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vear, and are influenced by weather and environmental factors. Thus, another challenge for the
comumercial production of anthocyanin pigments from plants is that harvest is often limited to once
a year. This means a large volume of extract has to be prepared and stored for an extended period
of time to supply the needs of the food industry throughout the year. Special storage conditions

often have to be available due to the instability of anthocyanins.

Thus, new methods for production of anthocyanins are required. The invention provides
methods for cell-free production of anthocvanins. The methods of the invention comprise:
providing one or more enzymes in a cell-free medium, wherein the one or more enzymes result in
iransformation of a subsirate {o anthocyanins. In certain aspects of the invention, the methods of
the invention may provide for production of one or more intermediates during the transformation
of one or more substrates to anthocyanin. In certain aspects of the invention, the anthocyanin is
cyamdin-3-glucoside. In certain embodiments, the substrate is a catechin. In certain embodiments,
the catechin is (+}-catechin. In certain erubodiruents, the one or more enzymes are selected from a
group consisting of. anthocyanidin  synthase enzyme (ANS) and anthocyanidin 3-0O-

ghucosyltransferase (3GT).

lo certain embodiments of the invention, the anthocyanidin synthase {ANS) enzyroe
catalyzes the conversion of catechin to cyanidin. In certain embodiments, the anthocyanidin 3-O-
glucosyltransferase (3GT) enzyme catalyzes the conversion of cyanidin to cyanidin-3-glucoside.
{n certain preferred embodiments, the cvanidin produced by transformation of catechin by
anthocyanidin synthase (ANS) enzyme is further transformed to cyanidin-3-glucoside by
anthocyanidin 3-O-glucosyltransferase (3G7T) enzyme. An overview of the conversion of catechin

to cyanidin-3~glucoside is provided in F1G. 1.

In certain embodiments, the cell-free production of anthocyanins involves a cell-free
medium. In certain embodiments, the cell-free medium comprises a cell lysate. o certain
embodiments, the cell-free medium comprises an activated sugar. In certain embodiments, the
activated sugar is UDP-glucose. In certain embodiments, the UDP-glucose is added to the cell-free
medium. In certain other embodiments, the UDP-ghicose is synthesized in the cell-free medium
by the one or more enzymes. In certain embodiments, UDP-glucose is synthesized from sucrose.

{n certain embodiments, sucrose synthase (SuSy} enzyme transforms sucrose to UDP-glucose. An
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overview of the conversion of cyanidin and cyanidin-3-glucoside, wherein the UDP-glucose is

synthesized from sucrose is provided in FI1G. 2.

In certain beneficial aspects, the invention provides that the UDP-glucose used in the

reaction is generated from other substraies in course of the reaction. In certain embodiments, the

5 UDP moiety in UDP-glucose is recycied in the cell-free medium. The recycling of UDP provides
economic efficiency of the processes of the nvention. Accordingly, in certain aspects, the
production of cyandin-3-glucoside from cyanidin catalyzed by 3G7T is conducted in conjunction

with other methods for UDP-glucose production or recycling of UDP. In certain embodiments, the
overview of the synthetic scheme involving the UDP-glucose production and/or recycling is

10 provided in FIG. 3. In certain embodiments, UDP-glucose is generated by the reaction of uridine
triphosphate (UTP) with glucose-1-phosphate. In certain preferred embodiments, the reaction of

UTP and glucose-t-phosphate is catalyzed by UTP-glucose-1-phosphate uridylyltransferase

(UGP). In certain preferred embodiments, the UGP may be galU.

In certain aspects, glucose-1-phosphate is the source for foration of UDP-glucose.
15 Accordingly, in certain embodiments, g¢lucose-1-phosphate may be added to the reaction for
generation of cyanidin-3-glucoside. In certain embodiments, the glucose-1-phosphate may be

supplied to the reaction for preparation of cyanidin-3-glucoside.

o

In certain embodiments, glucose-1-phosphate is generated during the course of the

reaction. In certain embodiments, glucose-1-phosphate is generated enzymatically during the

20 course of the reaction. Accordingly, in certain embodiments, glucose is converted to glucose-6-
phosphate by a reaction of ATP (adenosine triphosphate) and glucose. In certain embodiments,
reaction between glucose and ATP results in generation of glucose-6-phosphate and adenosine
diphosphate (ADP). In certain embodiments, conversion of glucose 1o glucose-6-phosphate 1s
catalyzed by gluccokinase (GLK). In certain embodiments, conversion of glucose to glucose-6-

25 phosphate is catalyzed by hexokinase (HK)} In certain embodiments, glucose-6-phosphate is
converted to glucose-1-phosphate. In certain embodiments, the conversion of glucose-0-phosphate

to glucose-1-phsophate is catalyzed by phosphoglucomutase (PGM).

In certain aspects, the invention further provides that the nucleoside triphosphate species

used in the reaction are recyeled. In certain emboduments, the recycled nucleoside trisphosphates
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are ATP and UTP. In certain embodiments, UTP 15 generated by reaction of UDP and ATP. In
certain embodiments, the generation of UTP from UDP and ATP s catalyzed by nucleoside
diphosphate kinase {(NDK). In certain embodiments, ATP may be generated from ADP and
phosphate or polyphosphate. In certain embodiments, the conversion of ADP to ATP is catalyzed

by polyphosphate kinase (PPK).

In certain beneficial aspects, the invention provides that the processes of the tnvention are
cost effective because of the recycling of chemical intermediates involved in the reaction. In
certain embodiments, the invention provides that chemical intermediates like UDP-glucose, UDP,
and glucose-1-phosphate are recycled. Indeed, in certain embodiments, the only reagents required
in non-catalytic quantities for the production of cyanidin-3-glucoside by conversion of catechin
and/or eyanidin are polyphosphate/phosphate and glucose. Because the processes provided in the
nvention are conducted in a cell free medium and the ingredients (required in non-catalytic

quantities) are economic, the processes of the invention are cost effective.

In certain emvbodirnents, the one or wuore enzymes used in the transformation of a substrate
to anthocyanins were expressed in a host organism. In certain embodiments, the cell lysate in the
cell free medium s the cell lysate froro the bost organism expressing one or more enzymes for
transtormation of a substrate to an anthocyanin. In certain embodiments, the host organism is
selected from a group consisting of bacteria, yeast, and/or mammalian cells. In certain
embodiments, the one of more enzymes are 1ntroduced in the host organism by integration into
genome of the host organism or on a plasmid. In certain embodiments, wherein the host organisms
expressing the one or more enzymes are cultured until a pre~determined biomass is achieved to
produce the requisite quantity of the one or more enzymes for transformation of a substrate to
anthocyanius. fo certain embodiments, the wethod comprises lysing of cells followed by removal
of cell debris to generate a cell lysate for use in the cell-free medium for celi-free production of

anthocyanins.

In certain embodiments, anthocyanidin synthase enzyme (ANS), anthocyamdin 3-0-
glucosyltransferase (3GT), and/or sucrose synthase (SuSy) are present in the cell-free medium for
cefl-free production of anthocyanins. In cestain embodiments, the method does not include
separating and/or purifving anthocyanidin synthase enzyme (ANS), anthocyamdin 3-O-

glucosyliransferase (3GT), and sucrose synthase (SuSy) for cell-free production of anthocyaning,

o

4
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It is beveficial to have a system where the raethod does not require separation of cozymes as it
eliminates the excess steps and leads to reduced costs of production. In certain embodiments, the
method comprises separating and/or purifying at least one of anthocyanidin synthase enzyme
{ANS}, anthocvanidin 3-O-glucosyltransterase (3GT), and sucrose synthase (SuSy) for cell-free

production of anthocyanins.

In certain embodiments, the one or more enzymes expressed in bost cells are anthocyanidin
synthase enzyme (ANS), anthocyanidin 3-O-glucosyltransferase (3G7T), sucrose synthase {(SuSy),
glucokinase (GLK), hexokinase (HK), phosphoglucomutase (PGM), polyphosphate kinase (PPK),
UTP-—glucose-1-phosphate uridylyltransferase (UGP), and/or nucleoside diphosphate kinase
{NDK)} In certain embodiments, anthocyanidin synthase enzyme {ANS), anthocyanidin 3-O-
glhucosyltransferase (3GT), sucrose synthase (SuSyy, glucokinase (GLK), hexcokinase (HK),
phosphoglucomutase (PGM}3, polyphosphate kinase (PPK), UTP-—glucose-i-phosphate
uridylyltransferase {UGP), and/or nucleoside diphosphate kinase (NDK) are present in the cell-

free medium for the celi-free production of cyanidin-3-glucoside.

In certain embodiments of the invention, the reaction mixture comprises purified enzymes
for the cell-free production of cyanidin-3-gincoside In certain embodiments, the punified enzymes
are anthocyanidin synthase enzyme (ANS}, anthocyanidin 3-O-glucosyltransferase (3GT), sucrose
synthase {SuSy), glucokinase (GLK), hexokinase (HK), phosphoglucomutase (PGM),
polyphosphate kinase (PPK), UTP--glucose-1-phosphate uridyiyltransferase (UGP), and/or
nucleoside diphosphate kinase (NDK). In certain cmbodiments, the purified enzymes are
anthocyanidin synthase enzyme (ANS), anthocyanidin 3-O-glucosyliransferase (3GT), and/or
sucrose synthase (SuSy). In certain embodiments, the purified enzymes are anthocyanidin synthase

enzyme (ANS), and/or anthocyanidin 3-O-glucosyltransterase (3GT).

In certain embodiments, the CGT, SuSy, GLK, HK, PGM, PPK, UGP, and/or NDK
enzymes are present in the cell-free medium for cell-free production of carminic acid. In certain
embodiments, the compositions of the invention provide CGT, SuSy, GLK, HK, PGM, PPK, UGP,

and/or NDK that have not been purified or separated.

In certain embodiments, the cell-free medium may further comprise any other additional

ingredients required for the cell-free production of cyanidin-3-glucoside. In certain embodiments,

v
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the cell-free medium comprises buffer, catechin, cyanidin, an activated sugar, wagnesium
chloride, cell lysate, sucrose, glucose, glucose-1-phosphate, glucose-G-phosphate, UDP, UTP,
ATP, polyphosphate, and/or water. In ceriain embodiments, the cell-free mediurn comprises
buffer, catechin, cyanidin, an activated sugar, magnesium chloride, cell iysate, sucrose, and/or
water. In certain embodiments, the buffer used in the cell-free reaction medium is any butfer
suitable for enzymatic conversion of catechin and/or cyanidin to cyanidin-3-glucoside. In certain
embodiments, the buffer maintains the pH of about 5 to about 9 in the reaction mixture. In certain
embodiments, the buffer maintaing the pH of about 6 to about 8 in the reaction mixture. In certain
embodiments, the buffer maintains the pH in the range of 6 to 8 in the reaction mixture. In certain
embodiments, the bufler is a phosphate buffer. In certain embodiments, the butfer is present at a
concentration of about 1 mM to about 200 mM. In certain embodiments, the buffer is present at a

concentration of about § oM to about 100 mM.

In certain embodiments, the cell-free medium further comprises buffer, catechin, an
activated sugar, magnesium chloride, cell lysate with enzymes, sucrose, and/or water. In certain
embodiments, the cell-free medium further comprises sodium ascorbate, ascorbic acid, ammonium

tron sulphate, and a-ketoghutaric acid/2-oxoglutarate.

In certain embodiments, the buffer in the cell-free medium maintains the pH of the reaction
mixture in the optimal range. In certain erabodiments, the pH of the reaction medium is from about
5.5 to about 10 In certain embodiments, the pH of cell-free medium is from about 6 to about 9. In
certain embodiments, the pH of cell-free medium is from about & to about 8 In certain
embodimenis, the concentration of the buffer in the cell-free medium is from about 1 mM to abowt
1000 mM. In certain embodiments, the concentration of the buffer is from about 2.5 mM to about
750 mM. In certain embodiments, the concentration of the buffer 1s from about S mM to about 100
mM. In certain embodiments, the buffer concentration is from about 20 mM to about 100 mM. In

certain embodiments, the butfer is a phosphate buffer.

In certain embodiments, the activated sugar in the celi-free medium s UDP-glucose. In
certain embodiments, the UDP-glucose is added to the cell free medium. In certain embodiments,
the UDP-glucose in the cell-free medium s synthesized from sucrose. In certain embodiments, the
cell-free medium comprises UDP. In certain embodiments, the concentration of the activated sugar

in the cell-free medium s from about (.01 mM to about 10 mM. In certain embodiments, the

6
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conceniration of the activated sugar in the cell-free medium is from about 0.05 uM to about 5
mM. In certain embodiments, the concentration of the activated sugar in the cell-free medium is

from about 0.1 mM to gbout 2.5 mM.

In certain embodiments, the substrate is a catechin. In certain embodirnents, the

5  concentration of catechin in the cell-free medium s from about 0.1 mM to about S0 mM. In certain
embodiments, the concentration of catechin in the cell-free medium is from about 0.5 mM to about

40 mM. In certain embodiments, the concentration of catechin in the cell-free medium is from

about 1 mM to about 20 mM.

