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PSILOCYBIN AND PSILOCYBIN ANALOGS, AND ENZYMATIC METHODS OF 

PRODUCTION RELATED THERETO 

FIELD 

[0001] The present disclosure relates generally to psilocybin and psilocybin analogs, and 

more specifically to immobilized enzymatic approach to alkylating tryptamines for production of 

such compounds. 

BACKGROUND 

[0002] Psilocybin, the psychoactive compound found in various members of the Psilocybe 

genus colloquially known as ‘magic mushrooms’, has regained a resurgence in the medical 

research community in the last decade as a potential treatment for major depressive disorder 

(MDD) and treatment-resistant depression (TRD). Research into the compound’s potential 

therapeutic benefits was greatly stifled by legislative restrictions that set psilocybin and other 

psychedelic compounds as Schedule I substances during the 1960s.  However, recent 

advancements have led to the United States Food and Drug Administration granting two 

“Breakthrough Therapy” designations to psilocybin. Clinical trials for the use of psilocybin for 

substance use disorders and existential distress from cancer are underway as well. 

[0003] With these new developments, the demand for psilocybin, that conforms to Current 

Good Manufacturing Practices (cGMP) for pharmaceutical purposes, is on the rise. The majority 

of pure psilocybin used in clinical trials have been sourced from methodologies relying on multi-

gram to kilogram-scale organic syntheses. However, there are challenges in sustaining increased 

scale in the protocols.  Such challenges include, for example, a) the need for strong kinetic 

control over reaction conditions to limit side reactions, b) difficulties in workup conditions due 

to instability of intermediates, c) the use of toxic reagents and their associated byproducts, and d) 

limited yield. 

[0004] Thus, what is desired in the art are alternative methods to produce psilocybin and 

psilocybin analogs. 
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BRIEF SUMMARY 

[0005] In some aspects, provided is an immobilized enzyme pathway for constructing 

structural analogs of psilocybin at the dimethylamine moiety.   

[0006] In certain aspects, provided is a psilocybin analog of formula (P): 

 (P),  

or a salt thereof, wherein R1, R2 and R3 are as described herein. 

[0007] In other aspects, provided is a method of producing a psilocybin analog of formula 

(P), or a salt thereof.  In some embodiments, the method comprises: 

 a) providing a main column comprising a co-immobilized enzyme cascade system, 

wherein kinase PsiK is co-immobilized with methyltransferase PsiM; and 

b) flowing a solution comprising: 

• 4-hydroxy-7-R1-tryptamine analog of formula (T3): 

 (T3), or a salt thereof; 

• L-methionine (S1): 
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 (S1), or a salt thereof; 

• HS-R2 and HS-R3, wherein R2 and R3 are the same or different; 

• adenosine triphosphate (ATP); and  

• at least one coenzyme, 

through the main column.  In some embodiments, the aforementioned steps lead to:  

i) producing 4-phosphoryloxy-7-R1-tryptamine analog of formula (T4) from T3: 

O
P

HO
O

HO

NH

R1

NH2

 (T4), or a salt thereof, 

ii) producing 2-amino-4-(R2-thio)butanoic acid (S2-R2) and 2-amino-4-(R3-

thio)butanoic acid (S2-R3) from S1: 

 (S2-R2) and  (S2-R3), or 

a salt thereof; 

iii) producing S-adenosyl-L-methionine analog (SAR2) and S-adenosyl-L-methionine 

analog (SAR3): 
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 (SAR2) and 

HO

O

NH2

S
+

R3

O

OH

OH

N
N

N
N

NH2

 (SAR3), or a salt thereof; 

iv) alkylating the 4-phosphoryloxy-7-R1-tryptamine analog of formula (T4) in the 

presence of SAR2 and SAR3 to produce 4-phosphoryloxy-7-R1-N-R2-tryptamine 

analog of formula (T5) and the psilocybin analog of formula (P): 

O
P

NH

O

HO

HO

R1

HN
R2

 (T5) and  (P), or a salt 

thereof. 

