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BIOCATALYST AND METHODS FOR SYNTHESIZING MIXED DISULFIDE
CONJUGATES OF THIENOPYRIDINE COMPOUNDS

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
This invention was made with government support under AA020090 awarded by the

National Institutes of Health. The government has certain rights in the invention.

FIELD OF THE INVENTION
The present invention relates to methods for synthesizing mixed disulfide conjugates
of thienopyridine compounds with a genetically engineered variant of cytochrome P450 BM3

or CYP102A1 as a catalyst, and belongs to the field of chemical synthesis.

INTRODUCTION

Mixed disulfide conjugates of thienopyridines are promising antiplatelet agents as
demonstrated before (see, e.g., Zhang, H., et al., (2016) J Pharmacol Exp Ther 359, 11-17).
These compounds are conjugates of heterocyclic thiols with the active antiplatelet agent of
thienopyridines. One of such active antiplatelet agent is the pharmacological active
metabolite (AM) of clopidogrel, (Z)-2-(1-((S)-1-(2-chlorophenyl)-2-methoxy-2-oxoethyl)-4-

H;CO @)
16
N7 Y cooH
mercaptopiperidin-3-ylidene)acetic acid ( Cl 4 “sH

). Formation of disulfide bond between the AM and heterocyclic thiol yields stable mixed
disulfide conjugate that can be readily activated in vivo resulting in fast and efficacious
inhibition of platelet aggregation (see, e.g., Zhang, H., et al., (2016) J Pharmacol Exp Ther
359, 11-17; Zhang, H., et al., (2014) Thromb. Haemost. 112, 1304-1311).

In spite of its excellent antiplatelet properties, chemical synthesis of the active
metabolites of thienopyridine compounds and their disulfide conjugates has been challenging
(see, e.g., Asai, F., Sugidachi, K., Ikeda, T., Iwabuchi, H., Kuroki, Y., Inoue, T., Iwamura, R.,
and Shinbakawa, N. (2003) Cyclic amino compounds. (Office, U. P. a. T. ed., Sankyo

Company, Limited, US; Shaw, S. A., et al., (2015) J Org Chem 80, 7019-7032). Chemical
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synthesis of these compounds involves multiple steps with low yield. This is at least in part
due to: 1) instability of the AM at room temperature. 2) existence of multiple chiral centers.
In the case of the AM of clopidogrel, it contains two chiral centers at C4 and C7 in addition to
a double bond at C3-16, resulting in a combination of eight stereoisomers. Only 7S and cis
double configuration of the AM possesses antiplatelet activity. However, the efficiency of
converting frans to cis configuration is very low (see, e.g., Asai, F., Sugidachi, K., Tkeda, T.,
Iwabuchi, H., Kuroki, Y., Inoue, T., Iwamura, R., and Shinbakawa, N. (2003) Cyclic amino
compounds. (Office, U. P. a. T. ed., Sankyo Company, Limited, US).

It has been previously shown that metabolism of thienopyridine compounds in liver
microsomes (LM) produces the AM and its mixed disulfide conjugates (see, e.g., Zhang, H.,
et al., (2014) Thromb. Haemost. 112, 1304-1311). However, use of liver microsomes for
large scale synthesis is prohibitory expense due to low product yield and high cost of LM. In
fact there is no viable method to produce large quantities of mixed disulfide conjugate of
thienopyridine compounds for drug development and other applications.

Accordingly, improved methods for producing large quantities of mixed disulfide
conjugate of thienopyridine compounds for drug development and other applications are
needed.

The present invention addresses this need.

SUMMARY OF THE INVENTION

Clopidogrel (Plavix), ticlopidine (Ticlid) and prasugrel (Effient) belong to a class of
thienopyridinyl compounds widely used as antiplatelet agents to prevent heart attack and
stroke. However, several serious drawbacks have been associated with these drugs including
variable response, toxicity and increased risk of bleeding. These drawbacks are closely
related to the fact that they are all prodrugs that require oxidative bioactivation by
polymorphic cytochromes P450 enzymes (P450s).

To overcome drawbacks associated with thienopyridine compounds (Clopidogrel
(Plavix), ticlopidine (Ticlid) and prasugrel (Effient)), the present invention provides mixed
disulfide conjugates of thienopyridine compounds. It is contemplated that such mixed
disulfide conjugates of thienopyridine compounds of the present invention are capable of
producing active thienopyridine metabolites (e.g., active thienopyridine metabolites capable
of antiplatelet activity) in the presence of endogenous glutathione (GSH) without the need for

bioactivation by P450s. This approach not only bypasses the oxidative bioactivation process
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by P450s, but circumvents many of the drawbacks associated with thienopyridinyl drugs. For
example, it is contemplated that the mixed disulfide conjugates of thienopyridine compounds
of the present invention improve dosing consistency because production of the active
metabolite from the conjugates is predictable. In addition, it is contemplated that use of the
mixed disulfide conjugates of thienopyridine compounds of the present invention as
antiplatelet agents reduce the toxicity as toxic reactive metabolites will not be produced by
the thiol-exchange reaction. In addition, the therapeutic onset time for the mixed disulfide
conjugates of thienopyridine compounds of the present invention is shortened, which greatly
benefits patients who experience acute cardiovascular events. For example, the standard
regimen for clopidogrel requires continuously dosing patients for 3-5 days as only a small
percentage of the ingested drug are converted to the active metabolite. In contrast, it is
contemplated that the mixed disulfide conjugates of thienopyridine compounds of the present
invention will release the active metabolites with high yields in less than 30 min. In addition,
it is contemplated that the mixed disulfide conjugates of thienopyridine compounds of the
present invention will have superior stability over the active metabolites and therefore can be
used to quantitatively generate the active metabolites for basic and clinical research in vitro.

Accordingly, the present invention relates to a process for efficiently synthesizing
highly optically active mixed disulfide conjugates of thienopyridine compounds with
genetically engineered biocatalysts, i.e., a one-step process for preparing highly optically
active mixed disulfide conjugates of thienopyridine compounds by mixing 2-0x0
thienopyridine and heterocyclic thiols in the presence of reducing reagent NADPH or NADH
and a genetically engineered variant of cytochrome P450 BM3 or CYP102A1 as a catalyst.
The operation of the process is simple, and the raw materials and reagents are readily
available. The methods selectively produce the cis stereoisomer of the conjugates at a higher
yield than prior art methods.

In certain embodiments, the present invention provides a mutant CYP102A1 enzyme
capable of catalyzing conjugation between 2-oxo thienopyridine and heterocyclic thiols in the
presence of a reducing reagent. In some embodiments, the catalyzing of conjugation between
2-ox0 thienopyridine and heterocyclic thiols in the presence of a reducing reagent results in
the generation of mixed disulfide conjugates of thienopyridine compounds. In some
embodiments, the catalyzing of conjugation between 2-oxo thienopyridine and heterocyclic

thiols in the presence of a reducing reagent selectively generates cis stereoisomers of the
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mixed disulfide conjugates of thienopyridine compounds. In some embodiments, the reducing
agent is NADPH or NADH.

In some embodiments, the enzyme comprises an amino acid sequence having 85%
homology with the wild type amino acid sequence for BM3 (SEQ ID NO: 2; Fig. 4B). In
some embodiments, the enzyme comprises an amino acid sequence having 90% homology
with the wild type amino acid sequence for BM3 (SEQ ID NO: 2; Fig. 4B). In some
embodiments, the enzyme comprises an amino acid sequence having 95% homology with the
wild type amino acid sequence for BM3 (SEQ ID NO: 2; Fig. 4B). In some embodiments, the
enzyme comprises an amino acid sequence having 99% homology with the wild type amino
acid sequence for BM3 (SEQ ID NO: 2; Fig. 4B). In some embodiments, the enzyme
comprises an amino acid sequence having one or more of the following amino acid mutations
within SEQ ID NO: 2: A82F, L188Q, R47L, F87V, T365N, H116Q, K31T, S56R, A135S,
V299D, 1458F, P481H, and W1046A. In some embodiments, the enzyme comprises an amino
acid sequence having a specific set of mutations recited in Table 2.