In certain embodiments, the celi-free medium comprises magnesium chloride. The

18 magnesium chloride may be present in the range of from about 1 mM to about S0 mM. In certain
embodiments, the cell-free medium comprises magnesium chloride in the range of from about |

mM to about 25 mM. In certain embodiments, the cell-free medium comprises magnesium chioride

in the range of from about | mM to about 20 mM.

In certain embodiments, the cell-free medium comprises the fysate from host microbe with

15 ihe one or more enzymes for the cell-free reaction medium. In certain embodiments, the cell-free
medium comprises lvsate with the one or more enzymes in a concentration of from about 1% (v/v)

to about 50% {(v/v). In certain embodiments, the cell-free medium comprises lysate with the one

or more enzymes in a concentration of from about 5% {(v/v) to about 40% (v/v). In certain
emnbodinents, the cell-free medium comprises lysate with the one or more enzymes o a

20 concentration of from about 10% {(v/v} to about 30% (v/v).

In certain embodiments, the cell-free medium comprises sucrose. In certain embodiments,
suerose 1S present in a concentration of from about 10 wmM to about 1000 mM. In certain
embodiments, sucrose is present in a concentration of from about 20 mM to about 800 mM. In

certain embodiments, sucrose is present in a concendration of from about 50 mM to about 600 mM.

25 In certain embodiments, the cell-free medium further comprises sodium ascorbate/ascorbic

acid, ammonium iron sulphate, and g-ketoglutaric acid.

In certain embodiments, the cell-free medium comprises sodium ascorbate/ascorbic acid.

In certain embodiments, the cell-free medium comprises from about 1 mM to about 100 ;M. In
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ceriain embodiments, the cell-free medivm comprises from about 2 mM to about 56 oM. In certain

embodiments, the cell-free medium comprises from about 5 mM to about 30 mM.

In certain embodiments, the cell-free medium comprises ammonium iron sulphate. In
certain embodiments, the cell-free roedium comprises ammonium tron sulphaie in a concentration

of from about 0.1 mM to about 10 mM. In certain embodiments, the cell-free medium comprises

w

ammonium ron sulphate in a concentration of from about 0.5 M to about 5 mM. In certain
embodiments, the cell-free medium comprises ammonium iron sulphate in a concentration of from

about | mM to about 3 mM.

In certain embodiments, the cell-free medium comprises o-ketoglutaric acid. In certain

18 embodiments, the celi-free medium comprises o-ketoglutaric acid i a concentration from about 1
mM to about 100 mM. In certain embodiments, the cell-free medium comprises a-ketoglutaric

acid in a concentration from about 2.5 mM to about 50 mM. In certain embodiments, the cell-free

medium comprises i-ketoglutaric acid in a concentration from about 10 mM to about 30 M

In certain embodiments, the cell-free reaction for production of anthocyanins 1s conducted

15 for the requisite duration tilf the desired quantity of the anthocyanins are produced in the said
reaction. In certain embodiments, the reaction for celi-free production of anthocyanins is carried

out for a duration of from about 0.1 hours to about 20 hours. In certain embodiments, the reaction

for cell-free production of anthocyanins is carried out for a duration of from about 0.5 hours to
about 20 hours. In certain embodiments, reaction for cell-free production anthocyanius ts carried

26 out for a duration of from about 1 hours to about 15 hours.

In certain embodiments, the reaction of the cell-free medium is adjusted for an optimal
vield of anthocyaning to be produced. lo certain embodiments, the teraperature of the cell-free
medium is from about 20 °C to about 40 °C. In certain embodiments, the reaction is conducted in
a bubble column reactor, wherein the one or more enzymes are in g solution. In certain

25  embodiments, the reaction is conducted in a packed bed reactor, wherein the one or more enzymes

are immobilized.

In certain embodiments, the cell-free medium comprises anthocvanidin synthase {ANS)

enzyme. In certain embodiments, the anthocyanidin synthase (ANS) used in the methods of the
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wnvention is an enzyme with an amino acid sequence at least 95% identical to any one of enzymes

selected from the group consisting of:

10

Accession ¥

Organism

XP 0227367581

Durio zibethinus

XP_030501512.1

Cannabis sotive

XP 0287627551

Prosopis alba

KP 0219018461

Carica papaya

XP 021735950.1

Chenopodium guinoa

QCI56004 1

fris sanguinea

XP 0105387781

Tarenaya hassleviana

KPP 0271835171

Coffea eugenioides

AHUBB620. 1

Magnolic sprengeri
& 5

XP 028787346.1

Prosopis alba

EOY24560.1

Theobroma cacao

AEF14411.1

Onobrychis viciifolia

ACME2747 .1

Garcinia mangosiona

XP 017236102 1
XP 010934075 1

Daucus carotq subsp. sativaes

Lilaels maneensis

In certain embodiments, the anthocyanidin synthase {ANS) used in the methods of the
invention may comprise further modifications designed to optimize the vield of the products

produced by the methods of the invention.

In certain embodiments, the celi-free mediurs  comprises anthocvanidin 3-G-
glicosyltransferase (3GT} enzyme. In certain embodiments, the anthocyanidin 3-O-
glucosyltransferase (3GT) used in the methods of the invention is an enzyme with an amino acid

sequence at feast 95% identical to any one of enzymes selected from the group consisting of!

Accession # Organism
AFIs2072.1 Linum usitatissimum
ABR24135 1 Vitis labrusca
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AHIB0%E1.1

Erythranthe lewisii

GUP6R996.1

Sulvia miltiorrhiza

XP_004307876.1

Iragaric vesca subsp. Vesca

XP_03105409820.1

Jarencya hassleriana

XP 0100874911

Morus notabilis

BBC62118.1

Nemophila menziesii

PIN20524.1

Hawdroanthus impetiginosus

QIB23733.1

an s - -
Centauren cyanus

QBL54224 1 Scutellovia baicalensis

XP 0241793811
BAAS900R 1

Rosa chinensis

Fetunia x hvbrida

In certain embodiments, the anthoeyanidin 3-O-glucosyltransferase 3GT) enzyme . nsed
in the methods of the invention may comprise further modifications designed to optimize the
vield of the producis produced by the methods of the invention.

In certain embodiments, the cell-free medium comprises sucrose synthase {SuSy) enzyme.
In certain embodiments, the sucrose synthase (SuSy) is an enzyme with an amino acid sequence

at least 95% identical to any one of enzymes selected from the group consisting of:

Agccession # Organism

WP 0048723411
P30298.2
Q820MS5 1
P13708.2
CAAD9297.1

Acidithiobacillus caldus

Crryza sativa Japonica Group

Nitrosomonas ewropaea ATCC 19718

Glycine muax

Nostoc sp. PCC 7119

P49036.1 Zeq mays
P49040.3 Arabidopsis thaliona

QOM1T11 Arabidopsis tholiona
Q8Ws17 Ipomoea batatas

Thermosynechococcus elongatus

WP 011056890
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In certain embodiments, the sucrose synthase {(SuSy} enzyme used in the methods of the
tvention may comprise further modifications designed to optimize the yield of the products and/or

intermediates produced by the methods of the invention.

In certain embodinents, the one or more enzymes wvolved in generation of UDP-glucose

5 and/or recycling of one or more reaction intermediates are provided below. In certain
embodiments, the enzymes used for generation of UDP-glucose (by reaction with UTP) and/or
recycling of one or more intermediates are selected from the enzymes having at least 95% amino

actd sequence identity from the enzymes provided in the Table below.

Enzyme Accession No.
GLK AAAZTE94 1
GLE WP 331012003.1
PGM AACT3I782.1
PGM ACATIOEI47
PGM AOATM282U2
UGe EEW2752841.1
UGP WP 0216480421
uGeP WP 0288475553
NDK WP 000963837 1
NDK CAF21035.1
NDK WP 066795798
PPK2 WP 01096863 1
PPK2 WP 160857702
10 In certain embodiments, the invention provides engineered ANS/3GT/SuSy enzymes for

the cell-free production of cyanidin-3-glucoside. In certain embodiments, the engineered
ANS/3GT/SulSy enzymes were optimized for cell-free production of cyanidin-3-glucoside. In
certain embodiments, engineered ANS/3GT/SuSy enzymes may include genetic modifications. In
certain embodiments, the genetic modifications may be selected from a group cousisting of: point
15 mutations, insertions, deletions, and/or any other modifications such that those enzymes resuit in

11
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efficient and optimal cell-free production of cyvanidin-3-glucoside. In certain embodiments, the
ANS/3GT/SuSy enzymes used in the cell-free production of cyanidin-3-glucoside are any enzymes

disclosed in this application,

In  certain  embodiments, the 1ovention provides engineered and  optimized

5  GLK/PGM/UGP/NDK/PPK enzymes for generation of UDP-glucose and/or recycling of reaction
intermediates involved in cell-free production of cyanidin-3-glucoside. In certain embodiments,

the engineered and/or medified GLK/PGM/UGP/NDK/PPK enzymes may include genetic
modifications. In certain embodiments, the genetic modifications may be selected from a group
consisting of ' point mutations, insertions, deletions, and/or any other modifications such that those

10 enzymes result in efficient and optimal cell-free production of cyanidin-3-glucoside.

In certain aspects of the invention, the method of the cell-free production does not require
the purification of the one or more enzymes from the lysed host organisms. In certain
embodiments, the methods of the invention do not require the purification of one or more enzyrmes
from the lysed biomass comprising host cell expressing the one or more enzymes for the cell-free

15 production of carminic acid. In certain embodiments, the methods of the invention do not require
the purification of CGT/SaSy/GLK/PGM/UGP/NDK/PPK from the lysed cells for celi-free
production of cyanidin-3-glucoside. This is advantageous because it increases the efficiency of the
method and reduces the costs associated with the purification of these enzyres.

In certain ernbodiments, the cell-free medium may further comprise any other additional

~
3

20 ingredients reguired for the cell-free production of cyanidin-3-glucoside. For example, in certain
embodiments, the cell-free medium comprises buffer, catechin, cyanidin, an activated sugar,
maguesium chloride, cell lysate, sucrose, and/or water. In certain embodiments, the cell-free
reaction mixture further comprises uridine diphosphate (UDP). In certain embodiments, the cell-
free reaction mixture further comprises polyphosphate and/or glucose. In certain embodiments, the

25 cell-free reaction mixture comprises UDP-glucose and/or UDP in catalytic quantities. In certain
embodiments, UDP-glucose is produced enzymatically in the reaction. In certain embodiments,
the reaction mixture comprises ghicose-1-phosphate. Glucose-1-phosphate may be generated in
the cell-free reaction. Thus, in certain embodiments, glucose-1-phosphate is also present in
catalytic quantity. In certain embodiments, the reaction medium comprises glucose and

3¢ polyphosphate.
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In certain preferred embodiments, the processes of the invention utilize catechin, glucose,
and polyphosphate as the starting materials for production of cyanidin-3-glucoside. In certain
embodinents, the processes of the invention utilize cyanidin, glucose, and polyphosphate as the
starting materials for production of cyanidin-3-glucoside. In these embodiments, the invention
provides that the other intermediates in the process for production of cyanidin-3-ghicoside may be

recycled.

The conventional methods for production of anthocyanins either requires the extraction of
the product from the planis, which is expensive and unpredictable, or certain cell-based
approaches, for example, as described in U.S. Patent No. 8,962,327, which is incorporated by
reference. However, the cell-based approaches have complications, such as the processes leading
to low yields, a higher number of by-products, and expensive purification and separation protocols.
The methods of the current invention beneficially provide cell-free approaches for bioproduction
of anthocyaning. In particular, the product titers for anthocyanios produced by the methods of the
invention are higher than the product titer produced by any other known methods for production
of anthocyanins. In certain embodiments, the product titers produced by methods of the invention
are at feast two-fold higher than other known methods for production of anthocyanins. In certain
embodiments, the product titers produced by methods of the invention are at least five-fold higher
than other known methods for production of anthocyanins. In certain embodiments, the product
titers produced by methods of the invention are at least ten-fold higher than other known methods
for production of asthocyanins. In certain embodirnents, the produet titers produced by methods
of the invention are at least hundred-fold higher than other known methods for production of
anthocyanins, In certain erobodiments, the product titers produced by methods of the invention are
at least five-hundred-fold higher than other known methods for production of anthocyanins. In
certain emnbodiments, the product titers produced by methods of the invention are at least thousand-
fold higher than other known methods for production of anthocyanins. In certain embodiments,
the product titers produced by methods of the invention are at least five-thousand-fold hugher than

other known methods for production of anthocyanins,

In other beneficial aspects of the method of the invention, the methods of the invention
provide economically efficient methods of production of anthocyanins. Because the methods of

the invention provide for cell-free production of anthocyanins, it leads to decreased costs of
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purification of the reaction products. Moreover, in certain aspecis of the invention, the one or more
enzymes are included in the same reaction mixture, i.¢., the enzymes do not need to be isolated
after being expressed in the host orgamsrus. The one or more enzymes could be expressed in the
hiost organisms at the same time and be utilized for the cell-free production without the need of
any additional purification and/or separation steps.