[0008] In other embodiments, the method comprises: 



  38584-30001.00 

5 

 MF-363081913  

i) providing 4-phosphoryloxy-7-R1-tryptamine analog of formula (T4) as described 

herein, or a salt thereof;  

ii) providing S-adenosyl-L-methionine analog (SAR2) and S-adenosyl-L-methionine 

analog (SAR3) as described above; and 

iii) alkylating T4 in the presence of SAR2 and SAR3 to produce 4-phosphoryloxy-7-

R1-N-R2-tryptamine analog of formula (T5) as described herein and the 

psilocybin analog of formula (P), or a salt thereof. 

DESCRIPTION OF THE FIGURES  

[0009] The present application can be understood by reference to the following description 

taken in conjunction with the accompanying figures. 

[0010] FIG. 1 depicts an exemplary scheme to produce psilocybin and structural analogs of 

psilocybin via a tryptamine analog. 

[0011] FIGS. 2A and 2B depict exemplary schemes to produce S-adenosyl-L-methionine 

analogs, which are used as co-factors in the synthesis of psilocybin and structural analogs of 

psilocybin via a tryptamine analog, including as depicted in FIG. 1 above. 

[0012] FIG. 3 depicts an exemplary scheme to produce a tryptophan analog that serves as the 

first building block in the exemplary scheme depicted in FIG. 1.   

DETAILED DESCRIPTION 

[0013] The following description sets forth exemplary methods, parameters, compounds and 

compositions, and the like.  It should be recognized, however, that such description is not 

intended as a limitation on the scope of the present disclosure but is instead provided as a 

description of exemplary embodiments. 

[0014] Psilocybin is produced by various species of the Psilocybe genus, with special focus 

on high-yielding species Psilocybe cubensis and Psilocybe cyanescens, through a multi-step 

cascade involving a four-enzyme pathway. Namely, L-tryptophan first undergoes a 

decarboxylation reaction via putative decarboxylase PsiD to form tryptamine. This intermediate 
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undergoes hydroxylation via putative hydrolase PsiH to generate 4-hydroxytryptamine, followed 

by phosphorylation by putative kinase PsiK to norbaeocystin. Two methylation steps achieved 

by methyltransferase PsiM yields psilocybin.  

[0015] Methyltransferase PsiM relies on the presence of endogenous co-factor S-adenosyl-L-

methionine (SAM) to provide the needed methyl groups to undergo the final methylation step. 

Modification of SAM, either biochemically or synthetically, can yield analogs that transfer alkyl 

groups beyond the methyl group.  

[0016] In some embodiments, the production methods provided herein use a co-immobilized 

enzyme cascade system in which aromatic aldehyde synthase IasA from Psilocybin mexicana, 

gene edited at Phe329 into tyrosine, is co-immobilized with kinase PsiK and methyltransferase 

PsiM. Additionally, S-adenosyl-L-homocysteine nucleosidase (MtnN) and adenine deaminase 

(Ade) are also immobilized onto the column to remove S-adenosyl-L-homocysteine, a byproduct 

of SAM methylation that inhibits PsiM activity. Methionine-coupling enzyme, O-acetyl-L-

homoserine sulfhydrolase (OAHS), and L-methionine adenosyltransferase (MAT) are 

additionally immobilized onto the column to generate the L-methionine analog and S-adenosyl-

L-methionine analog, respectively. A solution of precursors and cofactors of the desired alkyl 

thiol analog, 4-hydroxy-L-tryptophan, L-methionine, adenosine triphosphate (ATP), and 

pyroxidal phosphate (PLP) flow through the immobilized column and yield the desired 

psilocybin analog.  

[0017] In some variations, the immobilized enzyme system provides a clean, simple means 

in which to separate the desired product from the milieu, using magnetic beads as the core of the 

immobilization substrate that can be removed using a magnet and later washed for future 

reactions.  