In some embodiments, the enzy me comprises nucleic acid having at least 85%
homology with SEQ ID NO: 1 (wild type cDNA for BM3; Fig. 4A). In some embodiments,
the enzyme comprises nucleic acid having at least 90% homology with SEQ ID NO: 1 (wild
type cDNA for BM3; Fig. 4A). In some embodiments, the enzyme comprises nucleic acid
having at least 95% homology with SEQ ID NO: 1 (wild type cDNA for BM3; Fig. 4A). In
some embodiments, the enzyme comprises nucleic acid having at least 99% homology with
SEQ ID NO: 1 (wild type cDNA for BM3; Fig. 4A).

In some embodiments, the enzyme comprises nucleic acid having at least 85%
homology with SEQ ID NO: 3 (a variant BM3 ¢cDNA; Fig. 4C). In some embodiments, the
enzyme comprises nucleic acid having at least 90% homology with SEQ ID NO: 3 (a variant
BM3 cDNA; Fig. 4C). In some embodiments, the enzyme comprises nucleic acid having at
least 95% homology with SEQ ID NO: 3 (a variant BM3 ¢cDNA; Fig. 4C). In some
embodiments, the enzyme comprises nucleic acid having at least 99% homology with SEQ
ID NO: 3 (a variant BM3 ¢cDNA,; Fig. 4C). In some embodiments, the enzyme comprises
nucleic acid having at least 100% homology with SEQ ID NO: 3 (a variant BM3 ¢cDNA; Fig.
4C).

In certain embodiments, the present invention provides methods for synthesizing cis
stereoisomers of mixed disulfide conjugates of thienopyridine compounds, comprising

mixing a 2-oxo thienopyridine moiety, a heterocyclic thiol moeity, and the described mutant
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CYP102A1 enzyme in the presence of a reducing reagent. In some embodiments, the
reducing agent is NADPH or NADH. In some embodiments, the 2-oxo thienopyridine moiety

is represented by

R
OO
0o
R S
; wherein R1 is either Chlorine or Fluorine; wherein R2 is H, COOCH3, or COCHCH2CH2.
In some embodiments, the heterocyclic thiol moiety is represented by R3-SH; wherein R3 is
selected from 3-nitropyridine-2-thiol, 2-mercaptopyridine, 2-mercapto-6-methylpyridine, 5-
chloropyridine-2-thiol, 2-mercapto-5-trifluoromethyl-pyridine, 3-(trifluoromethyl)pyridine-2-
thiol, 2-mercaptopyridine-3-carbonitrile, 4,6-dimethyl-2-thioxo-1,2-dihydropyridine-3-
carbonitrile, 2-quinolinethiol, 1-amino-3-mercaptoisoquinoline, 6-chloropyridazine-3-thiol,
and 2.5-dimethylfuran-3-thiol. In some embodiments, the mixing occurs at ambient
temperature. In some embodiments, the mixing occurs for a time period between twenty and
sixty minutes. In some embodiments, the mutant CYP102A 1 enzyme is comprised within a
bacterial cytosolic fraction. In some embodiments, the amount of mutant CYP102A1 enzyme
is between approximately 0.1 and 1 uM. In some embodiments, the mixing results in the
generation of approximately 100 mg of cis stereoisomers of mixed disulfide conjugates of
thienopyridine compounds per liter of the 2-oxo thienopyridine moiety, the heterocyclic thiol
moeity, the mutant CYP102A1 enzyme, and the reducing agent.
In certain embodiments, the present invention provides a kit comprising a 2-0x0
thienopyridine moiety, a heterocyclic thiol moeity, and one or more of the described mutant
CYP102A1 enzymes.

In some embodiments, the kit further comprises a reducing reagent. In some

embodiments, the reducing agent is NADPH or NADH. In some embodiments, the 2-oxo

Ro
N
(0]
R S .

thienopyridine moiety is represented by
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wherein R1 is either Chlorine or Fluorine; wherein R2 is H, COOCH3, or COCHCH2CH2. In
some embodiments, the heterocyclic thiol moiety is represented by R3-SH; wherein R3 is
selected from 3-nitropyridine-2-thiol, 2-mercaptopyridine, 2-mercapto-6-methylpyridine, 5-
chloropyridine-2-thiol, 2-mercapto-5-trifluoromethyl-pyridine, 3-(trifluoromethyl)pyridine-2-
thiol, 2-mercaptopyridine-3-carbonitrile, 4,6-dimethyl-2-thioxo-1,2-dihydropyridine-3-
carbonitrile, 2-quinolinethiol, 1-amino-3-mercaptoisoquinoline, 6-chloropyridazine-3-thiol,
and 2.5-dimethylfuran-3-thiol.

In certain embodiments, the present invention provides a pharmaceutical composition
comprising a compound generated with the described method and a pharmaceutically
acceptable carrier. In some embodiments, wherein the pharmaceutical composition is
configured for intravenous administration.

In certain embodiments, the present invention provides methods of treating,
ameliorating, or preventing a cardiovascular disease in a patient comprising administering to
said patient a therapeutically effective amount of a compound generated with the described
methods. In some embodiments, the administration is selected from the group consisting of
oral administration and intravenous administration. In some embodiments, the cardiovascular
disease is selected from the group consisting of coronary artery disease, peripheral vascular
disease, atherothrombosis, and cerebrovascular disease. In some embodiments, the compound
reduces aggregation of platelets. In some embodiments, the reduces aggregation of said
platelets occurs through irreversible binding to P2Y 12 receptors. In some embodiments, the
reduces aggregation of said platelets occurs through blocking ADP receptors. In some
embodiments, the method further comprises co-administration of at least one agent selected
from the group consisting of a HMG-CoA reductase inhibitor, an ACE Inhibitor, a Calcium
Channel Blocker, a Platelet Aggregation Inhibitor, a Polyunsaturated Fatty Acid, Fibric Acid
Derivative, a Bile Acid Sequestrant, an Antioxidant, a Thrombolytic Agent, and an

Antianginal Agent.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1:HPLC analyses of products of mixed disulfide conjugate of clopidogrel. The
reaction was performed by mixing 2-oxoclopidogrel, heterocyclic thiol, BM3 and NADPH at
25 °C for 20 min. The reaction was then quenched with equal volume of acetonitrile

containing 1% formic acid. Aliquots of 5 ul of the reaction mixture were analyzed by HPLC.
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The double peak denoted as “S™ are the two stereoisomers of rac-2-oxoclopidogrel, whereas
the peaks denoted by asterisks represent expected products. Elution was observed at 254 nm.

FIG. 2: HPLC analyses of products of mixed disulfide conjugate of clopidogrel. The
reaction was performed by mixing (+)-2-oxoclopidogrel, heterocyclic thiol, rat LM, and
NADPH at 25 °C for 20 min.

FIG. 3: Yield for synthesis of ClopNPT in the presence of BM3. The reaction was
carried out at 25 °C.

FIG. 4A: Wild Type cDNA of 1541 to 4690 of wild-type B.megaterium cytochrome
P-450:NADPH-P-450 reductase gene (see,e.g., Accession J04832) (SEQ ID NO: 1).

FIG. 4B: Wild type amino acid sequence for B.megaterium cytochrome P-
450:NADPH-P-450 reductase gene (see,e.g., Accession J04832) (SED ID NO: 2).

FIG. 4C: Optimized cDNA for genetically engineered variant of cytochrome P450
BM3 or CYP102A1 (SEQ ID NO: 3).

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to a genetically engineered variant of cytochrome P450
BM3 or CYP102A1 as a catalyst, methods for synthesizing mixed disulfide conjugates of
thienopyridine compounds with the biocatalyst, and related therapeutics for the treatment,
amelioration, and prevention of cardiovascular diseases.

Experiments conducted during the course of developing embodiments for the present
invention identified methods for stereo-selective and efficient synthesis of mixed disulfide
conjugate of thienopyridine compounds using engineered variants of cytochrome P450 BM3
or CYP102A1 as biocatalyst.