In certain other beneficial aspects of the invention, the use of the one or more enzymes for
the cell-free production of anthocyanins leads to high vield of the product to be produced. The one
more enzyme may be further modified to optimize the yield of the product being produced in the

cell-free reaction.

Y. Brief Descrintion of Brawings

FIG. 1 provides a schematic pathway for conversion of catechin to cyanidin and

cyanidin-3-glucoside mediated by ANS and 3GT respectively.

FIG. 2 provides a scheratic pathway for conversion of catechin to cyanidin-3~-glucoside
mediated by ANS and 3GT, wherein the UDP-glucose is provided by SuSy mediated conversion

of sucrose to UDP-glucose.

FIG. 3 provides a schematic pathway for conversion of eyanidin to cyanidin-3-glucoside
mediated by 3GT and medication of , wherein the UDP-glucose is generated by recycling and/or
generation of UDP-glucose in course of reaction.

FIG. 4 provides HPLC plots demonstrating the conversion of cyanidio to cyanidin-3-
glucoside. The top two panels provide HPLC plots for cyanidin-3-glucoside and cyanidin
respectively, and bottom two panels provide the HPLC plots to monitor the reaction in a system

with and without SuSy mediated conversion of sucrose to UDP-glucose respectively,

Vi, Detailed Description

The present application provides compositions and methods for production of anthocyanins
in a cell-free medium, wherein one or more enzymes in a cell-free medium, wherein the one or
more enzymes result in transformation of an organic material to anthocyanins. The one or more

cnzymes may be engineered. The enginecred enzyme may be non-naturally occurring.
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The term “non-naturally occurring”, when used in reference to an enzyme 15 intended o
mean that nucleic acids or polypeptides include at least one genetic alteration not normally found
in a vaturally occurring polypeptide or nucleic acid sequence. Naturally occurring nucleic acids,
and polvpeptides can be referred to as “wild-type” or “original”. A host cell, organism, or
microorganism that includes at least one genetic modification generated by human intervention
can also be referred to as “non-naturally occurring”, “engineered”, “genetically engineered,” or
“recombinant”,

FRINNY

As used herein, the singular forms “a,” “an,” and “the” are intended to include the plural

forms as well, unless the context clearly indicates otherwise. Furthermore, to the extent that the

>

terms “including,” “includes,” “having,” “has,” “with,” or variants thereof are used 1u ¢ither the
detailed description and/or the claims, such terms are intended to be inclusive in a manner similar
io the term “comprisiog.”

As used heretn, “reaction solution” may refer to all components necessary for enzyme-
based chemical transformation. This is typically. but not limited to, buffering agent, salts, cofactor,
and subsirate {starting material).

As used herein, “reaction mixture” may refer to all components from the “reaction
solution” plus the enzyme(s) and/or products from the reaction. In some embodirents, the
“reaction mixture” may refer to just the reaction solution without any enzymes or reaction
products. In some embodiments, “reaction solution” and “reaction mixture” may be used
interchangeably.

As used herein, “butfering agents” mav refer to chemicals added to water-based solutions
that resist changes in pH by the action of acid-base conjugate components.

As used herein, “cofactors” may refer 1o a non-protein chemical compound that may bind
to a protein and assist with a biological chemical reaction. Non-limiting examples of cofactors may
include but are not limited to NADPH and NADH.

As used herein, the term used for enzyme anthocyanin syuthase (ANS), may also refer to
the enzyme known in the field as leuccanthocyanidin dioxygenase. The enzyme anthocyanin
synthase (ANS) may also be koown as levcoanthocyanidin dioxygenase,

In the cell-free systems described herein, the critical components of the cell, namely
cofactors and enzymes, are used in a chemical reaction without cellular components that can

directly or indirecily inhibit the desired biochenical reaction. The same enzymes found in plants
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and other organisms meay be created in vivo (typically through protein overexpression 1u hosts such
as bacteria), isolated via chromatography and/or any other methods, and then added into a
bioreactor with a substrate (starting material}. The enzymes may also be used divecily from plants
without any isolation. The enzymes transform the substrate in the same way that occurs in the
original organism without the organism’s complexity. Additionally, the biochemical reaction may
be enhanced by the addition of co-solvents, detergents, or both, which would not be tolerated by,
or simply would not work in a whole cell-based manufacturing method. In this way, natural

products can be created without the plant, cell, or chemical synthesis.
Axnthocyaning,

Aunthocyanins are natural plant ptgments that have beneficial effects for the plant as well
as for humans and animals. Dietary sources of anthocyanins are generally easy to identify due to
their red, blue, or purple color. Examples include berries and red-skinned grapes, apples, and pears
and various vegetables such as radishes and red/purple cabbage Anthocyanins may also be
ingested through their use as a food additive and as dietary supplements, procured as anthocyamin-
rich fruit extracts, powders, and purified compounds. Dietary consumption of anthocyanins is high
compared with that of other flavonoids because of their wide distribution o plant foods. Numerous
studies indicate the potential effect that this flavonoid family may have in reducing cardiovascular
disease, cancer, hyperlipidemia, and other insulin resistance-related discase incidence through
anthocyanin-rich food intake. Anthocyanins are also found in rich concentrations in teas, wines,
fruits, vegetables, nuts, olive oil, cocos, and cercals, and they appear vivid red to blue in color.

Anthocyanins are glycosides composed of the anthocyanidin aglycone plus one or more
glyeosidically bonded mono- or oligosaccharidic units. The structures of commonly known

anthocyanidius are provided below:

16
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As evident from the structures of anthocyanidins provided above, all anthocyaniding have
hydroxyl groups in the 3-, 5- and 7-positions, althcugh each structure may have its own
characteristic hydroxyl or methoxyl groups on the so-called B ring: (I} cyanidin, (11} delphinidin,

5 (1) malvidin, (1V) peonidin, (V) pelargonidin, and (VI) petunidin

Glycosylation of anthocyanidins to form the respective anthocyanins can occur on different
hydroxyl moieties of the molecule with 3-0OH as the most abundant glycosylation site in nature to
produce 3-O-f-glucosides. The reaction provided below demonstrates the conversion of cyamdin

{anthocyanidin) to cyanidin-3-gluceside {anthocyanin}.

10
Aunthocyanins and anthocyanidins, as other polyphencls and flavonoids, possess the ability
to act as free radical scavengers against harmtul oxidants such as reactive oxygen and nitrogen

species {ROS and RNS). A central role of the antioxidant activity is the oxidation of anthocyanins’

~k
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phenolic hydroxyl groups; in particular, para- and ortho- phenolic groups are important for the

formation of semiquinones and for the stabilization of one-electron oxidation products.

Preparation of anthocyanins:

There are different strategies for anthocyanins and anthocyanidin extraction from
biological matrices based on their complexity and selective search for specific molecules with
particular chemical features. For example, the extraction of total anthocyanidins generally is
performed by using aqueous/organic mixtures with a significant contribution of the organic part.
Instead, the anthocyanins are often extracted with more hydrophilic solvents or with more
prominent aqueous-based mixtures. In all this cases, it is very useful to maistain the ionization
state of the compounds in the flavylium form, and this goal can be achieved by adding inorganic
or organic acids to the agueous phase. Plants, food and agricultural samples are usually extracted
with ethanol/methanol: water mixtures (70-95:30-3) acidified with HCI, formic acid or other

organic acids such as citric acid.

After the extraction, depending on the matrices {fruits, leaves or liquid samples), the first
step for purification procedures 18 to distinguish between green and red pigment-rich extracts. The
first case indicates a strong chlorophvil component that must be preliminary purified, and the
second one indicates a watrix richer in anthocyanin (fruits, flowers or liguid biological samples).
After chlorophyll elimination, the purification is generally carried out by different

chromatographic steps involving differential stationary phases on the basis of the purposes.

The biosynthetic pathway of anthocyaning has been well characterized both in an
Arabidopsis thaliana model plant and in various crops, and appears to be strongly conserved. The
biosynthetic pathway of anthocyaunins constitutes an important branch of the phenylpropanoid
pathway and shares, in the initial stages, some biosynthetic enzymes for other flavonoids such as
Havones and flavonones. It starts with phenylalanine which is converted into cinnamic acid by
phenylalanine ammonia-lvase (PAL). The cinnamic acid is then coaverted into coumaric acid by
the action of cinnamate-4-hydroxylase (C4H) and subsequently converted into 4-coumaroil CoA
by the 4-coumaroil CoA ligase (4CL). Following condensation of 4-coumaroil CoA with malonyl
CoA, naringenin chalcone is produced by chalcone synthase (CHS) and subsequently converted

into naringenin by chalcone isomerase (CHI and dibydroflavonols, such as dihydrokaempferol

g



10

15

20

25

WO 2025/006904 PCT/US2024/036044

and dibydroguercetin from flavanone 3-hydroxylase (F3H) and the flavonoid 3'-hydroxyliase
(F3'H), respectively. The last steps of the bicsynthetic pathway lead to the production of
leucocyaniding, eyanidins and anthocyanins by dihydroflavonol reductase (DFR), anthocyanidin
synthase (ANS) and UDP-glucose:flavonoid-3-O-glycosyitransferase (UFGT), respectively.
While the biosynthesis of anthocyaning occurs in the cytosol, they are stored in the vacuole by
specific transporters. In Arabidopsis for example, the TT12 and AHAIO genes have been
asseciated with the transport and vacoolar accumulation of anthocyaning in the seed. In particular
TT12, which encodes for a membrane protein belonging to the “multidrug and toxic efflux
antiporter” family, has been shown to be involved in the accumulation, at the vacuolar level, of
giveosvlated flavan-3-ols and protwanthocyanidins. AHAD, which encodes for a plasma
membrane H+-ATPase, is instead responsibie for the acidification of the vacuole. A detailed
description of the biosynthetic patbway is provided in Mattioli et al, Anthocyanins: A
Comprehensive Review of Their Chemical Properties and Heaith Effects on (ardiovascular and
Neurodegenerative Diseases, Mofecules. 2020 Sep; 25(17): 3809, which is incorporated herein in

its entirety by reference.

Although biotechnological approaches to increase the level of anthocyaning in food have
been explored, none of the previous approaches provide cell-free synthesis of anthocyanins.
Anthocvanins are currently produced by chopping or crushing the fruit or vegetable and
subsequent infusion of water acidified with a common food acid. This exiract is then concentrated
by won-chemical separation techniques. Pigment extracts from plant sources generally contain
mixtures of different anthocyanin molecules, which vary by their level of hydroxylation,
methylation and acylation. This increases the cost of production because of the purification
required from these mixtures. Moreover, these factors can vary in the source plant from year to
vear, and are influenced by weather and environmental factors. Thus, another challenge for the
commercial production of anthocyanin pigments from plants is that harvest is often limited to once
a year. This means a large volume of exiract has to be prepared and stored for an extended period
of time to supply the needs of the food industry throughout the vear. Special storage conditions

often have to be available due to the instability of anthocyanins.

Thus, new methods for production of anthocyanins are required. The invention provides

methods for celi-free production of anthocyaning. The methods of the invention comprise

10
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providing one or maore enzymes 1u a celi-free medium, wherein the one or more enzymes result tn
transformation of a substrate to anthocyaning. In certain aspects of the invention, the methods of
the invention may provide for production of oue or more witermediates during the transformation
of a substrate to anthocyanin, In certain aspects of the invention, the substrate may be an
5 anthocyanidin or a precursor thereof. In certain embodiments, the anthocyanidin is selected from
a group consisting oft delphinidin, malvidin, peonidin, pelargonidin, and petunidin. In certain
embodiments, the anthocyanins may be glucosylated delphinidin, malvidin, peonidin,

pelargonidin, and petunidin,

In certain aspects of the invention, the anthocvanin is cyanidin-3-glucoside. In certain
10 embodiments, the substrate is a catechin. In certain embodiments, the catechin is (+)~catechin. In
certain embodiments, the one or more enzymes are selected from a group consisting of

anthocyanidin synthase enzyme {ANS) and anthocyanidin 3-O-glucosyltransferase (3GT).

In certain embodiments of the invention, the anthocyanidin synthase (ANS) enzyme

catalyzes the conversion of catechin to cyamdin. o certain embodiments, the anthocyanidin 3-0-

15 glucosyltransferase (3GT) enzyme catalyzes the conversion of cyanidin to cyanidin-3-glucoside.
A schematic of the reaction pathway for conversion of catechin to cyvandin-3-glucoside 1s provided

in FIG. 1. In certain preferred embodiments, the cyanidin produced by transformation of catechin

by anthocyanidin synthase {ANS) enzyme is forther transformed to cyanidin-3-glucoside by

anthocyanidin 3-O-glucosyliransferase (3GT) enzyme.