[0018] In certain embodiments, the production methods further include the separate 

enzymatic production and isolation of the L-methionine analog via L-methionine, the alkyl thiol 

analog, and the OAHS to avoid co-reaction of L-methionine in the enzyme cascade to form 

psilocybin as a side product. The L-methionine analog is then used as a precursor for the above 

immobilized enzyme column reaction, without OAHS as one of the immobilized enzymes. 
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[0019] Additionally, in certain embodiments, the SAM analog is constructed in a separate 

immobilized enzyme cascade containing the two enzymes OAHS and MAT and isolated, 

purified, and then reacted in the above immobilized enzyme embodiment, without OAHS and 

MAT.  In one embodiment, the desired SAM analog may be obtained from any commercially 

available sources or chemically synthesized according to methods known in the art as the 

precursor for the enzymatic cascade.  

[0020] Furthermore, in some embodiments, a set of gene cassettes or a polycistronic gene 

embedded in a single mRNA strand is inserted into a workhorse microorganism (e.g., 

Escherichia coli, Saccharomyces cerevisiae, Aspergillus nidulans, etc.) to express the above 

enzyme systems with the accompanied production of the psilocybin analog. In such embodiment, 

the Psilocybe cytochrome P450 oxidase psiH gene for tryptamine 4-hydroxylation is included in 

the gene cassettes or polycistronic gene system to endogenously form 4-hydroxy-L-trytophan.  

[0021] This enzyme is excluded from the above immobilized enzyme cascades due to the 

inherent insolubility and poor activity of PsiH. Additionally, in other embodiments, the desired 

alkyl thiol analog is added to the culture media such that the workhorse species uptakes the thiol 

and incorporates it into the formation of the L-methionine analogs and subsequent psilocybin 

biosynthesis.  

[0022] In other embodiments, the production methods further involve incorporating 

tryptophan synthetase (TrpB) into the immobilized enzyme cascade, and using L-serine as a 

building block to produce the tryptophan analog.  FIG. 3 represents an exemplary scheme to 

produce the tryptophan analog, that serves as the first building block in the exemplary scheme 

depicted in FIG. 1.   

[0023] It should be understood that to produce 7-R1-tryptophan analog as depicted in FIG. 1, 

a suitable R1-substituted indole may be used with L-serine in accordance with the scheme in FIG. 

3.  Following the biosynthesis of psilocybin derivatives substituted at the more facile 6 or 7 

positions with the halogen series (e.g., fluorine, chlorine, bromine, iodine) or the methoxy 

substituent with point mutation or directed evolution of TrpB to accommodate the additional 

bulk of these substituents, this may additional analogs for each dimethylamine dialkyl variant 

driven by the alkyltransferase OAHS/MAT system. In some variations, these enzymes can either 
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be expressed, purified, and immobilized into a single biosynthetic system or inserted into a 

workhorse microorganism for bioreactor scale up and production. 

[0024] The immobilized enzyme system described herein provides an avenue for rapid scale-

up of the specific psilocybin analogs suitable for viable post-screening, for future animal studies 

and clinical trials, in a cGMP-compliant manner. 

[0025] In some aspects, the methods described herein may be employed to produce a 

psilocybin analog of formula (P): 

 (P),  

or a salt thereof, wherein: 

 R1 is alkyl, haloalkyl, alkoxy, haloalkoxy, or halo; 

 each R2 and R3 is independently an aliphatic or aromatic moiety, 

  wherein the aliphatic or aromatic moiety is unsubstituted or substituted with one 

or more substituents independently selected from the group consisting of halo, -OH, -COOH, -

COO(alkyl), -SO3H, -CN, -NRaRb, and -NO2,  

wherein each of Ra and Rb is independently H, alkyl, -C(=O)H, or -

C(=O)(alkyl), or 

wherein the aliphatic moiety is substituted with an aromatic moiety, wherein the 

aromatic moiety is unsubstituted or substituted as described above. 

