEQIDNO: 28 SEQIDNO: 51,
SEQ ID NO: 52, SEQ ID NO: 53, SEQ ID NO: 54, SEQ ID NO: 56, SEQ ID NO: 57, and SEQ ID
NO: 58,

2

10275} In anocther embodiment, each of the mutated amino acid sequence motifs can comprise at
feast one mutation that i3 made relative to the conserved amino acids found in the satural 30ST
enzymes within EC 28223 In ancther embodiment, mutated amino acid sequence motif {(a)
contains an R-K to G-H mutation, relative to the conserved amino acid sequence motif, G-V-R-K-(-
(. In ancther embodiment, mutated amino acid sequence motif (b) contains a P-A/G to an H-8
mutation relative to the conserved arivo acid sequence motif, P-A/G-Y-F. In another embodiment,
in addition to potential mutations made at the X, Xz, and X3 positions, mutated amino acid sequence
motif (¢} comprises a § to H mutation, relative to the conserved aruino acid sequence motif, S-D-Y-
T-Q-¥Y. In another embodiment, in addition to a mutation at the X4 position, mutated amino acid
sequence motif {d) comprises an A to G mutation, relative to the conserved amino acid sequence
motif, Y-K-A.

{6276} In another embodiment, X is alanine, X3 18 tyrosine; X3 15 methionine, and X4 15 valine or

threonine. In other embodiments, X1 is leucine, Xz is glycine, X5 18 leucine, and X4 is threoumne.
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Without being limited to another theory, it is believed that one or more of the mutations corprised
within mutated amino acid sequence motifs (b}, (¢}, and (d} play a role in stabilizing the transition
state of the enzyroe during the chemical reaction, or in increasing the affinity of aryl sulfate
compounds to the active site, including by reducing the size of the binding pocket, increasing the
hydrophobicity of the pocket, and/or creating n-x interactions with the aromatic moieties of the aryl
sulfate compounds.

10277} Furthermore, the amino acid sequences (SE(Q ID NO: 24, SEQ 1D NG: 26, SEQ ID NO: 28)
of three engineered 308T enzymes, which have been experimentally determined to be active with
aryl sulfate compounds as sulfo group donors {see Example 5 below} can be compared with the
amino  acid  sequence of the first isoform  of the human 308T enzyme {entry
sp|G14792/HS351 HUMAN) in a multiple sequence alignment to determine if there are
relationships between mutations among each of the enzymes. A period within the amino acid
sequence of an engineered enzyme indicates identity at a particular position with the human 30ST
enzyme. As shown in Figure 25, the sequence alignment demonstrates that while over 90% of the
amino acid residues within the three sulfotransferase sequences are identical, there are several
positions in which multiple amino acids can be chosen. Without being limited by a particular theory,
these enzymes have a sumilar relationship with each other as the 308T enzymes that comprise EC
282723 As a result, and in another embodiment, an engineered 308T enzyme comprising an
amino acid sequence in which wultiple amino acids can be chosen at defined positions is disclosed
as SEQ D NG: 51, Positions at which the identity of an amino acid can be chosen from a selection
of possible residues are denoted in terms “Xaa,” “Xn,” or “position n,” where n refers to the residue
position.

{0278} In another embodiment, within an engineered 308T enzyme comprising the amino acid
sequence of SEQ ID NO: 51, the amino acid residue at posttion 114 ts alanine and the amino acid
residue at position 118 is methionine. In further embodiments, the amino acid residue at position
147 is selected from the group counsisting of valine and threonine.

{0279} In another embodiment, within an engineered 308T enzyme comprising the amino acid
sequence of SEQ 1D NGO: 51, the amino acid residue at position 114 1s leucine, the amivo acd
residue at position 118 is feucine, and the amino acid residue at position 121 is valine. In further
embodiments, the amino acid residue at position 115 15 glycine. In even further embodiments, the
amino acid residue at position 147 is threonine.

{0280} In another embodiment, within an engineered 308T enzyme comprising the amino acid

sequence of SEQ ID NO: 51, the amino acid sequence can optionally include one or more mutations

8
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at residue posttions not specified by an “Xn” or “Xaa,” so long as any such mutations do not
eliminate the 30ST and/or aryl sulfate-dependent activity of the enzyme. In another embodiment,
such mutations not eliminating aryl sulfate-dependent activity at positions not specified by an “Xuo”
or “Xaa” can include substitutions, deletions, and/or additions.

10281] Accordingly, in another embodiment, an engineered 30ST enzyme utilized in accordance
with any of the methods of the present invention can comprise an amino acid sequence selected from
the group consisting of SEQ D NO: 24, SEQ 1D NGO: 26, SEQ ID NO: 28, SEQ ID NGO: 51,
SEQ ID NO: 52, SEQ ID NO: 53, SEQ ID NO: 54, SEQ ID NO: 56, SEQ ID NO- 57, and SEQ ID
NO: 58, In ancther embodiment, any of the above engineered 60ST enzymes react with an aryl
sulfate compound, nstead of PAPS, as a sulfo group donor. In further embodiments, the aryi sulfate
compound is selected from the group consisting of PNS, MUS, 7-hydroxycoumarin sulfate, phenyl
sulfate, 4-acetylphenyl sulfate, indoxyl sulfate, 1-naphthyl sulfate, 2-naphthyl sultate, and NCS. In
some even further embodiments, the aryl sulfate compound is PNS. In other even further

embodiments, the aryl sulfate compound 1s NCS.

In vitro synthesis of sulfated polysaccharides

{0282} As described above, natural sulfotransferases that recognize, bind, and react with heparosan-
based polysaccharides as sulfo group acceptors have the ability to produce a wide range of sulfated
polysaccharide products in vive, including heparin (see Desar, UR., etal | (1998) J Biol. Chem. 273
{13).7478-7487). The medical use of heparin has been well documented for decades including, but
are not limited to, mactivation of Factor Ha (thrombin) and/or Factor Xa, two proteins that are vital
in the blood-ciotiing cascade. In particular, when heparin binds to antithrombin (AT), it causes a
conformational change in the enzyme that enables the formation of a ternary complex between the
polysaccharide, AT, and etther thrombin or Factor Xa {(see Li, W, et al., (2004} Nar. Struct. Mol
Biol 11 (9):857-862, the disclosure of which is incorporated by reference in its entirety). In order to
bind with AT and induce s conformational change, polysaccharides within the heparin composition
must have a specific five-residue AT-recognition sequence, which is identical to the structure of
Formula I, described above. Ags a result, ODSH compositions that have even a small amount of
anticoagulant activity often contain some polysaccharides that have an AT-recognition sequence. In
some embodiments, HS compositions can be synthesized by one or more methods of the present
invention, in which none of the polysaccharides contain an AT-recognition sequence. In further
embodiments, an 308T can be omitted from the synthesis of an HS polysaccharide to ensure that no

AT-recognition sequences will be present in the product.
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{0283] As described above, the hallmark of nearly all sulfoiransterases, whether they are utilized in
either in vizro or an in vivo sulfotranster reaction, is that they universally and exclusively recognize
PAPS as the suifo group donor, as descnibed m US. Pat. Nos. 5,541,095, 5,817,487, 5,834,282,
6,801,254, B 771,995, 9,951,149, and .S Pat Pubs 2009/0035787, 2013/0296540, and
2016/0122446, the disclosures of which are incorporated by reference in their entireties. These
include sulfotransferases in which a polysaccharide is a suifo group acceptor, particularly HS
sulfotransferases that take part in the production of anticoagulant and non-anticoagulant N,2,3,6-HS
products. Currently, because PAPS s expensive and unstable in solution, the rost convenient and
economically feasible method to obtain anticoagulant N,2,3,6-HS pelysaccharides in large quantities
18 to isolate them from ammal sources, particularly pigs and cattle, rather than to syothesize them in
vifro, even when a coupled, enzymatic PAPS regeneration system {(see U S Pat No. 6,255,088,
abovey is employed. Without being limited by a particular theory, utilizing any of the engineered
aryl sulfate-dependent sulfotransferases described above to catalyze one or more of the sulfotransfer
reactions in the production of N,2,3,6-HS polysaccharides can reduce the industry’s reliance on
using PAPS as a sulfo group donor, and if an engineered aryl sulfate-dependent sulfotransferase is
utilized in all of the enzymatic sulfotransfer steps, the need to use PAPS can be cbviated entirely.

0284] Accordingly, methods for synthesizing an HS compound can comprise any combination of
natural or engineered sulfotransferase enzymes, so long as at least one of the reactions comprises an
engioeered aryl sulfate-dependent sulfotransferase enzyme and an aryl sulfate compound. Io some
embodiments, NS6S/HS can be synthesized using a method comprising the following steps: {(a)
providing a starting polysaccharide composition comprising N-deacetylated heparosan; (b) reacting
the starting polysaccharide composition within a reaction mixture comprising an N-sulfation agent,
to form an N-sulfated heparan sulfate (NS/HS) product; and {¢} reacting the NS/HS product within a
reaction mixture comprising an aryl sulfate compound and an engineered 6OST enzvine, thereby
forming the NSOS/HS product; wherein the biclogical activity of the engineered 608T enzyme
comprises the transfer of a sulfo group from an aryl sulfate compound to a heparosan-based
polysaccharide. In various embodiments, the biclogical activity of the engineered 608T enzyme
consists of the transfer of a sulfo group from an aryl sulfate compound to a heparosan-based
polysacchartde, preferably in the absence of PAPS. In further embodiments, the method can further
comprise the step of reacting either NS/HS or NSO65/HS with a 208T and a sulfo group donor, to
form either an NS2S/HS or NS2S6S/HS product, respectively. In some preferred embodiments, the

208T 18 an engineered sulfotransterase, and the sulfo group donor consists of an aryl sulfate
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compound. In another ersbodituent, the reaction mixture that comprises the 2057 enzyme further
comprises a glucuronyl Cs-epimerase enzyme.

{0285] In other embodiments, an ODSH compound can be formed from an NS2Z86S38-HS product
synthesized by any combination of natural or engineered suifotransferase enzymes, so long as at
feast one of the reactions comprises an engineered aryl sulfate-dependent sulfotransferase enzyme
and an aryl sulfate compound. In some embodiments, methods for synthesizing an NS286838-HS
product can comprise the following steps: (&) providing a starting polysaccharnde reaction mixture
comprising N-deacetylated heparosan; (b} reacting the starting polysaccharide corposition within a
reaction mixture comprising an N-sulfation agent, to form an NS/HS product; (¢} combining the
NS/HS product with a reaction mixture coroprising a sulfo group donor and a first wntermediate
sulfotransferase enzyme selected from the group consisting of a 2087 enzyme and a 60S5T enzyme,
to form a first intermediate HS product; (d) combining the first intermediate HS product with a
reaction mixture comprising a second intermediate suifotransferase enzyme, wherein the second
intermediate sulfotransferase enzyme is the enzyme that was not selected in step (¢}, to form a
second intermediate HS product; and (e} combining the second intermediate HS product with a
reaction mixture comprising a sulfo group donor and a 30S5T enzyme, to form the NS256838-HS
product. Once the NS2Z86838-HS product is formed, an ODSH can be formed according fo any of
the desuifation methods described in above in U8, Patents 5,990,097, 5,912,237, 5808021,
5,668,118, and 5,296,471, and 1o further detail below. Reaction mixtures that do not comprise an
engineered sulfotransferase enzyme can comprise PAPS and a natural HS sulfotransferase enzyme
that possesses biological activity with PAPS as the sulfo group donor. In various embodiments, all
of the enzymes are engineered aryl sulfate-dependent sulfotransferases.

{0286} In another embodiment, the N-sulfation agent can comprise any of the natural NDST or
engineered NST enzymes described above. In another embodiment, when the N-sulfation agent is a
natural NDST enzyme, the reaction mixture can also comprise PAPS as a suifo group donor. In
another embodiment, when the N-sulfation ageunt 13 av engineered NXT, the reaction mixture can also
comprise an aryl sulfate compound, preferably PNS or NCS, as a sulfo group donor.  In another
embodiment, when the N-sulfation agent is an engineered NST, the enzyme can comprise an amino
acid sequence selected from the group consisting of SEQ ID NO: 2, SEQ ID NO: 4, SEQ ID NGO ¢,
SEQ ID NO: 8, SEQ ID NO: 10, SEQ ID NO- 12, SEQ ID NO: 33, SEGQ ID NO: 34, SEQ 1D NO: 35,
SEQ ID NG 36, SEQ ID NG 37, SEQ 1D NO: 38, SEQ D NG 39, and SEQ 1D NO: 40,

{0287} In another embodiment, N-deacetylated heparosan can be chenmically N-sulfated, rather than
being enzymatically N-sulfated. In another embodiment, the N-sulfation ageot is a chemical ageot,
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preferably sulfur trioxide and/or one or more sulfur-trioxide coutaining compounds or adducts.
Chemical N-sulfation of glucosamine residues within polysaccharides using sulfur trioxide is
commonly known in the art {see Lloyd, A G, et al., (1971} Biochem. Pharmacol 28 (3).637-648,;
Nadkaroi, V.D,, et al., (1996) Carbohydrate Research 294:87-96; Kuberan, B, et al,, (2003} J. Biol
Chem. 278 (S23:52613-52621; Zhang, 7., et al., (2008) J. Am. Chem. Soc. 130 (393:12998-13007;
and Wang, et al., (2011}, above; see alse U8, Pat. No. 6,991,183 and U.8. Pat. Pub. 2008/020789,
the disclosures of which are incorporated by reference in their entireties). Sulfur trioxide complexes
are generally mild enough bases to enable the selected N-suifation of polysaccharides without
causing depolymerization, unlike sodium hydroxide (see Gilbert, EE., (1962} Chem. Rev. 62
{6):549-589).  Non-limiting examples of sulfur iroxide-containing complexes include sulfur
dioxide-pyridine, sulfur dioxide-dioxane, sulfur dioxide-trimethylamine, sulfur dioxide-
triethylamine, sulfur dioxide-dimethylantine, sulfur dioxide-thioxane, sulfur dioxide-Bis(2-
chloroethyl} ether, sulfur dioxide-Z-methylpyridine, sulfur dioxide-quinoline, or sulfur dioxide-
dimethylformamide.  In another embodiment, the N-suifation agent comprises a sulfur trioxide-
containing adduct selected from the group consisting of a suifur trioxide~-trimethylamine adduct and
a sulfur trioxide-pyridine adduct. In another embodiment, the N-sulfation agent comprises a sulfur
irioxide-trumethylamine adduct.

{0288} In another embodiment, N-sulfation, particularly chemical N-sulfation, can comprise the first
sulfation step, with respect to N-deacetylated heparosan.  Subsequently, after the N-deacetylated
heparosan is either enzymatically or chemically N-sulfated, the N-sulfated heparosan can then be
further sulfated using a 208T, 6087, and/or 308T. In embodiments in which an NS2868358-HS
product is formed, enzymatic sulfation steps can occur in the order of 2-¢J, 6-0, and 3-O sulfation.
As described above, the 30ST enzyme, and preferably all of the sulfotransferase enzymes, are
engingered arvl-sulfate dependent sulfotransferase enzymes, and the reactions are performed in the
absence of PAPS.

[0289] In another embodiment, reaction mixtures comprising a 208T enzyme turther comprise a
glucuronyl Cs-epimerase enzyme, preferably a glucuronyl Cs-epimerase enzyme comprising the
amino acid sequence of SEQ ID NOG: 29, and more preferably a ghuocuronyl Cs-epimerase enzyme
comprising the amino acid sequence of residues 34-617 of SEQ ID NG: 29, In another embodiment,
when the 2087 enzyme 18 an engineered enzyme, the enzyme can comprise an amino acid sequence
selected from the group consisting of SEQ ID NOG: 14, SEQ ID NG: 16, SEQ ID NG: 41, and
SEQ ID NG: 42
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{0290] In another embodiment, when the 6OST enzyme 13 an engineered enzyme, the enzyme can
comprise an amino acid sequence selected from the group consisting of SEQ 1D NO: 1§,
SEQIDNG: 20, SEQIDNG: 22, SEQ D NO:43, SEQIDNO. 44, SEQ ID NO: 45,
SEQID NG 40, SEQIDNO: 47, SEQIDNO: 48 SEQIDNO: 49, SEQ 1D NGO 50
SEQ ID NG: 539, SEQ ID NO: 60, and SEQ ID NO: 61.

(v

)

{0291} In another embodiment, when the 30S5T enzyme is an engineered enzyme, the enzyme can
comprise an amino acid sequence selected from the group consisting of SEQID NO: 24,
SEQID NG 26, SEQIDNG: 28 SEQIDNG: 51, SEQIDNG:52, SEQIDNO. 53,
SEQ ID NO: 54, SEQ ID NO: 56, SEG 1D NO: 57, and SEQ 1D NO: 58,

>

{8292] In another embodiment, aryl sulfate cormpounds used as sulfo group donors can be selected
from the group consisting of PNS, MUS, 7-hydroxycoumarin sulfate, phenyl sulfate, 4-acetylphenyl
sulfate, indoxyl sulfate, I-naphthyl sulfate, Z-naphthyl sultate, and NCS.  In even further
embodiments, the aryl sulfate compound is PNS. In other even further embodiments, the arvl sulfate
compound 1s NCS.

{0293} In ancther embodiment, in some instances in which the methods of the present invention are
used to synthesize an NS2S8083S8-HS product, the NS2ZS6835-HS product comprises an AT-
recognition sequence and has aunticoagulant activity, which can be characterized by the degree of
inhibitory activity that they have against Factor Xa and thrombin, termed “anti-Xa” activity and
“anti-la” activity, respectively. The amount of inhibition induced by anticoagulant polysaccharides
is often measured in International Units per milligram (U mg™) and less often as International Units
per milliliter (IU mL™}. In either case, an International Unit is an amount approximately equivalent
to the quantity required to keep 1-ml of cat’s blood fluid for 24 hours at 0 °C.  In another
embodiment, anticoagulant NS286835-HS polysaccharides produced by methods of the present
invention can have an anti-Xa activity of at least about 1 IU mg™, including at least about 50 11J mg!,
at least 75 TU mg™, 100 U mg™, 150 IU mg™, 200 U mg™, or 500 IU mg™, up to at least about
1,000 IUmg™?, In another embodiment, anticoagulant N82S683S-HS polysaccharides produced by
methods of the present invention can have an anti-la activity of at least about 1 IU mg”, including
at feast about 101U mg, 25 W mg, 50 W mg?, 100 IWmg™, 150 U mg!, or 180 IU mg™, up toat
feast about 200 11U mg™  In another embodiment, the ratio of anti-Xa activity to anti-Ha activity of
the NSZS653S-HS product is at least 0.5:1, including at feast 0.75:1, 0.9:1, -1, L.1:1, 1310, 1.5:4,
2.0:1, 3.0:1, 401, 5.0:1, 661, 7.001, 80:1, 8.0, 10.0:1, 2001, 4011, 60:1, or 80:1, up to at least
100:1. In another embodiment, the ratio of anti-Xa activity to anti-la activity of the NS2S6838-HS

product 15 less than 1001, including less than 80:1, 60:1. 40:1, 20:1, 10.0:1,9.0:1,8.0:1, 7.0:1, 6.0:1,
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SO, 400, 3.1, 2000, 150, 1301, LR 091, or 0751, down to less than 0.5:1. In another
embodiment, the ratio of anti-Xa activity to anti-lfa activity of the NS256838-HS product is in a
range from about 0.9 to about 1.1, In another embodiment, the ratio of anti-Xa activity to anti-la
activity of an NSZ86S35-HS product is in a range from 0.5: 1 up to 0.75:1, or 0.9:3, or 11, or 1.1:1,
ori3lor 1S L,or20:1,or30:,0rd G, or 5.0, or6. 0, or 701, or 801, or 9.0:1, or 10.0:1,
{0294] Simularly, all polysacchartde mixtures, including NS2S/HS, NSO6S/HS, NS2S6S/HS, and
NS286535-HS product mixtures, can be characterized by their weight-average molecular weight
{M,}. Because substantially all of the heparins either isolated from animal sources or synthesized i
vifro are obtained as a polydisperse mixture of polysacchanides with different chain lengths and
degrees of sulfation, expressing the average molecular weight as a weight average, rather than a
number average (i.e. a true arithmetic mean (M,,), is often the most advantageous because it accounts
for the effect larger molecules have on anticoagulation. The M,,of a polysaccharide mixture can be
measured experimentally using light scattering methods or analytical ultracentrifugation (see Mulloy,
B, et al, (2014) Anal. Bioanal. Chem. 486:4815-4823, the disclosure of which 15 incorporated by
reference in ifs entirety). However, determining the M,,, typically by size exclusion chromatography,
can still be useful because the ratio between M, and M, can provide valuable insight into the
amount of polydispersity in a particular polysaccharide sampie.

{0295] For example, heparins are generally divided into multiple classes based on their average
molecular weights, particularly their M,,.  Samples of low-molecular weight heparin (LMWH)
typically have an M,, of less than 8,000 Da, in which more than 60% of all of the polysaccharide
molecules within the sample have an actual molecular weight of less than 8,000 Da (see Linbardt,
R and Gunay, N.X., (1999} Seminagrs in Thrombosis and Hemostasis 25 {Suppl. 3):3-16, the
disclosure of which 1s incorporated by reference in its entirety). LMWH is typically prepared by
chemically or enzymatically modifying animal-sourced unfractionated heparin or API hepann.
Unfractionated heparin typically haa an M, of greater than 8,000 Da. To be approved for use in
medical treatments, API heparin has strict molecular weight guidelines that must be met, namely: (1)
the proportion of polysaccharides within the composition having a molecular weight over 24,000 Da
is not more than 20%; (2) the M,,, of the composition itself is between 15,000 Da and 19,000 Da; and
{3} the ratio of the number of polysaccharides within the composition having a molecular weight
between 8,000 Da and 16,000 Da relative to the number of polysaccharides within the composition
having a molecular weight between 16,000 Da and 24,000 Da 18 vot less than 1.0:1 {see Mulloy, B,

et al., above).
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{0296] Thus, 10 avother embodiment, ODSH can be prepared from an NS286838-HS product
synthesized according to methods of the present invention, in which the NS286835-HS product has
an M,of at least 1,000 Da, including at least 2,000 Da, 3,000 Da, 4,000 Da, 5,000 Da, 6,000 Da,
7.000 Da, 8,000 Da, 9,000 Da, 10,000 Da, 11,000 Da, 12,000 Da, 13,000 Da, 14,000 Da, 15,000 Da,
16,000 Da, 17.000 Da, 18,000 Da, 19,000 Da. 20,000 Da, 21,000 Da, 22,000 Da, 23,000 Da, or
24,000 Da, up to at least 50,000 Da. In ancther embodiment, the NS286538-HS product has an
M, of less than 50,000 Da, including less than 24,000 Da, 23,000 Da, 22,000 Da, 21,000 Da,
20,000 Da, 19,000 Da, 18,000 Da, 17.000 Da, 16,000 Da, 15,000 Da, 14,000 Da, 13,000 Da, 12,000
Da, 11,000 Da, 10,000 Da, 9,000 Da, 8,000 Da, 7,000 Da. 6,000 Da, 5,000 Da, 4,000 Da, or 3,000
Da, down to less than 2,000 Da. In another embodiment, the NS286S38-HS product has an M,in 3
range from 1,000 up to 2,000 Da, or 3,000 Da, or 4,000 Da, or 5,000 Da, or 6,000 Da, or 7,000 Da,
or 8,000 Da, or 9,000 Da, or 10,000 Da, or 11,000 Da, or 12,000 Da, or 13,000 Da, or 14,000 Dy, or
15,000 Da, or 16,000 Da, or 17,000 Da, or 18,000 Da, or 19,000 Da, or 20,000 Da, or 21,000 Da,
22,000 Da, or 23,000 Da, or 24,000 Da. In another embodiment, the unfractionated anticoagulant
NS28693S8-HS product has an M, in a range from 8,000 Da up to 9,000 Da, or 10,000 Da, or 11,000
Da, or 12,000 Da, or 13,000 Da, or 14,000 Da, or 15,000 Da, or 16,000 Da, or 17,000 Da, or
18,000 Da, or 19,000 DBa, or 20,000 Da, or 21,000 Da, 22,000 Da, or 23,000 Ba, or 24,000 Da. In
another embodiment, the anticoagulant NS2S6538-HS product can have an M, in any range listed
above between and inclusive of 1,000 Da and 24,000 Da, and preferably in any range listed above
between and inclusive of 15,000 Da and about 19,000 Da.

{0297} In another embodiment, N,2,3,6-HS products prepared by any of the methods of the present
invention can satisty any of the benchmark requirements deterrnined by the USP for API heparin,
including but not himited to composition, purity, activity, and/or molecular weight.  In another
embodiment, the anticoagulant N,2 3 6-HS product can possess any of the properties selected from
the group consisting of an anti-la activity of not less than 180 IU mg™; an anti-Xa activity of not
less than 180 IU mg™; a ratio of anti-Xa to anti-lla activity in a range of 0.9:1 up to 1.1:1, preferably
1:1; an M, of in a range of 15,000 Da up to 19,000 Da; not more than 20% of the polysaccharides
having a molecular weight greater than 24,000 Da; and the ratio of polysaccharides within the
composition having a molecular weight between 8,000 Da and 16,000 Da relative to the number of
polysaccharides within the composition having a molecular weight between 16,000 Da and
24,000 Da is not less than 1.0:1; including any combination thereof. lon another embodiment,
anticoagulant N 2,3 6-HS products prepared by any of the methods of the present invention can
possess all of the following anticoaguiant activity and molecular weight properties: an anti-la
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activity of not less than 180 IU mg™!; an anti-Xa activity of not less than 180 IU mg™; a ratio of anti-
Xa to anti-Ila activity in a range of 0.9:1 up to 1.1:1, preferably 1:1; an M, of in a range of 15,000
Da up to 19,000 Da; not more than 20% of the polysaccharides having a molecular weight greater
than 24,000 Da; and the ratio of polysaccharides within the composition having a molecular weight
between 8,000 Da and 16,000 Da relative to the number of polysaccharides within the composition
having a molecular weight between 16,000 Da and 24,000 Da is not less than 1.0:1. In anocther
embodiment, anticoagulant N,2,3,6-HS products prepared by any of the methods of the present
invention have a substantially equivalent anticoagulant activity and molecular weight properties
relative to API heparin {CAS No: 9041-08-1), which 1s widely commercially-available.

{0298] In another embodiment, anticoagulant N,2,3,6-HS products can satisfy benchmark
requirements determined by the USP for AP heparin with regard to product purity, particularly
purity from other sulfated polysaccharides, including but not limited to chondroitin sulfate. In
particular, over-sulfated chondroitin sulfate (OSCS) was determined to be the source of
contamination within pharmaceutical heparin compositions that caused huundreds of deaths
worldwide in 2007 and 2008. In another embodiment, and without being limited by a particular
theory, preparations of the N.2,3,6-HS product formed by any of the methods of the present
invention can be prepared substantially or completely free from chondroitin sulfate, particularly
OSCS, because it 1s believed that the N-deacetvlated heparosan starting material, which can either
obtained commercially or afier modifving heparcsan isolated from bacteria {described in further
detail below), itself is free of chondroitin sulfate. In ancther embodiment, any of the NS/HS,
NSOS/HS, NS2ZSHS, and NS2S65/HS products formed by any of the methods of the present
invention can be prepared substantially or completely free from chondroitin sulfate.