20 In certain embodiments, the cell-free production of anthocyanins inveolves a cell-free
medium. In certain embodiments, the cell-free medium comprises a cell lysate. In certain
embodiments, the cell-free medium comprises an activated sugar. In certain embodiments, the
activated sugar is UDP-glucose. In certain embodiments, the UDP-glucose is added to the cell-free
medium. In certain other embodiments, the UDP-glucose is synthesized in the cell-free medium

25 by the one or more enzymes. In certain embodiments, UDP-glucose is synthesized from sucrose.
In certain embodiments, sucrose synthase (SuSy) enzyme transforms sucrose to UDP-glucose.
FiG. 2 provides the schematic reaction scheme for the production of UDP-glucose from sucrose
mediated by SuSy, wherein the UDP-glucose i3 involved in the production of cyanidin-3-gluceside

from catechin.
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In certain beneficial aspects, the inveniion provides that the UDP-glucose used in the
reaction is generated from other substrates in course of the reaction. In certain embodiments, the
UDP moiety in UDP-glucose is recycled in the cell-free medium. The recycling of UDP provides
economic efficiency of the processes of the invention. Accordingly, in certain aspects, the
production of cyandin-3-glucoside from cyanidin catalyzed by 3GT is conducted in conjunction
with other methods for UDP-glucose production or recyeling of UDP. In certain embodiments, the
overview of the synthetic scheme involving the UDP-glucose production and/or recycling is
provided in FIG. 3. In certain embodiments, UDP-glucose is generated by the reaction of uridine
triphosphate (UTP} with glucose-1-phosphate. In certain preferred embodiments, the reaction of
UTP and glucose-t-phosphate is catalyzed by UTP-glucose-1-phosphate uridylyltransterase

(UGP). In certain preferred embodiments, the UGP may be galU.

In certain aspects, glucose-l-phosphate is the source for formation of UDP-glucose.
Accordingly, in certain embodiments, glucose-~l-phosphate way be added to the reaction for
generation of cyanidin-3-glucoside. In certain embodiments, the glucose-1-phosphate may be

supplied to the reaction for preparation of eyanidin-3-giucoside.

lo certain embodiments, glucose-i-phosphate is generated during the course of the
reaction. In certain embodiments, glucose-1-phosphate is generated enzymatically during the
course of the reaction. Accordingly, tn certatn embodiments, glucose is converted to glucose-6-
phosphate by a reaction of ATP {adenosine iriphosphate) and glucose. In certain embodiments,
reaction between glucose and ATP results in generation of ghucose-6-phosphate and adenosine
diphosphate (ADP). In certain embodiments, conversion of glucose 1o glucose-0-phosphaie is
catalyzed by glucokinase (GLK). In certain embodiments, conversion of glucose to glucose-6-
phosphate is catalyzed by hexokinase (HK). In certain embodiments, glucose-6-phosphate is
converted to glucose-1-phosphate. In certain embodiments, the conversion of glucose-6-phosphate

to glucose-1-phsophate is catalyzed by phosphoglucomutase (PGM).

In certain aspects, the invention further provides that the nucleoside triphosphate species
used in the reaction are recycled. In certain embodiments, the recycled nucleoside trisphosphates
are ATP and UTP. In certain embodiments, UTP is generated by reaction of UDP and ATP. In
certain embodiments, the generation of UTP from UDP and ATP is catalyzed by nucleoside

diphosphate kinase (NDK) In certain embodiments, ATP may be generated from ADP and

21
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phosphate or polyphosphate. In certain embodiments, the conversion of ADP to ATP is catalyzed

by polyphosphate kinase (PPK).

In certain beneficial aspects, the invention provides that the processes of the invention are
cost effective because of the recycling of chemical intermediates involved 1o the reaction. o
certain embodiments, the invention provides that chemical intermediates like UDP-glucose, UDP,
and glucose-1-phosphate are recycled. Indeed, in certain embodiments, the only reagents required
in non-catalytic quantities for the production of cyanidin-3-glucoside by conversion of catechin
are polyphosphate/phosphate and glucose. Because the processes provided in the invention are
conducied in a cell free medium and the ingredients (required in non-catalytic quantities} are

economic, the processes of the invention are cost effective.

In certain embodiments, the one or more enzymes used in the transformation of a substrate
to anthocyanins were expressed in a host organism. In certain embodiments, the cell lysate in the
cell free medium is the cell lysate from the host organism expressing one or more enzymes for
iransformation of a substrate to an anthocyanin. In certain embodiments, the host organism 1s
selected from a group consisting oft bacteria, yeast, and/or mammalian cells. In certain
embodiments, the one or more enzymes are introduced in the host organism by integration into
genome of the host organism or on a plasmid. In certain embodiments, wherein the host organisms
expressing the one or more enzymes are cultured until a pre~-determined biomass is achieved to
produce the requisite quantity of the one or more enzymes for transformation of a substrate to
anthocyanins. In certain embodiments, the method compnises lysing of cells followed by removal
of cell debris 1o generate a cell lysate for use in the celi-free medium for cell-free production of

anthocyanins.

In certain embodiments, anthocyanidin synthase enzyme {(ANS), anthocyanidin 3-0O-
glucosytransferase (3GT), and/or sucrose synthase (SuSy} are preseat in the cell-free medium for
cell-free production of anthocyanins. In certain embodiments, the method does not include
separating and/or purifying anthocyanidin synthase enzyme (ANS), anthocvanidin 3-G-
glucosyltransferase (3GT), and sucrose synthase (SuSy) for cell-free production of anthocyanins.
Similarly, in certain embodiments, the tovention provides that the enzymes tovolved in UDP-
glucose recycling pathways are also not engineered. It is beneficial to have a system where the
method does not require separation of enzymes as it eliminates the excess steps and leads to

%
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reduced costs of production. In certain embodiments, the method comprises separating and/or
purifying at least one of anthocvanidin synthase enzyme (ANS), anthocvanidin 3-O-

glucosyltransferase (3GT), and sucrose synthase (SuSy) for celi-free production of anthocyanins.

In certain embodiments of the invention, the reaction mixture coraprises purified enzymes

for the cell-free production of cyanidin-3-ghucoside. In certain embodiments, the purified enzymes

w

are anthocyanidio synthase enzyme {ANS), anthocyanidin 3-O-glucosyltransferase (3GT),and/or

sucrose synthase (SuSy).

In certain embodiments, the one or more enzymes expressed in host cells are anthocyanidin

synthase enzyme {ANS), anthocyanidin 3-O-glucosyltransferase (3GT), sucrose synthase (SuSy),

18 glucokinase {GLK), hexokinase (HK), phosphoglucomutase (PGM}, polyphosphate kinase (PPK),
UTP—g¢lucose-1-phosphate uridylyitransferase (UGP), and/or nucleoside diphosphate kinase
{NDK). In certain embodiments, C-glucosyliransferase (CGT), sucrose synthase {(SuSy),
ghucokinase {GLK), hexokinase (HK), phosphoglucomutase (PGM), polvphosphate kinase (PPK),
UTP—galucose-1-phosphate oridylyltransferase (UGP), and/or nucleoside diphosphate kinase

15 (NDK) are present in the cell-free medium for the cell-free production of cyanidin-3-gluceside.

In certain embodiments of the invention, the reaction mixture comprises purified enzymes
for the cell-free production of cyanidin-3-glucoside In certain embodiments, the purified enzymes
are anthocyanidin synthase enzyme (ANS), anthocyanidin 3-O-glucosyltransferase (3G7}, sucrose
synthase (SuSy), glucokinase (GLK), hexokinase (HK), phosphoglucomutase (PGM),

20 polyphosphate kinase (PPK), UTP--glucose-1-phosphate uridylyltransferase (UGP), andior
nucleoside diphosphate kinase (NDK). In certain embodiments, C-glucosyitransferase (CGT),
sucrose synthase {SuSy), glicokinase {(GLK), bexokinase (HK), phosphoghicomutase (PGM},
polyphosphate kinase (PPK), UTP—glucose-1-phosphate uridylyltransferase (UGP), and/or

nucleoside diphosphate kinase {(NDK) are not purified. In certain embodiments, the purified

8]
3]

enrymes are anthocyanidin synthase enzyme (ANS), anthocvanidin 3-O-glucosyltransferase

(3GT), and/or sucrose synthase {(SuSy).

In certain embodiments, the cell-free medium further comprises buffer, catechin, an

activated sugar, magnesium chloride, cell lysate with enzymes, sucrose, and/or water. In certain

|
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embodiments, the celi-free medium further comprises sodium ascorbate, ascorbic acid, awmonium

tron sulphate, and a-ketoglutaric acid/2-oxoglutarate.

In certain embodiments, the buffer in the cell-free medium maintains the pH of the reaction
nuxture in the optitoal range. In certaiu erobodiments, the pH of the reaction medium s from about
5 5510 about 10. In certain embodiments, the pH of cell-free medium is from about 6 to about 9. In

certain embodiments, the pH of cell-free medivm is from about 6 to about 8.

In certatn embodiments, the buffer 1s selected from a group cousisting of Tris, HEPES,
phosphate, carbonate/bicarbonate, acetate, sodium hydroxide-glveine, and/or citrate. The
concentration of the buffer for the reaction mixture would depend on the concentration of the

19 stariing materials and other ingredients in the reaction mixiure. In certain embodiments, the buffer
i3 a phosphate buffer. In certain embodiments, the concentration of the buffer in the cell-free
medium is from about 1 mM to about 1000 mM. In certain embodimenis, the concentration of the
buffer is from about 2.5 mM to about 750 M. In certain embodiments, the concentration of the
buffer is from about 5 M to about 100 mM. In certain embodiments, the buffer concentration is

15 from about 20 mM to about 100 mM. In certain embodiments, the buffer is a phosphate buffer.

In certain embodiments, the activated sugar in the cell-free medium is UDP-glucose. In
certain embodiments, the UDP-glucose is added to the celt free medium. In certain embodiments,
the UDP-glucose in the cell-free medium is synthesized from sucrose. In certain embodiments, the
cetl-free medium comprises UDP. In certain embodiments, the concentration of the activated sugar

26 in the cell-free medium is from about .01 mM to about 10 mM. In certain embodiments, the
concentration of the activated sugar in the cell-free medium is from asbout 0.05 mM to about 5
mM. In certain embodiments, the concentration of the activated sugar in the cell-free medium is

from about ¢.1 mM to about 2.5 mM.

In certain embodiments, the substrate is a catechin. In certain embodiments, the

25 concentration of catechin in the cell-free medium is from about (.1 mM to about 530 mM. In certain
embodiments, the concentration of catechin in the cell-free medium is from about 0.5 mM to about

40 mM. In certain embodiments, the concentration of catechin in the cell-free medium is from

about 1 mM to about 20 mM.
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In certain embodiments, the cell-free medium comprises magnesium chioride. The
magnesium chloride may be present in the range of from about | mM to about 530 mM. In certain
embodiments, the cell-free medium comprises magnesium chloride in the range of from about 1
mM to about 25 mM . In certain embodiments, the cell-free medinm comprises magnesium chicride

5 1o the range of trom about 1| mM to about 20 mM.

In certain embodiments, the cell-free medium comprises the lysate from host microbe with
the one or more enzymes for the cell-free reaction medium. In certain embodiments, the celi-free
medium comprises lysate with the one or more enzynies in a concentration of from about 1% (v/v)
io about 30% (v/v). In certain embodiments, the cell-free medium comprises lysate with the one

10 or more enzymes in a concentration of from about 5% (v/v) to about 40% (v/v). In certain
embodiments, the cell-free medium comprises lysate with the one or more enzymes in a

concentration of from about 10% {(v/v) to about 30% (viv).

In certain embodiments, the cell-free medium comprises sucrose. In certain embodiments,

sucrose 18 present in a concentration of from about 10 mM to about 1040 wM. In certain

15 embodiments, sucrose is present in a concentration of from about 20 mM to about 800 mM. In
certain embodiments, sucrose is present in a concentration of from about 50 mM to about 600 mM.

s

lu certain erobodiments, the cell-free reaction medivm further comprises glucose. In certain
embodiments, glucose is a starting material to provide UDP-glucose for the conversion of
catechin/cyanidin to cyanidin-3-glucoside. Thus, the concentration of glucose o the reaction

20 mixture is determined by the quantity of UDP-glucose needed for the reaction for cell-free

production of cyanidin-3-glucoside. In certain embodiments, glucose 1s present at a concentration

of about 10 mM to about 1000 mM in the cell-free reaction medium. In certain embodiments,
glucose is present at a concentration of about 20 mM to about 800 mM in the cell-free reaction
medium. In certain embodiments, ghicose is present at a concentration of about 50 mM to about

25 600 mM in the cell-free reaction medium.

In certain embodiments, the cell-free reaction medium further comprises polyphosphate.
In certain embodiments, polyphosphate is also a starting material to provide UDP-glucose for the
conversion of catechin/cyanidin to cyanidin-3-glucoside. Thus, the concentration of

polyphosphate in the reaction mixture is determined by the quandity of UDP-glucose needed for
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the reaction for cell-free production of cyanidin-3-glucoside. In certain  embodiments,
polyphosphate is present at a concentration of about 10 mM to about 1000 mM in the cell-free
reaction wedium . o cettain embodiments, polyphosphate is present at a concentration of about 20
mM to about 800 mM in the cell-free reaction medium. In certain embodiments, polyphosphate is

present at a concentration of about 50 mM to about 606 mM in the cell-free reaction medivm.

In certain esbodiments, the cell-free medium further comprises sodium ascorbate/ascorbic

actd, ammonium iron sulphate, and a-ketoglutaric acid.