[0026] In some embodiments, R1 is alkyl.  In one variation, R1 is methyl. As used herein, 

“alkyl” refers to a monoradical unbranched or branched saturated hydrocarbon chain.  In some 

embodiments, alkyl has 1 to 20 carbon atoms (i.e., C1-20 alkyl), 1 to 8 carbon atoms (i.e., C1-8 

alkyl), 1 to 6 carbon atoms (i.e., C1-6 alkyl), or 1 to 4 carbon atoms (i.e., C1-4 alkyl).  Examples of 
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alkyl groups include methyl, ethyl, propyl, isopropyl, n-butyl, sec-butyl, tert-butyl, pentyl, 2-

pentyl, isopentyl, neopentyl, hexyl, 2-hexyl, 3-hexyl, and 3-methylpentyl.  When an alkyl residue 

having a specific number of carbons is named, all geometric isomers having that number of 

carbons may be encompassed; thus, for example, “butyl” can include n-butyl, sec-butyl, isobutyl 

and t-butyl; “propyl” can include n-propyl and isopropyl.  In some embodiments, “C1+alkyl” 

refers to alkyl having at least 1 carbon atom, and includes, for example, methyl, ethyl, propyl, 

etc.  Similarly, “C2+alkyl” refers to alkyl having at least 2 carbon atoms, and includes, for 

example, ethyl, propyl, butyl, etc.  In one variation, the alkyl is a C1-4 alkyl. 

[0027] In other embodiments, R1 is alkoxy.  In one variation, R1 is methoxy. 

[0028] In other variations, the alkyl present in the alkyl, haloalkyl, alkoxy, or haloalkoxy of 

R1 is a C1-10, or C1-4 alkyl.  In one variation, the alkyl present in the alkyl, haloalkyl, alkoxy, or 

haloalkoxy of R1 is methyl.   

[0029] In yet other embodiments, R1 is halo.  In certain embodiments, R1 is F, Cl, Br or I. 

[0030] In yet other embodiments, R1 is haloalkyl or haloalkoxy.  “Haloalkyl” refers to an 

unbranched or branched alkyl group as defined above, wherein one or more hydrogen atoms are 

replaced by a halogen.  For example, where a residue is substituted with more than one halogen, 

it may be referred to by using a prefix corresponding to the number of halogen moieties attached.  

Examples of a haloalkyl group include difluoromethyl (-CHF2) and trifluoromethyl (-CF3).  It 

should be understood that trifluoromethyl (-CF3) may also be referred to as perfluoromethyl. 

[0031] In some embodiments, R2 and R3 are the same. In other embodiments, R2 and R3 are 

different. 

[0032] In some embodiments, each R2 and R3 is independently an aliphatic moiety.  

“Aliphatic” refers to an unbranched or branched group that does not have an aromatic ring. 

Aliphatic moieties may include alkyl (single bonds), alkenyl (double bonds) or alkynyl (triple 

bonds). In certain embodiments, each R2 and R3 is independently alkyl or alkenyl.  In some 

variations, the foregoing, each R2 and R3 is unsubstituted or substituted with one or more 

substituents.   
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[0033] In other embodiments, each R2 and R3 is independently an aromatic moiety. 

“Aromatic moiety” includes monocyclic and polycyclic ring systems in which at least one of the 

rings is aromatic.  In some variations, the aromatic ring system may be fused or unfused, in the 

case of a polycyclic ring system.  In some variations, an aromatic ring system may include one or 

more heteroatoms in one or more rings, and the aromatic ring system is a heteroaromatic ring 

system.  In certain embodiments, each R2 and R3 is independently phenyl, pyridinyl, furanyl, 

imidazolyl, benzothiazolyl, benzoimidazolyl. 

[0034] In certain embodiments, each R2 and R3 is independently alkyl substituted with an 

aromatic moiety which may be optionally substituted as described above.  In some variations, the 

aromatic moiety is unsubstituted. In variations, the aromatic moiety is substituted with one or 

more substituents independently selected from the group consisting of halo, -OH, -COOH, -

COO(alkyl), -SO3H, -CN, -NRaRb, and -NO2, wherein each of Ra and Rb is independently H, 

alkyl, -C(=O)H, or -C(=O)(alkyl). 

[0035] The term “substituted”, in some variations, means that any one or more hydrogen 

atoms on the designated atom or group is replaced with a moiety other than hydrogen, provided 

that the designated atom’s normal valence is not exceeded. In some variations, suitable 

substituents include -OH, -COOH, -COO(alkyl), -SO3H, -CN, -NRaRb, and -NO2, wherein each 

of Ra and Rb is independently H or alkyl.   