10299] In another erobodirnent, ODSH can be prepared from a low molecular weight HS (LMW-HS)
product, which itself is synthesized from an NS286538-HS product and described in further detail
below. In another embodiment, the LMW-HS product has an Myin a range from 2,000 Da up to
3,000 Da, or 4,000 Da, or 5,000 Da, or 6,000 Da, or 7,000 Da, or 8,000 Da. In another embodiment,
the LMW-HS product has an M,,in any range listed above between and inclusive of 2,000 Da and
about 8,000 Da.

{8360} Simularly, and 1n another embodiment, NS/HS, NSOS/HS, NSZS/HS, and NS2S68/HS
products can be synthesized to have an M, that is substantially equivalent to the M, of any of the
NS2S6538-HS products above, including at feast 1,000 Da, including at least 2,000 Da, 3,000 Da,
4,000 Da, 5,000 Da, 6,000 Da, 7,000 Da, 8,000 Da, 9,000 Da, 10,000 Da, 11,000 Da, 12,000 Da,
13,000 Da, 14,000 Da, 15,000 DBa, 16,000 Da, 17,000 Da, 18,000 Da, 19,000 Da, 20,000 Da, 21,000
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Da, 22,000 Da, 23,000 Da, or 24,000 Da, up to at least 50,000 Da. In another embodiment, an
NS/HS, NS6S/HS, NS2S/HS, or NS286S/HS product can have an M, of less than 50,000 Da,
including less than 24,000 Da, 23,000 Da, 22,000 Da, 21,000 Da, 20,000 Da, 19,000 Da, 18,600 Da,
17.000 Da, 16,000 Da, 15,000 Da, 14,000 Da, 13,000 Da, 12,000 Da, 11,000 Da, 10,000 Da, 9,000
Da, 8,000 Da, 7,000 Da, 6,000 Da, 5,000 Da, 4,000 Da, or 3,000 Da, down to less than 2,000 Ba. In
another embodiment, an NS/HS, NS6S/HS, NS2S/HS, or NS286S/HS product can have an M,in a
range from 1,000 up to 2,000 Da, or 3,000 Da, or 4,000 Da, or 5,000 Da, or 6,000 Da, or 7,000 Da,
or 8,000 Da, or 9,000 Da, or 10,000 Da, or 11,000 Da, or 12,000 Da, or 13,000 Da, or 14,000 D, or
15,000 Da, or 16,000 Da, or 17,000 Da, or 18,000 Da, or 19,000 Da, or 20,000 Da, or 21,000 Da,
22,000 Da, or 23,000 Da, or 24,000 Da. In ancther embodiment, an NS/HS, NS68/HS, NS28/HS, or
NS286S/HS product can have an M,,in a range from 8,000 Da up to 9,000 Da, or 10,000 Da, or
11,000 Da, or 12,000 Da, or 13,000 Da, or 14,000 Da, or 15,000 Da, or 16,000 Da, or 17,000 Bag, or
18,000 Ba, or 19,000 Da, or 20,000 Ba, or 21,000 Da, 22,000 Da, or 23,000 Da, or 24,000 Da. In
another embodiment, an NS/HS, NS6S/HS, NS28/HS, or NS286S/HS product can have an M,,in
any range listed above between and 1nclusive of 1,000 Da and 24,000 Da.

{0301} In another embodiment, an NS/HS, NS6S/HS, NS2S/HS, or NSZS6S/HS product can be
prepared to have an M, that is larger than 2-0 and 3-O-desulfated ODSH compositions prepared
from heparin ot LMWH. Geverally, 2-0 and 3-O-desulfated ODSH compositions prepared from
USP-compliant heparin have a reduced M,,, typically in a range from about 8,000 Da to about
15,000 Da.  Without being limited by a particular theory, it is believed that such ODSH
compositions have a comparatively reduced M, because the strongly basic conditions required for
desulfation can also have the effect of depolymerizing some of the polysaccharides within the
heparin composition. In contrast, NS/HS, NSOS/HS, NSZS/HS, or NS2SaS/HS products made by
methods of the present invention can have an M, that is greater than 15,000 Da, and particularly in a
range between about 15,000 Da and about 19,000 Da.

{6302] In another embodiment, in order to arrive at an NS/HS, NS6S/HS, NS25/HS, NS28S68/HS, or
NS8286S38-HS product having a desired M,,, the molecular weight of any of the polysaccharides
utilized as sulfo group acceptors can be controlled. In a non-limiting example, and in another
embodiment, the molecular weight properties of the heparosaun-based polysaccharides used as
starting materials can be controlied by chemically modifying heparosan until a target set of
molecular weight properties is reached. As described below, heparosan and other heparosan-based
polysaccharides can be obtained from commercial sources or isolated from bacterial or eukaryotic
BOLTCES.
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{8303} In particular, heparosan and heparosan-based polysaccharides can also be found within
bacteria as a capsule that regulates cell entry by metabolites and other exogenous materials. Such
bacteria, include, but are not limited to Pastenrella mndtocida and Escherichia coli (72 coliy. In
some embodiments, heparosan can be extracted and purified from £. cofi, particularly K5 strain of £
coli, as a polydisperse nuxture of polysacchande molecules having varying molecular weights.
Procedures for isolating heparosan from the K5 strain of £. cofi are discussed and provided in Wang,
Z., et al., (2010} Fiotechnol. Fioeng. 107 (63:964-973, the disclosure of which is incorporated by
reference in its entirety; see also DeAngelis, PL. (2015) fxpert Opinion on Drug Delivery 12
{31.349-352; Ly, M, et al., (2010) Anal Bioanal Chem. 399:737-745; and Zhang, C,, et al, (2012)
Metabolic Engineering 14:521-527, the disclosures of which are also incorporated n their entireties.
However, because substantially all of the heparosan isolated from bacteria, including £ coff, is N-
acetylated, it cannot be used directly as a sulfo acceptor for any of the sulfotransferases described
herein and utilized in accordance with the methods of the present invention. As a result, heparosan
must be at least partially N-deacetylated before it can be utilized as a sulfo group acceptor.

{8364} As aresult, and in another embodiment, heparosan can be at fgast partially N-deacetylated by
treating it with a base, particularly lithium hydroxide or sodium hydroxide (see Wang, Z., et al,
2011y Appl. Microbiol. Bictechnol. 91 (1)3:91-99, the disclosure of which is incorporated by
reference in its entirety; see alse PCT publication PCT/US2012/026081, the disclosure of which is
incorporated by reference 1n its entirety).  In another embodiment, the base s sodium hydroxide.
Depending on the degree of N-deacetylation desired, the concentration of the heparosan, and the
concentration of the base, one skilled in the art can determine how long to incubate heparosan with
the base according to the procedures described in Wang, et al, (20113, above.

{0305} In another embodiment, heparosan can be incubated with a base, preferably sodium
hydroxide, until a desired amount of N-acetylated glucosamine residues remains within the N-
deacetylated product. In anocther embodiment, N-acetyl glucosamine residues can comprise less than
60%, including less than 30%, 20%, 18%, 16%, 14%, 12%, or 10%, down to fess than 5%, and
preferably in a range from 12% and up to 18%, of the glucosamine residues within the
N-deacetylated heparosan product. To another embodiment, the N-acetyl glucosamine can comprise
about 15% of the glucosamine residues within the N-deacetylated heparosan product.

10306] Additionally, and without being limited by a particular theory, it is believed that in addition
to N-deacetylating ghuicosamine residues, the reaction between heparcsan and a base can
simpultaneously depolymerize the heparosan polysaccharides and reduce their molecular weight,

which can in turn reduce the M, of the N-deacetylated heparosan composition. Typically, heparosan
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polysaccharides solated from bacteria, wocluding but not fivited to £ cofi, have a molecular weight
ranging from about 3,000 Da to about 150,000 Da, and compositions of isolated heparosan can have
a M,, in the range of about 25,000 Da up to about 50,000 Da (see Ly, M., et al. and Wang, et al.,
(2011), above). ln another embodiment, and independent from its starting M,, and overall molecular
weight properties, a heparosan composition either obtained from commercial sources or isolated
from bacteria, including but not limited to £ cofi, can be treated with a base, preferably sodium
hydroxide, for a time sufficient to reduce the M, of the N-deacetylated heparosan product to a target
or desired level. In another embodument, the depolyruerized, N-deacetylated heparosan product has
an M, of at least 1,000 Da, including at least 2,000 Da, 4,000 Da, 6,000 Da, 7,000 Da, 3,000 Da,
&,500 Da, 9,000 Da, 9,500 Da, 10,000 Ba, 10,500 Da, 11,000 Da, 11,500 Da, 12,000 Da, 12,500 Da,
13,000 Da, 13,500 Dia, 14,000 Da, 15,000 Da, 16,000 Da, or 18,000 Da, up to at least 20,000 Da. In
ancther embodiment, the depolymerized, N-deacetylated heparosan product has an M, of less than
20,000 Da, including less than 18,000 Da, 16,000 Da, 15,000 Da, 14,000 Da, 13,500 Da, 13,000 Da,
12,500 Da, 12,000 Da, 11,500 Da, 11,000 Da, 10,500 Da, 10,000 Da, 9,500 Da, 9,000 Da, €500 Da,
8,000 Da, 7,000 Da, 6,000 Da, or 4,000 Da, down 1o less than 2,000 Da. In another embodiment, the
depolymerized, N-deacetylated heparosan product has an M, in a range from 1,000 up to 2,000 Da,
or 4,000 Ba, or 6,000 Da, or 7,000 Da, or 8,000 Da, or 8,500 Da, or 9000 Da, or 9,560 Da, or
10,000 Da, or 10,500 Da, or 11,000 Da, or 11,500 Da, or 12,000 Da, or 12,500 Da, or 13,000 Ba, or
13,500 Da, or 14,000 Da, or 15,000 Da, or 16,000 Da, or 18,000 Da, or 20,000 Da. In another
embodiment, the anticoagulant NS2S6835-HS product has an M,,in a range from 7,000 Da up to
3,000 Da, or §,500 Da, or 9,000 Da, or 9,500 Dg, or 10,000 Da, or 10,560 Da, or 11,000 Da, or
1,500 Da, or 12,000 Da, or 12,500 D3, or 13,000 Da, or 13,500 Da, or 14,000 Da, or 15,000 Da. In
another embodiment, the depolymerized, N-deacetylated heparosan product has an M,,in a range
from 9,000 Da up to 9,500 Da, or 10,000 Da, or 10,500 Da, or 11,000 Da, or 11,500 Da, or
12,000 Da, or 12,500 Pa.  In another embodiment, the depolymerized, N-deacetylated heparosan
product can have an M,,in any range listed above between and inclusive of 1,000 Da and 20,000 Da,
and preferably in any range listed above between and inclusive of 9,000 Da and 12,500 Da.

{6307} In another embodiment, a heparosan composition can be treated with a base, preferably
sodium hydroxide, for a time sufficient to both reduce the M, of the N-deacetylated heparosan
product to a target or desired level, and to attain a desired amount of glucosamine residues that
remain N-acetviated within the N-deacetylated heparosan product. Methods for providing a starting
polysaccharide reaction nmuxture comprising N-deacetylated heparosan comprise the following sub-
steps: {a) providing a precursor polysaccharide composition comprising heparosan; and (b)
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combining the precursor polysaccharide composition with a reaction muxture comprising a base,
preferably ithium hydroxide or sodium hydroxide, for a time sufficient to N-deacetylate at least one
of the N-acetylated glucosamine residues within the heparosan, forming the N-deacetylated
heparosan composition. In another embodiment, the N-deacetylated heparosan product can have an
M, in any range listed above between and inclusive of 1,000 Da and 20,000 Da, simultaneously with
having less than 60% of the glucosamine residues within the AN-deacetylated heparosan product
present as N-acetylglucosamine residues.  In another embodiment, the N-deacetylated heparosan
product can have an M,,in any range listed above between and inclusive of 9,000 Da and 12,500 Da,
in which from 12% and up to 18% of the glucosamine residues within the N-deacetylated heparosan
product are N-acetylated. The preparation of N-deacetylated heparosan having such molecular
weight properties and N-acetyl content i3 described in detail in Wang, et al., (2011), above In
another embodiment, the time sufficient to react a heparosan with a base, preferably sodium
hydroxide, to form an N-deacetylated heparosan product having an M,,in a range between 9,000 Da
and 12,500 Da, as well as an N-acetyl glucosamine content in a range from 12% and up to 18%, can
be at least 1 hour, including at least 2, 4, 6, 8, 10, 12, or 18 hours, and up to at least 24 hours,
depending on the molecular weight properties and concentration of the heparosan starting material,
and the 1dentity and concentration of the base used to carry out the reaction.

{0308} In anocther embodiment, within any of the methods for forming an NS286838-HS product
described above, any of the reaction mixtures comprising an engineered sulfotransferase and an aryl
sulfate compound as a sulfo group donor can further comprise one or more reaction components for
repopulating the aryl sultate compound. In ancther embodiment, the one or more reaction
components comprise an aryl sulfotransferase (ASST) enzyme and a secondary aryl sulfate
compound. In nature, aryl sulfotransterase enzymes can catalyze the sulfation of aromatic
compounds to form an aryl sulfate corspound. Typically, the sulfo donor itself 15 an aryl sulfate
compound. The reactivity of ASST enzymes is generally described, for example, in U.S. Pat Nos.
6,225,088 and 8,771,993, as well as Malojcic, et al., above, the disclosures of which are incorporated
by reference in their entireties. Without being limited by a particular theory, it is believed that
further including an ASST and a secondary aryl sulfate compound within a reaction mixture
comprising an engineered sulfotransferase can have the advantage of reducing potential competitive
inhihittion of the engineered sulfotransterase by the desulfated aromatic product, as well as
repopulating the reaction mixture with the sulfo group dovor.

{0309} In another embodiment, the secondary aryl sulfate compound can be any aryl sulfate
compound, including those described above. In avother erobodiruent, the secondary aryi sulfate
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compound 1s the same aryl sulfate compound used as the sulfo group donor for the engineered
sulfotransferase enzyme. In another embodiment, the secondary aryi sulfate compound is a different
aryl sulfate cormpound than the one used as the sulfo group donor for the engineered sulfotransferase
enzyme. As a non-limiting example, and in another embaodiment, if the engineered sulfotransferase
has biological activity with NCS as a sulfo group donor, then the secondary aryl sulfate compound is
PNS. In another non-limiting example, and in another embodiment, if the engineered
sulfotransferase has biological activity with PNS as a sulfo group donor, then the secondary aryl
sulfate compound is NCS.

{6310} In another embodiment, the ASST enzyme utilized in conjunction with any of the above
methods to repopulate the sulfo donor aryl sulfate coropound can be any bactenial enzyme, either
isolated from in vive sources or generated recombinantly @7 vifro, which transfers a sulfo group from
an aryl sulfate compound to an aromatic compound. In another embodiment, and in one non-
Himiting example, the ASST ts a recombinant ASST from /. cofi, preferably from the &£ cofi strain
CFT073 and having the amino acid sequence of SEQ ID NO: 55, In another embodiment, an ASST
enzyme, preferably an ASST enzyme comprising the amino acid sequence of SEQ ID NO: 55, when
coupled to any of the engineered sulfotransferases described above, can transfer a sulfate group from
the secondary aryl sulfate compound to the desulfated aromatic corapound formed by the engineered
sulfotransferase. Without being limited by a particular theory, it is believed that utilizing the ASST
can reduce potential product inhibition by the desulfated aromatic compound, while also
regenerating the sulfo group donor for subsequent sulfotransfer reactions to an HS or heparcsan-
based polysaccharide.

{6311} In another embodiment, and also without being limited by a particular theory, it is believed
that coupling the engineered sulfotransterase-catalyzed reaction with ASST can provide a further
advantage of generating the aryl sultate sulfo donor directly from a non-sulfated aromatic compound.
The reaction mixture for a particular reaction catalyzed by an engineered sulfotransferase can be
formulated to combine a nou-sulfated aromatic compound with ASST and a secondary aryl sulfate
compound either prior to or simultanecusly with addition of the engineered sulfotransferase to the
reaction muxture. In a non-limiting examwple, and in another embodiment, a sulfotranster reaction
catalyzed by an engineered sulfotransferase enzyme can be initiated by combining a non-sulfated
aromatic compound, an aryl sulfate compound, and an ASST in the same reaction mixture as the
engineered sulfotransferase and the polysaccharide sulfo group acceptor. The reaction between the
ASST, the aryl sulfate compound, and the non-sulfated aromatic compound can generate the sulfo

donor aryl sulfate corapound, which can then react with the engineered sulfotransferase enzyme to
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transfer the sulfate group to the polysaccharide. Io another erubodiruent, the aryl sulfate compound
produced by the reaction with the ASST enzyme is a different compound than the aryl suifate
compound that reacts with ASST itself. In a non-limiting example, the nouv-sulfated aromatic
compound is NCS, and the aryl sulfate compound that reacts with the ASST 1s PNS. As NCS is
formed by the reaction between PNS and ASST, the suifo group can then be transferred from the

NCS to the polysaccharnide, using the engineered sulfotransferase.

Post-Synthesis Processing of HS Products

10312} As described above, heparins that are prescribed to patients generally adhere to a tightly-
regulated set of purity, molecular weight and activity requirements, whereas LWMH compositions
typically have an average molecular weight of less than 8,000 Da, in which more than 60% of all of
the polysaccharide roolecules within the sample have an actual wolecular weight of less than 8,000
Da (see Linhardt, R.J. and Gunay, N .8, above). Furthermore, pharmaceutical LMWH compositions
have their own regulated set of molecular weight and activity requirements in their own right, and
are generally prepared from heparin. Accordingly, and tn ancther embodiment, NS/HS, NS6S/HS,
NSZS/HS, NE2S6S5/HS, or NS256835-HS products produced by any of the methods described above
can be utilized to produce LMW-HS products, using any well-known means in the art.  In another
embodiment, an NS256838-HS product synthesized by a method described above can be utilized to
produce an LMW-HS product, which can then subsequently be O-desulfated to form an O-desulfated
LMW-HS product. In a further embodiment, an NS286838-HS product synthesized by a method
described above can have a purity, molecular weight, and/or anticoagulant activity equivalent to
USP heparin, and the formed LMW-HS product can have a purity, molecular weight, and/or
anticoagulant activity equivalent to a USP LMWH composition.  In another embodiment, an
NSZS6S35-HS product synthesized by a method described above can first be O-desuifated, and then
moditied to form an to form an O-desulfated LMW-HS product  In another embodiment, NS/HS,
NS6S/HS, NSZEHS,
LMH-NS/HS, -NS6S/HS, -NS28/HS, or -NSZ865/HS product. Non-limiting exemplary methods
for synthesizing LMW-HS products from NS/HS, NSOS/HS, NSZ5/HS, NS2Z86S/HS, or NS2Z86S835-

or NS2S568/HS products can subsequently be reacted to form an

HS products are described in further detail below.

{0313] In one nou-linuting example, and o another emwbodiment, polysaccharides within an NS/HS,
NSG6S/HS, NR2ZS/HS, NS2S65/HS, or NSZS683S8-HS product mixture that have a low molecular
weight, particularly a molecular weight less than 15,000 Da, including less than 14,000 Da, 13,000

D, 12,000 Da, 11,000 Da, 10,000 Da, 9,000 Da, 8,000 Da, 7,000 Da, 6,000 Da, 5,000 Da, 4,000 Da,
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or 3,000 Da, down to less than 2,000 can be separated from other polysaccharides within the same
mixture, such as by electrophoretic mobility using gel electrophoresis, size exclusion
chromatography, and/or precipitation with salts of a divalent cation and a weak avion, including but
not himited to barium, calcium, magnesium, strontium, copper, nickel, cadmium, zinc, mercury,
beryilium, palladium, platinum, iron, and tin salts. In another embodiment, the polysaccharides can
be separated from higher molecular-weight polysaccharides in bulk, by separating all such
polysaccharides under 15,000 Da from those above 15,000 Da, as a non-limiting example. In
another embodiment, the polysaccharides can be separated into one or more fractions, such as
10,000 Da to 15,000 Da, 5,000 Da to 10,000 Da, and all polysaccharides under 5,000 Da, as another
non-hHmiting example.

10314] In another embodiment, NS/HS, NSOS/HS, NS2S/HS, NSZS6S/HS, or NS256538-HS
polysaccharide product nuxtures having an average molecular weight less than 8,000 Da can be
ufifized as LMW products directly. In other embodiments, NS/HS, NSO6S/HS, NSZS/HS,
NSZS6S/HS, or NS256S358-HS polysaccharide product mixtures having an average molecular
weight less than 8,000 Da can be combined with other glycosaminoglycans (GAGs) to form HS-
GAG mixtures. Although an advantage of several of the methods above, particularly methods in
which the heparosan starting material 1s 1solated and purnified from . coli, includes the abiliy to
synthesize HS products that are free from chondroitin sulfate, dermatan sulfate, and other sulfated
GAGs, some highly-purified HS-GAG mixtures that comprise chondroitin sulfate and/or dermatan
sulfate have been successfully prescribed to patients in the past because they have beneficial
pharmacological properties relative to UF-HS, even if they don’t possess as much anticoagulant
activity as UF-HS. In another embodiment, once an HS-GAG mixture comprising an NS2Z86S835-
HS product is formed, polysaccharides within the HS-GAG mixture can be O-desulfated. In another
embodiment, an NSZ568358-HS product can be O-desulfated prior to forming the HS-GAG mixture.

{8315} Non-limiting examples of HS-GAG muxtures that have been prescribed medically include
sulodexide (CAS No: 57821-29-1) and danaparoid {CAS Noo 308068-55-5).  Historically,
sulodexide has been extracted from pig intestinal mucosa {see US. Pat. No. 3,936,351, herein
incorporated by reference in its entirety), but sulodexide can also be prepared by combining
dermatan sulfate (CAS No: 24967-94-0} with the “fast-moving” heparin fractions (FM-HS) that can
be separated from heparin using salt precipitation (see Volpi, N, (1993) Carbohydr. Res. 247:263-
278), particularly with barium salis. FM-HS fractions are deemed “fast-moving” based on their
electrophoretic mobility relative to heavier, “slow-moving” heparin (SM-HS) that are also formed

upon salt precipitation of heparin, and can be purified away from SM-HS, using ultracentrifugation,
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as a non-hmiting example. Addiionally, FM-HS fractions have reduced anticoagulant activity and
overall sulfation relative to heparin, and a relative molecular mass, M., as determined by high
performance size exclusion chromatography (HPSEC) of about 8,000 (see Volpi, N., above).
However, the mean molecular weight of the FM-HS fraction itself 15 about 7,000 Da (see
Cocchert, S and Mannello, ¥, (2014) Drug Design, Development, and Therapy 8.49-65).

{0316} Thus, in another embodiment, FM-HS fractions can be prepared from NS/HS, NSaS/HS,
NS2ZS/HS, NS2S6S/HS, or NSZS683S-HS products synthesized using engineered aryi sulfate-
dependent sulfotransferase enzymes. In another embodiment, the sulfated HS product can be
precipitated with divalent~cationic salt, particularly a bariumy or calcium salt, using a stular
procedure described by Volpi, above. Methods tor performing a salt precipitation of heparin to form
and subsequently purity FM-HS are also described in US. Patents 7,687,479 and 8,609,632, the
disclosures of which are herein incorporated by reference in their entireties. In another embodiment,
once the resulting FM-HS fraction 1s purified, it can be combined with dermatan sulfate to form an
HS-GAG mixture.  In another embodiment, methods of the present itnvention can be utilized to
synthesize FM-HS directly, which can then be combined with dermatan sulfate to form an HS5-GAG
mixture. In another embodiment, the HS-GAG mixture prepared by either method can comprise one
or more properties that are identical to sulodexide, including but not limited to a composition
comprising 80% of the FM-HS fraction and 20% of dermatan sulfate (see Lauver, D A, Lucchesi,
BR., Cardio. Drug Rev. 24 (3-4).214-216), an average molecular weight of 7,000 Da, an M, of
about 8,000, and/or a sulfate to carboxyl group ratic in the range of 2.0:1 10 2.2:1.

{8317} In contrast to sulodexide, the HS-GAG mixture, danaparoid, has been histonically prepared
from natural HS isolated from porcine sources, rather than from unfractionated heparin {see U.S.
Patent No. 5,164,377, herein incorporated by reference in its entirety; see afso “Danaparoid Sodium”
(2010} Furopean Pharmacopoeia 7.0, 1789-1792).  Such HS polysacchanide compositions, as
opposed to heparin, contain some polysaccharides having disaccharide units that are generally either
unsulfated or are N-, 2-0, and/or 6-(7 sulfated, resulting in a dramatically reduced anticoagulant
activity relative to unfractionated heparin.

{6318] Addionally, upoun puritying davaparoid according to the procedures tn U.S. Patent No.
5,164,377, the resulting product contains not only HS, but also chondroitin sulfate and dermatan
sulfate, that have reduced wolecular weights as a result of the addition of a base during the
extraction process, similar to the effect of reacting a base with heparosan to reduce the molecular
weight. According to the Furopean Pharmacopoein, the weight-average molecular weight (M) of
all of the GAGs within a danaparoid HS-GAG composition suitable to be prescribed to patients is in
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a range of at least 4,000 Da, up to 7,000 Da, and comprise the following size distribution hmits: (8}
polysacchartde chains comprising an M, of less than 2,000 comprise a8 maximum of 13% {(w/w) of
the danaparcid mixture; (b) polysaccharide chains comprising an M, of less than 4,000 comprise a
maximum of 39% (w/w) of the danaparcid mixture; {¢} polysaccharide chains comprising an
M, between 4,000 and 8000 comprise a mimumum of 50% {w/w) of the danaparoid mixture; (d)
polysaccharide chains comprising an M, of higher than 8,000 comprise a maximum of 19% (w/w) of
the danaparoid mixture; and (@) polysaccharide chains comprising an M, of less than 10,000
comprise a maxirourn of 11% (w/w) of the danaparoid mixture. With regard to pasticular
composition limits for danaparcid determined by the European Pharmacopoeic, chondroitin sulfate
can comprise a rwaxumum of 8 5% {(w/w) of the danaparoid mixiure, and dermatan sulfate can
comptise a range from at least 8.0% (w/w) up to 16.0% (w/w) of the danaparoid mixture. As a non-
limiting example, the danaparoid composition Orgaran®™ comprises about 84% (w/w)} HS, about 12%
{w/w) dermatan sulfate, and about 4% chondroitin sulfate.