Accordingly, the present invention relates to a process for efficiently synthesizing
highly optically active mixed disulfide conjugates of thienopyridine compounds with
genetically engineered biocatalysts, i.e., a one-step process for preparing highly optically
active mixed disulfide conjugates of thienopyridine compounds by mixing 2-0xo
thienopyridine and heterocyclic thiols in the presence of a reducing reagent (e.g., NADPH or
NADH) and a genetically engineered variant of cytochrome P450 BM3 or CYP102A1 as a
catalyst. The operation of the process is simple, and the raw materials and reagents are readily
available. The methods selectively produce the cis stereoisomer of the conjugates at a higher
yield than prior art methods (e.g., produces cis stereoisomer of the conjugates at a yield much

superior than use of liver microsomes).
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Biological enzyme catalysts, such as P450sm-3 enzymes, find increasing use in a
variety of industrial applications, ranging from synthesis of fine chemicals, intermediates,
pharmaceuticals and drug metabolites to degradation of organic chemical contaminants and
pollutants. Protein engineering, using directed evolution or site-directed mutagenesis, can be
used to isolate variants of known enzymes, which may create new opportunities and
applications for their catalytic activities.

P4508m-3 from Bacillus megaterium (see, e.g., Miura, Y ., and Fulco, A. J. (1975)
Biochim. Biophys. Acta 388, 305-317) belongs to the superfamily of cytochrome P450
enzymes. There are over 7,700 genes encoding P450 enzymes in the various gene sequence
databases. Nomenclature of P450 enzymes has been systemized. The superfamily of enzymes
are referred to as CYP, followed by a number for a family of enzymes (hence CYP1, CYP51,
CYP102, etc.) which are divided into subfamilies denoted by alphabets (hence CYP1A,
CYP101B, etc.) and each sub-family member is denoted by a number (hence CYP1Al,
CYP3A4, CYP101D3, etc.). A gene encoding a CYP enzyme is denoted by italics, e.g.
CYP101A1 gene. P4508Mm-3 has been designated CYP102A1, i.e. it is the first member of the
CYP102 family. Henceforth the systemic name of CYP102A1 will be used for P450sm-3.

CYP102A1 (see, e.g., Miura, Y., and Fulco, A. J. (1975) Biochim. Biophys. Acta 388,
305-317) is an attractive enzyme for biotransformation applications because it is catalytically
self-sufficient. Unlike other P450 enzymes, in which the P450 monooxygenase and the
electron transfer co-factor proteins are separate entities, CYP102A1 has the haem
monooxygenase domain fused to the diflavin electron transfer reductase domain, which
contains both the FAD and FMN prosthetic groups in a single polypeptide. The natural
substrates of CYP102A1 are believed to be linear or branched medium chain fatty acids (see,
e.g., Miura, Y, and Fulco, A. J. (1975) Biochim. Biophys. Acta 388, 305-317; Cryle, M. J., et
al., (2006) Chem Commun, 2353-2355). The crystal structure of the CYP102A1 haem
domain became available in 1993 (see, e.g., Ravichandran, K. G., et al., (1993) Science 261,
731-736), revealing the active site structure and the presence of a substrate access channel.
The crystal structure with a bound substrate indicated a change in the side chain conformation
for F87 upon substrate binding (see, e.g., Li, H., and Poulos, T. L. (1997) Nature Struct. Biol.
4, 140-146).

CYP102A1 from Bacillus megaterium is a self-sufficient and highly efficient enzyme
for hydroxylating fatty acids. Various variants of CYP102A1 have been found to oxidize

small molecules other than fatty acids with enhanced activities. However there is no
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application for stereo-selective synthesis of heterocyclic conjugates of thienopyridin
compounds.

Experiments conducted during the course of developing embodiments for the present
invention developed a method that produces cis stereoisomer of the conjugates at a yield
much superior than use of liver microsomes. The reaction involved mixing bacterial cytosolic
fraction containing BM3 variants (0.1- 1 uM), 2-oxo thienopyridine, heterocyclic thiols, and
NADPH or NADH, followed by incubation for 20 - 60 min. In the presence of desired
heterocyclic thiols, the method produced the conjugate with cis configuration only at yields as
high as 100 mg per liter of reaction mixture.

As such, in certain embodiments, the present invention provides variants of
CYP102A1. In some embodiments, the variants of CYP102A1 are optimized for use as
biocatalysts within methods for synthesizing mixed disulfide conjugates of thienopyridine
compounds. Indeed, experiments described herein resulted in optimized gene expression of
CYP102A1 by re-designing the cDNA of CYP102A1. The re-designed cDNA optimize
codon usage for over-expression in bacteria and eliminates structural barriers for
transcription. The optimized cDNA is shown in SEQ ID NO: 3 and encodes 1054 amino acid
residues including a hexaHis tag at N-terminus for affinity purification. In preferred
embodiments, the sequence may be at least 55%, 65%, 80% or 90% and more preferably at
least 95%, 97% or 99% homologous thereto over at least 20, preferably at least 30, for
instance at least 40, 60, 100, 200, 300, 400 or more contiguous amino acids, or even over the
entire sequence of the homologue. In some embodiments, the CYP102A1 biocatalyst may
have a percentage identity with SEQ ID NO: 3 which is the same as any of the specific
percentage homology values (i.e. it may have at least 40%, 55%, 80% or 90% and more
preferably at least 95%, 97% or 99% identity) across any of the lengths of SEQ ID NO: 3.

The homologous sequence may represent a mutated portion of the CYP102A1
sequence (SEQ ID NO: 3) and/or may be present in the form of the full-length fused
polypeptide of the biocatalyst.

In some embodiments, the CYP102A1 or BM3 variant comprises an amino acid
sequence having 85% homology with the wild type amino acid sequence for BM3 (SEQ ID
NO: 2; Fig. 4B). In some embodiments, the BM3 variant comprises an amino acid sequence
having 90% homology with the wild type amino acid sequence for BM3 (SEQ ID NO: 2; Fig.
4B). In some embodiments, the BM3 variant comprises an amino acid sequence having 95%

homology with the wild type amino acid sequence for BM3 (SEQ ID NO: 2; Fig. 4B). In

9



10

15

20

25

30

WO 2019/152679 PCT/US2019/016099

some embodiments, the BM3 variant comprises an amino acid sequence having 99%
homology with the wild type amino acid sequence for BM3 (SEQ ID NO: 2; Fig. 4B). In
some embodiments, the BM3 variant comprises an amino acid sequence having one or more
of the following amino acid mutations within SEQ ID NO: 2: A82F, L188Q, R47L, F87V,
T365N, H116Q, K31T, S56R, A135S, V299D, 1458F, P481H, and W1046A. In some
embodiments, the BM3 variant comprises an amino acid sequence having a specific set of
mutations recited in Table 2.

In some embodiments, the BM3 variant comprises nucleic acid having at least 85%
homology with SEQ ID NO: 1 (wild type cDNA for BM3; Fig. 4A). In some embodiments,
the BM3 variant comprises nucleic acid having at least 90% homology with SEQ ID NO: 1
(wild type cDNA for BM3; Fig. 4A). In some embodiments, the BM3 variant comprises
nucleic acid having at least 95% homology with SEQ ID NO: 1 (wild type cDNA for BM3;
Fig. 4A). In some embodiments, the BM3 variant comprises nucleic acid having at least 99%
homology with SEQ ID NO: 1 (wild type cDNA for BM3; Fig. 4A).

In some embodiments, the BM3 variant comprises nucleic acid having at least 85%
homology with SEQ ID NO: 3 (a variant BM3 ¢cDNA; Fig. 4C). In some embodiments, the
BM3 variant comprises nucleic acid having at least 90% homology with SEQ ID NO: 3 (a
variant BM3 cDNA; Fig. 4C). In some embodiments, the BM3 variant comprises nucleic acid
having at least 95% homology with SEQ ID NO: 3 (a variant BM3 ¢cDNA,; Fig. 4C). In some
embodiments, the BM3 variant comprises nucleic acid having at least 99% homology with
SEQ ID NO: 3 (a variant BM3 ¢cDNA; Fig. 4C). In some embodiments, the BM3 variant
comprises nucleic acid having at least 100% homology with SEQ ID NO: 3 (a variant BM3
cDNA,; Fig. 4C).