In certain embodiments, the cell-free medium comprises sodium ascorbate/ascorbic acid.
In certain embodiments, the cell-free medium comprises from about 1 mM to about 100 mM. In
certain embodiments, the cell-free medium comprises from about 2 mM to about SO mM. In certain

embodiments, the cell-free medium comprises from about 5 mM to about 30 mM.

In certain embodiments, the cell-free medium comprises armmonium iron sulpbate. In
certain embodiments, the cell-free medium comprises ammonium iron sulphate in a concentration
of from about 0.1 mM to about 10 mM. In certain embodiments, the cell-free medium comprises
ammonium iron sulphate in a concentration of from about 0.5 mM to about 5 mM. In certain
embodiments, the cell-free medium comprises ammonium iron sulphate in a concentration of from

about 1 oM to about 3 mM.

In certain embodiments, the cell-free medium comprises a-ketoghutaric acid. In certain
embodiments, the cell-free medium comprises a-ketoglutaric acid in a concentration from about 1
mM to about 100 mM. In certain embodiments, the cell-free medivm comprises a-ketoglutaric
acid in a concentration from about 2.5 mM to about 50 mM. In certain embodiments, the cell-free

medivm comprises o~ketoglutaric acid in a concentration from about 10 mM to sbout 30 mM.

In certain embodiments, the cell-free reaction for production of anthocyanins is conducted
for the requisite duration till the desired quantity of the anthocyanins are produced in the said
reaction In certain embodiments, the reaction for cell-free production of anthocyaning s carried
out tor a duration of from about 0.1 hours to about 20 hours. In certain embodiments, the reaction
for cell-free production of anthocyanins is carried out for a duration of from about 0.3 hours to
about 20 hours. In certain embodiments, reaction for cell-free production anthocyanins is carried

out for a duration of from about | hours to about 15 hours.

26
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In certain embodiments, the terperature of the reaction muxture for cell-free production of
anthocyanins is varied to obtain optimal results for the production of anthocyanins. In certain
embodinents, the temperature of the reaction mixture for cell-free production of anthocyanins is
from about 135 °C to about 45 °C. In certain embodiments, the temperature of the reaction mixture
for cell-free production of anthocyaning is from about 20 °C to about 40 °C. In certain
embodiments, the temperature of the reaction mixture for cell-free production of anthocyanins is
from about 22.5 °C to about 37.5 °C. The temperature of the reaction mixture for cell-free
production of anthocyanins may influence the rate of production of anthocyanins. Consequently,
the duration of reaction may be adjusted according to the temperature of the reaction mixture to

obtain optiroal vield of anthocyanins in cell-free production of anthocyanivs,

[n certain aspects, the methods provided in the invention may be carried out in any reactor
suitable for carrying out the celi-free production of anthocyanins. In certain embodiments, the
reaction for cell-free production of anthocyanins is conducted in a bubble columin
reactor/bioreactor. In certain embodiments, in the bubble column reactor/bioreactor, the one or
more enzymes involved in celi-free production of anthocyanins are in a solution. To certain
embodiments, the reaction for cell-free production of anthocyanins is conducted in a bubble
column reactor/bioreactor comprises the lysate from the host organism. In certain embodiments. it
is advantageous to use the bubble column reactor/bioreactor for cell-free production of
anthocyanins when the reaction mixture involves the lysate (or lysate with cellular debris removed)
from the host cell organisms in which the one or more enzyrmes responsible for cell-free production
of anthocyanins were utilized. In certain embodiments, the reaction for cell-free production of
anthocyanins is conducted in a packed bed reactor/bioreactor. [u certain embodiments, the one or
more enzymes are lmmobilized in the packed bed reactor/bioreactor. The packed bed
reactors/hioreactors are preferred for the purified enzymes playing a role in celi-free production of
anthocyanins. In certain embodiments, the one or more enzymes may be immobilized in a single
reactor/bioreactor. In certain other embodiments, the one or more enzymes may be immobilized
in different reactors/bioreactors, wherein these reactors/bioreactors are linked sequentially. In
certain embodiments, the bioreactor system provided in PCT/US2021/064049, incorporated by

reference in its entirety.
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The methods provided in the invention are advantageous over other conventional methods
of production of anthocyanins. In certain embodiments, the methods of the invention provide cell-
free production of anthocyanins. Because the methods of the invention are conducted o cell-free
medium, they provide significant economic efficiency by reducing the cost of production of
anthocyanins in other conventional methods. In certain embodiments, because the reaction for
production of anthocyanins is conducted from the lysaies from the host organisms expressing the
particular, in certain embodiments, the methods of the invention do not involve the purification of
the one or more enzymes. Because purification of individual enzymes is not required in the
methods of the 1nvention, provides further economic efficiency by reducing the cost that would

have been otherwise required in purifyving individual enzvmes.
puniying Y

Advantageously, the cell-free production of anthocyanins provided herein provide a
sigonificantly higher titer value for anthocyvaning as compared to the conventional methods. The
higher titer values of anthocyanins provide additional cost advantages for production of
anthocyanins because the higher titer anthocvaning would provide efficiency in purifying and/or
concentrating anthocyanins from the reaction mixture. In certain embodiments, the methods of the
invention provide anthocyanins titer value of from at least S-fold higher than the conventional
methods. In certain embodiments, the methods of the invention provide anthocyanins titer value
of from at least 10-fold higher than the conventional methods. In certain embodiments, the
methods of the wvention provide anthocyanins titer value of from at least S0-{old higher than the
conventional methods. In certain embodiments, the methods of the invention provide anthocyanins
titer value of from at least 100-fold higher than the conventional rmeethods. In certain embodiments,
the methods of the invention provide anthecyanins titer value of from at least 500-fold higher than
the conventional methods. In certain embodiments, the methods of the invention provide
anthocyanins titer value of from at least 1000-fold higher than the conventional methods. In certain
embodiments, the methods of the invention provide anthocyanins titer value of from at least 5000-

fold higher than the conventional methods.

In some embodiments, the isolated anthocyanin has a purity of about 10%, or about 20%,
or about 30%, or about 40%, or about 30%, or about 60%, or about 70%. or about 80%, or about

90%, or about 95%, or about 99%, or about 100%.
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In other embodiments, the isolated anthocyanin has a purity of from about 10% to 95%, or
from ahout 10% to 90%, or from about 10% to 80% or from about 10% to 70%, or from about
10% 10 66%, or from about 10% to 50%, or from about 10% to 40%, or from about 20% to 95%,
or from about 20% to 90%, or from about 20% to 80% or from about 20% to 70%, or from about
20% 1o 60%, or from about 20% to 30%, or from about 20% to 40%, or from about 50% to 95%,

or from about 50% to 90%, or from about 50% to 80% or from about 50% to 70%, or from about

50% to 60%.

In certain embodiments, the cell-free medium comprises anthocyanidin synthase (ANS)
enzyme. In certain embodiments, the anthocyanidin synthase {ANS} used in the methods of the
invention is an enzyme with an amino acid sequence at least 95% identical to any one of enzymes

selected from the group consisting of:

Accession # Organism
XP 0227367581 Dwgrio zibethinus
XP 0305015121 Canmabis sativa
XP 0287627551 Prosopis alba
XP 021901846.1 Carica papaya
XP 021735950.1 Chenopodium quinoa
QCI56004 1 Iris sanguinea
XP 0105387781 Tarenaya hassleriana
XP 0271835171 Coffect eugenioides
AHUB8620. 1 Magnolia sprengeri
XP 0287878401 Frosopis alba
EOY24569.1 Thenbroma cacao
AEF14411 1 Onobrychis viciifolia
ACME2747 .1 Garcinia mangosiang
XP 0172361021 Dauens carota subsp. sativus
XP 0109340751 Flaeis guineensis
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In certain embodiments, the anthocyaunidin synthase (ANS) used in the ruethods of the
mvention may comprise further modifications designed to optimize the yield of the products

produced by the methods of the wovention,

In certain  embodimenis, the cell-free wedivm  comwprises  anthocyanidin 3-0-
glucosyitransferase (3GT} enzyme In certain embodiments, the anthocyanidin 3-0-

giucosyltransferase (3GT) used in the methods of the invention is an enzyme with an amino acid

sequence at feast 95% identical to any one of enzymes selected from the group consisting of’

Aceession # Organism
AL352972.1
ABR24135.1
AHIB0981.1
CPo899%6.1

XP_ 0043078761

Linm usitatissinnim

Vitis fabrusca

Ervthranihe lewisii

Safvia miltiorrhiza

Fragaric vesca subsp. Vesca

XP 0105498201 Tarenaya hassleriana

XP 010087491 1

Maorus notabilis

BB{C62118.1

Nemophila menziesii

PIN20524.1

Handroanthus impetiginosus

QIB23733 1 Centourea cyanus
OBL54224 1
XP 024179381 1

BAAZS008 1

Scutellaria barcalensis

Rosa chinensis

Petunia x hvbrida

In certain embodiments, the anthocyanidin 3-O-glucosyliransferase (3GT) enzyme.used
in the methods of the invention may comprise further modifications designed to optimize the
yield of the products produced by the methods of the invention.

In certain embodiments, the cell-free medium comprises sucrose synthase {(SuSy) enzyme.
In certain embodiments, the sucrose synthase (SuSy) is an enzyme with an amino acid sequence

at least 95% identical to any one of enzymes selected from the group consisting of’

Organism

Accession #
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WP (04872341.1

Acidithiobacillus caldus

P30208.2

Oryza sativa Japonica Group

(IB20MS5 .1

Nitrosomonas europaea ATCC 19718

PI3708.2

Crlveine max

CAAD9297 1

Nastoc sp. PCC 7119

P49036.1

Zea mays

P49040.3 Arabidopsis thaliona

YOMILIEL Arabidupsis thaliona
/L

BWSH7 Ipomoea bataias

WP 011056890

Thermasynechococcus efongatus

In certain embodiments, the sucrose synthase (SuSy) enzyme used in the methods of the

invention may comprise further modifications designed to optimize the yield of the products and/or

intermediates produced by the methods of the invention.

In certain embodiments, the one or more enzymes involved in generation of UDP-glucose

and/or recycling of one or more reaction intermediates are provided below. In certain

embodiments, the enzymes used for generation of UDP-glucose (by reaction with UTP) and/or

recycling of one or more intermediates are selected from the enzymes having at 1east 95% amino

acid sequence identity from the enzymes provided in the Table below.

Enzyme Accession No.
GLE AAAZTE94 1
GLK WP 331012003 1
PGM AACT3782.1
PGM AOATICEI4T
PGM ABATM282U2
UGP EEW2752841.1
uGP WP 0216480421
UGk WP 0288475551
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NDK WP_000963837.1
NDK CAF21035.1
NDK WP 066795798
PPK2 WP 010968631
PPK2 WP_ 160857702

In certain embodiments, the invention provides engineered ANS/3GT/SuSy enzymes for
the cell-free production of cyanidin-3-glucoside In certain embodiments, the engineered
ANS/3GT/SuSy enzymes were optimized for cell-free production of cyanidin-3-glucoside. In
certain embodiments, engineered ANS/3GT/S5uSy enzymes may include genetic modifications. In
certain embodiments, the genetic modifications may be selected from a group consisting oft point
mutations, insertions, deletions, and/or any other modifications such that those enzymes result in
efficient and optimal cell-free production of cyanidin-3-glucoside. In certain embodiments, the
ANS/3GT/SuSy enzymes used in the celi-free production of cyanidin-3-glucoside are any enzymes

disclosed in this application.

In certain  emboduments, the invention provides engineered and optimized
GLK/PGM/UGP/NDK/PPK enzymes for generation of UDP-glucose and/or recycling of reaction
intermediates involved in cell-free production of cyanidin-3-glucoside. In certain embodiments,
the engineered and/or modified GLK/PGM/UGP/NDK/PPK enzymes may include genetic
modifications. In certain embodiments, the genetic modifications may be selected from a group
consisting of point mutations, insertions, deletions, and/or any other modifications such that those

enzymes result in efficient and optimal cell-free production of cyanidin-3-glucoside.

In certain aspects of the invention, the method of the celi-free production does not require
the purification of the one or more enzymes from the lysed host organisms. In certain
embodiments, the methods of the invention do not require the purification of one or more enzymes
from the lysed biomass comprising host cell expressing the one or more enzymes for the cell-free
production of carminic acid. In certain embodiments, the methods of the invention do not require

the purification of CGT/SuSy/GLK/PGM/UGP/NDK/PPK from the lysed cells for cell-free
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production of cyanidin-3-glucoside. This is advaniageous because it iucreases the efficiency of the

method and reduces the costs associated with the purification of these enzymes.

In certain embodiments, the cell-free medium may further comprise any other additional
ingredients required for the cell-free production of cvanidin-3-glucoside. For example, in certain
embodiments, the cell-free medium comprises buffer, catechin, cyanidin, an activated sugar,
magoesium chioride, cell lysate, sucrose, and/or water. In certain embodiments, the cell-free
reaction mixture further comprises uridine diphosphate (UDP). In certain embodiments, the cell-
free reaction mixture further comprises polvphosphate and/or glucose. In certain embodiments, the
cell-free reaction mixture comprises UDP-glucose and/or UDP in catalytic quantities. In certain
embodiments, UDP-glucose 1s produced enzymatically in the reaction. In certain emnbodiments,
the reaction mixture comprises ghucose-1-phosphate. Glucose-1-phosphate may be generated in
the cell-free reaction. Thus, in certain embodiments, glucose-1-phosphate is also present in
catalytic quantity. In certain embodiments, the reaction medium comprises glucose and

polyphosphate.