{0319} In another embodiment, an HS-GAG mixture comprising an NS/HS, NS65/HS, NS2S5/HS,
NS2Z568/HS, or NR2ZS6S35-HS product produced by any of the methods of the present invention
using engineered aryl sulfate-dependent sulfotransferase enzymes, dermatan suifate, and chondroitin
sutfate can be formed that has similar properties to danaparoid (CAS No: 308068-55-5). ITu another
embodiment, the HS product is an NS2Z868/HS product. In ancther embodiment, the HS product is
an NSZ86538-HS product. In another embodiment, the HS product synthesized directly from the
reaction has an M, in a range from at least 4,000 Da, and up to 8,000 Da, preferably in a range from
at least 4,000 Da, up to 7,000 Da. In another embodiment, the HS product has an M, larger than
8,000 Da, and i3 prepared for inclusion in a danaparoid-like HS-GAG mixture by subseguently
reacting it with a base, similar to methods described above for reducing its molecular weight. In
another embodiment, chondroitin sulfate and dermatan sulfate are also reacted with a base to reduce
their molecular weight o another emabodiment, a composition comprising an HS product produced
by any of the methods of the present invention, chondroitin sulfate, and dermatan sulfate can be
filtered using & filtration device. Such filtration devices can include, but are not limted to,
centrifugal filter units such as an Amicon® Ultra unit (EMD Millipore), or dialysis membranes,
either of which have a desired molecular weight cut-oftf (MWCO).  In another embodiment, the
MWCO for etther a centrifugal filter unit or dialysis membrane is 5,500 Da. In another embodiment,
the M,, for all of the GAGs in the danaparoid HS-GAG mixture is in a range from at least 4,000 Da,
and up to 8,000 Da, preferably in a range from at least 4,000 Da, and up to 7,000 Da, and more
preferably in a range trom at least 5,000 Da, and up to 6,000 Da. [un another embodiment, GAGs
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within the danaparoid HS-GAG nuxture comprise the following size distribution hmits: (a)
polysacchartde chains comprising an M, of less than 2,000 comprise a8 maximum of 13% {(w/w}) of
the danaparoid HS-OAG mixture; (b} polysaccharide chains comprising an M, of less than 4,000
comprise a maximum of 39% (w/w} of the danaparoid HS-GAG mixture; (¢} polysaccharide chains
comprising an M, between 4,000 and 8,000 comprise a minimum of 50% (w/w} of the danaparoid
HS-GAG mixture; (d) polysaccharide chains comprising an M, of higher than 8000 compnse a
maximum of 19% (w/w} of the danaparoid HS-GAG mixture; and (e) polysaccharide chains
comprising an M, of less than 10,000 comprise a maximum of 11% (w/w)} of the danaparoid HS-
GAG mixture.

{8328} In another embodiment, the danaparoid HS-GAG mixture can comprise a GAG composition
that 1s either similar or identical to danaparoid (CAS No: 308068-55-5). In another embodiment, the
composttion of the GAGs within the danaparoid HS-GAG mixture comprises at least 8 % {w/w), up
to 16% (w/w}, and preferably 12% (w/w} of dermatan suifate, and less than 8% (w/w), preferably in
a range of at least 3 % (w/w), up to 5% (w/w}, and more preferably 4% (w/w) of chondrottin sulfate.
In another embodiment, the danaparoid HS-GAG nuxture can comprise either a simular or identical
anticoagulant activity to danaparocid, prior to being U-desulfated.

{0321] In another embodiment, NS/HS, NS6S/HS, NIZS/HS, NS2S6S8/HS, or NSZE6S3S-HS
product mixtures synthesized according to any of the methods of the present invention can be further
moditied by one or more subsequent processes to depolymerize and/or modity the HS product to
form an LMW-HS product, as described above. In further embodiments, an NS65/HS product
nuxture 18 depolymerized and/or moditied to form an LMW-NS6S/HS product. Generally, and in
another embodiment, the process for forming an EMW-HS product from an NS/HS, NS68/HS,
WNSZ8/HS, NS2868/HS, or NS2ZS6838-HS product mixture comprises the following steps:
{a) synthesizing an HS product according to any of the above methods; (b) providing one or more
depolymerization agents; and (¢} treating the HS product with the one or more depolymerization
agents for a tirne sufficient to depolymerize at least a portion of the polysaccharides within the HS
product, thereby forming the LMW-HS product. Without being limited by a particular theory, it is
believed that the choice in the depolymerization agent can determine the chemical mechanism for
forming the LMW-HS product, as well as the product(s) structure, anticoagulant activity (if prepared
from an NS2S56S35-HS product), and pharmacological properties. Known chemical mechanisms for
forming an LMW-HS product from an NS/HS, NSOS/HS, NS2S/HS, NS286S/HS, or NS2Z86S35-HS
product include, but are not limited to: chemical and/or enzymatic PB-elimination reactions;
deamination reactions, and oxidation reactions, including combinations thereof.
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{6322] In another embodiment, an NSHS, NS6S/HS, NS2ZS/HS, NS2568/HS, or NS2S6583S-HS
product, synthesized according to any of the methods of the present invention, can be modified by an
enzymatic P-elimination reaction to form an enzymatically-depolymerized LMW-HS product.
Historically, enzymatically~-depolymerized LMWH products have been prepared by incubating USP
heparin with one or more heparinase enzymes untll the LMW-HS product comprises a desired
chemical structure, average molecular weight, anticoaguiant activity, and degree of sulfation. (see
“Tinzaparin Sodium” (2010) Luropean Pharmacopoeia 7.0, 3098, see afso Linhardt, R.J. and Gunay,
N.S., above).

{0323} As an example, upon reacting an NS/HS, NSOS/HS, NS2S/HS, NS2865/HS, or NSZS6835-
HS product with the one or more heparinases, one or more of the polysaccharides within the
NS2S6838-HS product both depolymerizes and develops a characteristic chemical structure,

iltustrated by Formula X1, below.
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{8324} As illustrated above in Formula X1, u can be any tnteger from 1-23. Instead of a glucuronic
actd or wronic acid residue, the sugar residue at the non-reducing end of one or more of the
enzymatically-depolymerized LMW-HS polysaccharides within the product ts a 2-U-sulfo-4-
enepyranosuifonic acid. Additionally, each glucosamine residue at the reducing end is sulfated at
the N- and 6-C positions. When the starting matenial 18 NS2Z86838-HS, the 3-0 position of a
glucosamine residue within one or more of disaccharide units can also be 3-0 sulfated, and the
enzymatically~-depolymerized LMW-HS product has anticoagulant activity. When the starting
material 1s NS6S/HS or NSZS6S/HS, the resulting enzymatically-depolymerized LMW-HS product
can also comprise the structure of Formula X1, but without having any 3-O sulfated glucosamine
residues or anticoagulant activity.

10325] Further, much hike USP heparin, enzymatically-depolymerized LMWH products prescribed
as anticoagulants must satisfy strict purity and property standards.  In particular, one such
enzymatically-depolymerized LMW-HS product, tinzaparin (CAS No: 9041-08-1; ATC code:
BOIABIO), has a particular set of molecular weight, anticoagulant activity, and sulfation content
properties in addition to the chemical structure of Formula X1 above, including: an M, in a range
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from at least 5,500 Da, and up to 7,500 Da, and charactenistically 6,500 Da; at least 1.8 and up to 2.5
sulfate groups per disaccharide unit; and an anti-Xa activity of at least 70 IU mg™ and up to 120 [U
mg™, and/or a ratio of anti-Xa activity to anti-lla activity of at feast 1.5:1, and up to 2.5:1. In another
embodiment, an enzymatically-depolymerized LMW-HS product formed from NSZS56835-HS
comprises one or more properties that are identical to tinzaparin, including but not himited to
chemical structure, molecular weight, size distribution, anticoagulant activity, and/or sulfation
content. In another erbodirnent, the enzymatically-depolymerized LMW-HS product formed from
NSZS6835-HS 1s substantially identical to tinzaparin.  In another embodiment, an enzymatically-
depolymerized EMW-HS product, for example, products having one or more properties that are
wdentical to tinzapatin or products that are substantially equivalent to tinzaparin, is subsequently
()-desulfated, according to any of the procedures described above, to form an enzymatically-
depolymerized ODSH product.

{8326} In another embodiment, the at least one heparinase can be a heparinase from any species, 3¢
fong as the enzyme catalyzes B-eliminative cleavage of HS polysaccharides. In another embodiment,
the at least one heparinase can be selected from the group consisting of the heparinases from
Bacteroides eggerthii comprising the amino acid sequences of SEQ ID NO: 30, SEQ ID NO: 31, and
SEQ ID NG: 32, In another embodiment, the at least one heparinase can comprise one, two, or all
three of the enzymes having the amino acid sequences of SEQ ID NO: 30, SEQ ID NO: 31, and
SEQ ID NGO 32, respectively.

18327} In another embodiment, the time sufficient to form the enzymatically-depolymerized LMW -
HS product 1s the time sufficient to cause the product to have a desired average molecular weight. In
another embodiment, the M, of the enzymaticaliy-depolymerized LMW-HS product can be in the
range of 2,000 Da to 10,000 Da, and when the starting material 13 an NS2S683S-HS product,
preferably 5,500 Da to 7,500 Da, and more preferably 6,500 Da.  In another embodiment, the
enzymatically-depolymernized LMW-HS product can have anticoagulant activity, preferably an anti-
Xa activity of at least 70 U mg™ and up to 120 1U mg™, and/or a ratio of anti-Xa activity to anti-Ila
activity of at least 1.5:1, andup to 2.5: L.

{0328] In another embodiment, an NS/HS, NS6S/HS, NSZS/HS, NSZS65/HS, or NSZE6S35-HS

;
product, synthesized according to any of the methods of the present invention, can be moditied by a
chemical f-elimination reaction to formo a chemically B-eliminative, LMW-HS product. Historically,
chemically B-eliminative LMWH products have been prepared by treating USP heparin or its
quaternary ammonium salt with a base. Under these conditions, chemical B-elimination takes place,

forming a chemically B-eliminative LMW-HS product having pelysaccharides containing a 4,5-
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unsaturated uronic acid residue at the von-reducing end, a feature observed n evzymatically-
depolymerized LMW-HS products, described above (see Linhardt, R.J. and Gunay, N.S., above).
{8329] Control of the reaction conditions has fed to the production of chemically B-eliminative
LMW-HS compositions that have either been approved for clinical use or been administered during
clinical trials, and are described in more detail below. When the starting material 1s NS2865835-HS,
the chemically B-eliminative LMW-HS product can contain polysaccharides comprising the structure
of Formula XL in which the 3-O position of a glucosamine residue within one or more of
disaccharide units can also be 3-0 suifated.  Several of these chemically B-eliminative LMW-HS
compositions have anticoagulant activity. When the starting material 1s NSO65/HS or NS2865/HS,
the resulting chemically p-eliminative LMW-HS product can also comprise the structure of Formula
X1, but without having any 3-0 sulfated glucosamine residues or anticoagulant activity.

10330] In a first non-limiting example, an anticoagulant chemically B-eliminative LMW-HS
composition that has been prescribed for clinical use is bemiparin (CAS No: 91449-79-5; ATC code:
BO1AB12) (see e.g. Chapman, TM. and Goa, KL, (2003} Drugs 63 (21):2357-2377; Sanchez-
Ferrer, C.F. (20103 Drugs 70 Suppl. 2:19-23; Ciccone, MM, et al., (2014} Vascular Pharmacology
62:32-37). Bemiparin i1s prepared by alkaline depolymerization of USP heparin, particularly by
reacting the benzethonium salt of USP heparin with a4 quaternary ammonium hydroxide, such as
Triton® B (benzyl trimethylammonium hydroxide), in the presence of methanol {see U.S. Pat.
No. 4,981,955 and European Patent EP 02935339, the disclosures of which are incorporated by
reference in their entireties). Upon subsequent purification and precipitation, the resulting bemiparin
composition comprising the structure of Formula X1 has an M, in a range of at least 3,000 Da, up to
4,200 Da, and typically 3,600 Da, and a size distribution such that less than 35% of the
polysaccharide chains have an M, less than 2,000; a range of at least 50% and up to 75% of the
polysaccharide chains have an M, in a range of at least 2,000 and up to 6,000, and less than 15% of
the polysaccharide chaing have an M, greater than 6,000, Additionally, bemiparin compositions can
comprise an anti-Xa activity of at least 80 IU mg™ and up to 120 IU mg', an anti-Ha activity of at
3.0:1, and up to 10:1 {see Sanchez-Ferrer, CF | above).

{8331} Accordingly, a chemically B-eliminative LMW-HS composition can be prepared from an
NS/HS, NS6S/HS, NS2ZS/HS, NS2So65/HS, or NS2S6538-HS product by the following steps: (1)
reacting the NS/HS, NSOS/HS, NSZE/HS, NS2S6S/HS, or NSZS6838-HS product with a
benzethonium salt, preferably benzethonium chloride, to form a benzethomium HS salt, and (i)

R . . . . . . . ®w ~
combining the benzethonium HS salt with a reaction mixture comprising Triton® B and methanol for
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a time sufficient to form the chemically B-eliminative LMW-HS product. In another embediment,
the time sufficient to depolymerize the benzethonium HS salt is the time sufficient to form a
chemically B-eliminative LMW-HS product to having an M, in a range of at least 3,000 Da, up to
4,200 Da, and preferably 3,600 Da, and having a size distribution such that: less than 35% of the
polysaccharide chains have an M, less than 2,000; a range of at least 50% and up to 75% of the
polysaccharide chains have an M, in a range of at least 2,000 and up to 6,000, and less than 15% of
the polysacchande chains have an M, greater than 6,000, In another embodiment, the step of
preparing the chemically B-eliminative LMW-HS product from the benzethontum HS salt comprises
the procedure reported in any of the examples in U.S. Pat No. 4,981,955, preferably Example 3. In
another embodiment, a chemically B-eliminative LMW-HS product formed from NS2S6838-HS
comprises one of mwore properties that are identical to bemiparin, including but not limited to
chemical structure, molecular weight, size disiribution, anticoagulant activity, and/or sulfation
content. In ancther embodiment, the chemically B-eliminative LMW-HS product formed from
NSZS6535-HS is substantially identical to bemiparin.  In another embodiment, a chemically
B-eliminative LMW-HS product formed from NS2S6538-HS, for example, products having one or
more properties that are identical to bemiparin or products that are substantially equivalent to
bemiparin, 18 subsequently O-desultated, according to any of the procedures described above, to
form a chemically B-eliminative ODSH product.

{8332] In ancther non-limiting example, a chemically B-eliminative LMW-HS composition that has
been administered during clinical trials is semuloparin (CAS No: 9041-08-1}. Semuloparin is
prepared by reacting the benzyl ester of a heparin benzethonium salt with the strong phosphazene
base, BEMP (2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,2 3-diaza-phosphorine},
with subsequent saponitication of the benzyl esters and purification {see Viskov, C, et al, (2009) J
Thromb. Hoemost. 7:1143-1551). Phosphazene bases are among the strongest-known organic bases,
by are highly-sterically hindered and non-nucleophilic. As a result, phosphazene bases target the
least sterically hindered regions of polysaccharides within USP hepanin for B-elimination, and avoud
the AT-recognition sequence that comprises the 3-0 sulfated glucosamine residue. The resulting
semuloparin product having the structure of Formula X1 has an M,, in a range of at least 2,000 Da,
up to 3,000 Da, and typically 2,400 Da, and the anticoagulant activity of the sermuloparin product
comprises an anti-Xa activity of about 160 IU mg”, an anti-Ha activity of about 2 IU mg™, and a
ratio of anti-Xa activity to anti-lia activity of about 80:1 (see Viskov, C, above).

{0333] Accordingly, a chemically B-ehimnative LMW-HS composition can be prepared from an
WNS/HS, NSOS/HS, NS2S5/HS, NSZS6S/HS, or NS286538-HS preoduct by the following steps: (1)
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reacting the NS/HS, NSO6S/HS, NS2S/HS, NSZS6S/HS, or NS2S683S-HS product with a
benzethonium salt, preferably benzethonmium chleride, to form a benzethonium HS salt; {11}
esterification of the benzethoriurn HS salt using benzyl chloride to form a benzyl ester HS, (1)
transalification of the benzyl ester HS with a benzethonium salt, preferably benzethontum chioride,
to form a benzethonium benzyl ester HS; (iv}) depolymerization of the benzethonium benzyl ester HS
with BEMP to form a benzyl ester chemically B-eliminative LMW-HS product, and (v}
saponification of the benzyl ester chemically P-eliminative LMW-HS product to form the chemically
B-eliminative LMW-HS product, as reported 1o Viskov, C.) et al,, above. In another embodiment,
the time sufficient to depolymerize the benzethonium benzyl ester HS with BEMP is the time
sufficient to form a benzyl ester chemically P-eliminative LMW-HS product such that upon
saponification of the benzyl esters, the resulting chemically B-eliminative LMW-HS product has an
M,, in a range of at least 2,000 Da, up to 3,000 Da, and preferably about 2,400 Da. In another
embodiment, a chemically B-eliminative LMW-HS product formed from NS2Z56835-HS comprises
one of more properiies that are identical to semuloparin, including but vot limited to chemical
structure, molecular weight, size distribution, anticoagulant activity, and/or sulfation content. In
another embodirnent, the chemically B-eliminative LMW-HS product formed from NS2S6538-HS is
substantially identical to semuloparin. In another embodiment, a chemically B-eliminative LMW-
HS product formed from NS286S535-HS, for example, products having one or more properties that
are tdentical to semuloparin or products that are substantially equivalent o semuloparin, is
subsequently O-desulfated, according to any of the procedures described above, to form a
chemically B-eliminative ODSH product.

{8334} In another non-limiting example, a chemically -eliminative LMW-HS composition that has
been prescribed for clinical use 15 enoxaparin (CAS No: 679809-58-6; ATC code: BOTABOS) (see
e.g. Linhardt, RJ and Gunay, N.S ., above). Enoxaparin is prepared similarly to semuloparin in that
a benzyl ester form of USP heparin is prepared, before being reacted with a base. The benzyl ester is
formed 10 a chlorinated organic solvent, such as chioroform or methylens chloride, 1n the presence
of a chlorine derivative, such as benzyl chloride, which controls the amount of esterification in the
resulting heparin benzyl ester, with about 9-14% efficiency. Once the benzyl ester is formed, it is
subsequently treated with a strong, non-sterically hindered base, such as sodium hydroxide, at hugh
temperature {(see U.S. Patent No. 5,389,618 and U.S. Reissue Patent RE38,743, the disclosures of
which are incorporated by reference in their entireties. However, some {(about 15% to 25%)
polysaccharides within enoxapatin can additionally comprise a terminal 1,6-anhydro sugar residue
{either 1, 0-anhydromannose or 1,6-anhydroglucosamine) at the reducing end, in addition to the
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characteristic 4,5-unsaturated uronic acid at the non-reducing end {see Guerting, M., (2010} J. Med
Chem. 53:8030-8040). As a result, enoxaparin typically comprises polysaccharides having the
characteristic structure ilustrated in Forrmoula X1, below, in addition to polysaccharides comprising

the structure of Formula X1

0,0 QR
HO N A0 o\ 0,0
oso,| MO N PGy
NHR, O
HO-
R, = H or SOy R, = SOy" or COCHg

18335} As illustrated above in Formula X1, n can be any integer from 1-21. Instead of a glucuronic
acid or uroni¢ acid residue, the sugar residue at the non-reducing end of enoxaparin polysaccharides
can be 2-C-sulfo-d-enepyranosulfonic acid. Additionally, the glucosamine residue at the reducing
end can comprise a 1,6-anhydro moiety, and the stereochemistry around the C2 carbon determines
whether the residue 1s a 1,6-ashydromannose or 1,6-anhydroglucosamine residue. Optionally, the 3-
(} position of a glucosamine residue within one or more of disaccharide units can also be 3-0U
sulfated. Without being limited by a particular theory, it is believed that at least some of the
polysaccharides within enoxaparin comprises 3-() sulfated glucosamine residues, which ultimately
feads to its anticoagulant activity.

18336} As a commonly prescribed EMWH drag, compositions of enoxaparin that are administered
to patients must satisfy a series of stringent size, activity, and purity requirements established by
both the European Pharmacopoeia and the USP.  (see “Enoxaparin Sodium”™ (2010} fwropean
Pharmacopoeia 7.0, 1920-1921}. In addition to comprising the structure of Formula XII above,
properties that must be present in order to satisfy the requirements include: an M, in a range from at
feast 3,800 Da, and up to 5,000 Da, and charactenistically 4,500 Dha; not less than 1.8 sulfate groups
per disaccharide unit; and an anti-Xa activity of at least 90 U mg™ and up to 125 1U mg™, an anti-
Ha activity of at least 20 IU mg™ and up to 35 U mg™; and/or a ratio of anti-Xa activity to anti-Ha
activity of at least 3.3:1, and up to 53:1. Further, enoxaparin compostitions suitable to be
administered to patients comprise a size distribution such that: at least 12.0%, up to 20.0% percent,
and characteristically about 16%, of the polysaccharide chains have an M, less than 2,000; a range of
at teast 68.0%, up to B2.0%, and characteristiclaly about 74%, of the polysaccharide chains have an
M, in a range of at least 2,000 and up to 8,000; and not more than 18.0% of the polysaccharide

chains have an M, greater than 8,000,
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{0337} Accordingly, a chemically P-eliminative LMW-HS composition can be prepared from an
NS/HS, NSGS/HS, NS2ZS/HS, NS28S08/HS, or NS2ZS6838-HS product by the following steps: (i}
reacting the unfractionated NS285683S-HS product with a benzethonium  salt, preferably
benzethonium chloride, to form a benzethonium HS salt; (i1} esterification of the benzethonium HS
salt using benzyl chloride in the presence of a chlorinated solvent, preferably methvlene chloride or
chloroform, to form a benzyl ester HS; and (11} combining the benzyl ester HS with a reaction
nmuxture comprising sodium hydroxide to form the chemically B-eliminative LMW-HS product. In
another embodiment, the benzyl ester HS has a degree of esterification of at least 9%, and up to
about 14%. In another embodiment, the reaction between the benzyl ester HS and sodium hydroxide
1s performed at a temperature selected within the range of at least 50 °C, up to 70 °C, and preferably
within the range of at least 55 °C, and up to 65 °C. In another embodiment, the benzyl ester HS and
chemically P-eliminative LMW-HS product are prepared according to the procedure of Example 3
within US RE38,743 . In another embodiment, the time sufficient to depolymerize the benzyl ester
range of at least 3,800 Da, up to 5,000 Da, and preferably 4,500 Da. In another embodiment, the
chemically B-ehimwative LMW-HS product comprises a stze distribution such that: at least 12.0%,
up to 20.0% percent, and preferably about 16%, of the polysaccharide chains have an M, less than
2,000; a range of at least 68.0%, up to 82.0%, and preferably about 74%, of the polysaccharide
chains have an M, in a range of at least 2,000 and up to 8,000; and not more than 18.0% of the
polysaccharide chains have an M, greater than 8,000, In another embodiment, the chemically
B-eliminative LMW-HS product comprises not less than 1.8 sulfate groups per disaccharide unit. In
another embodiment, a chemically B-eliminative LMW-HS product formed from NSZ56835-HS
comprises one or more properties that are identical to enoxapanu, including but not limited to
chemical structure, molecular weight, size distribution, anticoagulant activity, and/or sulfation
content. In another embodiment, the chemically B-eliminative LMW-HS product formed from
NS2S6S838-HS is substantially identical to enoxaparin.  In another embodiment, a chemically
B-eliminative LMW-HS product formed from NS2S56835-HS, for example, products having one or
more properties that are identical to enoxaparin or products that are substantially equivalent to
enoxaparin, 1s subsequently O-desulfated, according to any of the procedures described above, to
form a chemically B-eliminative ODSH product.

{#338] In another embodiment, an NS/HS, NS6S/HS, NSZS/HS, NSZS65/HS, or NSZE6S35-HS

product, synthesized according to any of the methods of the present invention, can be moditied by a
deamination reaction to form a deaminated LMW-HS product. Histonically, deaminated LMWH
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products have been prepared by treating USP heparin with nitrous acid. Under these conditions, a
deaminated LMW-HS product is formed that contains polysaccharides having a 2-O-sulfo-a-L-
idopyranosuronic acid residue at the non-reducing end, and a 6-O-sulfo-2,S-anhydro-D-mannitol
residue at the reducing end (see Linhardt, RJ. and Gunay, N.§.| above}. Deaminated LMW-HS
products comprising 2-O-sulfo-a-L-idopyranosuronic acid residues at the non-reducing end and 6-0-
sulfo-2,5-anhvdro-D-mannitol residues at the reducing end generally comprise the structure of

Formula X1, below:

Ry =Huor 803‘ R, = 80y or CQCHy

o]

{6339} As illustrated above in Formula XII, n can be any integer from 3-20, and Y can be an
aldehyde, hydroxyl, or carboxylic acid functional group. In another embodiment, Y is a hydroxyl
group. Optionally, the 3-0 position of a glucosaming residue within one or more of disaccharide
units can also be 3-0 sulfated. Without being limited by a particular theory, 1t 15 believed that at
jeast some of the polysaccharides within the deaminated LMW-HS product comprises 3-0O sulfated
glucosamine residues, which ultimately leads to 1ts anticoagulant activity.