[0036] In some embodiments, each R2 and R3 is independently: 

, , , , , 

, , , , , 

, , , , , 
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, , , , , 

, , , , , 

, , , , or  . 

[0037] The symbol  whether as a bond or displayed perpendicular to a bond indicates 

the point at which the displayed moiety is attached to the remainder of the molecule. 

[0038] In some variations of the foregoing, the psilocybin analog of formula (P) is other than 

psilocybin or a salt thereof.  In other variations of the foregoing, R2 and R3 are not both methyl. 

[0039] In another aspect, provided is a psilocybin analog selected from any of the 

compounds in Table 1 below, or a salt thereof.  Table 1 also specifies the corresponding core, 

amine substituent(s), substituent formula and precursor. 

[0040] In certain aspects, provided is a pharmaceutical composition comprising a psilocybin 

analog of formula (P) as described herein, or a pharmaceutically acceptable salt thereof; and at 

least one pharmaceutically acceptable excipient.  The term “pharmaceutically acceptable salts” 

includes salts of the active compounds prepared with relatively nontoxic acids or bases, 

depending on the particular substituents found on the compounds described herein. 
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EXAMPLES 

[0041] The presently disclosed subject matter will be better understood by reference to the 

following Examples, which are provided as exemplary of the invention, and not by way of 

limitation. 

Example 1 

[0042] The enzymes IsaA, PsiK, PsiM, MtnN, Ade, OAHS, and MAT are individually 

expressed in E. coli. The enzymes are isolated from each recombinant E. coli¸ and immobilized 

onto substrate beads. A 1 mL solution composed of 50 mM TRIS-HCl buffer (pH 8), 100 µM 

ATP, 250 µM, 300 µM SAM, 300 µM alkylmercaptan (according to the desired analog as 

described herein), 5 µM PLP, and 50 µM 4-hydroxy-L-tryptophan is prepared. To the mixture is 

added 20 µL suspension of the immobilized enzyme beads. The reaction proceeds for 8 hours 

and shaken at 200 rpm at room temperature. The suspension is then centrifuged and decanted to 

isolate the supernatant. The supernatant is frozen and lyophilized, with the impure solutes 

redissolved in 100 µL methanol. 

[0043] The methanolic solution containing the desired products is analyzed for the desired 

analog using an appropriate UHPLC-MS instrument equipped with a diode array detector (DAD) 

and linked to a quadruple mass detector. The chromatograph is fitted with a guard column and a 

column with the following dimensions: 100 x 2.1 mm, 2.7 µm particle size. The column is 

heated to 35 degrees Celsius and charged with a linear gradient flow of 0.6 mL per minute, using 

a solvent solution of 0.1% aqueous formic acid (Solvent A) and neat methanol (Solvent B). The 

initial 0-4 minutes targets 2% of Solvent B as a linear gradient, followed by a linear gradient 

target at 100% of Solvent B after 10 minutes.
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CLAIMS 

What is claimed is: 

1. A method of producing a psilocybin analog of formula (P): 

 (P),  

or a salt thereof, wherein: 

 R1 is alkyl, haloalkyl, alkoxy, haloalkoxy, or halo; 

 each R2 and R3 is independently an aliphatic or aromatic moiety, 

  wherein the aliphatic or aromatic moiety is unsubstituted or substituted with one 

or more substituents independently selected from the group consisting of halo, -OH, -COOH, -

COO(alkyl), -SO3H, -CN, -NRaRb, and -NO2,  

wherein each of Ra and Rb is independently H, alkyl, -C(=O)H, or -

C(=O)(alkyl), or 

wherein the aliphatic moiety is substituted with an aromatic moiety, wherein the 

aromatic moiety is unsubstituted or substituted as described above, 

the method comprising: 

 a) providing a main column comprising a co-immobilized enzyme cascade system, 

wherein kinase PsiK is co-immobilized with methyltransferase PsiM; and 

b) flowing a solution comprising: 

• 4-hydroxy-7-R1-tryptamine analog of formula (T3): 
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 (T3), or a salt thereof; 