In certain preferred embodiments, the processes of the invention utilize catechin, glucose,
and polyphosphate as the starting materials for production of cyanidin-3-glucoside. In certain
embodiments, the processes of the invention utilize cyanidin, glucose, and polyphosphate as the
starting materials for production of cyanidin-3-ghucoside. In these embodiments, the invention
provides that the other intermediates in the process for production of cyanidin-3-ghucoside may be

recycled.

The conventional methods for production of anthocyanins either requires the extraction of
the product from the plants, which is expensive and unpredictable, or certain cell-based
approaches, for example, as described 1n U.S. Patent No. 8,962,327, which 1s incorporated by
reference. However, the cell-based approaches have complications, such as the processes leading
to low vields, a higher number of by-products, and expensive purification and separation protocols.
The methods of the current tovention beneficially provide celi-free approaches for bioproduction
of anthocyanins. In particular, the product titers for anthocyanins produced by the methods of the
invention are higher than the product titer produced by any other known methods for production
of anthocvanins. In certain embodiments, the product titers produced by methods of the invention

are at least two-fold higher than other known methods for production of anthocyanins. In certain

oy
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embodiments, the product titers produced by methods of the invention are at least five-fold higher
than other known methods for production of anthocyanins. In certain embodiments, the product
titers produced by methods of the tyvention are at feast ten-fold higher than other kvown methods
for production of anthocyanins. In centain embodiments, the product titers produced by methods
of the invention are at least hundred-fold higher than other known methods for production of
anthocyanins. In certain embodiments, the product titers produced by methods of the invention are
at least five-hundred-fold higher than other known methods for production of anthocyanins. In
certain embodiments, the product titers produced by methods of the invention are at least thousand-
fold higher than other known methods for production of anthocyanins. In certain embodiments,
the product titers produced by methods of the invention are at least five-thousand-fold higher than

other known methods for production of anthocyanins.

In other beneficial aspects of the method of the invention, the methods of the invention
provide economically efficient methods of production of anthocyanins. Because the methods of
the invention provide for cell-free production of anthocyanins, it leads to decreased costs of
purification of the reaction products. Moreover, in certain aspects of the invention, the one or more
enzymes are included in the same reaction mixture, i.e., the enzymes do not need to be isolated
after being expressed in the host organisms. The one or more enzymes could be expressed in the
host organisms at the same time and be utilized for the cell-free production without the need of

any additional purification and/or separation steps.

In certain other beneficial aspects of the invention, the use of the one or more enzymes for
the cell-free production of anthocyanins leads to high yield of the product to be produced. The one
more enzyme may be further modified to optimize the yield of the product being produced in the

cell-free reaction.

Compositions for cell-free production of anthocvanins

In certain aspects, the invention provides compositions for celi-free production of
anthocyanins. The compositions of the ilnvention are utilized for cell-free production of
anthocyanins in accordance with the methods described above. In certain embodiments, the

compositions comprise ingredients for cell-free production of cyanidin-3-glucoside.



i¢

i5

20

25

30

WO 2025/006904 PCT/US2024/036044

In certain aspects, the invention provides compositions for cell-free production of cyamdin-
3-glucoside. The compositions of the invention are utilized for cell-free production of cyanidin-3-

giucoside tn accordance with the wethods described above.

In certain emboditnents, the compositions of the invention comprise. one OF MOTE enzymes
in a cell-free medium, wherein the one or more enzymes result in transformation of a substrate to
cyanidin-3-glucoside. In certain embodiments, the substrate converted to cyanidin-3-glucoside is
cyanidin. In certain embodiments, the substrate converted to cyanidin-3-glucoside is catechin (with
cyanidin as the intermediate). In certain embodiments, the one or more enzyme catalyzing the
conversion of catechin to cyanidin is ANS. In certain embodiments, the cne or more enzyme is
3GT. In certain embodiments, the composition 15 a cell-free medium. In certain embodiments, the
celi-free medium comprises an activated sugar. In certain embodiments, the activated sugar is

UDP-¢lucose. In certain embodiments, the UDP-glucose is added to the cell-free medium.

In certain aspects of the invention, the UDP-glucose in the composition is synthesized in
the cell-free medium by the one or more enzymes. In certain ebodiments, the UDP-glucose is
synthesized from sucrose. In certain embodiments, the one or more enzymes is sucrose synthase
(SuSy) that synthesizes UDP-glucose from sucrose. In certain embodiments, the cell-free medium
is a cell lysate. In certain embodiments, the cell lysate is a cell lysate from cells from a host
organism expressing the one or more enzymes. In certaio embodiments, the host organism is
selected from a group consisting of bacteria, yeast, and/or mammalian cells. In certain
cmbodiments, the one or more enzymes are introduced in the host organism by integration 1nto
genome of the host organism or on a plasmid. In certain embodiments, the host organisms
expressing the one or more enzymes are cultured until a pre-determined biomass is achieved to
produce the requisite quantity of the one or more enzymes. In certain embodiments, the
composition further comprises cell lysate generated by lvsis of cells and subsequent removal of
cell debris, for use in the cell-free medium for cell-free production of cyanidin-3-glycoside. In
certain embodiments, the ANS, 3GT, and SuSy enzymes are present in the cell-free medium for
cell-free production of cyanidin-3-glycoside. In certain embodiments, the compositions of the

invention provide ANS, 3GT, and Su8y that have not been purified or separated.

In certain embodiments, the composition further comprises glucose-1-phosphate. In certain

embodiments, glucose-1-phosphate is the source for formation of UDP-glucose. Accordingly, in
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ceriaiu embodiments, glucose- I-phosphate may be added to the reaction for generation of carminic
acid. In certain embodiments, glucose-1-phosphate may be supplied to the reaction for preparation

of carminic acid.

In certain embodiments, in the compositions of the invention, glucose~i-phosphate is
generated during the course of the reaction. In certain embodiments, glucose-1-phosphate is
generated enzymatically during the course of the reaction. Accordingly, in certain ervbodiments,
the compeositions of the invention comprise glucose and/or ATP. In certain embodiments, glucose
is converted to glucose-6-phosphate by a reaction of ATP and glucose. In certain embodiments,
reaction between glucose and ATP results o generation of glucose-6-phosphate and adenosine
diphosphate (ADP}. In certain embodiments, conversion of glucose to glucose-6-phosphate is
catalyzed by glucokinase {GLK). In certain embodiments, conversion of glucose to glucose-6-
phosphate is catalyzed by hexckinase (HK). In certain embodiments, glucose-6-phosphate is
converted o glucose-L-phosphate. In certain emhodiments, the conversion of glucose-6-phosphate
to glucose-1-phsophate is catalyzed by phosphoglucomutase (PGM). Accordingly, in certain

embodiments, the composition comprises GLK, HE, and/or PGM.

lu certain aspects, the invention further provides that the nucleoside triphosphate species
used in the reaction are recycled. In certain embodiments, the recycled nucleoside trisphosphates
are ATP and UTP. In certain embodiments, UTP is generated by reaction of UDP and ATP. In
certain embodiments, the generation of UTP from UDP and ATP is catalyzed by nucleoside
diphosphate kinase (NDK). In certain embodiments, ATP may be generated from ADP and
phosphate or polyphosphate. In certain embodiments, the conversion of ADP 1o ATP is catalyzed
by polyphosphate kinase (PPK). In certain embodiments, the compositions of the invention further
comprise ATP, UTP, and/or UDP. In certsin erubodirents, the compositions of the invention

further comprise PPK.

In certain embodiments, the composition further comprises anthocyanidin synthase
enzyme {ANS), anthocvamdin 3-O-glucosyltransterase (3GT), sucrose syntbase (SuSy),
ghucokinase {(GLK), hexckinase {(HK), phosphoglucomutase (PGM), polyphosphate kinase (PPK),
UTP—glucose-1-phosphate uridylyliransferase (UGP), and/or nucleoside diphosphate kinase
{(NDK}. In certain embodiments, C-glucosyltransferase (CGT), sucrose synthase (SuSy),

glucokinase (GLK), hexokinase (HK), phosphoglucomutase (PGM), polyphosphate kinase (PPK),
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UTP—glucose-1-phosphate uridylyitransferase (UGP), and/or nucleoside diphosphate kinase

(NDK) are present in the cell-free medium for the cell-free production of cyanidin-3-glycoside.
In certain embodiments, the cell-free medium may further comprise any other additional

ingredients required for the cell-free production of cvanidin-3-glycoside. For example, in certain

embodiments, the cell-free medium comprises buffer, catechin, cyanidin, an activated sugar,

w

magoesium chloride, cell lysaie, sucrose, and/or water. In certain embodiments, the buffer used in
the cell-free reaction medium is any buffer suitable for enzymatic conversion of catechin/cyanidin
to cyanidin-3-glycoside. In certain embodiments, the buffer maintains the pH of about 5 to abowt
9 in the reaction mixture. ln certain embodiments, the buffer maintains the pH of about 6 to about
10 8 in the reaction mixiure. In certain embodiments, the butfer maintains the pH in the range of 6 to
8 in the reaction mixture. In certain embodiments, the buffer is a phosphate buffer. In certain
embodiments, the buffer is present at a concentration of about 1 mM to about 200 mM. In certain

embodiments, the buffer 15 present at a concentration of about 5 mM to about 100 mM.

In certain embodiments, the cell-free reaction medium comprises activated sugar at a
15  concentration of about 0.001 mM to about 30 mM. In certain embodiments, the cell-free reaction
medinm comprises activated sugar at a concentration of about 0.01 M to about S mM. In certain

embodiments, the activated sugar is UDP-glucose.

In certain embodiments, the cell-free reaction medium comprises magnesium chloride at a
concentration of about 0.5 mM 1o about 40 mM. In certain embodiments, the cell-free reaction

20 medium comprises magnesium chloride at a concentration of about 1 mM to about 20 mM.

In certain embodiments, the cell-free reaction medium further comprises sucrose. In certain
embodiments, the sucrose is converted to UDP-glucose. Thus, the concentration of sucrose in the
reaction mixture is determined by the quantity of UDP-glucose needed for the reaction for cell-
free production of cyanidin-3-glycoside. In certain embodiments, sucrose is present at a

25 concentration of about 10 M to about 1000 mM in the cell-free reaction medium. In certain
embodiments, sucrose is present at a concentration of about 20 mM to about 800 mM in the cell-
free reaction medium. In certain embodiments, sucrose is present at a concentration of about 50

mM to about 600 mM in the cell-free reaction medium.

~1
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In certain erabodiments, the cell-free reaction medium further comprises glucose. In certain
embodiments, the concentration of glucose in the reaction mixture is determined by the quantity
of UDP-glucose needed for the reaction for cell-free production of cyamdin-3-glycoside. Tn certain
embodiments, glucose is present at a concentration of about | mM 1o about 1000 mM in the cell-
free reaction mediumm. In certain embodiments, glucose is present at a concentration of about 10

mM to about 1000 mM in the celi-free reaction medium. In certain embodiments, ghicose is

present at a concentration of about 50 mM to about 600 mM in the cell-free reaction medium.

In  certain  embodiments, the cell-free reaction medium further comprises
phosphate/polyphosphaie. In certain embodiments, the cell-free reaction medium further
comprises polyphosphate. In certain embodiments, the concentration of polyphosphate in the
reaction mixture is determined by the quantity of UDP-glucose needed for the reaction for cell-
free production of carminic acid. In certain embodiments, polyphosphate is present at a
concentration of about 0.1 g/l to about 500 g/l in the cell-free reaction medium. In certain
embodiments, polyphosphate is present at a concentration of about 1 g/L to about 100 g/L in the
cell-free reaction muediam. In certain embodiments, polyphosphate is present at a concentration of
about 1 o/l to about 60 g/l. in the cell-free reaction medium. In certain embodiments,
polyphosphate is present at a concentration of about 5 g/L 1o about 40 /L in the cell-free reaction

medivum. In certain embodiments, polyphosphate is present at a concentration of about 28 g/l

In certain embodiments, the cell-free reaction medium further comprises UTP and/or UDP.
In certain embodiments, the concentration of UTP and/or UDP in the reaction mixture is
determined by the quantity of UDP-glucose needed for the reaction for cell-free production of
carminic acid. In certain embodiments, UTP and/or UDP is in the concentration of about 0.01 uM
o about 100 uM 1o the cell-free wedium. In certain ermbodiments, UTP and/or UDP 15 in the
concentration of about 0.1 pM to about 56 uM in the cell-free medium. In certain embodiments,
UTP and/or UDP is in the concentration of about 0.1 uM to about 10 uM in the cell-free medium.
In certain embodiments, UTP and/or UDP is in the concentration of about 1 uM in the cell-free
medium. In certain embodiments, UTP and/or UDP is in the concentration of about 5 pM in the

cell-free medium.