{0340] When the starting matenal 15 NS2S6835-HS, the deaminated LMW-HS product can contain
polysaccharides comprising the structure of Formula XHI, in which the 3-0 position of a
glucosamine residue within one or more of disaccharide units can also be 3-0 sulfated. Several of
these deaminated EMW-HS compositions have anticoagulant activity. On the other hand, when the
starting mmaterial is NSOS/HS or NSZ86S/HS, the resulting chemically B-eliminative LMW-HS
product can also comprise the structure of Formula XL but without having any 3-O sulfated
glucosanune residues or anticoagulant activity. Non-limiting examples of deaminated LMW-HS
compositions prepared from USP heparin that have been prescribed for clinical use include
dalteparin (CAS No: 9041-08-1; ATC code: BOTABO4), nadroparin {CAS No: 9005-49-0, ATC
code: BOTABOS6), reviparin {CAS No: 9005-49-6; ATC code: BOIABOS) and certoparin {CAS No:
9005-49-6).  Generally, each of dalteparin, nadropann, and reviparin are prepared by
depolymerization using nitrous acid, either added directly or formed i sifie by the addition of

sodium uitrite to an acidic composition. Certoparin is prepared similarly, using a nitrous acid

109



WO 2022/015794 PCT/US2021/041537

derivative such as isoamyl nitrite (see Linhardt, R and Gunay, N.S., above). Control of the
reaction conditions has led to the production of deaminated LMWH compositions that have slightly
different anticoagulant activities and roolecular weight properties relative to each other, and
described, for example, in U.S. Pat Nos. 4,303,651, 4,351,938, 4,438,261, 4,500,519, 4,686 388,
5,019,649 and 5,599 801, the disclosures of which are mmcorporated by reference in their entireties,
{8341} In a first non-limiting example, an anticoagulant deaminated LMW-HS composition that has
been prescribed for clinical use is dalteparin (see e.g. Jacobsen, AF , et al., (2003} Br J Obhster
Gyvnaecol 118:139-144; and Guerring, M., et al, (2007} Sewvinars in Thrombosis and Hemuosiasis 33
{51:478-487). Dalteparin is typically prepared as a sodium salt by an acid depolymerization of USP
heparin, particularly by reacting USP heparin with nitrous acid {(see e.g. U.S. Pat. No 5,019,649).
Upon subsequent purification and precipitation, the resulting dalteparin composition has an M,, in a
range of at least 5,600 Da, up to 6,400 Da, and typically 6,000 Da, and a size distribution such that
the proportion of polysaccharide chains having an M, less than 3,000 ts not more than 13.0%; and at
feast 15.0% and up to 25.0% of the chains have an M, of at least 8,000, Additionally, dalteparin
compositions can comprise an anti-Xa activity of at least 110 I mg™! and not more than 210 IU mg™!,
an anti-Ila activity of at least 35 U mg™ and not more than 100 IU mg™!, and/or a ratio of anti-Xa
activity to anti-Ha activity of at least 1.9:1, and up to 3.2:1 (see “Dalteparin Sodium” (2010)
Luropean Pharmacopoeia 7.0, 1788-1789),

18342} In another non-limiting example, an anticoagulant deaminated LMW-HS composition that
has been prescribed for clinical use 1s nadroparin. Nadroparin 1s commonly prepared as a sodium or
calcium salt by an acid depolymerization of USP heparin, using sodium nitrite in the presence of
hydrochloric acid to maintain a pH of about 2.5 (see e.g. U.S. Pat Nos. 4,686,388 and 5,599 801) the
disclosures of which are incorporated by reference in their entireties). Upon subsequent purification
and precipitation, the resulting nadroparin composition has an My, in a range of at least 3,600 Da, up
to 5,000 Da, and typically 4,300 Dia, and a size distribution such that the proportion of chains having
an M, less than 2,000 is not more than 15%; and at least 75% and up to 95% of the chains have an
M, in a range of at least 2,000 and up to 8,000, with at least 35% and up to 55% of the chains having
an M, of at least 2,000 and up to 4,000 Additionally, nadroparin compositions can comprise an
anti-Xa activity of not less than 95 IU mg™ and not more than 130 IU mg™, and/or a ratio of anti-Xa
activity to anti-la activity of at least 2.5:1, and up to 4.0:1 {see “Nadroparin Sodium”™ (2010}
Luropear Pharmacopoeia 7.0, 1788-1789),

{8343} Other non-limiting examples of deaminated LMW-HS compositions that have been
prescribed for clinical use is reviparin and certoparin. Reviparin is prepared similarly to dalteparin
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and nadroparin, by introducing nitrous acid or forming nitrous acid i sifer (see Linhardi, RJ. and
Gunay, N.8,, above), and the resulting reviparin composition comprising the structure of Formula
X1Ii has an M,, in a range of at least 4,200 Da, up to 4,600 Da, and typically 4,400 Da, and a ratio of
anti-Xa activity to anti-fa activity of at least 4 0:1, up to 4.5:1, and typically 4 2:1 {(see Grey, et al,
above). Certoparin is prepared by reacting heparin with isoamyl vitrite in the presence of acetic or
hydrochloric acid (see Ahsan, A, et al., (2000} Clin. Appl. Thrombosis/Hemostasis 6 (3):169-174}.
The resulting certoparin composition comprising the structure of Formula XIII has an M, in a range
of at least 5,000 Da, up to 5,600 Da, and typically 5,400 Da, and a ratio of anti-Xa activity to anti-Ha
activity of at least 2.0:1, up to 2.5:1, and preferably 2.4:1 (see Grey, et al, above).

18344} Accordingly, a deaminated LMW-HS composition can be prepared from an NS/HS,
NSOS/HS, NSZS/HS, NS2S6N/HS, or NS2S6838-HS product by the following  steps:
{a) synthesizing an NS/HS, NS6S/HS, NS2K/HS, NS256S/HS, or NS286838-HS product according
to any of the above methods; (b} providing a deamination reaction mixture comprising a deamination
agent, preferably a deamination agent selected from the group counsisting of isoamyl nitrate and
nitrous acid; and (¢} treating the NS/HS, NS65/HS, NS25/HS, NS286S/HS, or NS286535-HS
product with the deamination reaction mixture for a time sufficient to depolymerize at igast a portion
of the NS286S358-HS product, thereby fornung the deaminated LMW-HS product.  In another
embodiment, the deamination agent 15 nitrous acid, the deamuination reaction mixture can coruprise
stoichiometric quantities of an acid, preferably acetic acid or hydrochloric acid, and an alkali or
alkaline earth metal nitrite salt, preferably sodium nitrite, wherein the witrous acid is formed within
the deamination reaction mixture i size. In ancther embodiment, the deamination agent is isoamyl
nitrite. In another embodiment, the time sufficient to form the deaminated LMW-HS product 1s the
time sufficient to cause the product to have a desired average molecular weight.  In another
embodiment, the M,, of the deaminated LMW-HS product is in the range of 2,000 Da to 10,000 Da,
preferably in the range of 4,000 Da to 6,000 Da. In another embodiment, the M, of the deaminated
LMW-HS product is in the range 4,000 Da to 4,500 Da, preferably 4,300 Da.  In another
embodiment, the M, of the deaminated LMW-HS product is in the range 4,200 Da to 4,600 Da,
preferably 4,400 Da. Tn another embodiment, the M,, of the deaminated LMW-HS product is in the
range 5,000 Da to 5,600 Da, preferably 5400 Da. In another embodiment, the M,, of the
deaminated LMW-HS product 1s in the range 5,700 Da to 6,300 Da, preferably 6,000 Da.

{8345} In ancther embodiment, 3 deaminated EMW-HS product formed from NS2S6838-HS
comprises one or more properties that are identical to dalteparin, including but not hmited to
chemical structure, molecular weight, size distribution, anticoagulant activity, and/or sulfation
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content. To avother embodiment, the deaminated LMW-HS product formed from NSZS653S-HS is
substantially identical to dalteparin.  In another embodiment, a deaminated LMW-HS product
formed from N32S6835-HS, for example, products having one or more properties that are ideutical
to dalteparin or products that are substantially equivalent to dalteparin, is subsequently (-desulfated,
according to any of the procedures described above, to form a deaminated ODSH product.

{8346} In ancther embodiment, 3 deaminated EMW-HS product formed from NS2S6838-HS
comprises one or more properties that are identical to nadroparnn, including but not himited to
chemical structure, molecular weight, size disiribution, anticoagulant activity, and/or sulfation
content. In another embodiment, the deaminated LMW-HS product formed from NSZS6S35-HS is
substantially identical to nadroparin.  In another embodiment, a deaminated LMW-HS product
formed from NS2S56838-HS, for example, products having one or more properties that are identical
to nadroparin or products that are substantially equivalent to nadroparin, is subsequently
O-desulfated, according to any of the procedures described above, to form a deaminated ODSH
product.

{8347} In ancther embodiment, 3 deaminated EMW-HS product formed from NS2S6838-HS
comprises one or more properties that are identical to certoparin, including but not hmited to
chemical structure, molecular weight, size disiribution, anticoagulant activity, and/or sulfation
content. In another embodiment, the deaminated LMW-HS product formed from NSZS6S35-HS is
substantially identical to certoparin.  In another embodiment, a deaminated LMW-HS product
formed from NS2S56838-HS, for example, products having one or more properties that are identical
to certoparin or products that are substantially equivalent to certoparin, is subsequently O-desulfated,
according to any of the procedures described above, 1o form a deaminated ODSH product.

{0348} In another embodiment, a deaminated EMW-HS product formed from NS2S683S-HS
COMprises one of more properties that are identical to reviparin, including but not limited to chemical
structure, molecular weight, size distribution, anticoagulant activity, and/or sulfation content. In
another embodiment, the deaminated LMW-HS product formed from NS286S35-HS 13 substantially
identical to reviparin. In ancther embodiment, a deaminated LMW-HS product formed from
NS2Z5683S-HS, for example, products having one or more properties that are 1deuntical to reviparin or
products that are substantially equivalent to reviparin, is subsequently O-desulfated, according to any
of the procedures described above, to form a dearninated ODSH product.

{#349] In another embodiment, an NS/HS, NS6S/HS, NSZS/HS, NSZS65/HS, or NSZE6S35-HS

>

product, synthesized according to any of the methods of the present invention, can be modified by an

oxidation reaction to form an oxidized LMW-HS product. Historically, oxidized LMWH products
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have been prepared by treating USP heparin with an acid, and then reacting the acidified heparin
with an oxidizing agent, particularly a peroxide or a superoxide compound such as hydrogen
peroxide, at an elevated temperature. Under these conditions, an oxidized LMW-HS product can be
formed that retains the structure of USP heparin, particularly comprising the structure of Formula [
but 13 in the same approximate molecular weight and anticoagulant activity ranges as other LMWH
compounds.

10350} Control of the reaction conditions has led to the production of owidized LMW-HS
compositions that have different anticoagulant activities and molecular weight properties relative to
each other, and described, for example, in U.S. Pat Nos. 4,281,108, 4,629.699, and 4,791,195, as
well as Huropean Patent EP0O101141, the disclosures of which are incorporated by reference in their
entireties. In particular, the acidified heparin has been formed by reacting the USP heparin with a
strong acid, such as hydrochloric acid, or a weak acid, such as ascorbic acid. Acidified heparin has
also been formed by binding USP heparin to a strong cationic exchange resin.  Similarly, the
depolymerization conditions can be controlled with respect to the pH and temperature at which the
depolymerization takes place, and the oxidizing agent itself.

{8351} When the starting material 1s NS286535-HS, the oxidized LMW-HS product can contain
polysaccharides having 3-0 sulfated glucosamine residues and comprising the structure of Formula T
Accordingly, several of these oxidized LMW-HS product compositions have anticoagulant activity.
On the other hand, wheun the starting matenial 1s NS65/HS or NS2S65/HS, the resuliing oxidized
LMW-HS preduct does not have any 3-0 sulfated glucosamine residues or anticoagulant activity.
{0352] Non-limiting examples of oxidized LMW-HS compositions that have been prescribed for
clintcal use include parnaparin (CAS No: 91449.79-5; ATC code: BOTABOS) and ardeparin {CAS
No: 9005-49-6). In particular, Pamapann has been used in the prevention of venous
thromboembolism, in the treatment of chronic venous disorders, and in the treatment of venous and
arterial thrombosis (see e.g. Camporese, G, et al, (2009} Vascular Health and Risk Management
5:819-831). Without being limited by a particular theory, it 15 believed that parnaparin 13 produced
by forming the acidified heparin using ascorbic acid, and subsequently depolymerizing the acidified
heparin under shightly basic conditions 1o the presence of cupric acetate mounohydrate and hydrogen
peroxide with incubation at 50 °C {see U.S. Pat. No. 4,791,195, Example 1} Parnaparin that bas
been administered to patients has an M, in a range of at least 4,000 Da, up to 6,000 Da, and
typically 5,000 Da, and a size distribution such that the proportion of polysaccharides having an M,
less than 3,000 is not more than 30% of the composition, and the proportion of polysaccharides
having an M, 1n a range of at least 3,000 and up to 8000 is between 50% and 60% of the
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composition. Additionally, parnaparin compositions can comprise an anii-Xa activity of at least 7S
IU mg™ and not more than 110 I mg™, and/or a ratio of anti-Xa activity to anti-la activity of at
least 1.5:1, and up to 3.0:1 {see “Parnapatin Sodium” (2010} furopean Pharmacopoeia 7.0, 2672).
{Un the other hand, ardeparin compositions that have been prescribed to patients have generally had
an M,, in a range of at least 5,500 Da, up to 6,500 Da, and typically 6,000 Da, an anti-Xa activity of
120 +/- 25 IU mg™, and a ratio of anti-Xa activity to anti-Ha activity of at least 2.0:1, up to 2.5:1, and
charactenistically 2.3: 1.

18353} Accordingly, an oxidized LMW-HS composition can be prepared from an NS/HS, NSOS/HS,
NE2S/HS, NS286S/HS, or NS2S6838-HS product by the following steps: (a) synthesizing an
NEHS, NSOS/HS, NS2S/HS, NSZ86S/HS, or NS2S5653S8-HS product according to any of the above
methods; (b) providing an oxidation reaction mixture comprising an oxidation agent, preferably
hydrogen peroxide; and {(c} treating the NS/HS, NS65/HS, NSZS/HS, NS2S68/HS, or NS2865838-
HS product with the oxidation reaction mixture for a time sufficient to depolymerize at least a
pottion of the NS/HS, NS6S/HS, NS2S/HS, NSISOS/HS, or NS2S6838-HS product, thereby
forming the oxidized LMW-HS product. In another embodiment, the step of treating the NS/HS,
NSHS/HS, NS2S/HS, NSZS6S/HS, or NS2S6835-HS product with the oxidation reaction mixture
can comprise the following sub-steps: (i) acidifying the NS/HS, NS6S/HS, NSZE/HS, NSZ86S/HS,
or NS286838-HS product to form an acidified HS product; {it) combining the acidified HS product
with the oxtdation reaction mixture; and (¢} incubating the acidified HS product within the oxidation
reaction mixture at a ternperature of at least 50 °C until an oxidized LMW-HS product is formed. In
another embodiment, the step of treating the NS2S683S-HS product with the oxdation reaction
mixture can comprise the procedure of Example 1 of U.S. Patent No. 4,791,195,

[0354] In another embodiment, the time sufficient to form the oxidized LMW-HS product is the
time sufficient to cause the product to have a desired average molecular weight In another
embodiment, the M,, of the oxidized LMW-HS product is in the range of 2,000 Da to 12,000 Da,
preferably in the range of 4,000 Da to 6,500 Da. In another embodiment, the M, of the oxidized
LMW-HS product is tn the range 4,000 Da to 6,000 Da, preferably 5,000 Da. In a further
embodiment, the oxidized LMW-HS product comprises a size distribution such that the proportion
of polysaccharides having an M, less than 3,000 is not more than 30% of the composition, and the
proportion of polysaccharides having an M, in a range of at least 3,000 and up to 8,000 is between
50% and 60% of the composition. In another embodiment, the M, of the oxidized LMW-HS

product 1s in the range 5,500 Da to 6,500 Da, preferably 6,000 Da.
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{83558} In another embodiment, an oxidized LMW-HS product formed from NS2ZS6835-HS
comprises one of more properties that are identical to parnaparin, including but not limited to
chemical structure, molecular weight, size disiribution, anticoagulant activity, and/or sulfation
content. In another embodiment, the oxidized LMW-HS product formed from NSZS683S-HS is
substantially 1dentical to parnaparin. In another embodiment, an oxidized LMW-HS product formed
from NS28683S-HS, for example, producis having one or more properties that are tdentical to
parnaparin or products that are substantially equivalent to parnaparin, s subsequently O-desulfated,
according to any of the procedures described above, to form an oxidized ODSH product.

{0356} In ancther embodiment, an oxidized LMW-HS product formed from NSZS5683S8-HS
comprises one or more properties that are wdentical to ardeparin, 1ucluding but not hmited to
chemical structure, molecular weight, size distribution, anticoagulant activity, and/or sulfation
content. In another embodiment, the oxidized LMW-HS product formed from NS2Z8653S8-HS 15
substantially identical to ardeparin. In another embodiment, an oxidized LMW-HS product formed
from NSZ86835-HS, for example, products having one or more properties that are identical to
ardeparin or products that are substantially equivalent to ardeparin, is subseguently J-desulfated,
according to any of the procedures described above, to form an oxidized ODSH product.

{8357] Those skilled in the art would appreciate that the examples described above of LMW-HS
compositions, and methods for forming them from an NS/HS, NSGS/HS, NS2Z8/HS, NS286S5/HS, or
NS25683S-HS product synthesized using ove or more engineered aryl sulfate~-dependent
sulfotransferase enzymes, are non-exhaustive, and that such other examples are excluded for clarity
and brevity. Once an NS/HS, NS6S/HS, NSZS/HS, NS286S/HS, or NS2S6535-HS product is
formed according to any of the methods deseribed above, it can be modified and/or depolymerized
by any known process to form a secondary product, particularly an LMW-HS product.  Such
processes include, but are not imited to: fractionation using solvents (French Patent No. 2,440,376,
U.S. Pat. No. 4,692 435); fractionation using an anionic resin {French Patent No. 2,453 875}, gel
filtration; affinity chromatography (U.S. Pat. No. 4,401,758); controlled depolymerization by means
of a chemical agent including, but not limited to, nitrous acid (European Patent EP 0014184,
European Patent EP 0037319, European Patent EP 0076279, Huropean Patent EP 0623629, French
Patent No. 2,503,714, US Pat No. 4,804,652 and PCT Publication No. WO B81/03276), B-
elimination from a heparin ester (European Patent EP 0040144, U S, Pat. No. 5,389,618), periodate
{Huropean Patent EP 0287477}, sodium borchydride (European Patent EP 0347588, European Patent
EP 0380943), ascorbic acid (U.S. Pat. No. 4,533,549), hydrogen peroxide (U.S. Pat. No. 4,629,699,

UK. Pat. No. 4,791,195), quaternary amunonium bydroxide from a quaternary ammonium salt of
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heparin (U8, Pat. No. 4,981,955), alkali metal hydroxide {(European Patent EP 0380943, Buropean
Patent EP 0347588), using heparinase enzymes (European Patent EP 0064452, U8 Pat. No.
4,396,762, European Patent EP 0244235, European Patent EP 0244236; U.S. Pat. No. 4,826,827,
U.S. Pat. No. 3,766,167}, by means of irradiation (BEuropean Patent EP 0269981), purification and

moditication of fast-moving HS fractions (US. Pat. No. 7,687,479, U8 Pat. No. 8,609,632, and

other methods or combinations of methods such as those described in US. Pat. No. 4,303,651, UK.
Pat. No. 4,757,057, U.S. Publication No. 2007/287683, PCT Publication No. WO 2009/059284 and
PCT Publication No. WO 2009/059283, the disclosures of which are tncorporated by reference in
their entireties. Any of the LMW-HS products formed from NSZS6S38-HS by any of the above

process can subsequently O-desulfated, to form an LMW ODSH product.

Freparation of Engineered Aryl Sulfote-Dependent Sulforansferase Fnzymes

{6358] In general, the engineered sulfotransferases encoded by the disclosed nucleic acid and amino
acid sequences can be expressed and purified using any microbiological technique known in the art,
including as described below. The aryl suifate-dependent sulfotransferase activity of each purified
enzyme can be determined spectrophotometrically or fluorescently and/or using mass spectrometry
{MS) or nuclear magnetic resonance (NMR) spectroscopy to characierize the starting materials
and/or sulfated polysaccharide products. Methods for isolating, purifying, and assessing the activity
of the engineered sulfotransferases described herein are described below in the Examples section, as
well as in PCT Publication Nos. WO 2020/150350 and WO 2021/007429 (International Application
Nos. PCT/US2020/013677 and PCT/US2020/041404, respectively), the descriptions of which are
hereby incorporated by reference tn their entireties.

{0359} The engineered gene products, proteins and polypeptides utilized in accordance with methods
of the present invention can also include analogs that contain insertions, deletions, or mutations
relative to the disclosed DNA or peptide sequences, and that also encode for enzymes that catalyze
reactions in which aryl sulfate compounds are substrates. In another embodiment, each analog
similarly catalyzes sulfotransfer reactions in which aryl sulfate compounds are utilized as sulfo
donors. Analogs can be derived from nucleotide or amino acid sequences as disclosed herein, or
they can be designed synthetically in sifico or de novo using computer modeling techniques. Those
skilled in the art will appreciate that other analogs, as yet undisclosed or undiscovered, can be used
to design and/or construct different sulfate-dependent sulfotransferase enzymes capable of being
utilized in accordance with methods of the present invention. There is no need for a gene product,

protein, or polypeptide to comprise all or substantially all of a nucleic acid or amino acid sequence

116



WO 2022/015794 PCT/US2021/041537

of an engineered sulfotransferase as disclosed herein.  Such sequences are herein referred to as
“segments.” Further, the gene products, proteins, and polypeptides discussed and disclosed herein
can also ioclude fusion or recombinant aryl sulfate~-dependent sulfotransferases comprising full-
fength sequences or biologically functional segments of sequences disclosed in the present invention.
Methods of preparing such proteins are known in the art.

{8360} In addition to the nucleic acid and amino acid sequences disclosed herein, methods of the
present invention can be practiced by aryl sulfate-dependent sulfotransferases comprising amino acid
sequences that are substantially identical o any of the disclosed amino acid sequences above, or
expressed from nucleic acids comprising a nucleotide sequence that is substantially identical to a
disclosed nucleotide sequence (SEQ ID NG: 1, SEQID NG 3, SEQ ID NG: 3, SEQID NG 7, SEQ
ID NG: 9, SEQ 1D NO: 11, SEQ ID NO: 13, SEQ ID NG: 15, SEQ ID NG: 17, SEQ 1D NO: 19,
SEG ID NG: 21, SEQ ID NQ: 23, SEQ ID NO: 25, or SEQ ID NO: 27). Those skilled in the art can
determine appropriate nucleotide sequences that encode for polypeptides having the amino acid
sequence of SEQ ID NOs: 33-54 and 56-61, based on the nucleotide sequences above
“Substantially identical” sequences, as used in the art, refer to sequences which differ from a
particular reference sequence by one or more deletions, substitutions, or additions, the net effect of
which 1s to retain at least some of the biological activity of the engineered polypeptide encoded by
the reference sequence. Namely, the biological activity of the engineered aryl sulfate-dependent
sulfotransferases comprises the transfer of a sulfo group from a sulfo donor aryl sulfate compound to
a polysaccharide acting as a sulfo group acceptor. In another embodiment, the polysaccharide 15 a
heparosan-based and/or HS polysaccharide.  Accordingly, as used to describe the aryvl sulfate-
dependent enzymes of the present invention, “substantial identity” can refer either to identity with a
particular gene product, polypeptide or amino acid sequence of an aryl sulfate-dependent enzyme, or
a gene or nucleic acid sequence encoding for an aryl sulfate-dependent enzyme. Such sequences can
include mutations of the disclosed sequences or a sequence in which the biological activity is altered,
enhanced, or diminished to some degree but retains at least some of the original biological activity of
a disclosed reference amino acid sequence or polypeptide encoded by a disclosed reference nucleic
acid sequence.

{8361} Alternatively, DNA analog sequences are substantially identical to the specific DNA
sequences disclosed herein ift (a) the DNA analog sequence 13 derived from coding regions of the
any of the disclosed nucigic acid sequences; or (b} the DNA analog sequence i3 capable of
hybridization of DNA sequences of (a) under stringent conditions and which encode biologically

active aryl sulfate-dependent sulfotransferase gene product, or {¢) the DNA sequences are
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degenerate as a result of aliernative genetic code to the DNA analog sequences defined in {(a) and/or
(b). Substantially identical analog proteins will be greater than about 60% identical to the
corresponding sequence of the native protein.  Sequences having lesser degrees of identity but
comparable biological activity, namely, transferring a sulfo group from an arvl suifate compound to
polysaccharides, particularly heparosan-based or HS polysaccharides, are also considered to be
substantially identical. In determining the substantial identity of nucleic acid sequences, all subject
nucleic acid sequences capable of encoding substantially identical amino acid sequences are
constdered to be substantially identical to a reference nucleic acid sequence, regardless of
differences in codon sequences or aminc acid substitutions to create biclogically functional
equivalents,

18362} At a biological level, identity is just that, e the same aminc acid at the same relative
position in a given family mermber of a gene tanuly. Homology and similarity are generally viewed
as broader terms. For example, biochemically similar amino acids, for example leucine and
1soleucine or glutamic acid/aspartic acid, can be alternatively present at the same position—these are
not identical per se, but are biochemically “similar” As disclosed herein, these are referred to as
conservative differences or conservative substitutions. This differs from a conservative mutation at
the DNA level, which changes the nucleotide sequence without making a change in the encoded
amino acid, e.g., TCC to TCA, both of which encede serine.

[6363] In some embodiments, the genes and gene products include within their respective sequences
a sequence “essentially as that” of a gene encoding for an aryl sulfate-dependent sulfotransterase or
its corresponding protein. A sequence essentially as that of a gene encoding for an aryl sulfate-
dependent sulfotransferase refers to sequences that are substantially identical or substantially similar
to a portion of a disclosed nucleic acid sequence and contains a minority of bases or amino acids
{whether DNA or protein} that are not identical to those of a disclosed protein or a gene, or which
are not a biclogically functional equivalent. Biological functional equivalence is well understood in
the art and 13 further discussed in detail below. Nucleotide sequences are “essentially the same”
where they have between about 75% and about 85%, or particularly, between about 6% and about
90%, ot more particularly greater than 90%, or even more particularly between about 91% and about
95%, or still more particulasly, between about 96% and about 99%, of nucleic acid residues which
are wdentical to the nucieotide sequence of a disclosed gene. Similarly, peptide sequences which have
about 80%, or 90%, or particularly from 90-95%, or more particularly greater than 96%, or even

more particularly 95-98%, or still more particularly 99% or greater amino acids which are identical
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or functionally equivalent or biologically functionally equivalent to the amino acids of a disclosed
polypeptide sequence will be sequences which are “essentially the same.”

{8364] Additionally, alternate nucleic acid sequences that wnclude functionally equavalent codons are
also encompassed by this invention. Functionally equivalent codons refer to codons that encode the
same amino acid, such as the ACG and AGU codons for serine. Thus, substitution of a functionally
equivalent codon 1nto any of the nucleotide sequences above encode for biclogically functionally
equivalent sulfotransferases.  Thus, the present invention includes amino acid and nucleic acid
sequences comprising such substitutions but which are not set forth herein in thewr entivety for
convenience.

{8365] Those skilled in the art would recognize that amino acid and vucleic acid sequences can
include additional residues, such as additional N- or C-terminal amino acids or 5° or 3” nucleic acid
sequences, and yet still be essentially as set forth in one of the sequences disclosed herein, so long as
the sequence retains its biological activity with respect o binding and reacting with aryi sulfate
compounds as sulfo donors. The addition of terminal sequences particularly applies to nucleic acid
sequences which can, for example, include various non-coding sequences flanking either of the 5™ or
3’ portions of the coding region or can include various internal sequences, or introns, which are
known to occur within genes,

{0366} As discussed above, modifications and changes can be made in the sequence of any of the
disclosed aryl sulfate-dependent sulfotransferases, including counservative and non-conserved
mutations, deletions, and additions while still constituting a molecule having like or otherwise
desirable characteristics. For example, certain amino acids can be substituted for other amino acids
in a protein structure without appreciable loss of interactive capacity with particular structures or
compounds, particularly aryl sulfate compounds and/or sulfo acceptor polysaccharides. This can
occur because the ability of a protein to recognize, bind, and react with other structures or
compounds within its environment defines that protein’s biological functional activity, not the
sequence itself.  Consequently, certain amino acid sequence substitutions can be made in that
protein’s sequence to obtain a protein with the equal, enhanced, or diminished properties. One non-
fimiting example of such amino acid substitutions that can occur without an appreciable loss of
interactive activity include substitutions in extersal domains or surfaces of the protein that do not
affect the folding and solubility of the protein.  Sinularly, amino acids can potentially be added to
either terminus of the protein so long as the ability of the protein to fold or to recognize and bind s
substrates 1s not deleteriously affected.  One skilled in the art can appreciate that several other

methods and/or strategies can be utilized to alier an enzyme’s sequence without affecting its activity.
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{8367} Consequently, mutations, deletions, additions, or other alierations to a parent enzyme’s
structure or sequence in which the modified enzyme retains the parent enzyme’s biological activity
can be defined to be biologically functionally equivalent to the parent enzyme. Thus, biologically
functional equivalent enzymes, with respect to the engineered aryl sulfate-dependent
sulfotransterases, can include any substitution or modification of any of the amino acid sequences
disclosed herein, so long as the resultant modified enzyme is dependent on interacting with aryl
sulfate compounds, particularty PNS or NCS, to catalyze sulfo transfer to polysaccharides,
particularly heparosan-based and/or HS polysaccharides.  In particular, such substitutions or
modifications can result from conservative mutations in the amino acid sequence in any portion of
the protein, as described below, although non-conservative mutations in non-catalytically active
regions of the enzyme are also contemplated. Consequently, engineered aryl sulfate-dependent
sulfotransferases suitable to practice the methods of the present invention can be expressed from any
nucleic actd having a nucleotide sequence that encodes for a biologically functional equivalent
enzyme, although such nucleotide sequences are not set forth herein in their entirety for convenience.
{8368} Alternatively, recombinant DNA technology can be used to create biologically functionally
equivalent proteins or peptides in which changes in the protein structure can be engineered, based on
considerations of the properties of the amino acids being exchanged. Rationally-designed changes
can be introduced through the application of site-directed mutagenesis technigues, for example, to
test whether certain mutations affect positively or vegatively affect the enzyre’s aryl sulfate-
dependent catalytic activity or binding of sulfo donors or acceptors within the enzyme’s active site.