• L-methionine (S1): 

 (S1), or a salt thereof; 

• HS-R2 and HS-R3, wherein R2 and R3 are the same or different; 

• adenosine triphosphate (ATP); and  

• at least one coenzyme, 

through the main column, thereby:  

v) producing 4-phosphoryloxy-7-R1-tryptamine analog of formula (T4) from T3: 

O
P

HO
O

HO

NH

R1

NH2

 (T4), or a salt thereof, 

vi) producing 2-amino-4-(R2-thio)butanoic acid (S2-R2) and 2-amino-4-(R3-

thio)butanoic acid (S2-R3) from S1: 
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 (S2-R2) and  (S2-R3), or 

a salt thereof; 

vii) producing S-adenosyl-L-methionine analog (SAR2) and S-adenosyl-L-methionine 

analog (SAR3): 

 (SAR2) and 

HO

O

NH2

S
+

R3

O

OH

OH

N
N

N
N

NH2

 (SAR3), or a salt thereof; 

viii) alkylating the 4-phosphoryloxy-7-R1-tryptamine analog of formula (T4) in the 

presence of SAR2 and SAR3 to produce 4-phosphoryloxy-7-R1-N-R2-tryptamine 

analog of formula (T5) and the psilocybin analog of formula (P): 
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O
P

NH

O

HO

HO

R1

HN
R2

 (T5) and  (P), or a salt 

thereof. 

2. The method of claim 1, wherein (iii) S-adenosyl-L-homocysteine nucleosidase (MtnN) 

and (iv) adenine deaminase (Ade) are further immobilized onto the main column to remove S-

adenosyl-L-homocysteine. 

3. The method of claim 1 or 2, wherein (v) O-acetyl-L-homoserine sulfhydrolase (OAHS) 

and (vi) L-methionine adenosyltransferase (MAT) are further immobilized onto the main column 

to generate the L-methionine analog and S-adenosyl-L-methionine (SAM) analog, respectively. 

4. The method of claim 1 or 2, wherein (v) O-acetyl-L-homoserine sulfhydrolase (OAHS) 

and (vi) L-methionine adenosyltransferase (MAT) are provided in a side column comprising a 

separate immobilized enzyme cascade to produce the SAM analog, and the method further 

comprises: 

isolating the SAM analog from the side column; and 

flowing the isolated SAM analog the through the main column to produce the psilocybin 

analog of formula (P), or a salt thereof. 

5. The method of claim 1, wherein the co-immobilized enzyme cascade system uses 

magnetic beads as the immobilization substrate. 

6. The method of claim 1 or 2, further comprising separating enzymatic production and 

isolation of the L-methionine analog via L-methionine, the S-adenosyl-L-methionine (SAM) 

analog, and the OAHS to minimize or avoid co-reaction of L-methionine in the enzyme cascade 

to form psilocybin as a side product.  
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7. The method of claim 4, further using the isolated L-methionine analog as a precursor for 

the co-immobilized enzyme cascade system, without OAHS as one of the immobilized enzymes. 

8. A method of producing a psilocybin analog of formula (P): 

 (P),  

or a salt thereof, wherein: 

 R1 is alkyl, haloalkyl, alkoxy, haloalkoxy, or halo; 

 each R2 and R3 is independently an aliphatic or aromatic moiety, 

  wherein the aliphatic or aromatic moiety is unsubstituted or substituted with one 

or more substituents independently selected from the group consisting of halo, -OH, -COOH, -

COO(alkyl), -SO3H, -CN, -NRaRb, and -NO2,  

wherein each of Ra and Rb is independently H, alkyl, -C(=O)H, or -

C(=O)(alkyl), or 

wherein the aliphatic moiety is substituted with an aromatic moiety, wherein the 

aromatic moiety is unsubstituted or substituted as described above, 

the method comprising: 

i) providing 4-phosphoryloxy-7-R1-tryptamine analog of formula (T4): 
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O
P

HO
O

HO

NH

R1

NH2

 (T4), or a salt thereof, 

ii) providing S-adenosyl-L-methionine analog (SAR2) and S-adenosyl-L-methionine 

analog (SAR3): 

 (SAR2) and 

HO

O

NH2

S
+

R3

O

OH

OH

N
N

N
N

NH2

 (SAR3), or a salt thereof; and 

iii) alkylating T4 in the presence of SAR2 and SAR3 to produce 4-phosphoryloxy-7-

R1-N-R2-tryptamine analog of formula (T5) and the psilocybin analog of formula 

(P): 
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O
P

NH

O

HO

HO

R1

HN
R2

 (T5) and  (P), or a 

salt thereof. 