In certain embodiments, the cell-free reaction medium further comprises ATP. In certain

embodiments, the concentration of ATP in the reaction mixture is determined by the quantity of
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UDP-glucose needed for the reactton for cell-free production of carminic acid. In certain
embodiments, ATP is in the concentration of about 0.01 uM to about 100 pM in the cell-free
mediur. In certaio embodiments, ATP 1s in the concentration of about 0.1 pM to about 50 uM in
the cell-free medium. In certain embodiments, ATP is in the concentration of about 0.1 uM to
about 10 uM in the cell-free medium. In certain embodiments, ATP is in the concentration of about
I uM in the cell-free medium. In certain embodiments, ATP is in the concentration of about § uM

in the cell-free medium.

In certain embodiments, the cell-free reaction medium comprises glucose-6-phosphate
and/or glucose-1-phosphate. In certain embodimenis, glucose-6-phosphate and/or glucose-1-
phosphate are generated and/or recycled in the reaction medium. Thus, in certain emnbodiments,
ghicose-6-phosphate and/or glucose-1-phosphate are present in catalytic guantities in the reaction
medium. In certain embodiments, glucose-6-phosphate and/or glucose-1-phosphate may be added
in the reaction medium. In certain erobodiments, glucose-6-phosphate and/or glucose- 1-phosphate
are present at a concentration of from about 0.01 mM to about 500 mM. In certain embodiments,
ghicose-6-phosphate and/or glucose-1-phosphate are present at a concentration of from about ¢.01
mM to about 1 mM. In certain embodiments, glucose-6-phosphate and/or glucose-1-phosphate are
present at a concentration of from about 1 mM to about 500 mM. In certain embodiments, glucose-
6~-phosphate and/or glucose-1-phosphate are present at a concentration of from about 10 M to
about 500 mM. In certain embodiments, glucose-6-phosphate and/or glucose-1-phosphate are

present at a concentration of from about 10 mM to about 100 oM

o certain embodiments, the quantity of the one or more enzymes for the celi-free
production of carminic acid is dependent on the target quaniity of carminic acid to be produced
and/or the concentration of other ingredients present i the reaction mixture. In certain
embodiments, the one or more enzymes are present in a concentration of from about 1% to about
50% (v/v). In certain embodiments, the one or more enzymes are present in a concentration of
from about 2.5% to about 45% (v/v). In certain embodiments, the one or more enzymes are present
in a concentration of from about 5% to about 40% (v/v). In certain embodiments, the one or more

enzymes are present in a concentration of from about 7.5% to about 309 {v/v}.

In certain aspects of the invention, the compositions of the invention are in a bubble column

reactor, wherein the one or more enzymes are in a solution. In certain embodiments, the
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compositions of the invention are in a packed bed reactor, wherein the one or more enzyroes are

immobilized.

In some embodiments, the enzymes may be immobilized. In some embodiments,
inorobilized enzymes may be immobilized onto solid supports. Non-limiting examples of solid
supports may include (but are not limited to) epoxy methacrylate, carboxymethyi-cellulose, starch,
collagen, ton exchange resins, amino Cs methacrylate, or microporous polymethacrylate. In further
embodiments, various surface chemistries may be used for linking the immobilized enzyme to a
sofid surface, including but not Himited to covalent, adsorption, ionie, affinity, encapsulation, or
entrapment. In other embodiments, immobilized enzymes may be immobilized in crosslinked
cnzyme aggregates. In other embodiments, the enzymes are non-immobilized. Either immobilized
or non-immobilized enzymes may be employed in batch or continuous synthesis. For example, an
imincbilized enzyme on a solid support may be used in a cartridge through which a reaction
mixture passes, whereby as immobilized enzyme may catalyze wodification of substrate to
produce the product at a high titer. Alternatively, a continucus method may comprise micro mixing
of enzyme solution and substrate to produce the product at a high titer, while continuously

.

removing product, removing (e.g., recovering) substrate, or both. In some embodiments removed

N

{e.g., recovered) substrate may be recycled to increase process efficiency and overall yield.

In some embodiments, authocyanidin synthase enzyme {ANS), anthocyanidin 3-0O-
slucosyltransferase (3GT), sucrose synthase (SuSy), glucokinase (GLK), hexokinase {(HK),
phosphoglucomutase  (PGM), polyphosphate  kinase (PPK), UTP—glucose-1-phosphate

uridylyitransterase (UGP), and/or nucleoside diphosphate kinase (NDBK) are immobilized.

In some embodiments, anthocyanidin synthase enzyme (ANS), anthocyanidin 3-O-
glucosyltransterase (3GT), sucrose synthase (SuSy). glucokinase {(GLK), hexckinase (HK),
phosphoglucomutase  (PGM), polyphosphate kinase (PPK), UTP-—glucose-1-phosphate

wridylyitransferase (UGP), and/or nucleoside diphosphate kinase {NDK) are non-immobilized.

In some embodiments, enzymes are recycled by ulirafiltration. In some embodiments ion
exchange resins may be used to capture carminic acid during production. For example, amine-

functionalized solid support may be added to capture carminic acid for continuous purification
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from reaction mixture. In certain  embodiments, the bioreactor system provided in

PCT/US2021/064049, incorporated by reference in its entirety.

Advantageously, the cell-free production of carminic acid provided herein provides a
significantly higher titer value for cvanidin-3-glycoside as compared to the conventional methods,
The higher titer values of cyanidin-3-glycoside provide additional cost advantages for production
of cyanidin-3-glycoside because the higher titer cyanidin-3-glycoside would provide efficiency in
purifying and/or concentrating carminic acid from the reaction mixture. In certain embodiments,
the methods of the invention provide carminic acid titer value of from at least 5-fold higher than
the conventional methods. In certain embodiments, the methods of the invention provide carminic
actd titer value of from at least 10-fold higher than the conventional methods. In certain
embodiments, the methods of the invention provide cvanidin-3-glycoside titer value of from at
ieast 50-fold higher than the conventional methods. In certain embodiments, the methods of the
invention provide carmitnic acid titer value of from at feast 100-fold higher than the conventional
methods. In certain embodiments, the methods of the invention provide cyanidin-3-glycoside titer
value of from at Jeast 500-fold higher than the conventional methods. In certain erobodiments, the
methods of the invention provide carminic acid titer value of from at least 1000-fold higher than

the conventional methods.

In some embodiments, the isolated cyanidin-3-glycoside has a purity of about 10%, or
about 20%, or about 30%, or about 40%, or about 50%, or about 60%, or about 70%, or about

80%, or about 90%, or about 25%, or about 99%, or about 100%.

In other embodiments, the isolated cyanidin-3-glycoside has a purity of from about 10% to
95%,, or from about 10% to 90%, or from about 10% to 80% or from about 10% to 70%, or from
about 10% to 60%, or from about 10% to 50%, or from about 10% to 40%, or from about 20% to
95%, or from about 20% to 90%, or from about 20% to 80% or from about 20% to 70%, or from
about 20% to 60%, or from about 20% to 30%, or from about 20% to 40%, or from about 50% to
5%, or from about 0% to 90%, or from about 50% to 80% or from about 50% io 70%, or from

about 50% to 60%.
ViI. Examples
Example 1: Bieproduction of cyanidin-3-gluceside:
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The reaction conditions for the cell-free production of cvanidiv-3-glucoside are provided

below:

PCT/US2024/036044

Component

Working Range

Buffer

pH 6-8, 5-100 mM

Ascorbic acid

5-30 mM

Ammonium iron sulfate

1-3 mM

a-Ketoglutaric acid

20-30 mM

Catechin

1-20 mM

UDP/UDP-glucose

0.01-5mM

Magnesium chloride

1-20 mM

Sucrose

50-600 mM

Host microbe lysate with
cnzymes/Punified

5-40% (viv)

enZYMEs
Time 0.5h-20h
Temperature 20C-40C

FIG. 4 provides the HPLC chromatograms for the formation of cyanidin and cyanidin-3-

glucoside.

Example 2: Reaction for generation of UDP-glucose and/or recycling of intermediates

The reaction conditions for the reactions for generation of UDP-glucose and/or recycling

of intermediates are provided in the Table below.

Cemponent

Working Range

Buffer

pH 0-8, 5-2060 mM

Magnesium chioride

1-100 mM

Catechin and/or Cyanidin

0.1-50g/L

Polyphosphate

1-60 /L

UTP or UDP

0.1-10 M

ATPR

0.1-10 uM

Glucose, glucose-1-phosphate,
glucose-G-phosphate, or UDP-glucose

0.01-500 mM

Host microbe lysate(s) with enzymes

0.5-40% (v/v)

Time

.5h-48h
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Temperature

20 °C-40°C

accordance with the methods of invention.

Table 1:

Table 1 provides exemplary sequences for anthocyanin synthase (ANS) enzymes in

Anthecvanidin Synthase Enzymes

SEQ
i
NG

Accession #

Organism

Sequence

1

XP 02273675
8.1

Durio zibethinus

MVTSVGSRVESLASSGIGSIPKEYIRPOEELTSE
ONVFEEEKKEEGPOVPTIDLKEIESEDKEVRER
CHOOQLKKAAMEWGVMHLVNHGISDBELTBRY
KKAGOKFFELPIEEKEKYANDQASGKIQGYGS
KLANNASGOLEWEDYFFHLVYPEEKRDESIWE
KTPSDYTEVTSEYARQLRGLASKILSALSLCLG
LEEGRLEKEVGGLEELLLOMKINYYPKCPQPE
LALGVEAHTDVSALTFILHNMVPGLGLFYEGK
WVTAKCVPNSHMHIGDTIEILSNGKYKSILHRG
LVYNKEKVRISWAVFCEPPKEKHLKPLPETVSET
EPPLFPPRTFAQHIOHKLFRKTQDGLSN

b2

Cannabis sativa

MVSAAGRVESLSSSGIOQSIPKEYVRPEEELKNIG
NVFEEEKKDEGPOVPTIDLKGINSDEPGVREKC
REELKRAAAEWGVMHL VNHGISDELIDRVKK
AGQTFFSLPVEEKEK YANDQASTNIOGY GRKL
ANNASGOLEWODYFFHLVFPEDKRDLSIWPKI
PTDYIEATSEYARLLRGLTTTILSVLSLGLGLEE
PRLEREVGGLEELLLOMKINYYPKCPQPELAL
GVEAHTDVSALTFLLHNMVPGLOLFYQGNWY
TAKCVPNSHMHIGDTVEILSNGKYKSILHRSLY
NEEKVRVSWAVFCEPPKEKHLKPLPEVVSEAE
PPLFPPRTFAQHIEHKLFRKTOELNGSK

XP 02876275
5.1

Prosopis alba

MVSSAAVVAPRVERLATSGIKSIPKEY VRPQEE
LTNIGNVFEEEKKEGPEVPTIDLTEIESEDEVVR
ARCHETLEKAAQEWGVMNLYVNHGIPEELLNQ
LRKAGETFFSLPIEEKEKYANDQASGKIQGYGS
KLANNASGOLEWEDYFFHLVFPEDKCIL STWP
RTPSDYIEVTSEYAROCLRGLATKILGALSLGLG
LEKGRLEEEVGGMEELLLOMKINY YPICPOPEL
ALGVEAHTDVSSLTFLLHNMVPGLOQLFYNGQO
WITAKCVPNSIFMBIGDTVEILSNGRYK SILHR
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OGLVNKEKVRISWAVFCEPPKEKHELKPLPELVT
DDEPARFPPRTFAQHIOHKLFRECOEGLSK

XP 02190184
6.1

Carica papayc

MESSVAVPRVEILASSGIESIPKEYVRPQEELTTI
GNIFDEERKKDEGPOQVPTIDLRDIDSDDCGQOVROR
CRDELKKAAVDWGYMHLVNHGIPDHLIDRVK
KAGQAFFELPVEVKEKYANDQASGNIQGYGS
KLANNASGOLEWEDYYFHLIFPFEEKRDLAIWP
NNPADYIEVISEYARQLRRLVSKILGVLESLGLG
LEEGRLEKEVGGLDELLLOMKINYYPTCPQPE
LALGVEAHTDISALTFILHNMVPGLOLEFYEGK
WVTAKCVPNSIVMHEVGDTIEILSNGKYKSILHR
GLYNKEKVRISWAVFCEPPKERIILKPLPETVSE
NEPPLFPPRTFAQHIOQOHKLFRKNQENLEAK

W

XP 02173595
0.1

Chenapodin
quinoda

MTONKEPVYNQGKSEHDEQRVESLASSGIESIFK
EYVRLNEELTSMGNVFEEEKKEEGSQVPTIDIK
DIASEDPEVRGEKAIQELKRAAMEWGVYVMHLVN
HGISDELIDRVKVAGQTFFELPVEEKEKYAND
QASOGNVQGYGSKLANSASGRLEWEDYYFHLS
YPEDKRDLSIWPETPADYIPAVSEYSKELRYLA
TKILSALSLALGLEEGREEKEVGGLEELLLQFKI
NYYPKCPOPELALGVEAHTDVSALTFILHNMY
PGLOLFYEGKWVTAKCVYPNSHMHIGDTIEILSN
GEKYKSILHRGLVNKEKVRISWAVEFCEPPREKH
LEKPLPDLVSDEEPARYPPRTFAQHVOYKLFRK
TOGPQTTITEN