10369} Amino acid substitutions, such as those which might be ermploved 1in modifying any of the
aryl sulfate-dependent sulfotransferases described herein, are generally based on the relative
simntlarity  of the amino acid side-chain  substituents, for example, their hydrophobicity,
hydrophilicity, charge, size, and the like. Those skilled in the art are familiar with the similarities
between certain amine acids, such as the size, shape and type of the amino acid side-chain
substituents. Non-lumiting examples 1nclude relationships such as that arginine, lysine and histidine
are all positively charged residues; that alanine, glycine and serine are ali of similar size; and that
phenylalanine, trypiophan and tyrosine all have a generally similar shape. Consequently, the amino

acids that comprise the following groups—arginine, lysine and histidine; alanine, glycine and serine;

and phenvlalanine, tryptophan and tyrosine—are defined herein as biologically functional
equivalents to the other amino acids in the same group. Other biologically functionally equivalent

changes will be appreciated by those of skill in the art.
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{0370] In another ervbodiruent, the present inveuntion provides isolated nucleic acids encoding
functional tfragments of the engineered enzymes of the present invention, or mutants thereof, in
which counservative substitutions have been made for particular residues within the amino acid
sequence of any of the engineered sulfotransferase enzymes described herein,

{6371} Additionally, 1solated nucleic acids used to express aryl sulfate-dependent sulfotransferases
capable of practicing the methods of the present invention may be joingd to other nucleic acid
sequences for use in various applications. Thus, for example, the isolated nucleic acids may be
Higated into cloning or expression vectors, as are commonly known in the art and as described in the
examples below. Additionally, nucleic acids may be joined in-frame to sequences encoding another
polypeptide so as to form a fusion protein, as is commonly known o the art.  Fusion proteins can
comprise a coding region for the aryl sulfate-dependent sulfotransterase that is aligned within the
same expression unit with other proteins or peptides having desired functions, such as for solubility,
purification, or tmmunodetection.  Thus, in another embodiment, cloning, expression and fusion
vectors comprising any of the above-described nucleic acids, that encode for an aryl sulfate-
dependent sulfotransferase that can be utilized in with methods of the present invention are also
provided.

16372} Furthermore, nucleic actd segments of the present invention, regardiess of the length of the
coding sequence itself, can be combined with other DNA sequences, such as promoters, enhancers,
polyvadenylation signals, additional restriction enzyme sites, multiple cloving sites, other coding
segments, and the like, such that their overall length can vary considerably. Those skilled in the art
would recognize that a nucleic acid fragment of almost any length can be employed, with the total
fength typically being limited by the ease of preparation and use in the intended recombinant DNA
protocol.

{8373} In particular, recombinant vectors in which the coding portion of the gene or DNA segment
is positioned under the control of a promoter are especially useful. In some embodiments, the
coding DNA segroent can be associated with promoters isolated from bacterial, viral, eukaryotic, or
mammalian cells. Promoters specific to the cell type chosen for expression are often the most
etfective. The use of promoter and cell type combinations for protein expression 1s generally known
to those of skill in the art of molecular biology {See, e.g., Sambrook et al. (2012) Molecular Cloning:
A Laboratory Manual, Fourth Edition, Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
N.Y., incorporated by reference in its entirety}). The promoters emploved can be constitutive or
inducible and can be used under the appropriate conditions to direct high-level expression of the

introduced DNA segment, such as is advantageous in the large-scale production of recombinant
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proteins or peptides. Appropriate promoter systers that are often effective for high-level expression
include, but are not limited to, the vaccinia virus promoter, the baculovirus promoter, and the Ptac
promoter.

{6374} Thus, 1n some embodiments, an expression vector can be utilized that comprises a nucleotide
sequence encoding for a biologically-active, aryl sulfate-dependent sulfotransferase suitable for use
with methods of the present invention. In one example, an expression vector can comprise any
nucleotide sequence that encodes for an aryl sulfate-dependent sulfotransferase gene product. In
further embodiments, an expression vector comprises a nucleic acid comprising any of the
nucleotide sequences described above, or any nuclectide sequence that encodes for a polypeptide
comprising the amino acid sequence of any of the engineered sulfotransferase enzymes described
above. In even further embodiments, any nucleic acid sequence encoding for an engineered aryl
sulfate-dependent sultotransferase enzyme of the present invention can be codon-optimized based on
the expression host used to produce the enzyme. The preparation of recombinant vectors and codon
optimization are well known to those of skill in the ant and described 1n many references, such as, for
example, Sambrook et al. (2012} Molecular Cloning: A Laboratory Manual, Fourth Hdition, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, N Y.

{0375] Those skilled o the art would recognize that the DNA coding sequences to be expressed, in
this case those encoding the aryl sulfate-dependent sulfotransferase gene products, are positioned in
a vector adjacent to and under the conirol of a promoter. As 1s known in the art, a promoter 18 a
region of a DNA mwolecule typically within about 100 nucleotide pairs upstream of {i.e., 5” to) the
point at which transcription begins (i.e., a transcription start site). That region typically contains
several types of DNA sequence elements that are located in similar relative positions in different
genes. It 15 understood in the art that to bring a coding sequence under the control of such a
promoter, one generally positions the 57 end of the transcription initiation site of the transcriptional
reading frame of the gene product t0 be expressed between about 1 and about 50 nucleotides
“downstream” of (1.e., 37 of) the chosen promoter.

{6376} One can also desire to incorporate into the transcriptional unit of the vector an appropriate
polyadenylation site (e.g., 5-AATAAA-3), if one was not contained within the original inserted
DNA. Typically, poly-A addition sites are placed about 30 to 2000 nucleotides “downstream” of the
coding sequence at a position prior to transcription termination,

{0377 Another type of discrete transcription regulatory seguence element is an enhancer.  An
enhancer imposes specificity of time, location and expression level on a particular coding region or
gene. A major function of an enhavcer 18 to wncrease the level of transcription of a coding sequence
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in a cell that contains one or more transcription factors that bind to that enbancer. An eshancer can
function when located at variable distances from transcription start sites so long as a promoter is
present.

{6378} Optionally, an expression vector of the invention comprises a polynucleotide operatively
linked to an enhancer-promoter. As used herein, the phrase “enhancer-promoter” means a composiie
unit that contains both enhancer and promoter elements. For example, an expression vector can
comprise a polynucieotide operatively linked to an enhancer-promoter that is a eukaryotic promoter
and the expression vector further comprises a polyadenylation sigunal that 1s positioned 37 of the
carboxy-terminal amino acid and within a transcriptional unit of the encoded polypeptide. As used
herein, the phrase “operatively hioked” means that an enhavcer-promoter 18 connected to a coding
sequence in such a way that the transcription of that coding sequence is controlled and regulated by
that enhancer-promoter.  Techmiques for operatively linking an enhancer-promoter to a coding
sequence are well known in the art; the precise orientation and location relative 10 8 coding sequence
of interest is dependent, infer alia, upon the specific nature of the enhancer-promoter.

{8379} An enbancer-promoter used in a vector construct of the present invention can be any
enhancer-promoter that drives expression in a cell to be transfected. By employing an enhancer-
promoter with well-known properties, the level and pattern of gene product expression can be
optimized.

{8380 Sulfotransferase enzymes suitable to practice the methods of the present wvention can be
expressed within cells or cell lines, either prokaryotic or eukaryotic, into which have been introduced
the nucleic acids of the present mvention so as to cause clonal propagation of those nucleic acids
and/or expression of the proteins or peptides encoded thereby. Such cells or cell lines are useful for
propagating and producing nucleic acids, as well as for producing the aryl sulfate-dependent
sulfotransferases themselves. As used herein, the term “transformed cell” is intended to embrace
any cell, or the descendant of any cell, into which has been introduced any of the nucleic acids of the
invention, whether by transformation, transfection, transduction, wnfection, or other means. Methods
of producing appropriate vectors, transforming cells with those vectors, and identifving
transformants are well known in the art. (See, e.g., Sambrook et al. (2012) Molecular Cloning: A
Laboratory Manual, Fourth Edition, Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
N.Y )

{0381] Prokaryotic cells useful for producing transformed cells include members of the bacterial
genera Fscherichia (e.g, £, cofi), Pseudomonas (e.g., P. aeruginosay, and Bacillus (e.g., B. subtilus,

8. stearothermophifus), as well as many others well koown and frequently used in the art
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Prokaryotic cells are particularly useful for the production of large quantities of the proteins or
peptides {e.g., aryl sulfate-dependent enzymes, fragments of those sequences thereof, or fusion
proteins including those sequences). Bactenial cells {e.g., £ cofiy may be used with a variety of
expression vector systems including, for example, plasmids with the T7 RNA polymerase/promoter
systemy, bacteriophage A regulatory sequences, or M13 Phage regulatory elements. Bacterial hosts
may alse be transformed with fusion protein vectors that create, for example, Protein A, lacZ, trpE,
maltose-binding protein (MBP), small ubiquitin-related modifier (SUMQ), poly-His tag or
glutathione-S-transferase {(GST) tusion proteins. Al of these, as well as wany other prokaryotic
expression systems, are well known in the art and widely available commercially (e.g., pGEX-27
{Amrad, USA)} for GST fusiong).

{8382} In some embodiments of the invention, expression vectors comprising any of the nuclectide
sequences described above can also comprise genes or nucleic acid sequences encoding for fusion
proteins with any aryl sulfate-dependent sulfotransferase.  In further embodiments, expression
vectors can additionally include the ma/l gene, which encodes for the maltose binding protein.
Upon inducing protein expression from such expression vectors, the expressed gene product
comprises a fusion protein that includes maltose binding protein and any of the aryl sulfate-
dependent sulfotransferase enzymes described above. In other further embodiments, an expression
vector that includes any of the above nucleic acids that encode for any of the above aryl sulfate-
dependent sulfotransferase enzymes can additionally include a gene encoding for a SUMO modifier,
such as, in a non-limiting example, SUMO-1.

10383] In other embodiments, expression vectors according to the present invention can additionally
include a nucleic acid sequence encoding for a poly-His tag. Upon inducing protein expression from
such expression vectors, the expressed gene product comprises a fusion protein that includes the
poly-His tag and any of the aryl sulfate-dependent sulfotransferase enzymes described above., In a
further embodiment, expression vectors can include both a nucleic acid sequence encoding for a
poly-His tag and the mall, gene or a SUMO gene, from which a fusion protein can be expressed that
includes a poly-His tag, MBP, or SUMQ, along with any aryl suifate-dependent sulfotransferase
enzyme.

{8384] Fukaryotic cells and cell lines useful for producing transformed cells include mammalian
cells {e.g., endothelial cells, mast cells, COS cells, CHO cells, fibroblasts, hybridomas, cocyies,
embryonic stem cells), insect cells lines {e g, Dirosophila Schneider cells), yeast, and fungi. Non-
himiting examples of such cells include, but are not limited to, COS-7 cells, CHO, cells, murine

primary cardiac roicrovascular endothelial cells (CME), murine mast cell line C57.1, buman primary
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endothelial cells of umbilical vein (HUVEC), F9 embryonal carcinoma cells, rat fat pad endothelial
cells (RFPEC), and L celis {e.g., murine LTA thk— cells}.

{8385] Vectors may be introduced into the recipient or “host” cells by various methods well known
in the art including, but not limited to, calctum phosphate transfection, strontium phosphate
transfection, DEAFE dexiran transfection, electroporation, lipofection, microinjection, hallistic
insertion on micro-beads, protoplast fusion or, for viral or phage vectors, by infection with the
recombinant virus or phage.

{0386] In  another embodiment, the present invention provides aryl sulfate-dependent
sulfotransferase variants in which conservative or non-conservative substitutions have been made for
certain restdues within any of the engineered sulfotransferase amino acid sequences disclosed above.
Conservative or non-conservative substitutions can be made at any point in the amino acid sequence,
including residues that surround the active site or are involved in catalysis, provided that the enzyme
retains measurable catalytic activity; namely, the transfer of a sulfo group from an aryl sulfate
compound to a polysaccharide, particularly a heparosan-based and/or HS polysaccharide. In other
embodiments, the aryl sulfate compound is PNS.  In stil other embodiments, the aryl sulfate
compound is NCS.

{0387] In another embodiment, the aryl sulfate~-dependent sulfotransferase enzymes have at least
50%, including at least 60%, 70%, 80%, 85%, 90% or 95% up to at least 99% amino acid sequence
wdentity to the amino acid sequence of any of the engineered sulfotransferase enzymes disclosed
above, including disclosed as SEQ ID NQO: 2, SEQ ID NO: 4, SEQ ID NG: 6, SEQ 1D NO: 8, SEQ
ID NO: 10, SEQ 1D NO: 12, SEQ ID NO: 14, SEQ ID NO: 16, SEQ ID NO: 18, SEG ID NO: 20,
SEQ ID NG: 22, SEQ ID NO: 24, SEQ ID NG: 26, SEQ 1D NO: 28, and SEQ ID NOs: 33-54 and
S6-61, while retaiming its catalytic activity of transfer of a sultfo group from an aryl sulfate
compound to a polysaccharide, particularly a heparcsan-based and/or HS polysaccharide.  Such
sequences may be routinely produced by those of ordinary skill in the art, and sulfotransterase
activity may be tested by routine methods such as those disclosed herein,

{0388} Further, and in another embodiment, the amino acid sequence(s) of any of the engineered
aryl sulfate-dependent sulfotransterases utilized in accordance with any of the methods described
herein can be characterized as a percent identity relative 1o a natural sulfotransferase that catalyzes
the same reaction using PAPS as the sulfo donor, so long as the sulfotransferase has aryl sulfate-
dependent activity. For example, and in another embodiment, an engineered arvl sulfate-dependent
glucosaminyl N-sulfotransterase that can be utilized in accordance with any of the methods of the
present invention can comprise an amino acid sequence that has at feast 50%, including at feast 55%,
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60%, 65%, 70%, 75%, 80%, 85%, 90%, or 95%, up to at least 97% sequence identity with the amino
acid sequence of the N-sulfotransferase domain of any of the natural enzymes within the EC 2828
enzyme class, including biological functional fragments thereof  In a further embodiment, the
engineered aryl sulfate-dependent glucosaminyl N-sulfotransferase can comprise at least 50%,
including at least 55%, 60%, 65%, 70%, 75%., 80%, 853%, 90%, or 95%, up to at least 97% sequence
idf:ntity with the amino acid sequence of the N-sulfotransferase domain of the natural human
{E}Sgﬁbg In another embodimen‘t, an enginc—:ered aryl suifzﬁe-dependem 20S8T that can be utilized n
accordance with any of the methods of the present invention can comprise an amine acid sequence
that has at least 50%, including at feast 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, or 953%, up to
at least 97% sequence identity with the amino acid sequence of any of the natural 2087 enzymes
within the EC 2.8 2 - enzyme class, including biclogical functional tragments thereof. In a further
embodiment, the engineered aryl sulfate-dependent 2O8T can comprise at least 50%, including at
feast 55%, 60%, 65%, 70%, 75%, 80%, 83%, 90%, or 95%, up to at least 97% sequence identity
with the amino acid sequence of the natural chicken 208T  enzyme {(entry
sp|Q7oKB1HSZST CHICK, in Figure 14, above).

10399] In another embodument, av engineered aryl sulfate-dependent 60ST that can be utilized
accordance with any of the methods of the present invention can comprise an amine acid sequence
that has at least 50%, including at feast 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, or 953%, up to
at least 97% sequence identity with the amino acid sequence of any of the natural 608T enzymes
within the EC 2.8 2 - enzyme class, including biclogical functional tragments thereof. In a further
embodiment, the engineered aryl sulfate-dependent 608T can comprise at least 50%, including at
feast 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, or 95%, up to at least 97% sequence identity

2 7 -

with the amino acid sequence of the first tsoform of the mouse 6OST (UniProtKB Accession No.
Q9QYKS). In a further embodiment, the engineered aryl sulfate-dependent 608T can comprise at
feast S0%, including at least 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, or 95%, up to at least
97% sequence identity with residues 67-377 of the amino acid sequence of the first isoform of the
mouse 6OST (entry QOQYKSHOSTT MOUSE, in Figure 13, above).

{8391} In another embodiment, an engineered aryl sulfate-dependent 3OS8T that can be utilized in
accordance with any of the methods of the present invention can comprise an aming acid sequence
that has at feast 50%, including at least 55%, 60%, 635%, 70%, 75%, 80%, &5%, 90%, or 95%, up to
at least 97% sequence identity with the amino acid sequence of any of the natural enzymes within
the EC 2.8.2.23 enzyme class, including biological functional fragments thereof 1o a further
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embodiment, the engineered aryl sulfate-dependent 308T can comprise at least 50%, including at
least 55%, 60%, 05%, 70%, 75%, 80%, 85%, 90%, or 95%, up to at least 97% sequence identity
with residues 48-311 of the amivno acid sequence of the first isoform of the natural human 30ST
{UniProtKB Accession No. (314792).

{0392] Substantially pure aryl sulfate-dependent sulfotransferases may be joined to other
polypeptide sequences for use in various applications. Thus, for example, engineered
sulfotransferases may be joined to one or more additional polypeptides so as to form a fusion protein,
as is commonly known iu the art. The additional polypeptides may be joined to the N-terminus, C-
terminus or both termini of the aryl sulfate-dependent sulfotransferase enzyme. Such fusion proteins
may be particularly useful if the additional polypeptide sequences are easily identified {eg., by
providing an antigenic determinant), are easily purified {e.g, by providing a ligand for affinity
purification), or enhance the solubtlity of the aryl sulfate-dependent sulfotransferase enzyme in
solution.

{06393} In another embodiment, substantially pure proteins may comprise only a portion or fragment
of the amino acid sequence of a complete aryl sulfate-dependent sulfotransferase. In some instances,
it may be preferable to employ a minimal fragment retaining aryl sulfate-dependent suifotransterase
activity, particalarly if the wintmal fragment enhances the solubility or reactivity of the enzyme.
Thus, in some embodiments, methods of the present invention can be practiced using substantially
pure aryl sulfate-dependent sulfotransterases of any length, wehuding full-length forms, or minimal
functional fragments thereof. Additionally, these proteins may also comprise conservative of non-
conservative substitution variants as described above.

{6394] In some embodiments, the present invention provides substantially pure preparations of aryl
sulfate-dependent sulfotransferases, including those comprising any of the amino acid sequences
disclosed above. The engineered sulfotransferases may be substantially purified by any of a variety
of methods selected on the basis of the properties revealed by their protein sequences. Typically, the
aryl sulfate-dependent sulfotransferases, fusion proteins, or fragments thereof, can be purified from
cells transformed or transfected with expression vectors, as described above. Insect, yeast,
eukaryotic, or prokaryotic expression systems can be used, and are well known 1o the art. In the
event that the protein or fragment localizes within microsomes derived from the Golgi apparatus,
endoplasmic reticulum, or other membrane-containing structures of such cells, the protein may be
purtfied from the appropriate cell fraction. Alternatively, if the protein does not localize within these

structures, or aggregates in inclusion bodies within the recorabinant cells {e.g., prokaryotic cells), the
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protetn may be purified from whole lysed cells or from solubilized inclusion bodies by standard
means.

{8395] Punfication can be achieved using standard protein purification procedures including, but not
Himited to, affinity chromatography, gel-filtration chromatography, ton-exchange chromatography,
high-performance liquid chromatography (RP-HPLC, ion-exchange HPLC, size-exclusion HPLC),
high-performance chromatofocusing chromatography, hyvdrophobic interaction chromatography,
immunoprecipitation, or immuncatfinity purification. Gel electrophoresis {e.g., PAGE, SDS-PAGE)
can also be used to isolate a protein or peptide based on its molecular weight, charge properties and
hydrophobicity.

{8396} An aryl sulfate-dependent sulfotransferase, or a fragment thereof, may also be convenently
purified by creating a fusion protein including the desired sequence fused to another peptide such as
an antigenic determinant, a poly-histidine tag (e.g., QIAexpress vectors, QTAGEN Corp., Chatsworth,
CA}, or a larger protein {(e.g, GST using the pGEX-27 vector (Amrad, USA}, green fluorescent
protein using the Green Lantern vector {(GIBCO/BRL. Gaithersburg, MD), maltose binding protein
using the pMAL vector (New England Biolabs, Ipswich, MA}, or a SUMO protein. The fusion
protein may be expressed and recovered from prokaryotic or eukaryotic cells and purified by any
standard method based upon the fusion vector sequence. For example, the fusion protein may be
purified by immunoatfinity or immunoprecipitation with an antibody to the non-aryl sulfate-
dependent sulfotransferase portion of the fusion of, 10 the case of a poly-His tag, by affinity binding
to a nickel column. The desired aryl sulfate-dependent sulfotransferase protein or fragment can then
be further purified from the fusion protein by enzymatic cleavage of the tusion protein. Methods for
preparing and using such fusion constructs for the purification of proteins are well known in the art
and numerous kits are now commercially available for this purpose.

{8397} Furthermore, in some embodiments, tsolated nucleic acids encoding for any aryl suffate-
dependent sulfotransferase may be used to transform host cells. The resulting proteins may then be
substantially purified by well-known methods including, but not himited to, those described in the
examples below. Alternatively, isolated nucleic acids may be utilized in cell-free in vitro translation
systems. Such systerns are also well known in the art.

{8398} While particular embodiments of the invention have been described, the invention can be
further modified within the spirit and scope of this disclosure. Those skilled 1o the art will recognize,
or be able to ascertain using no more than routine experimentation, numerous equivalents to the
specific procedures, embodiments, claims, and examples described herein.  As such, such
equivalents are considered {o be within the scope of the 1nvention, and this application is therefore
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intended to cover any variations, uses or adapiations of the invention using its general principles.
Further, the invention is intended to cover such departures from the present disclosure as come
within known or customary practice in the art to which this invention pertains and which fall within
the appended claims.

{0399} It 15 appreciated that certain features of the invention, which are, for clarity, described in the
context of separate embodiments, may also be provided in combination in a single embodiment.
Conversely, various features of the invention, which are, for brevity, described in the context of a
single embodiment, may also be provided separately or in any suitable sub-combination or as
suitable in any other described embodiment of the invention. Certain features described in the
context of various embodiments are not to be considered essential features of those embodiments,
uniess the embodiment is inoperative without those elements.

10400} The contents of all references, patents, and patent applications mentioned in this specification
are hereby incorporated by reference, and shall not be construed as an admission that such reference
is available as prior art to the present wnvention.  All of the incorporated publications and patent
applications in this specification are indicative of the level of ordinary skill in the art to which this
invention pertains, and are incorporated to the same extent as if each individual publication or patent
application was specifically indicated and individually imdicated by reference.

{0401} The invention 1s further illustrated by the following working and prophetic examples, neither
of which should be construed as Hmiting the invention. Additionally, to the extent that section
headings are used, they should not be construed as necessarily limiting. Any use of the past tense to
describe an example otherwise ndicated as constructive or prophetic is not intended to reflect that

the constructive or prophetic example has actually been carried out.

EXAMPLES

18402] The following working and prophetic examples illustrate the embodiments of the invention
that are presently best known. However, it is to be understood that the following are only exemplary
or itlustrative of the application of the principles of the present invention. Numercus modifications
and alternative corupositions, mwethods, and systerns may be devised by those skilled 1 the ant
without departing from the spirit and scope of the present invention. Thus, while the present
invention has been described above with particularity, the following examples provide turther detail
in connection with what are presently deemed to be the most practical and preferred embodiments of

the invention.
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Example 1: Cloning, Expression, and Purification of the Engineered Avyl Sulfate-Dependent

Sulfotransferases

184031 A study was conducted in accordance with embodiments of the present disclosure to
determine whether genes according to the present invention could be transformed into host cells
capable of overexpressing engineered ary!l sulfate-dependent sulfotransferases. After expression,
each aryl sulfate-dependent enzyroe was 1solated and purified from the host cell.

{8404] Generally, DNA coding for genes of any sequence can be synthesized de novo by methods
commonly known in the art, including but not limited to oligonucleotide synthesis and annealing.
Alternatively, DNA can be synthesized commercially and purchased from any one of several
faboratories that regularly synthesize genes of a given sequence, including but not limited to
ThermoFisher Scientific, GenScript, DNA 2.0, or OriGene.  Persons skilled in the art would
appreciate that there are several companies that provide the same services, and that the list provided
above is merely a small sample of them. Genes of interest can be synthesized independently and
subsequently inserted into a bacterial or other expression vector using conventional molecular
biology techniques, or the genes can be synthesized concurrently with the DNA comprising the
expression vector itself.  Similar to genes of interest, suitable expression vectors can also be
synthesized or obtained commercially. Often, bactenial expression vectors include genes that confer
selective antibiotic resistance to the host cell, as well as geves that permit the cell to overproduce the
protein of interest in response to the addition of isopropyl B-D-1-thicgalactopyranoside (IPTG).
Bacterial production of proteins of interest ustog IPTG to induce protein expression 1s widely known
in the art.

10405} As described above, expression vectors can also include genes that enable production of
fusion proteins that include the desired protein that is co-expressed with an additional, known
protein to aid in protein folding and solubility. Non-limiting exarples of fusion proteins that are
commonly produced and are weli-known in the art include fusions with MBP, SUMO, or green
fluorescent protein. In particular, MBP fusion proteins facilitate easier purification because MBP
possesses high affinity for amylose-based resins used o some affinity chromatography columns,
while SUMO fusion proteins can include a poly-histidine tag that enables affinity purification on
columns with Ni**-based resins as a stationary phase. Often, fusion proteins between the protein of
interest and MBP and/or SUMO can optionally include an amino acid linking sequence that connects
the two proteins. Non-limiting examples of commercial expression vectors that can be purchased to

produce MBP fusion proteins include the pMAL-cSE™ and pMAL-cSX™ vectors, which can be
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obtained froro New England Biolabs, Sumilatly, and in avother non-lhimtiing example, commercial
expression vectors can also be purchased to produce SUMO fusion proteins, such as the pE-
SUMOpro AMP vector, available from LifeSensors, Ine.  Once the fusion proteins are produced and
isolated, proteases can be utilized to cleave the fused protein and any associated linker sequences
from the sulfotransferase, if cleavage 1s necessary for activity.