9.  The method of claim 8, wherein T4 is produced by phosphorylating 4-hydroxy-7-R1-

tryptamine analog of formula (T3): 

(T3), or a salt thereof, 

in the presence of PsiK and ATP. 

10. The method of claim 9, wherein T3 is produced by oxidizing 7-R1-tryptamine analog of 

(T2): 

NH

R1

NH2

 (T2), or a salt thereof, 

in the presence of PsiH. 
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11. The method of claim 10, wherein T2 is produced by decarboxylating 7-R1-tryptophan 

analog of formula (T1): 

(T1), or a salt thereof, 

in the presence of PsiD or IasA. 

12. The method of any one of claims 8 to 11, wherein SAR2 and SAR3 are produced from 2-

amino-4-(R2-thio)butanoic acid (S2-R2) and 2-amino-4-(R3-thio)butanoic acid (S2-R3): 

 (S2-R2) and  (S2-R3), or 

a salt thereof; 

in the presence of L-methionine adenosyltransferase (MAT) and ATP. 

13. The method of claim 12, wherein the 2-amino-4-(R2-thio)butanoic acid (S2-R2) and 2-

amino-4-(R3-thio)butanoic acid (S2-R3) are produced from L-methionine (S1): 

 (S1), or a salt thereof, 

in the presence of (i) HS-R2 and HS-R3, wherein R2 and R3 are the same or different; and (ii) O-

acetyl-L-homoserine sulfhydrolase (OAHS). 
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14. A co-immobilized enzyme cascade system comprising: 

kinase PsiK is co-immobilized with methyltransferase PsiM, 

wherein the system is configured to:  

i) receive a solution comprising: 

• 4-hydroxy-7-R1-tryptamine analog of formula (T3): 

 (T3), or a salt thereof, 

• L-methionine (S1): 

 (S1), or a salt thereof; 

• HS-R2 and HS-R3: 

• adenosine triphosphate (ATP); and  

• at least one coenzyme; and 

ii) produce 4-phosphoryloxy-7-R1-tryptamine analog of formula (T4) from T3: 
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O
P

HO
O

HO

NH

R1

NH2

 (T4), or a salt thereof, 

wherein R1 is alkyl, haloalkyl, alkoxy, haloalkoxy, or halo; 

iii) produce 2-amino-4-(R2-thio)butanoic acid (S2-R2) and 2-amino-4-(R3-

thio)butanoic acid (S2-R3) from S1: 

 (S2-R2) and  (S2-R3), or 

a salt thereof, 

wherein: 

 each R2 and R3 is independently an aliphatic or aromatic moiety, 

  wherein the aliphatic or aromatic moiety is unsubstituted or substituted 

with one or more substituents independently selected from the group consisting of halo, -

OH, -COOH, -COO(alkyl), -SO3H, -CN, -NRaRb, and -NO2,  

wherein each of Ra and Rb is independently H, alkyl, -C(=O)H, or -

C(=O)(alkyl), or 

wherein the aliphatic moiety is substituted with an aromatic moiety, 

wherein the aromatic moiety is unsubstituted or substituted as described above; 

iv) produce S-adenosyl-L-methionine analog (SAR2) and S-adenosyl-L-methionine 

analog (SAR3): 
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 (SAR2) and 

HO

O

NH2

S
+

R3

O

OH

OH

N
N

N
N

NH2

 (SAR3), or a salt thereof; 

v) alkylate the 4-phosphoryloxy-7-R1-tryptamine analog of formula (T4) in the 

presence of SAR2 and SAR3 to produce 4-phosphoryloxy-7-R1-N-R2-tryptamine 

analog of formula (T5) and the psilocybin analog of formula (P): 