Any of the homologous proteins (i.e. described as being homologous to another
protein) mentioned herein are typically at least 40% homologous to the relevant protein.
Homology can be measured using known methods. For example the UWGCG Package
provides the BESTFIT program which can be used to calculate homology (for example used
on its default settings) (Devereux et al (1984) Nucleic Acids Research 12, 387-395). The
PILEUP and BLAST algorithms can be used to calculate homology or line up sequences
(typically on their default settings), for example as described in Altschul S. F. (1993) J Mol
Evol 36:290-300; Altschul, S, F et al (1990) J Mol Biol 215:403-10.

The biocatalytic or enzymatic activity of the variant CYP102A1 enzyme of the

invention is typically measured in vitro using any of the substrates or conditions mentioned
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herein and is given as the NADPH oxidation rate, the product formation rate and coupling
efficiency. The rates are turnover frequencies and given in (nmol NADPH) (nmol
CYP102A1) ! (min) ! or (nmol product) (nmol CYP102A1) ! (min)*. Coupling efficiency is
the percentage of NADPH consumed which was utilised for product formation, i.e. a
percentage of the theoretical maximum efficiency. The CYP102A1 enzyme of the invention
(for example when used in the synthetic methods of the invention) may typically have a
coupling efficiency of at least 1%, such as at least 2%, 4%, 6%, 10%, 20%, 40%, 80% or
more. The CYP102A1 enzyme (for example when used in the methods of the invention)
typically has a product formation rate of at least 2 min™!, such as at least 4, 10, 15, 20, 25, 50,
100, 200, 300, 500, 700, 1000, 2000 min"! or more. Where more than one product is formed
(which is commonly the case), the product formation rates represent the total amount of all
oxidation products formed. In some embodiments, product formation rate of a specific
oxidation product is measured, i.e. not all oxidation products may be measured.

The variant CYP102A1 biocatalyst described herein (SEQ ID NO: 3 and variants
thereof; any of the mutants recited in Table 2) are generally introduced into the wild type
enzyme by using methods known in the art, such as site directed mutagenesis of the enzyme,
PCR and gene shuffling methods or by the use of multiple mutagenic oligonucleotides in
cycles of site-directed mutagenesis. Thus the mutations may be introduced in a directed or
random manner. The mutagenesis method thus produces one or more polynucleotides
encoding one or more different mutants. Typically a library of mutant genes is produced
which can be used to produce a library of mutant enzymes.

The enzyme may have 1, 2, 3, 4, 5 to 10, 10 to 20, 20 to 40 or more other mutations in
addition to the one or more mutations specified in SEQ ID NO: 3 and Table 2, such as
substitutions, insertions or deletions. These additional mutations may or may not enhance the
biocatalytic activity within methods for stereo-selective and efficient synthesis of mixed
disulfide conjugate of thienopyridine compounds. An insertion will typically be N and/or C
terminal. Thus the enzyme may contain a short peptide of up to 20 amino acids or a full-
length protein fused to either or both of the termini, e.g. to aid protein purification by affinity
chromatography or immobilisation on a solid matrix. A deletion typically comprises the
deletion of amino acids which are not involved in catalysis, such as those outside the active
site (thus the enzyme is a mutated fragment of a naturally occurring enzyme).

When used within methods for synthesis of mixed disulfide conjugate of

thienopyridine compounds the variant CYP102A1 biocatalyst of the invention results in
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stereo-selective and efficient synthesis with respect to the methods not utilizing such a
biocatalyst. The substrate for the oxidation process catalyzed the variant CYP102A1
biocatalyst is any organic compound, more typically any organic compound capable of being
oxidized by a monooxygenase enzyme. The oxidation process causes the formation of a C—
O bond in the compound, generally as the alcohol from the oxidation of a carbon-hydrogen
bond, but an epoxide may be formed from the oxidation of a C=C bond. The oxidation may
thus introduce an alcohol, aldehyde, ketone or epoxide group. Alternatively the oxidation may
cause the further oxidation of an oxygen containing group, such as converting an alcohol
group into an aldehyde or ketone. 1, 2 or more carbon atoms may be attacked in the same
substrate molecule. Oxidation can also result in N- and O-dealkylation of the substrate
molecule.

The oxidation typically gives rise to 1, 2 or more oxidation products. These different
products may result from different carbon atoms being attacked and/or from different degrees
of oxidation occurring at a given carbon atom.

The oxidation may occur on either a ring carbon atom or a substituent carbon atom or
both. At least the initial oxidation will involve attack of a C—H bond which may be activated
or non-activated or attack at a carbon-carbon double bond (typically giving an epoxide).
Generally an activated C—H bond is where the carbon atom is in a benzylic or allylic
position. Aromatic rings and olefinic double bonds activate C—H bonds to attack by
stabilizing the radical intermediate or any build-up of charge generated during the reaction
pathway. The carbon of the C—H bond may be primary, secondary or tertiary. The oxidation
may occur to result in dehydrogenation leading to a C=C double bond formation rather than
insertion of an oxygen atom. This is most likely to occur when the alkyl substituent is
branched, or dehydrogenation leads to a C=C bond that is conjugated to an aromatic system,
or dehydrogenation leads to the formation of an aromatic system. The process is typically
carried out in the presence of the variant CYP102A1 enzyme, the substrate and the natural co-
factors of the enzyme which are NADPH or NADH and dioxygen.

In some embodiments, the variant CYP102A1 enzyme (SEQ ID NO: 3 and variants
thereof; any of the mutants recited in Table 2) is expressed within a cell. Typically the cell is
one in which the variant CYP102A1 enzyme (SEQ ID NO: 3; Table 2) or wild type
CYP102A1 does not naturally occur. In another embodiment the variant CYP102A1 enzyme
(SEQ ID NO: 3; Table 2) is expressed in a cell in which wild type CYP102A1 does naturally
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occur, but at higher levels than naturally occurring levels. The cell may produce 1, 2, 3, 4 or
more different variant CYP102A1 enzymes of the invention.

The cell may be prokaryotic or eukaryotic and is generally any of the cells or of any of
the organisms mentioned herein. Preferred cells are Escherichia coli, Pseudomonas sp.,
flavobacteria or fungi cells (e.g. Aspergillus and yeast, especially Pichia sp.). Also
contemplated for use according to the invention are Rhodococcus sp. and Bacillus sp. The cell
may or not be one which in its naturally occurring form is able to oxidize any of the
substrates or generate any of the oxidation products mentioned herein. Typically the cell is in
a substantially isolated form and/or substantially purified form, in which case it will generally
comprise at least 90%, e.g. at least 95%, 98% or 99% of the cells or dry mass of the
preparation.

The cell is typically produced by introducing into a cell (i.e. transforming the cell
with) a vector comprising a polynucleotide that encodes the variant CYP102A1 enzyme of
the invention. It is to be understood that due to the degeneracy of the nucleotide code, more
than one polynucleotide can encode each of the variant CYP102A1 enzymes of the invention.
It is also to be understood that the nucleotide sequence may be engineered to exhibit a codon
bias suitable for a particular cell or organism. The vector may integrate into the genome of the
cell or remain extra-chromosomal. The cell may develop into the animal or plant discussed
below. Typically the coding sequence of the polynucleotide is operably linked to a control
sequence which is capable of providing for the expression of the coding sequence by the host
cell. The control sequence is generally a promoter, typically of the cell in which the
monooxygenase is expressed.

The term “operably linked” refers to a juxtaposition wherein the components
described are in a relationship permitting them to function in their intended manner. A control
sequence “operably linked” to a coding sequence is ligated in such a way that expression of
the coding sequence is achieved under conditions compatible with the control sequences.

The vector is typically a transposon, plasmid, virus or phage vector. It typically
comprises an origin of replication. It typically comprises one or more selectable marker
genes, for example an ampicillin resistance gene in the case of a bacterial plasmid. The vector
is typically introduced into host cells using conventional techniques including calcium
phosphate precipitation, DEAE-dextran transfection, or electroporation.

Accordingly, the present invention relates to a process for efficiently synthesizing

highly optically active mixed disulfide conjugates of thienopyridine compounds with
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genetically engineered biocatalysts, i.e., a one-step process for preparing highly optically
active mixed disulfide conjugates of thienopyridine compounds by mixing 2-0x0
thienopyridine and heterocyclic thiols in the presence of a reducing reagent (e.g., NADPH or
NADH) and the described genetically engineered variant of cytochrome P450 BM3 or
CYP102Al as a catalyst.