{0406] Additionally, expression vectors can also inchude DNA coding for a poly-histidine tag that
can be synthesized at either the N- or C-terminus of the protein of interest. As with MBP fusions,
proteins that include a poly-histidine tag simplify the enzyme purification because the tag has a high
affinity for Ni*" resins that are utilized in many purification columns. Additionally, poly-histidine
tags can optionally be cleaved after purification if 1t 18 necessary for optimal activity of the enzyme.
A non-limiting example of an expression vector encoding for a C-terminal poly-histidine tag is the
pET21b vector, available from Novagen. Another non-limiting example of an expression vector
encoding for a poly-histidine tag is the pE-SUMO vector, which encodes for a poly-histidine tag at
the MN-terminus of the SUMO protein.

{0407] In the present example, double-stranded DNA fragments comprising the nuclectide
sequences of SEQ ID NG 1, SEQ ID NG: 3, SEQ ID NO: 5, SEQ ID NO: 7, SEQ ID NG: 9, SEQ
ID NO: 11, SEQ ID NO: 13, SEQ ID NO: 15, SEQ ID NO: 17, SEQ 1D NO: 19, SEQ ID NO: 21,
SEQ ID NG: 23, SEQ ID NO: 25, or SEQ ID NO: 27, encoding for engineered aryl sulfate-
dependent sulfotransferases comprising the aroino acid sequences of SEQ ID NG: 2, SEQ 1D NO: 4,
SEQID NO: 6, SEQ D NGO: 8, SEQ ID NO: 16, SEQ HD NO: 12, SEQ 1D NO: 14, SEQ ID NG: 16,
SEQ ID NO: 18, SEQ ID NO: 20, SEQ ID NO: 22, SEQ ID NO: 24, SEQ ID NO: 26 or SEQ ID
NO: 28, respectively, were syunthesized using lutegrated DNA Technologies’ (IDT) gBlocks® Gene
Fragments synthesis service. Polymerase chain reactions (PCR) were initiated to generate copies of
gach double-stranded DNA fragment, using forward and reverse primers comprising appropriate
restriction enzyme recognition sequences to facilitate insertion into an expression vector. (Genes
encoding for the engineered glucosaminyl N-sulfotransferase enzymes (SEQ ID NO: 1, SEQ ID NG
3, SEQ ID NO: 5, SEQ ID NO: 7, SEQ ID NO: 9, SEQ D NO: 11) and 30ST enzymes (SEQ ID
NGO 23, SEQIDNG: 25, SEQ ID NO: 27) contained Ndel and BamHI restriction enzyme
recognition sequences, and were ligated into the pMAL-c5x expression vector using quick figation
kits provided by NEB. Expression vectors were then transformed into competent DHS-a £, cofi
cells. Single clones were incubated in LB wediwm with 100 ub/mL ampicillin.  Nucleotide
sequences of each gene and expression vector within the transformed host cells were confirmed by

commercial DNA sequencing {GeneWiz).
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{0408] Protein expression of the glucosaminyl N- and 3-0 sulfotransferase enzymes was achieved
by first transforming confirmed DNA constructs into competent SHuffle® T7 Express lysY 2 cofi
cells. Protein expression of the glucosamnyl V- and 3-0 sulfotrausferase enzymes has also been
achieved by transforming confirmed DNA constructs into competent BL21 (DBE3)} £l cofi cells.
From either construct, resultant colonies were used to inoculate 250 mL cultures in LB medium,
which were allowed to shake and wneubate at 32 °C until an optical density at 600 M {OD 600} of
approximately 0.4 to 0.6 was observed. Expression was induced by the addition of 100 uM IPTG to
each culture at 18 °C.

{0409} Upon incubation at 18 °C overnight, expressed celis were harvested by centrifuging at 3,620
¢ and resuspending the pellet in 10 mbl of resuspension buffer (25 mM Tris-HCL pH 7.5;
0.15 M NaCl; 0.2 mg/mL lysozyme; 10 pg/mil DNase I; § mM MgCh; and 0.1% (w/v)} Triton-X
100). Resuspended cells were lysed upon sonication on ice for three pulses of 10 seconds each, and
subsequently passed through a 0.45-um syringe filter. The resulting supernatant was loaded into a 5-
ml spin column {G-biosciences) comprising Dextrin Sepharose® resin {GE Biosciences) suspended
in a binding buffer comprising 25 mM Tris-HCL, pH 7.5 and 0.15 M NaCl. Enzymes of interest
were eluted from the column upon adding an elution buffer comprising 25 mM Tris-HCI, pH 7.5;
0.15 M Na(l; and 40 mM maltose.

{0410} On the other hand, genes encoding for the engineered ZOST (SEQ D NO: 13,
SEQ ID NG 15) and 60ST enzymes (SEQ 1D NG 17, SEQ ID NG: 19, SEQ ID NO: 21) contained
Bsal and Xbal restriction enzyme recognition sequences, and were ligated into the pE-SUMO vector
(LifeSensors, Inc ). Expression vectors were then transformed into competent BL21-DE3 £ cofi
cells. Single clones were incubated in Terrific Broth with 100 uL/mb ampicillin.  Nucleotide
sequences of each gene and expression vector within the transformed host cells were confirmed by
commercial DNA sequencing (GeneWiz).

18411} Protein expression of the engineered 208 Ts and 608Ts was achieved by incculating 500 mL
cultures tn Terrific Broth with ampicillin and allowing the cultures to incubate with shaking at 35 °C
until an OD 600 of approximately 0.6-0.8 was reached. Protein expression was induced by the
addition of 0.2 M IPTG at 18 °C. Cultures were then allowed to tncubate at 18 °C overmight, and
were subsequently lysed and filtered using an identical procedure to the glucosaminyl V- and 3-0
sulfotransferase enzymes above. The 20S8T and 60ST enzymes were subsequently purified in a 5-
ml. spin column (G-biosciences) comprising HisPur Ni-NTA resin (Thermofisher) suspended in a

binding buffer comprising 25 mM Tris-HCL pH 7.5, .15 M NaCl, § M MgCl, and 30 mM
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imidazole.  Enzymes of interest were eluted from the column upon adding av elution buffer

comprising 25 mM Tris-HCL pH 7.5, 0.15 M NaCl, 5 mM MgClz, and 300 mM imidazole.

Example 2: Mass Spectrometric Characterization of the N-Sulfated Polysaccharide Products
of Engineered Aryl Sulfate-Dependent Glucosaminyl N-Sulfotransferase Enzymes

{64121 A study was conducted in accordance with embodiments of the present disclosure to confirm
glucosaminyl N-sulfotransferase activity of enzymes comprising the amino acid sequence of SEQ 1D
NO: 2, SEQID NGO 4, SEQ ID NO: 6, SEQ 1D NG 8, SEQ ID NO: 10, or SEQ D NO: 12 by
detecting the presence of N-sulfated polysaccharide products formed as a result of their sulfotranster
reaction, using mass spectrometry (MS). Each engineered enzyme was purified according to the
procedure of Example 1. Sulfotransferase activity was monitored in 100 pl reactions containing 50
uM of enzyme. To each purified protein solution, 20 mg of an aryl sulfate compound (either PNS or
NCS} was dissolved in 2 mL of reaction buffer (50 mM MES pH 7.0, 2 mM CaCly), added to the
protein solution, and incubated at 37°C for 10 min. 2.5 mL of 2 mg/mi solution of N-deacetylated
heparosan was added to protein/donor solution and incubated overnight at 37°C. The N-deacetylated
heparosan was synthesized according to the protocol described in Balagurunathan, K. et al {eds)
(20133, Glvcosaminoglycans: Chemistry and Biology, Methods in Molecular Biology, vol. 1229,
DOL 10.1007/978-1-4939-1714-3 2, ©Springer SciencetBusiness Media, New York, pp. 11-19
{section 3.1}, To punty the N-sulfated product, the incubated reaction mixture was centrifuged the
following day at 5,000 x g for 10 min. The filter was washed once with 2 mL water, and centrifuged
again. The filtrate was added to a 1K MWCO Dialysis membrane, dialyzed tor 2 days 1o Mill-(3
water, with water changesat 1 h, 2h, 8 b, 16 b, 32 h, and then lyophilized.

10413} The lyvophilized N-sulfated products from each reaction were subsequently digested with a
mixture of three heparinases comprising the amino acid sequences of SEQ 1D NO: 30, SEQ 1D NO:
31, and SEQ D NOG: 32, which catalyze the PB-eliminative cleavage of heparosan-based
polysacchartdes. Such lyases are available from New England Biolabs, among other chemical and
biotogical commercial entities. | uL of each lyase was incubated with 50 ug of the lyophilized
sulfated polysaccharnide product and the provided digestion buffer, and incubated over 24 hours
according to the packaged instructions provided by New England Biolabs with each lyase. After
digestion, the lyase enzymes were tnactivated by heating to 100°C for 5 minutes. Samples were
centrifuged at 14,000 rpm for 30 minutes before introduction to a strong anion exchange, high
performance liquid chromatography (SAX) analysis. SAX analysis was performed on a Dionex

Ultimate 3000 LC system interface. Separation was carried out on a 4.6x<250 mm Waters Spherisorb
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analytical column with 5.0 um particle size at 45 °C. Mobile phase solution A was 2.5 mM sodium
phosphate, pH 3.5, while mobile phase solution B was 2.5 mM sodium phosphate, pH 3.5, and 1 2 M
Sodium perchlorate. After each sample was loaded onto the column, mobile phase solutions were
applied to the column at a ratio of 98% mobile phase solution A and 2% mobile phase solution B for
five minutes at a flow rate of 1.4 mE/min. After five minutes, a linear gradient of increasing mohile
phase solution B was applied until the ratio of mobile phase solution A to mobile phase solution B
was S0:50.

{0414] Using the SAX analysis, it was determined that all six of the tested enzymes were active as
sulfotransferases. However, each of the sulfotransterases were not necessarily active with both PNS
and NCS. Enzymes having the amino acid sequences of SEQ 1D NO: 2, SEQ ID NO: 4, and SEQ
1D NO: 10 had activity with NCS ouly, and the enzyme having the amino acid sequence of SEQ 1D
NO: 12 had activity with PNS only. Enzymes having the amino acid sequences of SEQ ID NG: ¢
and SEQ D NO: 8 had activity with both ary] sulfate compounds.

{0415} Representative chromatograms from SAX analysis illusirating the presence of N-sulfated
products produced as a result of the reaction are shown in Figure 26, The black chromatogram
represents the N-deacetylated heparosan starting material and the lavender chromatogram represents
the N-suifated product produced by SEQ ID NO: 10, Both the starting material and product were
digested with the lvases having the amino acid sequence of SEQ 1D NG 30, SEQ ID NO: 31, and
SEQ ID NO: 32 according the digestion procedure described above. The green and orange
chromatograrus represent two disaccharide standards (HDOOS and HDO13) that are commercially
available from Iduron, Lid. The HDO13 disaccharide comprises an unsubstituted glucosamine
residue and a reduced hexuronic acid. The HDOOS disacchande is the same as HDO13 except that
the glucosamine residue i1s N-sulfated. All of the overlaid chromatograms are normalized so the
most prominent peak in each chromatogram is assigned a normalized relative fluorescence value of
1.0,

{0416} As shown in Figure 26, the most prominent peak for HDO13 disaccharide (illustrated with a *
symbol) elutes almost immediately, whereas the most prominent peak for the HDB00S disaccharide
(illustrated with a ** symbol) elutes after approximately 17 minutes. This is expected under SAX
conditions because positively-charged species (like HDO13) typically do not bind to the colurun,
whereas negatively-charged species (like HDOOS) do bind to the column.  The N-deacetylated
heparosan, which 1s similarly non-sulfated, most pronunently elutes at a nearly identical time as
HIDOT3. Similarly, the lyophilized sample produced during the reaction shows a peak at a nearly
identical time as HDOOS

indicating that the sample likely contains an N-sulfated product. Other

2
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peaks within each of the chromatograms, particularly withio the synthesized starting materials and
products, indicate a lack of sample purity based on the use of spin-filtration columns as the sole basis
of purifying the polysaccharides in each instance. Those skilled in the art would appreciate that
there are several other separations techuniques that can be utilized if a3 more purified product is
desired.  Additionally, the drifting upward of the baseline of the fluorescent signal in the
chromatograms i3 a2 known phenomenon when increasing amounts of salt are introduced onto the

column via the mobile phase.

Example 3: Mass Spectrometric Characterization of the 2-0 Sulfated Polysaccharide Products
of Engineered Aryl Sulfate-Dependent 2O08T Enzymes

{04171 A study was conducted in accordance with embodiments of the present disclosure to confirm
2087 activity of enzymes comprising the amino acid sequence of SEQ 1D NO: 14 or SEQ 1D NO:
16 by detecting the presence of 2-0U sulfated polysaccharide products formed as a result of their
sutfotransfer reaction, using a similar procedure as in Example 2, except thai the sulfo acceptor
polysaccharide was commercial UF-HS in which the 2-O sulfate groups had been selectively
removed by chemical means (product DSHO01/Z, available from Galen Laboratory Supplies) and
analysts of each of the digested sampies containing suifated products was conducted using mass
spectrometry, coupled with SAX-based high performance hiquid chromatography (LCMS).

{04138] Disaccharides obtained by digesting the 2-0 sulfated products using the heparinases having
the amino acid sequence of SEQ 1D NG: 30, SEQ ID NG: 31, and SEQ 1D NO: 32 and according to
the procedure described above in Example 2 were quantified on a Shimadzu LCMS-8050 Triple
Quadrupole Liquid Chromatograph Mass Spectrometer. 100 ng of each of the digested samples,
diluted 1n 10 mM ammonium bicarbonate (pH 10). The disaccharides were separated on a Thermo
Hypercarb HPLC column (100x2.1 mm, 5 pm). The mobile phase consisted of 10 mM ammonium
bicarbonate (pH 10}, and the disaccharides were eluted with an acetonitrile gradient of 0% to 20%
for 2.5 min, held at 20% for the next 2.5 min, with 2 min of equilibration at 0% before the next
injection; the flow rate was 0.2 mL/min, and the total run time was 7.1 min.

[0419] The extracted ion chromatograms from the LCMS are shown in Figure 27, corresponding to
2-( sulfated products obtained from reactions with engineered enrymes having the amino acid
sequences of SEQ 1D NG 14 or SEQ ID NG: 16, Peaks were compared with chromatograms of a
series of eight disaccharide standards, as well as a chromatogram from 100 ng of a commercial UF-
HS polysaccharide {CAS code: 9041-08-1, available from Millipore Sigma), which was also

digested using the lyase mixture. The eight reference disacchande standards (B0AO, DOSO, DOAS,
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D2A0, DOS6, D280, D2AG, D286) represent disaccharides that are variably sulfated at the N-, 2-0
and 6-(2 positions. In particular, the disaccharide D280 represents a disaccharide having a hexuronyl
residue sulfated at the 2-0 position and an N-sulfated glucosamine residue. The retention fime and
peak areas from the spectra from all of the disaccharide standards (not shown), the digested
commercial sulfated polysaccharide (not shown), and the sulfated polysaccharide products of the
engineered enzymes having the amino acid sequence of SEQ ID NO: 14 or SEQ 1D NO: 16 are
collected in Table 1, below. Since the iomzation of each individual disaccharide is different, the
present percent in EIC chromatograms may not represent their actual abundance. However, the
ionization efficiency is identical for each disaccharide from sample to sample Therefore, it is
believed that comparing the peak area percent of the same saccharides from sample to sample can

still be achieved.

Table 1
Peak , : P-e 2K fl_Xrea i - ,
Disaccharides | Commercial | SEQ ID NO: | SEQ ID NO:
No. .
standard 14 16

1 DOAO 39 59 o1

2 D080 39 871 855

3 DOAG 34 ND N

4 D2AO 18 ND ND

5 BIETS) 118 41 3.1

6 D280 6.6 29 2.3

7 D2A6 1.6 ND ND

3 D286 67.0 N NDB

18420} Sulfotransferase activity of the engineered enzymes was confirmed by the re-sulfation at the
2-0 position of hexuronic acid residues within the sulfo acceptor polysaccharnide that had previously
been desulfated prior to the reaction. This ts illusirated by the presence of D280 disaccharides
within the products isolated from reactions of both engineered enzymes and NCS. Without being
fimited by a particular theory, it is also believed that the activity of the engineered enzyme is
dependent on reacting with a portion of the polysaccharide in which the hexuronic acid residue is
adjacent to a glucosamine residue that 1s N-sulfated, but not 6-0 sulfated. This is dlustrated by the
fack of D286 (2-0 sulfated hexuronic acid residue and an N 6-sulfated glucosamine residue) and
D2A6 (2-0 sulfated hexuronic acid residue and a 6-0 sulfated N-acety]l glucosamine residue)

disaccharides detected within the isolated sulfated polysaccharide product. This is a similar
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reactivity to wild type 208Ts within BC 282 -, which are believed to react with N-sulfated

heparosan comprising either the structure of Formula IV or Formula V.

Example 4: Mass Spectrometric Characterization of the 6-¢ Sulfated Polysaccharide Products

of Engineered Aryl Sulfate-Dependent 605T Enzymes

[0421] A study was conducted in accordance with embodiments of the present disclosure to confirm
6OST activity of enzymes comprising the amino acid sequence of SEQ 1D NG: 18, SEQ ID NQO: 20,
or SEQ ID NO: 22 by detecting the presence of 6-0 sulfated polysaccharide products as a result of
their sulfotransfer reaction, using a similar LCMS procedure as in Example 3, except that the sulfo
acceptor polysaccharide was prepared by chemically 6-O desulfating commercially available UF-HS
{CAS code: 9041-08-1, available from Millipore Sigma), according to the procedure provided by
Kariya, Y, et al., 2000y J. Biol Chem. 275 (34).25949-25958).

{8422] The extracted jon chromatograms corresponding to 6-O sulfated products obtained from
reactions with engineered enzymes having the aminc acid sequences of SEQ D NO: 18, SEQ ID
NG 20, or SEQ ID NO: 22 are shown in Figure 28A, Figure 28B, and Figure 28C, respectively.
Enzymes having the sequence of SEQ 1D NO: 18 and SEQ ID NG: 20 were active when NTS was
the sulfo group donor, while the enzyme having the sequence of SEQ ID NO: 22 was active when
PNS was the sulfo group donor. Assigned peaks were based on the determined retention times of
eight reference disaccharide standards. The eight reference disaccharide standards (DOAO, DOSO,
DOAG, D2ZAG, DOSS, D280, D2AS, and D250) represent disaccharides that are variably sulfated at
the N-, 2-0), and 6-0 positions. DOAG, DOS6, D2AG, and D256 comprise 6-0 suifated glucosamine
residues.  S6 indicates an N, 6-sulfated glucosamine residue, while A6 indicates a 6-0 sulfated N-
acetyl glucosamine residue. Each chromatogram indicates two integrable peaks, DOS6 and D286,
correlating to the synthesis of N6-sulfated glucosanune residues, adjacent to a hexuronic acid
residue that is either non sulfated or sulfated at the 2-O position, respectively.  The peak area % of
all the labelled disaccharides is in Table 2, below. Since the iomization of each individual
disaccharide is different, especially for DOAOG and D286, the present percent in EIC chromatograms
may not represent their actual abundance. However, the ionization efficiency is identical for each
disacchanide from sample to sample. Therefore, it is believed that comparing the peak area percent

of the same saccharides from sample to sample can still be achieved.
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Table 2
Peak Area %
Peak (s caccharides | . SEQIDNO- | SEQ D NO: | SEQ 1D NO,
No {min} o v
18 20 22
1 DOAC 77 46 6.0 54
2 DOSO 16.4 142 18.4 13.0
3 DOAS ND NI ND ND
4 D2AC 20.0 i1 18 13
5 DOS6 237 40 37 56
6 D280 256 735 68 4 724
7 D2AG ND ND ND ND
g D256 327 25 17 23

{0423] Sulfotransferase activity of the engineered enzymes was confirroed by the re~-sulfation at the
6-0 position of glucosamine residues that had been desulfated by the procedure according to Kariya,
Y., et al, above. This is illustrated by the presence of DOS6 and D286 disaccharides within the
products 1solated from the reactions with each enzvime. Among each of the engineered enzymes, it
appears that the 60ST having the amino acid sequence of SEQ ID NO: 22 was the most active,
based on comparing the peak area percentages of the D086 and D256 disaccharnides. However,
while DOAG and D2A6 polysaccharides were not observed in any of the 6-0 sulfated products
produced by the engineered enzymes, without being limited by any particular theory, it 15 believed
that these enzymes may nonetheless be able to transfer a sulfo group to N-acetyl glucosamine
residues in different reaction conditions, particularly by increasing the coucentiration of the enzyme
and/or polysaccharide where the presence of N-acety! glucosamine residues 1s confirmed prior to the

reaction, based on the reactivity of natural natural 608Ts within EC 2.8.2.~

Example 3: Mass Spectrometric Characterization of the 3-0 Sulfated Polysaccharide Products
of Engineered Aryl Sulfate-Dependent 3O8ST Enzymes
{0424} A study was conducted in accordance with embodiments of the present disclosure to confirm
30S8T activity of enzymes comprising the amino acid sequence of SEQ 1D NG: 24, SEQ 3 NQ: 26,
or SEQ I NO: 28 by detecting the presence of 3-0 sulfated polysaccharide products as a result of
their sulfotransfer reaction, using a reaction, using a similar LCMS procedure as in Example 3,
except that the sulfo acceptor polysaccharide was commercially-available UF-HS {(CAS code: 9041-
08-1, available from Millipore Sigma). Even though the unmodified UF-HS contains ~3.5% (w/w)

of 3-0 sulfated glucosaming residues, about ~60% of the glucosamine residues are N 6-sulfated and
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are adjacent to a 2-0 sulfated hexuronic acid residue, as 1o Formula X, Consequently, these N,6-
sulfated glucesamine residues can still be 3-O sulfated.

{0425] The extracted ion chromatograms are shown in Figure 29, along with chromatograms of a
series of ten reference standards and 100 ng of the commercial polysaccharide, which was also
digested using the lyase muixture. The ten reference standards (DOAO, DOSO, DOAG, D2ZAD, DOSG,
D280, D2AG, D286, DOAGGOS3, and DUASGOST) represent di- or tetrasaccharides that are variably
sulfated at the N-, 2-0, 3-0, and 6-0 positions {(black spectrum). For clarity, reference peaks that
include 3-0 sulfated glucosamine residues (DOA6GOS3) and (DOAGGOSY) are indicated 1o the
digested commercial polysaccharide spectrum, shown in red. Four mass spectra representing the
digested sulfated polysacchanide products from reactions with enzymes comprising the amino acid
sequence of SEQ 1D NG: 24 (PN, yellow spectrum), SEQ D NO: 26 (PNS, purple spectrum) (NCS,
green spectrumy, and SEQ ID NO: 28 (NCS, blue spectrum) are shown below the digested
commercial polysaccharide spectrum. The peak area % of all the labelled disaccharides and
tetrasacchandes is in Table 3, below. Since the ionization of each individual disaccharide 1s different,
especially for DOAD and D286, the present percent in EIC chromatograms may not represent their
actual abundance. However, the ionization efficiency is identical for each disaccharide or
tetrasaccharide from sample to sample. Therefore, it 1s believed that comparing the peak area percent

of the same saccharides from sample to sample can still be achieved.

Table 3
Peak Area %
SEQ
I;zgk Disaccharides (i’;> Comyercial | SEQ ED NO: \ig SEQ E? NO: i{i{? ?g
standard 24 2% 28 (PNS)
(NCS)

i BOAD 4.5 1.9 0.0 0.8 1.4 N.B.
2 BORO 22.5 3.7 1.4 1.7 2.3 N.D.
3 DOAG 240 472 2.8 31 4.5 N.DB.
4 DZAO 26.2 2.2 (.5 0.8 0.5 N.B.
5 DOS6 37.5 166 10.9 106 131 N
& 3256 385 6.5 49 54 54 N.D.
7 D2AG 40.3 16 .8 0.8 0.9 N.D.
8 D286 48.4 60.3 73.4 71.6 64.G 100.0
9 DOAGGOS3 529 0.6 0.3 0.9 14 ND.
10 DOAGGOSS 582 36 4.0 4.1 0.5 ND.
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{0426] Sulfotransferase activity of each of the engineered enzymes was confirmed by the increase in
the abundance of the DOAG6GOS3 (hexuronic acid-6-O-sulfated N-acetyl glucosamine—glucuronic
acid—N,3,6~-sulfated  glucosamine) and DOAGGOSS  (hexuronic  acid-6-O-sulfated  N-acetyl
glucosamine-ghacuronic acid-V, 3-sulfated glucosamine) tetrasaccharides refative to the commercial
UF-HS sarople. However, the total abundance of disaccharnides in the SEQ ID NO: 26 PNS sample
was much lower than other samples. Subsequent trials included re-running the experiment with 10
times more injection volume, and a re-digestion of the sample with the lyase mixture. Nonetheless,
only the D286 disacchande could ever be found, 1ndicating that the abundance of the SEQ ID NG:
26 PNS sulfated polysaccharide sample isolated initially was extremely low, and/or that the
polysaccharide resists lyase digestion, causing the product to potentially elute from the column with
a retention time longer than one hour.

10427} Nonetheless, NMR studies (indicated below in Example 6} indicated 3-O sulfotransterase
activity with the enzyme comprising the amino acid sequence SEQ 1D NO: 26 when PNS is the aryl
sutfate compound. Further, the enzyme having the amino acid sequence of SEQ ID NO: 26 was
determined to be active as a sulfotransferase when NCS is the aryl sulfate compound. Therefore, it
is believed that the observed results for the SEQ ID NO: 26 PNS sulfated polysaccharide sample
during the LCMS experiment result from the sample produced for the purpose of the experiment,
and not the activity of the enzyme itself. Otherwise, a higher abundance of 3-(J sulfation was found
in all of the other sulfated polysaccharide products from SEQ 1D NO: 24, SEQ ID NO: 26, and SEQ
1D NO: 28, relative to the commercial UF-HS standard.