O
P

NH

O

HO

HO

R1

HN
R2

 (T5) and  (P), or a 

salt thereof. 
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15. A compound of formula (P): 

 (P),  

or a salt thereof, wherein: 

 R1 is alkyl, haloalkyl, alkoxy, haloalkoxy, or halo; 

 each R2 and R3 is independently an aliphatic or aromatic moiety, 

  wherein the aliphatic or aromatic moiety is unsubstituted or substituted with one 

or more substituents independently selected from the group consisting of halo, -OH, -COOH, -

COO(alkyl), -SO3H, -CN, -NRaRb, and -NO2,  

wherein each of Ra and Rb is independently H, alkyl, -C(=O)H, or -

C(=O)(alkyl), or 

wherein the aliphatic moiety is substituted with an aromatic moiety, wherein the 

aromatic moiety is unsubstituted or substituted as described above, 

R2 and R3 are the same or different; 

provided that the compound of formula (P) is other than psilocybin or a salt thereof, and  

provided that R2 and R3 are not both methyl.  

16. A compound selected from the group consisting of: 

4-phosphoryloxy-N,N-di(methallyl)tryptamine; 

4-phosphoryloxy-N,N-di(2,2,2-trifluoroethyl)tryptamine; 

4-phosphoryloxy-N,N-di(3-chloropropyl)tryptamine; 

4-phosphoryloxy-N,N-di(2-hydroxyethyl)tryptamine; 

4-phosphoryloxy-N,N-di(3-hydroxypropyl)tryptamine; 
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4-phosphoryloxy-N,N-di(3,2-dihydroxypropyl)tryptamine; 

4-phosphoryloxy-N,N-di(2-carboxymethyl)tryptamine; 

4-phosphoryloxy-N,N-di(methyl 2-carboxymethyl)tryptamine; 

4-phosphoryloxy-N,N-di(ethyl 2-carboxymethyl)tryptamine; 

4-phosphoryloxy-N,N-di(3-carboxyethyl)tryptamine; 

4-phosphoryloxy-N,N-di(methyl 3-carboxyethyl)tryptamine; 

4-phosphoryloxy-N,N-di(2-aminoethyl)tryptamine; 

4-phosphoryloxy-N,N-di(N-acetyl-2-aminoethyl)tryptamine; 

4-phosphoryloxy-N,N-di(2-sulfonylethyl)tryptamine; 

4-phosphoryloxy-N,N-di(3-sulfonylpropyl)tryptamine; 

4-phosphoryloxy-N,N-di(2-cyanoethyl)tryptamine; 

4-phosphoryloxy-N,N-di((2-(dimethylamino)ethyl)tryptamine; 

4-phosphoryloxy-N,N-diphenyltryptamine; 

4-phosphoryloxy-N,N-di(4-hydroxyphenyl)tryptamine; 

4-phosphoryloxy-N,N-di(4-aminophenyl)tryptamine; 

4-phosphoryloxy-N,N-di(4-carboxyphenyl)tryptamine; 

4-phosphoryloxy-N,N-di(4-methylphenyl)tryptamine; 

4-phosphoryloxy-N,N-dibenzyltryptamine; 

4-phosphoryloxy-N,N-di(2-pyridinyl)tryptamine; 

4-phosphoryloxy-N,N-di(3-nitropyridinyl)tryptamine; 

4-phosphoryloxy-N,N-di(2-methylfuranyl)tryptamine; 

4-phosphoryloxy-N,N-difurfuryltryptamine; 

4-phosphoryloxy-N,N-di(imidazolyl)tryptamine; 

4-phosphoryloxy-N,N-di(benzothiazolyl)tryptamine; and 

4-phosphoryloxy-N,N-di(benzimidazolyl)tryptamine,  

or a salt thereof. 
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ABSTRACT 

The present disclosure relates generally methods for producing psilocybin and psilocybin 

analogs using an immobilized enzymatic approach to alkylating tryptamines.  
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