In certain embodiments, the present invention provides methods for stereo-selective
and efficient synthesis of mixed disulfide conjugate of thienopyridine compounds using a
variant CYP102A1 (BM3) enzyme (SEQ ID NO: 3; Table 2) as biocatalyst. In some

embodiments, the method includes a process shown in the following reaction scheme:

(\\j\)\ N{jj}c +OROSH ﬁj’kw‘”\ #coom
s
L L
7R, s onaon R SR,
R, ClorF
R2 = H, S200CH, CCOCHIRZGHR
R3 w heteroayclin thiol

The synthetic reaction, as depicted in the above reaction scheme, proceeds by mixing
reactants 2-oxo thienopyridine and heterocyclic thiols in the presence of reducing reagent
NADPH or NADH and a variant CYP102A1 (BM3) enzyme (SEQ ID NO: 3; Table 2) as
biocatalyst. The reaction does not require any special reactors and apparatus, nor does it
require high temperature and pressure usually needed for chemical synthesis. The reaction
goes to completion at ambient temperature (e.g.,. room temperature) in less than 60 min.

In some embodiments, the reaction involves mixing bacterial cytosolic fractions
comprising BM3 variants (0.1- 1 pM), 2-oxo thienopyridine, heterocyclic thiols, and NADPH
or NADH, followed by incubation for 20 - 60 min. In the presence of desired heterocyclic
thiols, the method produces the conjugate with cis configuration only at yields as high as 100
mg per liter of reaction mixture.

Such methods result in the synthesis of substantially enantiomerically pure
compositions and pharmaceutical compositions comprising mixed disulfide conjugates of
thienopyridine compounds. Indeed, the methods are capable of producing the cis stereoisomer
forms of the conjugates at a high yield.

Within the reaction scheme, the heterocyclic thiol is not limited to a specific chemical
moiety for R3. In some embodiments, R3 is any chemical moiety that renders the resulting

compound capable of producing active thienopyridine metabolites upon interaction with
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endogenous glutathione (GSH) (e.g., active thienopyridine metabolites capable of antiplatelet
activity). In some embodiments, R3 is any chemical moiety that renders the resulting
compound capable of treating, ameliorating, or preventing cardiovascular disorders (e.g.,
coronary artery disease, peripheral vascular disease, and cerebrovascular disease) in a patient,
such as those that are responsive to antiplatelet agents (such as clopidogrel, ticlopidine, and
prasugrel). In some embodiments, R3 is any chemical moiety that renders the resulting
compound capable of inhibiting platelet aggregation by, for example, altering the function of
platelet membranes by blocking ADP receptors (e.g., thereby preventing a conformational
change of glycoprotein IIb/IIla which allows platelet binding to fibrinogen). In some
embodiments, R3 is any chemical moiety that renders the resulting compound capable of
reducing aggregation ("clumping") of platelets by irreversibly binding to P2Y 12 receptors.
Examples of heterocyclic thiol moieties (R3) include, but are not limited to, those

shown in Table 1.

Table 1. A list of heterocyclic thiols used for reaction with 2-oxoclopidogrel

Chemical Name Abbreviation
3-nitropyridine-2-thiol NPT
2-mercaptopyridine MP
2-mercapto-6-methylpyridine MMP
5-chloropyridine-2-thiol 5-CPT
2-mercapto-5-trifluoromethyl-pyridine 5-TMP
3-(trifluoromethyl)pyridine-2-thiol 3-TMP
2-mercaptopyridine-3-carbonitrile MPC
4,6-dimethyl-2-thioxo-1,2-dihydropyridine-3-carbonitrile DTDC
2-quinolinethiol QT
1-amino-3-mercaptoisoquinoline AMP
6-chloropyridazine-3-thiol CPT
2,5-dimethylfuran-3-thiol DFT
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It is contemplated that mixed disulfide conjugates of thienopyridine compounds
generated with such methods utilizing the genetically engineered variant of cytochrome P450
BM3 or CYP102A1 as a catalyst will suffice the need for large scale synthesis of the
conjugtes for drug development and production because production of the cis stereoisomer of
the conjugates is predictably generated at a higher yield than prior art methods. Furthermore
the reaction is performed at ambient temperature and atompheric pressure with short reaction
time. With the readily availability of synthesized conjugates, it is contemplated that use of the
mixed disulfide conjugates of thienopyridine compounds of the present invention as

antiplatelet agents will reduce the toxicity because toxic reactive metabolites are not produced
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by the thiol-exchange reaction. In addition, it is contemplated that the therapeutic onset time
for the mixed disulfide conjugates of thienopyridine compounds of the present invention will
be shortened, which greatly benefits patients who experience acute cardiovascular events. The
standard regimen for clopidogrel requires continuously dosing patients for 3-5 days because
only a small percentage of ingested clopidogrel are converted to the active metabolite. In
contrast, it is contemplated that the mixed disulfide conjugates of thienopyridine compounds
of the present invention can release the active metabolites with high yields in less than 30
min. In addition, it is contemplated that the mixed disulfide conjugates of thienopyridine
compounds of the present invention will have superior stability over the active metabolites
and therefore they can be used to quantitatively generate the active metabolites for basic and
clinical research in vitro.

The invention further relates to methods of treating, ameliorating, or preventing
cardiovascular disorders in a patient, such as those that are responsive to antiplatelet agents
(such as clopidogrel, ticlopidine, and prasugrel) comprising administering to a patient such
mixed disulfide conjugates of thienopyridine compounds (e.g., generated with methods
utilizing the genetically engineered variant of cytochrome P450 BM3 or CYP102A1 as a
catalyst). Such disorders include, but are not limited to, coronary artery disease, peripheral
vascular disease, and cerebrovascular disease. In some embodiments, the mixed disulfide
conjugates of thienopyridine compounds are used to inhibit platelet aggregation by, for
example, altering the function of platelet membranes by blocking ADP receptors (e.g.,
thereby preventing a conformational change of glycoprotein IIb/Illa which allows platelet
binding to fibrinogen). In some embodiments, the mixed disulfide conjugates of
thienopyridine compounds reduce aggregation ("clumping") of platelets by irreversibly
binding to P2Y 12 receptors. In some embodiments, the mixed disulfide conjugates of
thienopyridine compounds are used within pharmaceutical compostions configured for
intravenous (I'V) administration (e.g., in medical situations requiring I'V administration of
antiplate agents (e.g., coronary angioplasty)).

In some embodiments, the mixed disulfide conjugates of thienopyridine compounds
(e.g., generated with methods utilizing the genetically engineered variant of cytochrome P450
BM3 or CYP102A1 as a catalyst) are used to treat, ameliorate, or prevent cardiovascular
disorders in an animal (e.g., a mammalian patient including, but not limited to, humans and
veterinary animals), such as those that are responsive to antiplatelet agents (such as

clopidogrel, ticlopidine, and prasugrel) comprising administering to a patient a mixed
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disulfide conjugate of thienopyridine compound of the invention. Such disorders include, but
are not limited to, coronary artery disease, peripheral vascular disease, atherothrombosis, and
cerebrovascular disease. Indeed, in some embodiments, the mixed disulfide conjugates of
thienopyridine compounds (e.g., generated with methods utilizing the genetically engineered
variant of cytochrome P450 BM3 or CYP102A1 as a catalyst) are used to decrease platelet
aggregation and/or inhibit thrombus formation. In this regard, such diseases and pathologies
are amenable to treatment or prophylaxis using the present methods and mixed disulfide
conjugates of thienopyridine compounds.

In some embodiments, the mixed disulfide conjugates of thienopyridine compounds
(e.g., generated with methods utilizing the genetically engineered variant of cytochrome P450
BM3 or CYP102A1 as a catalyst) are used in the prevention of vascular ischemic events in
patients with symptomatic artherosclerosis. In some embodiments, the mixed disulfide
conjugates of thienopyridine compounds are used to treat or prevent acute coronary syndrome
without ST-segment elevation. In some embodiments, the mixed disulfide conjugates of
thienopyridine compounds are used for the prevention of thrombosis after placement of
intracoronary stent. In some embodiments, the mixed disulfide conjugates of thienopyridine
compounds are used to inhibit platelet aggregation by, for example, altering the function of
platelet membranes by blocking ADP receptors (e.g., thereby preventing a conformational
change of glycoprotein IIb/Illa which allows platelet binding to fibrinogen). In some
embodiments, the mixed disulfide conjugates of thienopyridine compounds reduce
aggregation ("'clumping") of platelets by irreversibly binding to P2Y 12 receptors. In some
embodiments, the mixed disulfide conjugates of thienopyridine compounds are used to
prolong bleeding time. In some embodiments, the mixed disulfide conjugates of
thienopyridine compounds are used to decrease incidence of stroke in high-risk patients.