Example 6: Confirmation of Sulfotransferase Activity of the Engineered 308 Ts Using Nuclear
Magnetic Resonance
10428] A study was conducted in accordance with emboduments of the present disclosure to confirm
the 3-O sulfotransferase activity of the engineered enzymes having the amino acid sequence of
SEQ IDNG: 24, SEQ ID NO: 26, and SEQ 1D NO: 28, particularly the activity of the enzyme
having the amino acid sequence SEQ 1D NO: 26 with PNS as the sulfo group donor. Each enzyme
was purified according to the procedure of Example 1. To each purified protein solution, 20 mg of
an aryi sulfate compound (PNS or NCS) dissolved 1n 2 mL of reaction buffer (S0 mM MES pH 7.0,
2 mM CaClz) was added to the protein solution and incubated at 37°C for 10 min. 2.5 mL of 2
mg/ml. solution of the commercial UF-HS polysaccharide utilized in Example 5 was added to

protein/donor solution and incubated overnight at 37°C.
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{0429] Each reaction was centrifuged at 5,000 x g for 10 min, applied to a pre-wetted 30K MWCO
Amicon-15 filter and centrifuged at 5,000 x g for 10 min. The filter was washed once with 2 mL
water, and centrifuged again. The filtrate was added to a 1K MWCO Dialysis membrane, dialyzed
for 2 days in Milli-Q water, with water changes at 1 h, 2 b, 8h, 16 b, 32 b, and then lyophilized. The
dry, white powder was resuspended in 400 pb DO, lyoplulized to remove exchangeable protons,
then resuspended in 600 ul D20 and transferred to NMR tubes (Wilmad, 038 mm x 77} To
determine if sulfotransfer took place, 'H NMR spectra were obtained on a Bruker 600 MHz NMR,
32 scans, with water suppression. The overall reaction scheme is shown 1n Figure 300 Within Figure
30, positions within the polysaccharide capable of accepting a sulfo group are shown in red, and
exchangeable protons having the ability to exhibit resonance upoun deuterium exchange are shown 1n
blue. Crude mixture peaks were integrated to literature-referenced spectra for the sulfo acceptor
polysaccharide and associated 3-O sulfated product.

{#4390] As shown tn the overlain spectra in Figure 31, a sharp peak at 5.15 ppm that correlates to the
proton at the C2 carbon of the 2-0 sulfated iduronic acid present in the commercial UF-HS (shown
in red) disappears upon reacting with enzymes comprising the amino acid sequence of
SEG D NO: 24, SEQ ID NO: 26, and SEQ ID NO: 28. The proton of interest is circled in green at
the polysaccharide shown above the spectra. The 'H NMR spectrum for the product in the presence
of an enzyme comprising the amino acid sequence of SEQ ID NO: 24 reacting with PNS 1s shown in
yellow-green; the 'H NMR spectrum for the product in the presence of an enzyme comprising the
amino acid sequence of SEQ ID NO: 26 reacting with PNS is shown in blue; the 'H NMR spectrum
for the product in the presence of an enzyme comprising the amino acid sequence of SEQ 1D NO: 26
reacting with NCS is shown in green; and the 'H NMR spectrum for the product in the presence of
an enzyme comprising the amino acid sequence of SEQ ID NG: 28 reacting with NCS is shown in
purple. In each of the product spectra, the IdoAss peak shifis to between approximately 5.0 and 5.05
ppm. A similar transition is shown when incubating the natural human sulfotransferase enzyme with
the same polysacchande substrate and PAPS (data not shown).

{0431} As shown in Figure 32, the region between 4.5 and 3.5 shows several peaks that similarly
shift in respouse to the addition of the sulfate group to the 3-0 position of a glucosamine residue, all
of which correlate to the same shifts observed upon incubating the natural human 308T enzyme
with the same commercial UF-HS substrate and PAPS. Peaks that shift are indicated in curved
arrows, and positions of the peaks from 3-0) suifated polysaccharides produced by enzymes having
the amino acid sequence of SEQ ID NO: 24, SEQ 1D NO: 26, or SEQ ID NO: 28, are shown with

stratght arrows. The largest shift occurs for H3 of Glensases, from 3.7 ppm 1o 4.2 ppro. This results
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from being closest to the newly added 3-C suifate group. Additionally, the H3 proton of Idoss and
HS of Glongises both converge toward a peak at 4 07 ppm, which shows two overlapping peaks. H4
of Gleussses shifts moderately downfield from the 3.7 ppm region to the 3.8 ppro region, and
according to references, many peaks such as H3 & H4 from Glensss and H3, H4, and HS from GlcA

shift from the 2.7 ppm region to the 3.6 ppm region.
P 23 P 2

Example 7: Chemical Synthesis of N-Sulfated Heparosan toward the production of NS256838-
HS Products

18432} A study was conducted in accordance with embodiments of the present disclosure to
chernically synthesize N-sulfated heparosan that can be utilized as sulfo acceptor polysaccharides
with any of the engineered aryl sulfate-dependent enzymes, particularly either of the engineered
208T enzymes.  N-deacetylated heparosan was prepared according to the protocol described in
Balagurunathan, K. et al., above. Particularly, the heparosan that eluted from the DEAE resin was
precipitated overnight in ethanol saturated with sodium acetate, at -30 °C, before being resuspended
in water and dialyzed within a cellulose dialysts membrane having a 1,000 Da molecular weight cut-
off (MWCQO).

{8433} To N-deacetylate the heparosan, enough sodium hydroxide peliets (~4.0 g} were dissolved to
make a 2.5 M solution in a 40 mL aliquot of the dialyzed heparosan in water. The solution was
incubated at 55 °C for 16 hours, with shaking at 100 rpro. The sodiur bydroxide within the sample
was then neutralized with acetic acid until the solution reached a pH of ~7.0, and then dialyzed in
water overnight within a 1,000 MWCO dialysis membrane.

{0434} Subsequent N-sulfation of the N-deacetylated heparosan was accomplished by adding 100
mg of sodium carbonate and 100 myg of sulfur trioxide-triethylamine complex, and allowing the
composition to incubate at 48 “C until all of the solid was dissolved. The pH of the solution was
then readjusted to ~9.5, using acetic acid. After incubation at 48 °C overnight with shaking at 100
rpr, an additional 100 mg of sodium carbovate and 100 mg of sulfur tioxide-triethylamine complex
was added, before subsequent readjustment of the pH to ~ 9.5 using acetic acid. The solution was
incubated at 48 °C for an additional 24 hours. The sulfated polysacchande solution was neutralized
with acetic acid to a pH of ~ 7.0, and dialyzed in water overnight within a 1,000 MWCQO dialysis
membrane. The dialyzed N-sulfated heparosan was then lyophilized prior to further use. The N-
sulfated heparosan was then further pusified by loading it onto a Zenix SEC-100 column and eluting

it isocratically with 0.1 M ammonium acetate, pH 9.0
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{8435} The functionalization of the punfied heparosan-based polysaccharide was characterized by
digesting it with a mixture of three heparinases comprising the amino acid sequences of SEQ ID NG:
30, SEQ ID NG 31, and SEQ ID NO: 32, and analyzing the digested samples using SAX, using a
similar procedure described above. As a positive control, the commercial HDO05 disaccharide of

~

Example 2, contaiming N-sulfated ¢lucosamine residues, was also analyzed  Representative
chromatograms of both samples are shown in Figure 33, in which the commercial HDOOS
disaccharide 1s llustrated in purple, and the synthesized and digested N-sulfated sample is shown in
red. In both chromatograms, a sirong peak 1 present at about 16.5 minutes, indicating that the

synthesized sample contains N-sulfated glucosamine residues.

Example 8: Preparation of an NS25/HS Polysaccharide Product

{0436} A study was conducted in accordance with embodiments of the present disclosure to
synthesize an NS2S/HS polysacchanide product using an engineered 2087, using the N-sulfated
heparosan synthesized in Example 7 as the sulfo acceptor. In a conical-bottom centrifuge tube, 80
mM aliguots of NCS were dissolved in 50 mM MES pH 7.0, 2 mM Calla. To each solution, 2 mg
of the enzyme having the sequence of SEQ ID NO: 14, based on the absorbance of the enzyme
samiple at 280 nm, was added {about 4 ml) S mg of the lyophilized N-sulfated heparosan
synthesized in Example 7 was resuspended in 1 mL of water and added to the reaction mixture
contatning the enzyme and NCS. The entire reaction muxture was then wncubated at 34 °C with
shaking at 30 rpm, for 48 hours. A second set of reactions were prepared using the same procedure,
except that 2 mg of a Cs-hexuronyl epimerase comprising the amino acid sequence of
SEQ I NO: 29 was also added to the reaction mixture, prior to incubation,

10437} The sulfated polysaccharide products from both sets of reactions were purified by first
precipitating out the proteins from the reaction mixtures by placing the reaction vessels in boiling
water for 10 minutes and centrifuging at high speed to form a pellet. The supernatant containing the
polysaccharide products was decanted from the pellet and dialyzed in water overpight within a 1,000
MWCO dialysis membrane. The dialyzed products were then lyophilized for future use.

10438} To characterize the polysaccharide products, lyophilized samples were resuspended in 400
ul of water, and purified using a Q-Sepharose Fast Flow Column (GE Biosciences). Samples were
eluted from the column using a gradient ranging from 0 to 2M NaCl, in 20 mM sodium acetate
buffer, pH 5.0. Purified polysaccharides were then digested and analyzed by SAX according to the
procedures in Exarmple 2 above, along with a commercial polysaccharide, HD002 (Iduron), which

contains disaccharides of 2-0 sulfated uronic acid and N-sulfated glucosamine. Representative
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chromatograms of reactions either without or including the epimerase enzyroe are shown tn Figure
34 and Figure 35, respectively. In Figure 34, the commercial HDOO2 disaccharide is illustrated in
blue, and the NS2Z5/HS product 1s shown in purple. The chromatogram for the HD00Z disacchande
has a single, sharp peak at about 21.1 minutes, which correlates to a sharp peak at a nearly identical
time in the reaction product, indicating the time that an NS25/HS was formed as a result of the
reaction. In Figure 35, the HDOO2 disaccharide was provided within a mixture containing other
disaccharide standards, and the chromatogram i1s illustrated in black.  The disaccharide
corresponding to HDOO02 {(circled 1 red) eluted at 20.5 minutes, while the reaction product has a
sharp peak that eluted from the column at a nearly identical time, indicating that an NS2S5/HS

product was formed as a result of the reaction.

Example 9 Preparation of an NS2S65/HS Product

{043%] A study was conducted in accordance with embodiments of the present disclosure to
synthesize an NS2Z56S/HS product using the procedure of Example 8, except that the NSZS/HS
product of Example 8 was used as the sulfo acceptor polysaccharide, and the engineered 60ST
having the amino acid sequence of SEQ ID NO: 18 was used as the enzyme.

{8440] Representative chromatograms of the sulfated polysaccharide product and a mixture of
commercial disaccharides are shown in Figure 36. The commercial mixture is shown in blue, and
the synthesized polysaccharide product is shown in ted. The chromatogram of the commercial
mixture exhibits a peak at about 23.7 minutes, that correlates to HDOOT (Iduron), which consists of
disaccharides of 2-O sulfated uronic acid and N-, 6-O sulfated glucosamine, while the reaction
product exhibits a similar peak at 23.4 minutes, indicating that an NS2S65/HS was formed as a
result of the reaction. Other peaks present within the NS286S/HS product include undigested
polysaccharide (2.5 min), unsubstituied uronic acid and N-acetylated glucosamine (5.5 min), and

unsubstituted uronic acid and N-, 6-0 sulfated glucosamine.

Example 16: Preparation of an NS65/HS Product

{0441} A study was conducted in accordance with embodiments of the present disclosure to
synthesize an NS6S/HS product using the procedure of Example 9, except that the N-sulfated
heparosan synthesized in Example 7 was used as the sulfo acceptor, and the N-sulfated heparosan
was not 2~ sulfated prior to 6-0 sulfating using the engineered sulfotransferase having the amino
acid sequence of SEQ ID NO: 18

{8442] Representative chromatograms of the sulfated polysaccharide product and a mixture of
commercial disaccharides are shown in Figure 37. The commercial mixture is shown in blue
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{bottomm chromatogram), and the synthesized NS65/HS product is shown in black (top
chromatogram). The chromatogram of the commercial mixture exhibits a peak at about 178
smunutes, that correlates to disaccharides having an unsulfated uronic acid and an N-, 6-0 sulfated
glucosamine {(AUA-GIcNS 658), as well as a prominent peak at about 13.8 minutes that correlates to

disaccharides having an unsultated uronic acid and an N-sulfated glucosamine (AUA-GIcNS).

Example 11: Preparation of an NSI56535-HS Product

{8443] A study was conducted 1n accordance with embodiments of the present disclosure to
synthesize a sulfated polysaccharide product comprising V-, 6-0, 3-0 sulfated glucesamine and 2-0
sulfated hexuronic acid residues, using the procedure of Example 8, except that the chemically
synthesized N-, 2-0), 6-0O sulfated polysaccharide of Example 9 is used as the sulfo acceptor
polysaccharide, and an engineered 3-O sulfotransterase enzyme having the anino acid sequence of
SEQ I NO: 28 is used as the sulfotransferase enzyme.

10444 Sulfated polysaccharide products were digested and analyzed using LCMS to contirm the
production of an NSZRO838-HS product. To facilitate study using LUMS, sulfated polysaccharide
products of the SEQ 1D NG: 28 sulfotransferase enzyme were isolated and derivatized with aniline
tags, according to the procedures described in Lawrence, R, et al, (2008} J Biol Chem. 283
(48):33674-33684, the disclosure of which is incorporated by reference in its entirety. Briefly, some
GAGs, including commercial UF-HS and other NS25683S8-HS polysacchanides, can be guantified
and compared ratiometrically using LCMS by chemically modifying the sulfated product. Lawrence,
R., et al, describes the tagging of the reducing end of lyase-generated disaccharides and
tetrasaccharides with ["Ce}- and [P Cel-aniline and propionylation of N-unsubstituted glucosamine
residues.  Isotopic tagging of the disacchanides and tetrasaccharides has no effect on the
chromatographic retention times, but can be discriminated using mass spectroscopy.

{0445} Sulfated disaccharide and tetrasaccharide products were prepared by anion exchange
chromatography, as described in Example 8, and digestion with a mixture of three heparinases
comprising the amine acid sequences of SEQ 1D NG: 30, SEQ ID NO: 31, and SEQ ID NG: 32, as
described above in Example 7. 1 pmol to 10 nmol of the digested samples were transferred to 1.5-ml
microcentrifuge tubes and dried down in a centrifugal evaporator. {*Cel-aniline or [PCsl-aniline (15
ul, 165 pmol)y and 15 ul of 1 M NaCNBH: freshly prepared o dimethyl sulfoxade:acetic acid (73,
vivy were added to each sample. Reactions were carried out at 65 °C for 4 h, or alternatively at

37 °C for 16 h, and then dried in a centrifugal evaporator.
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[0446] Unsubstituted amines were reacted with propionic anhydude  Dried samples were
reconstituted in 20 yl of 50% methanol, and 3 ul of propionic anhydride {23.3 umol} was added.
Reactions were carried out at room temperature for 2h. Acylated samples were subsequently
aniline-tagged as described above.

10447] A quadrupole ion trap Liquid Chromatograph Mass Spectrometer with an electrospray
tonization source, similar to the Shimadzu LOMS-8050 mass spectrometer described in Example 3,
was used for disaccharide analysis. Denvatized and non-derivatized disaccharide residues were
separated ou a C18 reversed-phase colurnn with the ion pairing agent dibutylamive (DBA) The
isgeratic steps were: 100% buffer A (8 mm acetic acid, § mm DBA) for 10 min, 17% buffer B (70%
methanol, 8 mm acetic acid, 5 mm BBA) for 15 min; 32% buffer B for 15 min, 40% buffer B for 1S
min, 60% buffer B for 15 min; 100% buffer B for 10 min; and 100% buffer A for 10 min. Generally,
mass spectra for samples containing 3-0 sulfated product are expected to generate m/z peaks
corresponding to tetrasaccharides that are resistant to digestion by the heparinases, as described
above in Example 5. Tetrasaccharides that can be produced include, but are not limited to: 4,5-
unsaturated uronic acid ~ N-acetylated, 6-0 sulfated glucosamine — glucuronic acid — N-sulfated, 3-
(7 sulfated glucosamine {AU-Anaces-G-Ansss); 4,5-unsaturated uronic acid — N-acetylated, 6-0O
sulfated glucosamine — glucuronic actd — N-sulfated, 3-0 sulfated, 6-O sulfated glucosamine (AU-
Anaces-G-Anssses ), 4,5-unsaturated uronic acid —~ N-sulfated, 6-0 sulfated glucosamine — glucuronic
acid — N-sulfated, 3-O sulfated, 6-O sulfated glucosamine {(AU-Awsas~-G-Anssses), 4,5-unsaturated,
2-0 sulfated uronic acid —~ N-sulfoglucosamine — glucuronic acid — N-sulfated, 3-0) sulfated, 6-O
sulfated glucosamine (AU2ZS-Ans-G-Ansises); and 4,5-unsaturated, 2-O sulfated uronic acid — N-
suifated, 6-0 sulfated glucosamine — glucuronic acid — N-sulfated, 3-O sulfated, 6-0 sulfated
glucosamine {AUZ5-Anses-G-Anssses). In particular, LCMS of the digested polysaccharide samples
collected from the reaction with the SEQ H» NO: 28 sulfotransferase enzyme generated mass spectra
{not shown) with m/z peaks corresponding to the AU-Anaces-G-Ansasss (m/z = 1036}, AU-Anses-G-

¥
!
i

Angsses {ro/z = 1074), and AUZS-Anses-G-Anssses (m/z = 1154) tetrasaccharides, indicating that the
WNS286535-HS product was produced by the reaction with the SEQ D NO: 28 engineered

sulfotransferase enzyme.

Example 12: Confirmation of Anticoaguiant Activity of the NS2S653S-HS Product

{0448} A study is conducted in accordance with embodiments of the present disclosure to determine
whether 3-0 sulfated polysaccharide products produced in Example 11 have a binding atfinity to

antithrombio usiog a procedure similar to Meneghetti, G, et al. (2017} Org. Biomol. Chem. 15:6792-
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6799). H is expected that melting curves of antithrombin in the presence of the 3-0 sulfated
polysaccharide products produced in Example 11 will demonstrate a higher melting temperature than
antithrombiv alone, indicating that the 3-0 sulfated polysaccharide product produced in Exarople 11

comprises the structure of Formula 1

Example 13: Determination of Engineered Aryl Sulfate-Dependent Mutants of Other EC

2.8.2.8 Enzymes

{0449] A study is conducted in accordance with embodiments of the present disclosure to engineer
additional aryl sulfate-dependent glucosaminy!l N-sulfotransterase enzymes. As described above, the
aryl sulfate-dependent glucosaminyl N-sulfotransferase enzymes having the amino acid sequences of
SEQ ID NO: 2, SEQ 1D NO: 4, SEQ ID NO: 6, SEQ ID NO: 8, SEQ ID NO: 10, and SEQ ID NO:
12 have been engineered to be mutanis of the N-sulfotransferase domain of the human glucosaminyl
NDST enzyme (see entry sp|PS2848NDST 1 HUMAN, o Figure 3 above}, which is a member of
enzyme class EC 2.8 2.8, By generating and analyzing a multiple sequence alignment that includes
both the amino actd sequences of the N-sulfotransferase domain of one or more of the other
glucosaminyl N-deacetylase/ N-sulfotransferase enzymes within EC 2.8 2.8 as well as the amino acid
sequences of aryl sulfate-dependent glucosaminy] N-sulfotransferase enzymes having the amino acid
sequences of SEQ D NO: 2, SEQ 1D NO: 4, SEQ ID NO: o, SEQ D NO: 8, SEQ ID NG 10,
and/or SEQ 1D NGO 12, wutations in the amino acid sequences wn the engineered glucosaminyl
N-sulfotransferase enzymes can be cbserved relative to the amino acid sequences of the natural EC
2.8.2.8 enzymes within the same alignment. Upon selecting the amino acid sequence of the M-
sulfotransferase domain of a natural 2.8.2.8 enzyme that ts not the human glucosaminyl NOST
enzyme, mutations that are present within the amino acid sequences of SEQ ID NO: 2, SEQ 1D NO:
4, SEQ ID NGO 6, SEQ ID NO: §, SEQ ID NG 10, and/or SEQ ID NG 12 can be engineered into
the natural sequence in order to form additional mutants that can have aryl sulfate-dependent
sulfotransferase activity.

{8450} As a non-limiting example, the amino acid sequence encoding for the N-sulfotransferase
domain of the pig glucosaminyl NOST enzyme {(entry trM3V841M3VE41 PIG, as illustrated in the
sequence alignment in Figure 3), 1s aligned with the amino acid sequences of SEQ 13 NO: 2, SEQ
ID NG: 4, SEQ ID NO: 6, SEQIDNG: 8§, SEQIDNG: 10, and SEQ ID NO: 12, Amino acid
mutations that are present in SEQ I NO. 2, SEQ ID NG 4, SEQ ID NO: 6, SEQ ID NO: g,
SEGQ ID NO: 10, and SEQ ID NO: 12 are engineered into their equivalent positions within the amino

actd sequence of the N-sulfotransferase domain of the pig NDST enzyme, 10 order to generate the
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mutant amino acid sequences SEQ 1D NG: 35, SEQ ID NO: 36, SEQ ID NO: 37, SEQ ID NGO 38,
SEG D NO: 39, and SEQ ID NO: 40, respectively. Enzymes comprising the amino acid sequences
of SEQIDNO:35, SEQIDNO: 36, SEQIDNO: 37, SEQID NO: 38, SEQIDNO: 39, and
SEQ 1D NG: 40, respectively, will be utilized in Example 14 and Bxample 15, below. However, a
person skilled in the art would appreciate that the same procedure can be applied to generate mutants
of the N-sulfotransferase domain, or the entire enzyme, with respect to any of the other glucosaminyl
natural N-deacetylase/ N-sulfotransferase enzymes within the EC 2.8 2.8 enzyme class, and that

those are omitted for clarity.

Example 14: Expression and Purification of Engineered Aryl Sulfate-Dependent EC 2.8.2.8

Mutants

{0451] A study 18 conducted in accordance with embodiments of the present disclosure to determine
whether genes encoding for engineered glucosaminyl N-sulfotransferase enzymes having the amino
actd sequences SE( 1D NG: 35, SEQ ID NO: 36, SEQ ID NO: 37, SEQ ID NO: 38, SEQ D NO: 39,
and SEQ ID NO: 40, respectively, can be transformed into host cells, and that enzymes comprising
each of those amino acid sequences can be subsequently expressed, isolated, and purified according
to the procedure of Example 1, above. Codon-optimized nucleotide sequences are determined that
encode for enzymes having the aminc acid sequences of SEQ ID NO: 35, SEQ ID NO: 36,
SEQ ID NG: 37, SEQ ID NG: 38, SEQ ID NG: 39, and SEQ ID NO: 40, respectively, based on the
desired expression host. Upon synthesizing or inserting those genes within a suitable expression
vector, it 1s expected that genes encoding for each of the amino acid sequences SEQ ID NO: 35,
SEQIDNG: 36, SEQID NG 37, SEQIDNG: 38, SEQIDNO: 39, and SEQID NG 40,
respectively, will be transformed into host cells, and that enzymes containing those sequences will
be subsequently expressed, 1solated, and punified 1o a sufficient quantity and purity to determine aryl

sulfate-dependent glucosaminyl N-sulfotransferase activity.

Example 15: Sulfotransferase Activity of EC 2.8.2.8 Mutants
{0452] A study 18 conducted in accordance with embodiments of the present disclosure to determine
whether mutant enzymes comprising the seguences of SEQ ID NG: 35, SEQID NG 39,
SEGQID NO: 37, SEQID NO: 38, SEQ ID NO: 39, and SEQ ID NO: 40, respectively, are active
sutfotransferases, using the procedures of Example 2. It is expected that SAX studies will confirm
the presence of N-sulfated polysaccharide products formed as a result of reacting N-deacetylated

heparosan and an aryl sulfate compound with each of the engineered enzymes comprising the
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sequences of SEQ 1D NO: 33, SEQ ID NG: 36, SEQ ID NO: 37, SEQ ID NG: 38, SEQ ID NO: 39,
or SEQ ID NO: 40, respectively.

Example 16: Determination of Engineered Aryl Suifate-Dependent Mutants of Other 20871

Enzymes within EC 2.8.2.-

{84531 A study is conducted 10 accordance with embodiments of the present disclosure to engineer
additional aryl suifate-dependent 2087 enzymes.  As described above, the aryl sulfate-dependent
2087 enzymes having the amino acid sequences of SEQ 1D NO: 14 and SEQ 1D NO: 16 have been
engineered to be mutants of the chicken 208T enzyme (see entry sp|Q76KB1HS2ST CHICK in
Figure 14, above), which ts a member of enzyme class EC 282~ By generating and analyzing a
multiple sequence alignment that includes both the amino acid sequences of one or more of the other
208T enzymes within EC 2.8 2.~ as well as the amino acid sequences of aryl sulfate-dependent
2087 enzymes having the amino acid sequences of SEQID NG: 14 and/or SEQ D NO: 1g,
mutations in the amino acid sequences in the engineered 208T enzymes can be observed relative to
the amino acid sequences of the natural ZOST enzymes within the same alignment. Upon selecting
the amino acid sequence of a natural 2087 enzyme that is not the chicken 208T enzyme, mutations
that are present within the amino acid sequences of SEQ ID NO: 14 and/or SEQ 1D NO: 16 can be
engineered into the natural sequence in order to form additional mutants that can have aryl sulfate-
dependent sulfotransferase activity.

{#0454] As a non-limiting example, the amino acid sequence encoding for the human 2081 enzyme
{entry spiQ7LGA3HSZST HUMAN, as illustrated in the sequence alignment in Figure 14), 1s
aligned with the amino acid sequences of SEQ IDNG: 14 and SEQ ID NGO 16, Amino acid
mutations that are present in SEQ ID NGO 14 and SEQ ID NO: 16 are engineered into their equivalent
positions within the amino acid sequence of the human 20S8T enzyme, 1n order to generate the
mutant amino acid sequences SEQID NO: 41 and SHQ D NO: 42, respectively.  Enzymes
comprising the amino acid sequences of SEQ ID NO: 41 and SEQ ID NO: 42, respectively, will be
utilized in Example 17 and Example 18, below. However, a person skilled in the art would
appreciate that the same procedure can be applied to generate aryl sulfate-dependent mutants with
respect to any of the other 205T enzymes within the EC 2.8.2 - enzyme class, and that those are

omitted for clarity.

Example 17: Expression and Purification of EC 2.8.2.- Mutants Having 205T Activity

{8455] A study 18 conducted in accordance with embodiments of the present disclosure to determine
whether genes encoding for engineered 2087 enzymes having the aminc acid sequences
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SEQ IDNG: 41 and SEQ ID NO: 42, respectively, can be transformed into host cells, and that
enzymes comprising each of those amino acid sequences can be subsequently expressed, isolated,
and purified according to the procedure of Example 1, above. Codoun-optimized nucleotide
sequences are determined that encode for enzymes having the amino acid sequences of SE{(} DB NG:
41 and SEQ ID NO: 42, respectively, based on the desired expression host. Upon synthesizing or
inserting those genes within a suitable expression vector, it ts expected that genes encoding for each
of the amino acid sequences SEQ ID NO: 41 and SEQ ID NO: 42, respectively, will be transformed
into host cells, and that enzymes containing those sequences will be subsequently expressed, isolated,

and purified in a sufficient quantity and purity to determine aryl sulfate-dependent 20ST activity.