In some embodiments, the present invention provides pharmaceutical compositions
comprising mixed disulfide conjugates of thienopyridine compounds (e.g., generated with
methods utilizing the genetically engineered variant of cytochrome P450 BM3 or CYP102A1
as a catalyst) configured for intravenous (IV) administration. In some embodiments, such
pharmaceutical compositions comprising mixed disulfide conjugates of thienopyridine
compounds configured for intravenous (IV) administration are used in the treatment,
amelioration and prevention of atherothrombosis. In some embodiments, such pharmaceutical
compositions comprising mixed disulfide conjugates of thienopyridine compounds

configured for intravenous (IV) administration are used for rapid inhibition of platelet
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aggregation. In some embodiments, such pharmaceutical compositions comprising mixed
disulfide conjugates of thienopyridine compounds configured for intravenous (IV)
administration are used during percutaneous coronary intervention procedures (e.g.,
coronoary angioplasty) for rapid inhibition of platelet aggregation. Indeed, anti-platelet
therapy is at the cornerstone of prevention and treatment of atherothrombosis. Platelet
activation by agonists such as plaque rupture and sheer pressure stress from stents plays an
important role in the development of atherothrombosis. Under certain clinical situations
where patients suffer acute cardiovascular syndromes or undergo percutaneous cardiovascular
intervention, rapid and complete inhibition of platelet aggregation is needed to prevent
cardiovascular deaths and ischemic complications. Such medical scenarios require
intravenous administration of anti-platelet agents that possess short onset time. However, this
is still an unmet medical need since the anti-platelet agents currently being used either have
slow onset time or cannot be administrated intravenously (see, e.g., Silvain, J., and
Montalescot, G., (2012) Circ. Cariovasc. Interv. 5:328-331). The mixed disulfide conjugates
of thienopyridine compounds of the present invention fulfill this unmet medical need as such
compounds can be administrated both orally and intravenously and possess short onset time.
Some embodiments of the present invention provide methods for administering an
effective amount of a mixed disulfide conjugate of a thienopyridine compound of the
invention (e.g., generated with methods utilizing the genetically engineered variant of
cytochrome P450 BM3 or CYP102A1 as a catalyst) and at least one additional therapeutic
agent (including, but not limited to, a therapeutic agent known to treat, ameliorate, or prevent
cardiovascular disorders), and/or therapeutic technique (e.g., a surgical intervention). A
number of therapeutic agents known to treat, ameliorate, or prevent cardiovascular disorders
are contemplated for use in the methods of the present invention. Indeed, the present
invention contemplates, but is not limited to, administration of numerous therapeutic agents
known to treat, ameliorate, or prevent cardiovascular disorders. Examples include, but are not
limited to, HMG-CoA reductase inhibitors (e.g., Atorvastatin (Lipitor), Pravastatin
(Pravachol)- Simvastatin (Zocor), Rosuvastatin (Crestor), Pitavastatin (Livalo), Lovastatin
(Mevacor, Altocor), Fluvastatin (Lescol)), ACE Inhibitors (e.g., Ramipril (Altace), Quinapril
(Accupril), Captopril (Capoten), Enalapril (Vasotec), Lisinopril (Zestril)), Calcium Channel
Blockers (e.g., Amlodipine (Norvasc), Nifedipine (Procardia), Verapamil (Calan), Felodipine
(Plendil), Diltiazem (Cardizem)), Platelet Aggregation Inhibitors (other than Ticlopidine,
Clopidogrel, and Prasugrel) (e.g., Abciximab (ReoPro), Aspirin, Warfarin (Coumadin),
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Heparin), Polyunsaturated Fatty Acids (e.g., Omega-3 polyunsaturated fatty acid (Fish Oil)),
Fibric Acid Derivatives (e.g., Fenofibrate (Tricor), Gemfibrozil (Lopid)), Bile Acid
Sequestrants (e.g., Colestipol (Colestid), Cholestyramine (Questran)), Antioxidants (e.g.,
Vitamin E), Nicotinic Acid Derivatives (e.g., Niacin (Niaspan), Thromboytic agents (e.g.,
Alteplase (Activase)), and Antianginal Agents (e.g., Ranolazine (Ranexa).

In some embodiments of the present invention, a mixed disulfide conjugate of
thienopyridine compound of the invention (e.g., generated with methods utilizing the
genetically engineered variant of cytochrome P450 BM3 or CYP102A1 as a catalyst) and one
or more additional therapeutic agent is administered to an patient under one or more of the
following conditions: at different periodicities, at different durations, at different
concentrations, by different administration routes, efc. In some embodiments, the mixed
disulfide conjugate of thienopyridine compound is administered prior to the additional
therapeutic agent, e.g., 0.5, 1, 2, 3, 4, 5, 10, 12, or 18 hours, 1, 2, 3, 4, 5, or 6 days, or 1, 2, 3,
or 4 weeks prior to the administration of the additional therapeutic agent. In some
embodiments, the mixed disulfide conjugate of thienopyridine compound is administered
after the additional therapeutic agent, e.g., 0.5, 1,2, 3,4, 5,10, 12, or 18 hours, 1, 2, 3,4, 5,
or 6 days, or 1, 2, 3, or 4 weeks after the administration of the additional therapeutic agent. In
some embodiments, the mixed disulfide conjugate of thienopyridine compound compound
and the additional therapeutic agent are administered concurrently but on different schedules,
e.g., the mixed disulfide conjugate of thienopyridine compound is administered daily while
the additional therapeutic agent is administered once a week, once every two weeks, once
every three weeks, or once every four weeks. In other embodiments, the mixed disulfide
conjugate of thienopyridine compound is administered once a week while the additional
therapeutic agent is administered daily, once a week, once every two weeks, once every three
weeks, or once every four weeks.

Compositions within the scope of this invention include all compositions wherein the
mixed disulfide conjugates of thienopyridine compounds of the present invention (e.g.,
generated with methods utilizing the genetically engineered variant of cytochrome P450 BM3
or CYP102A1 as a catalyst) are contained in an amount which is effective to achieve its
intended purpose. While individual needs vary, determination of optimal ranges of effective
amounts of each component is within the skill of the art. Typically, the compounds may be
administered to mammals, e.g. humans, orally at a dose of 0.0025 to 50 mg/kg, or an

equivalent amount of the pharmaceutically acceptable salt thereof, per day of the body weight
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of the mammal being treated for disorders responsive to induction of apoptosis. In one
embodiment, about 0.01 to about 25 mg/kg is orally administered to treat, ameliorate, or
prevent such disorders. For intramuscular injection, the dose is generally about one-half of the
oral dose. For example, a suitable intramuscular dose would be about 0.0025 to about 25
mg/kg, or from about 0.01 to about 5 mg/kg.

The unit oral dose may comprise from about 0.01 to about 1000 mg, for example,
about 0.1 to about 100 mg of the mixed disulfide conjugate of thienopyridine compound. The
unit dose may be administered one or more times daily as one or more tablets or capsules
each containing from about 0.1 to about 10 mg, conveniently about 0.25 to 50 mg of the
compound or its solvates.

In a topical formulation, the compound may be present at a concentration of about
0.01 to 100 mg per gram of carrier. In a one embodiment, the mixed disulfide conjugate of
thienopyridine compound compound is present at a concentration of about 0.07-1.0 mg/ml,
for example, about 0.1-0.5 mg/ml, and in one embodiment, about 0.4 mg/ml.

In addition to administering the mixed disulfide conjugate of thienopyridine
compound as a raw chemical, the compounds of the invention may be administered as part of
a pharmaceutical preparation containing suitable pharmaceutically acceptable carriers
comprising excipients and auxiliaries which facilitate processing of the compounds into
preparations which can be used pharmaceutically. The preparations, particularly those
preparations which can be administered orally or topically and which can be used for one type
of administration, such as tablets, dragees, slow release lozenges and capsules, mouth rinses
and mouth washes, gels, liquid suspensions, hair rinses, hair gels, shampoos and also
preparations which can be administered rectally, such as suppositories, as well as suitable
solutions for administration by intravenous infusion, injection, topically or orally, contain
from about 0.01 to 99 percent, in one embodiment from about 0.25 to 75 percent of active
compound(s), together with the excipient.

The pharmaceutical compositions of the invention may be administered to any patient
which may experience the beneficial effects of the mixed disulfide conjugates of
thienopyridine compounds of the invention. Foremost among such patients are mammals,
e.g., humans, although the invention is not intended to be so limited. Other patients include
veterinary animals (cows, sheep, pigs, horses, dogs, cats and the like).

The compounds and pharmaceutical compositions thereof may be administered by any

means that achieve their intended purpose. For example, administration may be by parenteral,
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subcutaneous, intravenous, intramuscular, intraperitoneal, transdermal, buccal, intrathecal,
intracranial, intranasal or topical routes. Alternatively, or concurrently, administration may be
by the oral route. The dosage administered will be dependent upon the age, health, and weight
of the recipient, kind of concurrent treatment, if any, frequency of treatment, and the nature of
the effect desired.

The pharmaceutical preparations of the present invention are manufactured in a
manner which is itself known, for example, by means of conventional mixing, granulating,
dragee-making, dissolving, or lyophilizing processes. Thus, pharmaceutical preparations for
oral use can be obtained by combining the active compounds with solid excipients, optionally
grinding the resulting mixture and processing the mixture of granules, after adding suitable
auxiliaries, if desired or necessary, to obtain tablets or dragee cores.

Suitable excipients are, in particular, fillers such as saccharides, for example lactose or
sucrose, mannitol or sorbitol, cellulose preparations and/or calcium phosphates, for example
tricalcium phosphate or calcium hydrogen phosphate, as well as binders such as starch paste,
using, for example, maize starch, wheat starch, rice starch, potato starch, gelatin, tragacanth,
methyl cellulose, hydroxypropylmethylcellulose, sodium carboxymethylcellulose, and/or
polyvinyl pyrrolidone. If desired, disintegrating agents may be added such as the above-
mentioned starches and also carboxymethyl-starch, cross-linked polyvinyl pyrrolidone, agar,
or alginic acid or a salt thereof, such as sodium alginate. Auxiliaries are, above all, flow-
regulating agents and lubricants, for example, silica, talc, stearic acid or salts thereof, such as
magnesium stearate or calcium stearate, and/or polyethylene glycol. Dragee cores are
provided with suitable coatings which, if desired, are resistant to gastric juices. For this
purpose, concentrated saccharide solutions may be used, which may optionally contain gum
arabic, talc, polyvinyl pyrrolidone, polyethylene glycol and/or titanium dioxide, lacquer
solutions and suitable organic solvents or solvent mixtures. In order to produce coatings
resistant to gastric juices, solutions of suitable cellulose preparations such as acetylcellulose
phthalate or hydroxypropylmethyl-cellulose phthalate, are used. Dye stuffs or pigments may
be added to the tablets or dragee coatings, for example, for identification or in order to
characterize combinations of active compound doses.

Other pharmaceutical preparations which can be used orally include push-fit capsules
made of gelatin, as well as soft, sealed capsules made of gelatin and a plasticizer such as
glycerol or sorbitol. The push-fit capsules can contain the active compounds in the form of

granules which may be mixed with fillers such as lactose, binders such as starches, and/or
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lubricants such as talc or magnesium stearate and, optionally, stabilizers. In soft capsules, the
active compounds are in one embodiment dissolved or suspended in suitable liquids, such as
fatty oils, or liquid paraffin. In addition, stabilizers may be added.

Possible pharmaceutical preparations which can be used rectally include, for example,
suppositories, which consist of a combination of one or more of the active compounds with a
suppository base. Suitable suppository bases are, for example, natural or synthetic
triglycerides, or paraffin hydrocarbons. In addition, it is also possible to use gelatin rectal
capsules which consist of a combination of the active compounds with a base. Possible base
materials include, for example, liquid triglycerides, polyethylene glycols, or paraffin
hydrocarbons.

Suitable formulations for parenteral administration include aqueous solutions of the
active compounds in water-soluble form, for example, water-soluble salts and alkaline
solutions. In addition, suspensions of the active compounds as appropriate oily injection
suspensions may be administered. Suitable lipophilic solvents or vehicles include fatty oils,
for example, sesame oil, or synthetic fatty acid esters, for example, ethyl oleate or
triglycerides or polyethylene glycol-400. Aqueous injection suspensions may contain
substances which increase the viscosity of the suspension include, for example, sodium
carboxymethyl cellulose, sorbitol, and/or dextran. Optionally, the suspension may also
contain stabilizers.

The topical compositions of this invention are formulated in one embodiment as oils,
creams, lotions, ointments and the like by choice of appropriate carriers. Suitable carriers
include vegetable or mineral oils, white petrolatum (white soft paraffin), branched chain fats
or oils, animal fats and high molecular weight alcohol (greater than Ci2). The carriers may be
those in which the active ingredient is soluble. Emulsifiers, stabilizers, humectants and
antioxidants may also be included as well as agents imparting color or fragrance, if desired.
Additionally, transdermal penetration enhancers can be employed in these topical
formulations. Examples of such enhancers can be found in U.S. Pat. Nos. 3,989,816 and
4,444,762,

Ointments may be formulated by mixing a solution of the active ingredient in a
vegetable oil such as almond oil with warm soft paraffin and allowing the mixture to cool. A
typical example of such an ointment is one which includes about 30% almond oil and about

70% white soft paraffin by weight. Lotions may be conveniently prepared by dissolving the
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active ingredient, in a suitable high molecular weight alcohol such as propylene glycol or
polyethylene glycol.

One of ordinary skill in the art will readily recognize that the foregoing represents
merely a detailed description of certain preferred embodiments of the present invention.
Various modifications and alterations of the compositions and methods described above can
readily be achieved using expertise available in the art and are within the scope of the

invention.

EXPERIMENTAL

Example 1.
This example describes stereo-selective synthesis of heterocyclic conjugates of
thienopyridine compounds.

The following synthetic reaction scheme:

R, R
BM3
mo + RIGH g "CKCOOH
NADPH
R; 8 R, S-SR,
R1, Clor F

R2 = H, -CODCH3, -COCHCH2CH2
R3 = heterocyclic thiol

proceeded by mixing reactants 2-oxo thienopyridine and heterocyclic thiols in the presence of
reducing reagent NADPH or NADH and BM3 as catalyst. The reaction did not require any
special reactors and apparatus, nor did it require high temperature and pressure usually
needed for chemical synthesis. The reaction went completion at ambient temperature in less
than 60 min. A range of heterocyclic thiols were tested including, but not limited to, the

following shown in Table 1.