Example 18: 2057 Activity of EC 2.8.2.- Mutants

{0456} A study 18 conducted in accordance with embodiments of the present disclosure to determine
whether mutant enzymes comprising the sequences of SEQIDNG: 41 and SEQID NG 42,
respectively, are active sulfotransterases, using the procedures of Example 3. | is expected that MS
studies will confirm the presence of NS2S/HS products formed as a result of reacting an N-sulfated
heparosan-based polysaccharide and an aryl sulfate compound with each of the engineered enzymes
comprising the sequences of SEQ D NG 41 and SEQ ID NG: 42, respectively. It is also expected
that both enzymes will be active with heparosan-based polysaccharides comprising either or both of

Formula IV or Formula V.

Example 19: Determination of Engineered Aryl Sulfate-Dependent Mutants of Other 6057
Enzymes within £C 2.8.2.-
{0457} A study is conducted in accordance with embodiments of the present disclosure to engineer
additional aryl suifate-dependent 6OST enzymes.  As described above, the aryl sulfate-dependent
608T enzymes having the amino acid sequences of SEQ ID NO: 18, SEQ ID NO: 20, and
SEQ 1D NG 22 have been engineered to be mutants of 1soform 1 of the mouse 608T enzyme {(see
entry QUQYKS[HO6STI MOUSE, in Figure 18, above), which is a member of enzyme class EC
2.8.2.- By generating and analyzing a multiple sequence alignment that includes both the amino
acid sequences of one or more of the other 608T enzymes within EC 2.82 - as well as the amino
acid sequences of aryl sulfate-dependent 608T enzymes having the anuno acid sequences of SEQ
3 NG 18, SEQ D NGO 20, and/or SEQ ID NO: 22, mutations in the amino acid sequences in the
engineered 60OST enzymes can be observed relative to the amino acid sequences of the natural 608T
enzymes within the same alignment. Upon selecting the amino acid sequence of a natural 608T
enzyme that is not the mouse 608T enzyme, mutations that are present within the amino acid
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sequences of SEQ 1D NG 18, SEQ ID NO: 20, and/or SEQ ID NO: 22 can be engineered into the
natural sequence in order to form additional mutants that can have aryl sulfate-dependent
sutfotransferase activity.

{#458] As a non-limiting example, the amino acid sequence encoding for the pig 60ST enzyme
{entry I3LAMOG[IBLAMOG PIG, as illustrated in the sequence alignment in Figure 18), 15 aligned with
the amino acid sequences of SEQ 1D NG: 18, SEQ 1D NO: 20, and SEQ D NG: 22 Amino acid
mutations that are present in SEQ ID NO: 1§, SEQ 1D NG: 20, and SEQ 1D NO: 22 are engineered
into thewr equivalent positions within the amino acid sequence of the pig 60S8T enzyme, 1n order to
generate mutant amino acid sequences. Generated mutant amine acid sequences corresponding to
residues 67-377 of the pig 60ST enzyme, as illustrated 1o Figure 18, are disclosed as SEQ 1D
NGO 45, SEQIDNG: 46, and SEQ ID NG 47, respectively.  (Generated mutant amino acid
sequences corresponding to the full-length amine acid sequence for the pig 608T enzyme (not
shown in Figure 18) are disclosed as SEQ D NGO 48, SEQID NG 49, and SEQ ID NQ: 50,
respectively.

{0459} In another non-limiting example, the fulldength amino acid sequence encoding for the
encoding for isoform 3 of the mouse 60OST enzyme (entry Q9QYK4[HOHS3 MOUSE, a truncated
sequence for which 1s iflustrated 1o the sequence alignment in Figure 18) 1s aligned with the amino
acid sequences of SEQ ID NO: 18, SEQ ID NQO: 20, and SEQ 1D NG: 22, Amino acid mutations
that are present in SEQ 1D NO: 18, SEQ 1D NO: 20, and SEQ ID NO: 22 are engineered into their
equivalent positions within the amino acid sequence of isoform 3 of the mouse 60ST enzyme, in
order to generate mutant amino acid sequences. The generated full-length amino acid sequences are
disclosed as SEQ ID NO: 59, SEQIDNO: 60, and SEQID NO: 61, respectively.  Hnzymes
comprising the amino acid sequences of SEQ ID NO: 45, SEQ IDNO: 46, SEQID NO: 47,
SEQ I NG: 48, SEQID NG 49, SEQIDNO: 50, SEQ D NGO 59, SEQID NG 606, and
SEQ ID NO: 61, respectively, will be utilized in Example 20 and Example 21, below. However, a
person skilled in the art would appreciate that the same procedure can be applied to generate aryi
sulfate-dependent mutants with respect to any of the other 608T enzymes within the EC 2.8.2-

enzyme class, and that those are omiited for clarity.

Example 20: Expression and Purification of EC 2.8.2.- Mutants Having 605T Activity

{0460] A study is conducted in accordance with embodiments of the present disclosure to determine
whether genes encoding for engineered 60ST enzymes having the amino acid sequences SEQ 1D

NO: 45, SEG ID NO: 46, SEG D NO: 47, SEQ 1D NO: 48, SEQ ID NO: 49, SEQ ID NO: 50, SEO
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1D NO: 59, SEQ ID NO: 60, and SEQ ID NO: 61, respectively, can be transformed into host cells,
and that enzymes comprising each of those aming acid sequences can be subsequently expressed,
isolated, and purified according to the procedure of Example 1, above. Codon-optimized nucleotide
sequences are determined that encode for enzymes having the amino acid sequences of SEQ ID
NO: 45, SEQ ID NO: 46, SEQ ID NO- 47, SEQ ID NO- 48, SE(Q ID NO: 49, SEQ ID NO: 50, SEQ
D NO: 39, SEQ ID NO: 60, and SEQ ID NG: 61, respectively, based on the desired expression host.
Upon synthesizing or inserting those genes within a suitable expression vector, it 18 expected that
genes encoding for each of the amino acid sequences SEQ ID NO: 45, SEQ 1D NO: 46, SEQ 1D NO:
47, SEQID NO: 48, SEQ ID NO: 49, SEQIDNQ: 50, SEQ ID NO: 39, SEQID NO: 60, and
SEQ ID NQO: 61, respectively, will be transformed 1nto host cells, and that enzymes containing those
sequences will be subsequently expressed, isolated, and purified in a sufficient guantity and purity to

determine aryl sulfate-dependent 608T activity.

Example 21: 605T Activity of EC 2.8.2.- Mutants

{84611 A study is conducted in accordance with embodiments of the present disclosure to determing
whether mutant enzymes comprising the sequences of SEQ ID NO: 45 SEQID NO: 46,
SEQIDNO: 47, SEQIDNO:- 48, SEQIDNO: 49 SEQIDNO: 530, SEQ ID NO: 59,
SEG 1D NO: 60, and SEQ D NO: 61, respectively, are active sulfotransferases, using the procedures
of Example 4. | 15 expected that MS studies will confirm the presence of NS2ZE6S/HS products
formed as a result of reacting an NS2Z8/HS polysaccharide and an aryl sulfate compound with each
of the enginecred enzymes comprising the sequences of SEQ 1D NO: 45, SEQID NO: 46,
SEQIDNG: 47, SEQID NG 48, SEQIDNGO: 49, SEQID NO: 50, SEQ D NGO 59,
SEQ ID NO: 60, and SEQ 1D NO: 61, respectively.

Example 22: Determination of Engineered Aryl Sulfate-Dependent Mutants of Other 308T
Enzymes within EC 2.8.2.23
{0462} A study is conducted 1n accordance with embodiments of the present disclosure to engineer
additional aryl suifate-dependent 308T enzymes. As described above, the aryl sulfate-dependent
308T enzymes having the amino acid sequences of SEQ ID NO:. 24, SEQ ID NO: 26, and
SEQ ID NO: 28 have been engineered to be mutants of isoform 1 of the human 30S8T enzyme (see
entry spi314792{HS351 HUMAN, in Figure 23, above), which is a member of enzyme class EC
2.8.2.23. By generating and analyzing a multiple sequence alignment that includes both the amine
acid sequences of one or more of the other 30ST enzymes within EC 2.8 2,23, as well as the amino
acid sequences of aryl sulfate-dependent 308T enzymes having the aminc acid sequences of SEQ
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1D NO: 24, SEQ ID NO: 26, and/or SEQ 1D NO: 28, mutations in the amino acid sequences in the
engineered 308T enzymes can be observed relative to the amino acid sequences of the natural 3087
enzymes within the same alignment. Upon selecting the amivo acid sequence of a natural 30ST
enzyme that is not the human 308T enzyme, mutations that are present within the amino acid
sequences of SEQ ID NG 24, SEQ 1D NO: 26, and/or SEQ ID NO: 28 can be engineered into the
natural sequence in order to form additional mutants that can have aryl sulfate-dependent
sulfotransferase activity.

10463] As a non-limiting example, the amino acid sequence encoding for soform 1 of the pig 308T
enzyme (entry tr/I3LHHS| [3LHHS PIG, as illustrated in the sequence alignment in Figure 23), is
aligned with the anuno acid sequences of SEQ 1D NO: 24, SEQ 1D NO: 26, and SEQ 1D NO: 28
Amino acid mutations that are present in SEQ 1D NG: 24, SEQ 1D NG: 26, and SEQ ID NO: 28 are
engineered into their equivalent positions within the amino acid sequence of the pig 30ST enzyme,
in order to the generale mutant amino acid sequences SEQ D NG 52, SEQ ID NGO 53, and
SEQ ID NO: 54, respectively.

{0464} In another non-limiting example, the full-dength amino acid sequence encoding for the
encoding for isoform 5 of the mouse 308T enzyme (not shown in Figure 18} is aligned with the
amino acid sequences of SEQ ID NO: 24, SEQID NG 26, and SEQ IDNG: 28, Amino acid
mutations that are present in SEQ ID NO: 24, SEQ ID NQO: 26, and SEQ ID NO: 28 are engineered
into their equivalent positions within the amino acid sequence of 1soform S of the mouse 308T
enzyme, in order to generate mutant amino acid sequences. The generated full-fength amino acid
sequences are disclosed as SEQ ID NQ: 56, SEQ ID NO: 57, and SEQ ID NO: S8, respectively.
{#0465] Enzymes comprising the amino acid sequences of SEQID NG 52, SEQID NO: 53,
SEQ ID NO: 54, SEQ ID NO: 56, SEQ 1D NG: 57, and SEQ 1D NO: 538 respectively, will be utilized
in Example 23 and Example 24, below. However, a person skilled in the art would appreciate that
the same procedure can be applied to generate aryl sulfate-dependent mutants with respect to any of

the other 308T enzymes within the EC 2.8.2.23 enzyme class, and that those are ortted for clarity.

Example 23: Expression and Purification of EC 2.8.2.23 Mutants Having 30ST Activity
{4466] A study is conducted in accordance with embodiments of the present discigsure to
determine whether genes encoding for engineered 30ST enzymes having the amino acid sequences
SEQIDNG: 52, SEQIDNG: 53, SEQID NG 54, SEQID NO: 536, SEQIDNG: 57, and
SEQ ID NO: 38, respectively, can be transformed into host cells, and that enzymes comprising each

of those amino acid sequences can be subsequently expressed, isolated, and purnified according to the

[
L
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procedure of Example 1, above. Codon-optimized nucleotide sequences are determined that encode
for enzymes having the amino acid sequences of SEQ ID NG: 52, SEQ ID NQ: 53, SEQ ID NO: 54,
SEQ ID NO: 56, SEQ ID NG: 57, and SEQ ID NGO: 58, respectively, based on the desired expression
host. Upon synthesizing or inserting those genes within a suitable expression vector, it is expected
that genes encoding for each of the amino acid sequences SEQ ID NO: 52, SEQ ID NO: 53,
SEQ D NG: 54, SEQ D NGO: 56, SEQID NG: 57, and SEQID NO: 58, respectively, will be
transformed into host cells, and that enzymes containing those sequences will be subsequently
expressed, isolated, and punfied in a sufficient quantity and purity to determine aryl sulfate-

dependent 30ST activity.

Example 24: 3057 Activity of EC 2.8.2.23 Mutants

{84671 A study 1s conducted in accordance with embodiments of the present disclosure to
determine whether mutant enzymes comprising the sequences of SEQ 1D NG: 52, SEGQ ID NO: 53,
SEQ ID NO: 54, SEQID NO: 56, SEQ IDNO: 57, and SEQ ID NO: 538, respectively, are active
sulfotransferases, using the procedures of Example 5 and/or Example 6. It is expected that MS
and/or NMR studies will confirm the presence of NS2S68538-HS products formed as a result of
reacting an NS2S65/HS polysaccharide and an aryl sulfate compound with each of the engineered
enzymes comprising the sequences of SEQ ID NQG: 52, SEQ D NG: 53, SEQ ID NO: 54, SEQID
NGO 56, SEQ D NO: §7, and SEQ 1D NO: 58, respectively.
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We elaim:

i A pharmaceutical composition comprising N-sulfated, 6-O-sulfated heparan  sulfate
(NS6S/HS) polysaccharides that are structural analogs of O-desulfated heparin (ODSH), wherein
each of the hexuronic acid and glucosamine residues within the NS6S/HS polysaccharides are fully

unsulfated at their 2-O and 3-0 positions, respectively.

2. The composition according to Claim 1, wherein the composition has O international units per

milligram (IU/mg) of Anti-Factor Xa or Anti-Factor Ha activity.

3

3. The composition according to either Claim 1 or Claim 2, wherein the composition comprises

no dermatan sulfate or chondroitin sulfate.

4. The composition according to any of Claims -3, wherein the weight-average molecular

weight of the composition s in a range from at least 2,400 Da, up to 15,000 Da

(¥l

The composition according to any of Claims 1-4, wherein the composition comprises

NSOS/HS polysaccharides having a 4,5-unsaturated uronic acid residue at the non-reducing end.

6. The composition according to Claim 5, wherein the composition comprises NSOS/HS
polysaccharides having either a 1,6-anhydromannose residue or a 1,6-anhydroglucosamine residue at

the reducing end.

7. The composition according to any of Claims 1-4, wherein the composition comprises

NS6S/HS polysaccharides having a 2 5-anhydro-D-mannose residue at the reducing end.

8. The composition according to any of Claims 1-7, wherein the composition further comprises
a hypomethylating ageot, and the NS6S/HS i3 present in an amount effective to enhance the

effectiveness of the hypomethylating agent in a subject with a myelodysplastic syndrome.

9. The composition according to Claim 8, wherein the hypomethylating agent is azacytidine,
and the NSO65/HS has a weight average molecular weight 1o a range from at least 8,000 Da, up to

15,000 Da.

10. The composition according to any of Claims 1-7, wherein the NS6S/HS is present in an

amount effective to promote thrombopoiesis in a subject with thrombocytopenia.

11, The composition according to any of Claims 1-7, wherein the NS6S/HS is present in an
amount effective to promaote neutrophil production in a subject with neutropenia.
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12 The composition according to any of Claims 1-7, wherein the NS6S/HS 13 present in an
amount effective to reduce apoptosis in a subject with a myocardial infarction, siroke, congestive

heart failure, or cardiomyopathy.

13. The composition according to any of Claims 1-7, whereitn the NSO6S/HS is present 1 an

amount effective to reduce the asthmatic response in a subject with asthma.

14, The composition according to any of Claims 1-7, wherein the NS68/HS is present in an

amount effective to reduce or inhibit the activity of neutrophil elastase or cathepsin G in a mammal

1S, The composition according to any of Claims 1-7, wherein the NS6S/HS 1s present in an

amount effective to reduce or inhibit tumor growth in a subject with adenocarcinoma.

16.  The composition according to any of Claims 1-7, wherein the NS6S/HS is present in an

amount effective to reduce or prevent tnflammation in a subject.

17 A method of enzymatically synthesizing an NS6S/HS product comprising NS6S/HS
polysaccharides that are structural analogs of U-desulfated heparin (ODSH), wherein each of the
hexuronic acid and glucosamine residues within the NS65/HS polysaccharnides are fully unsulfated at
their 2-0) and 3-0 positions, respectively, and the method coruprising the steps of:
{(a} providing a starting polysaccharide composition comprising N-deacetylated
heparosan;
(b reacting the starting polysaccharide composition within a reaction mixture comprising
an N-sulfation agent, to form an N-sulfated heparan sulfate (NS/HS) product;
{c) reacting the NS/HS product within a reaction mixture comprising an aryl sulfate
commpound and an engineered 60S5T enzyme, thereby forming the NS6S/HS product; and
wherein the biological activity of the engineered 60ST enzyme conststs of catalyzing
the transter of a sulfo group from an aryl sulfate compound to a heparosan-based

polysaccharide in the absence of PAPS,

13 The method according to Claim 17, wherein the engineered 605T enzyme coruprises an
aminc acid sequence selected from the group consisting of: SEQ I NO: 22; SEQ ID NO: 24;
SEQIDNG: 26, SEQ I NGO 27, SEQIDNO: 28, SEQ ID NGO 29, SEQIDNG: 3¢
SEQ ID NG: 31, SEQIDNO:32; SEQIDNO: 33; SEQIDNO: 34, SEQ B NG 35
SEQ ID NO: 36; and SEQ ID NO: 37,
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19 The method according to etther of Claims 17 or 18, wherein the step of providing the starting
polysaccharide composition comprises the following sub-steps:
(1) providing a precursor polysaccharide composition comprising heparosan; and
(11} combining the precursor polysaccharide composition with a reaction mixture
comprising a base, preferably lithium hydroxide or sodium hydroxide, for a time sufficient to
N-deacetylate at least one of the N-acetylated glucosamine residues within the heparosan to
form the starting polysaccharide composition, preferably for a time sufficient to form
N-deacetylated heparosan polysaccharides 1 which at least 5% and up to 60%, more
preferably at least 12% and up to 18%, and even more preferably 15%, of the glucosamine

residues remain N-acetylated.

20. The method according to Claim 19, wherein the step of providing the precursor
polysaccharide composition comprising heparosan further comprises the sub-step of isclating
heparosan from a bactenial or eukaryotic cell culture, preferably a bacterial cell culture, and more
preferably a bacterial cell culture comprising bacteria selected from the group consisting of the K5

strain of foscherichio coli and the BL21 strain of Fscherichio coli.

21, The method according to any of Claims 1-5, wherein a sulfur trioxide-trimnethylamine adduct

is comprised within the N-sulfation agent reaction mixture.

22 The method according to any of Claims 1-5, wherein the N-sulfation agent 1s an engineered
glucosanunyl N-sulfotransferase (NST) enzyme, wherein the biological activity of the engineered
NST enzyme consists of the transfer of a sulfo group from an aryl sulfate compound to

N-deacetylated heparosan, in the absence of PAPS.

23 The method according to Claim 22, wherein the engineered glucosaminy! N-sulfotransferase
enzyme comprises an amino acid sequence selected from the group consisting of SEQ ID NO: 2,
SEQ D NO: 4, SEQ ID NO: 6, SEQ ID NO: 8, SEQ ID NO: 10, SEQ ID NO: 12, SEQ ID NO: 13,
SEQ ID NO: 14, SEQIDNO: 15, SEQIDNO: 16, SEQIDNO: 17, SEQIDNO- 13,
SEQ ID NG 19, and SEQ 1D NG: 20
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24, The rethod according to any of Claims 17-23, wherein the aryl sulfate compound 1s selected

from the group consisting of p-nitrophenyl sulfate and 4-nitrocatechol suifate.

25. The method according to any of Claims 17-24, wherein the method further comprises
ool J s E‘

providing a glucuronyi Cs-epumnerase enzyme and reacting the glucuronyl Cs-epirnerase enzyme with

at least one of' the starting polysaccharnide composition; the NS/HS product; and the NS6S/HS

product.

26, The method according to any of Claims 17-25, wherein method steps (b} and (¢} are

performed in a single reaction vessel.

27.  The method according to any of Claims 17-26, wherein the NS6S/HS product has no

anticoagulant activity.

28.  The method according to any of Claims 17-27, wherein the NS6S/HS product has a weight-

average molecular weight in a range from about 2,400 D to about 15,000 Da.

29, The use of the NS6S/HS product of any of Claims 17-28 in the treatment of a subject having
a medical condition selected from the group consisting oft cancers, including adenocarcinoma and
rmyelodysplastic syndrome; inflammation; heparin-induced thrombocytopenia; non-heparin-induced
thrombocytopenia, neutropenia; apoptosis; asthma; emphysema; bronchitis; adult respiratory distress
syndrome; cystic fibrosis; and ischenua-reperfusion related conditions, including myocardial

infarctions and strokes.
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INTERNATIONAL SEARCH REPORT International application No.

PCT/US 21/41537

Box No. [ Nucleotide and/or amino acid sequence(s) (Continuation of item 1.¢ of the first sheet)

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application. the international search was
carried out on the basis of a sequence listing:
a. h forming part of the international application as filed:
? in the form of an Annex C/ST.25 text file,
A
D on paper or in the form of an image file.
b. D furnished together with the international application under PCT Rule 13¢er. 1 (a) for the purposes of international search
only in the form of an Annex C/ST.25 text file,
c. D furnished subsequent to the international filing date for the purposes of international search only:
. D in the form of an Annex C/S'T.25 text file (Rule |37er 1(a)). '

: D on paper or in the form of an image file (Rule 137er. 1(b) and Administrative Instructions, Scction 713).

2. D In addition, in the case that more than onc version or copy of a scquence listing has been filed or turnished, the required
statements that the information in the subscquent or additional copics is identical to that forming part of the application as

fited or does not go beyond the application as filed, as appropriate, were furnished.

3. Additional comments:
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INTERNATIONAL SEARCH REPORT International application No.

PCT/US 21/41537

Box No. I Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

I. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. % Claims Nos.: 4-16, 21-29
because they are dependent claims and are not drafied in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

---See Supplemental Box ---

1. E] As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. % No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:
1-3

Remark on Protest |:] The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

r_—] The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation. .

D No protest accompanied the payment of additional search fees.
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INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 21/41637

A. CLASSIFICATION OF SUBJECT MATTER
IPC - C12N 9/10 (2021.01)
cpPC -

C12N 9/13, C12Y 208/02, C12Y 208/02008, C12Y 208/02023

According to International Patent Classification (IPC) or to both national classification and IPC

B.

FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
See Search History document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X “|WANG et al., Heparin's anti-inflammatory effects require glucosamine 6-O-sulfation and are 1-3
mediated by blockade of L- and P-selectins. The Journal of Clinical Investigation. July 2002,
Vol. 110, No. 1, pages 127-136; abstract; pg 135, col 1, para 1; pg 132, col 2, para 2; pg 133,
col 1, para 1; Figure 1
A US 2018/0298411 A1 (AJINOMOTO CO., INC.) 18 October 2018 (18.10.2018) entire document | 1-3

D Further documents are listed in the continuation of Box C.

D See patent family annex.

*

“AT

“pr
“«g”

“L

“«Qr
“pr

Special categories of cited documents:

document defining the general state of the art which is not considered
to be of particular relevance

document cited by the applicant in the international application

earlier application or patent but published on or after the international
filing date

document which mag throw doubts on priority claim(s) or which
is cited to establish ¢ gf?ubllcatlon date of another citation or other
special reason (as specified)

documentreferring to an oral disclosure, use, exhibition or other means
document published prior to the international filing date but later than
the priority date claimed

“T” later document published after the international filing date or priority

e

ey

date and not in confiict with the apﬁliqalion but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

20 October 2021

Date of mailing of the international search report

DEC 28 2021

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer

Kari Rodriquez

Telephone No. PCT Helpdesk: 571-272-4300
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INTERNATIONAL SEARCH REPORT International application No.

PCT/US 21/41637

Box No. Il Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Group |, claims 1-3, directed to a pharmaceutical composition comprising N-sulfated, 6-0-sulfated heparan sulfate (NS6S/HS)
polysaccharides that are structural analogs of 0-desulfated heparin (ODSH).

Group !, claims 17-20, directed to a method of enzymatically synthesizing an NS6S/HS product comprising NS6S/HS polysaccharides
that are structural analogs of 0-desulfated heparin (ODSH).

The inventions listed as Groups I-1l do not relate to a single special technical feature under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special technical features:

Group | has the special technical feature of a pharmaceutical composition comprising N- sulfated 6-0-sulfated heparan sulfate
(NS6S/HS) polysaccharides, that is not required by Group |I.

Group Il has the special technical feature of a method of enzymatically synthesizing an NS6S/HS product comprising NS6S/HS
polysaccharides, that is not required by Group |.

Common technical features:

Groups I-1l share the cominon technical feature of:

a pharmaceutical composition comprising N-sulfated, 6-0-sulfated heparan sulfate (NS6S/HS) polysaccharides that are structural
analogs of 0-desulfated heparin (ODSH), wherein each of the hexuronic acid and glucosamine residues within the NS6S/HS
polysaccharides are fully unsulfated at their 2-0 and 3-0 positions, respectively.

However, this shared technical feature does not represent a contribution over prior art, because this shared technical feature is
anticipated by the publication entitied "Heparin's anti-inflammatory effects require glucosamine 6-O-sulfation and are mediated by
blockade of L- and P-selectins" by Wang et al. (hereinafter "Wang").

Wang discloses a pharmaceutical composition (abstract - "Such analogs may prove useful as therapeutically effective inhibitors of
inflammation”; pg 135, col 1, para 1 - “As a drug, heparin has wide array of potential pharmacological uses”) comprising N-sulfated, 6-O-
sulfated heparan sulfate (NS6S/HS) polysaccharides (Figure 1 illustrates 6-O-sulfated heparan sulfate, 2/3DS-heparin) that are
structural analogs of O-desulfated heparin (ODSH) (Figure 1 illustrates 6-O-sulfated heparan sulfate, 2/3DS-heparin; abstract -
"Compared with unfractionated heparin, the modified heparinoids had inhibitory activity in this general order: over.O-sulfated heparin >
heparin > 2-0,3-O-desulfated . N-desulfated/N-acetylated heparin carboxyl-reduced heparin . N-,2-0,3-O-desulfated heparin >> 6-O-
desulfated heparin...Such analogs may prove useful as therapeutically effective inhibitors of inflammation"), wherein each of the
hexuronic acid and glucosamine residues within the NS6S/HS polysaccharides are tully unsultated at their 2-O and 3-O positions,
respectively (abstract - "Compared with unfractionated heparin, the modified heparinoids had inhibitory activity in this general order:
over.O-sulfated heparin > heparin > 2-0,3-O-desulfated . N-desulfated/N-acetylated heparin carboxyl-reduced heparin . N-,2-0,3-O-
desulfated heparin >> 6-O-desulfated heparin").

As the technical features were known in the art at the time of the invention, they cannot be considered special technical features that
would otherwise unify the groups.

Therefore, Group I-1l inventions lack unity under PCT Rule 13 because they do not share the same or corresponding special technical
feature.

*Continuation of number 4 abové: claims 4-16, 21-29 are held unsearchable because they are dependent claims and are not drafted in
accordance with the second and third sentences of Rule 6.4(a).

Note, Claims 21-22 which depend from "the method according to any of Claims 1-5", is objected to, because Claims 1-5 do not disclose
the antecedent "N-sulfation agent” specified in Claims 21-22. Claim 21-22 are reconstrued as though depending from “the method
according to any of Claims 17-20".
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