Table 1. Abbreviation
Chemical Name

3-nitropyridine-2-thiol NPT
2-mercaptopyridine MP
2-mercapto-6-methylpyridine MMP
5-chloropyridine-2-thiol 5-CPT
2-mercapto-5-trifluoromethyl-pyridine 5-TMP
3-(trifluoromethyl)pyridine-2-thiol 3-TMP
2-mercaptopyridine-3-carbonitrile MPC
4,6-dimethyl-2-thioxo-1,2-dihydropyridine-3-carbonitrile | DTDC
2-quinolinethiol QT

24



10

15

20

25

30

WO 2019/152679 PCT/US2019/016099

1-amino-3-mercaptoisoquinoline AMP
6-chloropyridazine-3-thiol CPT
2,5-dimethylfuran-3-thiol DFT

Fig. 1 shows the results of HPLC analysis for formation of mixed disulfide conjugate
of clopidogrel with five representative compounds. The latter “S” stands for the elution peak
of reactant (+)-2-oxo-clopidogrel while the asterisk stands for observed stereoisomer products
with respective thiols. As expected, only 2-oxoclopidogrel was detected at 254 nm in the
control sample where NADPH is absent. In the presence of NADPH, product peaks marked
by asterisks are observed, indicative of product formation as illustrated in the above synthetic
reaction scheme. It has been previously reported that metabolism of (£)-2-oxo-clopidogrel in
the presence of non-cyclic thiols produces two pairs of product peaks including both trans
and cis pairs (see, e.g., Zhang, H., Lauver, D. A, and Hollenberg, P. F. (2014) Thromb.
Haemost. 112, 1304-1311). As shown in the above synthetic reaction scheme, four
stereoisomers were observed at 350 nm, where 2-oxo-clopidogrel does not absorb, in the
presence of glutathione (GSH). Two of the four stereoisomers co-eluted with 2-oxo-
clopidogrel. In the test set of heterocyclic thiols only a single or a pair of product peaks was
observed, indicating that reaction is stereo-selective for cis products as previously
demonstrated (see, e.g., Zhang, H., Lauver, D. A., and Hollenberg, P. F. (2014) Thromb.
Haemost. 112, 1304-1311). Structural analysis by X-ray crystallography also confirmed the
cis conformation. The stereo-selectivity was also demonstrated in the case of 3-TMT and 5-
TMP. The two heterocyclic thiols were identical except for the position of —CF3 group.
However in the presence of 3-TMT the amount of product was over ten-fold more than that in
the presence of 5-TMP.

Fig. 2 shows HPLC analyses of products of mixed disulfide conjugate of clopidogrel.
The reaction was performed by mixing (+)-2-oxoclopidogrel, heterocyclic thiol, rat LM, and
NADPH at 25 °C for 20 min.

In comparison, the yields of synthesis in rat liver microsomes (LM) are significantly
less than in BM3 for all the test compounds listed in Table 1. For example, in the case of
NPT and QT, the amount of the product is over ten-fold less in rat LM compared with in
BM3 as shown in Fig. 1. It is clear that synthesis in BM3 is superior to rat LM with respect to
yield and stereo-selectivity. Quantitative analysis shows that ~80 mg NPT conjugate can be

produced from one liter of reaction mixture as shown in Fig. 3.

Example II.
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This example describes the genetic engineering of BM3 variants to enhance the

productivity of synthesizing mixed disulfide conjugates of thienopyridine compounds.

Improving over-expression of BM3 in bacterial cells.

Experiments were conducted that optimized gene expression of BM3 by re-designing
the cDNA of BM3. The re-designed cDNA optimize codon usage for over-expression in
bacteria and eliminated structural barriers for transcription. The optimized cDNA for
genetically engineered variant of cytochrome P450 BM3 or CYP102A1 is shown in Fig. 4
and encodes 1054 amino acid residues including a hexaHis tag at N-terminus for affinity

purification if needed.

Over-expression of BM3 in bacterial cells.

After cloning the cDNA of BM3 to various vectors such as pCWori, pET28, and
pLWOI, experiments were conducted that over-expressed BM3 from the constructed plasmid
in various bacterial cells including BL21(DE3), C41(DE3), Topp3, and DHS5a. The plasmids
were transformed to these cells and expressed in Terric Broth media in the presence of
ampicillin for 16 hours at 30 °C after induction by 0.6 mM isopropyl p-D-1-
thiogalactopyranoside. A high level of expression was achieved at 0.5-1 g BM3 protein per
liter of cell culture. For synthesis of the conjugates only cytosolic fraction of bacterial cells

was required and there was no need to purify BM3 by chromatography.

BM3 mutants with enhanced activity for synthesis of mixed disulfide conjugates of

thienopyridines with heterocyclic thiols.

The natural substrate of BM3 is long chain fatty acid and thus it shows little activity
for small molecule drugs. Thus BM3 was engineered by site-directed mutagenesis and direct
evolution to select BM3 variants for synthesis of mixed disulfide conjugates of
thienopyridines compounds.

After screening a library of BM3 mutants, experiments were conducted that identified
“s” number of BM3 variants exhibiting activity for synthesis of mixed disulfide conjugate of
thienopyridines compounds. These mutants are listed in Table 2 (variants of wild type amino
acid sequence shown in Fig. 4B). The activity was normalized to that of Variant M1. Seven
of these variants show activity for synthesis of mixed disulfide conjugate of thienopyridines

compounds as shown in Table 3.
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Table 2. BM3 mutants possessing activity for producing mixed
disulfide conjugate of thienopyrdine compounds. The mutants were
enerated by either random mutagenesis or rational design.

BM3 Mutants Mutations
Ml A82F
5 M2 A82F/L188Q

M3 A82F/L188Q/R47L
M4 A82F/L188Q/R47L/F87V
M5 A82F/F87V
M6 A82F/F87V/R47L
M7 A82F/F87V/L188Q

10 M8 AS2F/R47L
M9 R47L/F87V/L188Q
MI18 A82F/T365N
M27 A82F/F87V/L188Q/H116Q
M29 A82F/F87V/L188Q/K31T

15 M31 A82F/F87V/L188Q/S56R/A1358

2 M32 A82F/F87V/L188Q/V299D/1458F/P481H

M34 A82F/W1046A
M35 A82F/L188Q/R47L/F87V/W1046A
M36 A82F/F87V/L188Q/W1046A
M37 A82F/F87V/L188Q/W1046L

20 M40 A82F/F87V/L188Q/K31T/W1046A

25

Table 3. Reactions were performed in the presence of 0.25 uM BM3.

Variant | Yield (mg/L)
Ml 18
M4 9.2
M7 33.1
M9 21.4
M13 14.1
M16 8.8
M37 16.7
Example III.

This example describes the construction, over-expression, and purification of various
30  forms of CYP102A1.
The cDNA sequence encoding a full-length CYP102A1 A82F mutant gene was
synthesized by Blue Heron Biotechnology (Bothell, WA). The coding region was then cloned
to a pCWori vector using a pair of Ndel/Notl restriction sites. To facilitate purification, a
hexa-His tag (6xHistag) sequence was introduced to the N-terminus after the start codon
35  ATG to construct the plasmid of pCW-CYP102A1A82F6xHis. Truncated and FLAG-tagged
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CYP102A1 were constructed by polymerase chain reaction (PCR) using pCW-
CYP102A1A82F6xHis as template DNA and a pair of primers.

All forms of CYP102A1 constructs were over-expressed in C41(DE3) cells in the
presence of 0.1 mg/mL ampicillin. In brief, a single colony from the C41(DE3) cells
transformed with the pCWori plasmid containing the desired gene was inoculated to 50 mL
Luria-Bertani (LB) medium and the culture was grown at 30 °C/180 rpm overnight. An
aliquot of 10 mL of the LB culture was used to inoculate 1 L Terric Broth (TB) medium. The
TB medium was grown for 6 hr and over-expression of CYP102A1 was induced by the
addition of 0.6 mM Isopropyi B-D-1-thiogalactopyranoside {IPTG) and 0.5 mM §-
aminolevulinic acid. The induced cells were continued to grow for 16 hr at 30 °C and then
harvested by centrifugation at 2,500 g for 25 min. All proteins were purified with a Histrap
HP column (5 mL, GE Health Sciences) as reported previously (see, e.g., Zhang, H., et al.,
(2013) Biochemistry 52, 355-364). The purified proteins were desalted to 0.1 M KPi/15%
glycerol buffer (pH 7.4) using PD-10 columns (GE Health Sciences) and stored in aliquots at
-80 °C until use.

Having now fully described the invention, it will be understood by those of skill in the
art that the same can be performed within a wide and equivalent range of conditions,
formulations, and other parameters without affecting the scope of the invention or any
embodiment thereof. All patents, patent applications and publications cited herein are fully

incorporated by reference herein in their entirety.

INCORPORATION BY REFERENCE
The entire disclosure of each of the patent documents and scientific articles referred to

herein is incorporated by reference for all purposes.

EQUIVALENTS

The invention may be embodied in other specific forms without departing from the
spirit or essential characteristics thereof. The foregoing embodiments are therefore to be
considered in all respects illustrative rather than limiting the invention described herein.
Scope of the invention is thus indicated by the appended claims rather than by the foregoing
description, and all changes that come within the meaning and range of equivalency of the

claims are intended to be embraced therein.
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