QCIS6004.1

Iris sanguinea

MASSKVMPAPARVESLASSGLASIPTEYVRPE
WERDDSLGDALEEIKKTEEGPQIPIVDLRGEDS
GDERKERLHCMEEVKEAAVEWGVMHIVNHGIA
PELIERVRAAGKGFFDLPVEAKERYANNQSEG
KIQGYGSKLANNASGQLEWEDYFFHLIFPSDK
VDLSIWPKEPADYTEVMMEFAKQLRVYVTKM
LSILSLGLGFEEEKL EKKLGGMEELLMOQMKIN

LOVFHGGRWVNARLVPGSLYVVHVGDTLEILS
NCGRYKSVLHRGLVNKERVRISWAVFCEPPRKEK
IWWLEPLAELVDKRSPAKYPPRTFAQHIQHKLEK
KAQEQLAGGVHIPEAIQN

4

XP 01053877
8.1

Larenaya
hassleriana

MVATTRVESLVYNSGIESVPKEYIRPKEELMSIG
DIFQEEKNEEGPOQLPTIDLOAIDSEDETVRRKC
MEELRNAAMEWGVMHRLINHGIPEDLIERLKKS
GEGFFRLPVEEKEKYANDGQAAGKIQGYGSKLA
NNASGOLEWEDYFFHLVFPEDKRDLSLWPKTP
SDYTEVTSDYAKRLRALAGKIFSCLSVGLGLER
ERLEKEVGOMEELLLOMKINYYPKCPOQPELAL
GVEAHTDVSALTFILHNMVPGLOLFYEGEWY
TAKCVPNSUMHIGDTLEILSNGAYKSILHRGLY
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NKEKVRISWAVFCEPPKEKIVEKPLPETVTAES
PAKFPPRTFAQHIHHKLFRKAQEDEDGKIATK
EDAN

XP 02718351
71

Coffea eugenioides

MTTAAVTSRVERLASSGIQLIPKEYVRLOEELT
NMONVFEEEKNNEGPOVPTIDLGDIEAEDEVY
RERCRNELKKAAMEWGVMHL VNHGISNELIN
RVKVAGEAFFNLPVEEKEKYANDQASGNLGG
YGSKLANSASGQLEWEDYFFHCAFPEDKRDLS
IWPKTPEDYIPAASEYAKQLRGLATKILAVLSL
GLGLEEGRLEKEVGGIEELILOMKINY YPKCPQ
PELALGVEAHTDVSSLTFILHNMVPGLOLFYE
DEWITAKCVPNSHIMHIGDTHILSNGKYKSILH
RSLVNKDKVRISWAVFCEPPKEKITKPLPETVS
ETEPPRYLPRTFAQHIDHKLFRKTEGAVEKNQS
TEDNKSPEDNOPREDGKRS

AHUS3620.1

Magnolia sprengeri

MATQVASIPRVEMLASAGIQAIPTEYVRPEAER
NSIGDVFEEFKKLEGPGIPVVDLEMGLEWENEE
VEKKVEEDMKEAASEWGVMHIINHGISMELM
DRVRIAGKAFFDLPIEEKEMYANDOQASGKIAG
YGSKLANNASGOLEWEDYFFHLIFPEDKRIDMS
TWPKOQPSDYVEATEEFAKQLRGLVTEKVLVLLS
RGLGVEEDRLEKEFGOGMEELLLQMKINY YPKC
POPDLALGVEAHTDVSALTFILHNMVPGLOVE
FDDKWVTAKCIPGALVVHIGDSLEILSNGKYR
SILHRGLVNKEKVRISWAIFCEPPKEKVVLOPL
PELVSEAEPARFTIPRTFSQHVRQKLFKKQQDA
LENLKSE

10

XP 02878784
&6

Frosopis alba

MVSSAAVVATRVERLATSGIKSIPKEYVRPOEE
LINIGNVFEEEKKEGPEVPTIDLTEIESEDEVVR
ARCHETLKEKAAQEWGVMNLVNHGIPEELLNG
LRKAGETFFSLPIEEKEKYANDQASGKIQGYGS
KLANNASGQOLEWEDYFFHLVFPEDKCDLSIWP
RTPSDYIEVTSEYARQLRGLATKILGALSLGLG
LEKGRLEEEVGGMEELLLOMKINY YPICPQPEL
ALGVEAHTDVSSLTFLLHNMVYPGLOLFYNGQ
WITAKCVPNSIFMHIGDTVEILSNGRYKSILHR
GLVNKEKVRISWAVFCEPPKEKIEKPLPELVT
DDEPARFPPRIFACQHIOHKLFRKCOEGLSK

11

EOY24509.1

Theobroma cacao

MVTSMAPRVESLASSGIQSIPKEYIRPQEELTSI
OGNVFEEEKKEEGPOVPTIDLKEIDSEDREVRER
CROELKKAATEWGYMHLVNHGISDELMERVK
KAGOKFFELSVEEREKYANDQALGKIQGYGS
KLANNASGQLEWEDYFFHLVYPEDKRDLSIWP
OTPSDYTEVISEYARGLRVLASKH.SALSLCLG
LEEGRLEKEVGGLEELLLOMKINYYPRCPQPE
LALGYVEAHTDVSALTFILHNMVPGLQLFYEGK

45




WO 2025/006904

PCT/US2024/036044

WITAKCYPNSIIMHIGDTVEILSNGK YKSILHRG
LYNKEKVRISWAVFCEPPKEKHEXKPLPETVSET
EPPLFPPRTFAQHIHHKLFRKTODGLSN

AEF14411.1

Onobrychis viciifolia

MGTLAQRVESLSDSGIQRIPKEY VRPKEELANI
GNIFEEEKKEGPEVPTIDLKEIESKDELVRGKCR
EKLREAAEEWGVMHLVYNHGIPDELLNRLKEA
GAEFFSLPVEEKEKYANDQATGNVQGYGSKL
ANNASGQLEWEDYFFHLIFPEDKRDLSIWPKTP
PHYTEVTSEYAKRLRVLASKILKALSLELGLEE
GRLEKEVGGMEELLLOMKINYYPICPOPELAL
GVEAHTDISSETFLLHNMVPGLOLFYQGKWYVT
AKCVPGSIEMHIGDTIELSNGKFKSIEHRGLVN
KEKVRISWAVFCEPPKEKILKPLPELVTPTEPA
RFPPRTFAQHIHHKLFRKDOEEAAAAAAANSK

13

ACMO2747.1

Garcinic
B gOS!GH(I

MVTSVAPRVETLASSGIQCIPKEYIRPQEELTNL
GNIFEQEKKEGPOVPTIDLEGIVSEDKEVRDKC
WDELMKAAKEWGVMHLVNHGISNELTEKVKI
AGEAFFQLPIEEKEKYANDQGSGMIQGGYGSKL
ANNASGRLEWEDYFFHLVFPEEKRDLSIWPKT
PSDYIEVTSEYARQGLRALATKVLSALSLCLGLE
EGRLEKEVGGIEELALQMKINYYPKCPQPELA
LGVEAHTDVSALTFILHNMVPGLOLEYEGEWY
TAKCVPNSHMHIGDTLEILSNGKLKSILHRGVY
NKEKVRISWAVFCEPPKDKILKPLPELVSETEP
PMFPPRTFSQHIQHKLFRKNQDDVGPN

14

Dawucus carota
subsp. sativus

MVATTLESPRVETLAGSGIQLIPKEYVRPKDEL
VSITNIFEEEKSDEGPOVPTVRADILSDDRAVR
EKCYERIKDAAVDWCGVMHL VNHGISNELMDR

RVAGQAFFAEPIGEKEKYANDPGTGMIQGYG
SKLANNASGOQLEWEDYFFHEVYPEEKADLSIW
PKKPODYIPATREYAKELRGLATKLLSALSIGL
GLEEGRLEKEVGOMEELILGMKINY YPKCPQP
ELALGVEAHTDVSALSFILHNMVPGLOLFYGG
KWVTAKCYPDSHVHIGDTLEILSNGKYKSILH
RGLVNKEKVRISWAVEFCEPPKERTILKPLPETV
TEAEPPLFPPRTFAGHMAHKLFRKSQEAIDDSK
KVQPQEQNNAETDIPOPEEQOKTVESKPQKIEL
LKPGEEASTSP

-
N

XP (1093407
5.1

Elaeis guineensis

MASKVASAVPRVESLAKRGLEAIPTEYVRPES
ERRDLGDAFEEEKKAEEGPRIPVVDLKGFDSE
DEVVRRACAEEVRRVASEWGVMHIVNHGIPL
ELIEKVRRVGKEFFDLPIEEKEKYANDQSSGMI
AGYGSKLANNASGOQLEWEDYFFHLIFPHDKA
DMSIWPKNPANYVEVTKEFAERLRGVVSKML
AILSLGLGLDEAKLEKELGOMEDLLLOMKINY
YPRCPOQPDLALGVEAHTDVSSLSFILHNMVPG
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LOVYKDNKWVTAKCVPDSMIVHIGDTLEHLSN
ONYKSILHRGLVNKEK VRISWAVFCEPPKEKIV
LKPLPELVIDETPAKFPPRTFAQHIQHKLFKKT

QEDFISPK

Table 2 provides exemplary sequences for anthocyanidin 3-O-glucosyliransferase (3GT)

enzymes in accordance with the methods of invention,

Table 2:

Anthocyanidin 3-O-glucosyltransferase (3GT) Enzymes

SEQ
D
NE:

Accession #

Ovganism

Seguence

16

AFI52972.1

Linum
usttalissimum

MPPPATTPDGPHVVVLSFPFGTHAAPLLAVVEKRL
AALSPATHEFSFFGTEQSNASAFKNOQAAAVSESPN
LRAHMVYVWNGIPEGYELTGRPQEAIEMEMK AAPG
EFRKGIEAAVEESGREVSWLVIDAFYWEIASEMG
PWIAFWTAGPNSLSAHLHTDPLREALGSVPDAVY
YGREEETLEGIVAGMSKLRFRDLPEGYVEGNLQ
SIFSTMLHNMATHUPKAAAVFINSFHALDPTITDD
LSSKLNNFLNIGPFHLLYPSPASKEQOQQOPSDCIS
WENDQRHLPASVAYLSFGSVVTPPPHELAAVAE
ALEASKVPFIWSLKEHSKAHLPDGFLDWSKGNG
VVVPWAPQMEVLGHQAVGVFITHCGWINSVLES]
AGOGVPMICRPFFGDOINSGMVEKVWEIGYNLEG
GAFTKSGLYSCLDRVLRQEEGKKVRVNTRHLRE
KAEEATQSKGSSSADFFKLVELVSKST

ABR24135.1

Vitis labrusca

MSQTTINPHVYAVLAFPFSTHAAPLLAVVRRLAY
AAPHAVESFTSTSESNASIFHDSMHEHTMQOUNIKSYD
VSDGVPEGY VFTGRPQEGIDLFMRAAPESFROQGM
VMAVAETGRPVSCLVADAFIWFAADMAAEMGY
AWLPFWTAGPNSLSTHVYIDEIREKIGVSGIQGRE
DELLNFIPGMSKVRFRDLOQEGIVFGNLNSLEFSRLL
HRMGOVLPKATAVFINSFEELDDSLTNDLESKLK
TYLNIGPEFNLITPPPVVPNTTGCLOWLKERKPTSY
VYISFGTVTTPPPAELVALAEALEASRVPFIWSLR
DKARMHLPEGFLEKTRGHGMVVPWAPQAEVLA
HEAVGAFVTHCGWNSLWESVAGGVPLICRPIFG
DQRENGRMVEDVLEIGVRIEGGVFTKSGEMSCED
QILSQEKGKKLRENLRALRETADRAVGPKGSSTE
NFKTLVDLVSKPKDV

18

AHJR0O981 1

Feyvthranthe
fewisit

MSFHLHIGVLAFPFGTHAAPLLALVORLATASAP
AGEAGARFSFFNSAVSNSSMSFSNSCENIKAYDV
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WDGTPEGEVFGGTHSDAVGLFLKASPRNFEKAIE
EAEEDAGMKISCLISDAFLWFACDLAERRGVPW
VPFWTAASCSLSAHFYTEEILTAFVGFKETAEQE
QTLTFIPGLSKVHFSDEPPEIFVEQNPSPLAITINN
MVYGKLPKATAVVENSFEEIDPUHTKDLKSKFQDFL
NVGPSILASPDTPPSPDHDK TGCLSWLETQNKPKS
VVYISFGTVVIPSEKELLALAETLETRKLPFLWSL
GONAKKYLPEGFIERTSGFGKIVPWAPQAGVLAH
NSVOGVEVTHCGWNSVLESVSRGVPLICRPFFGDO
KINSRMVEVSWKIGVRVEGGVFTKASTMKALDR
IMSGEAGKVIRENVRRLKDKAVSAVELKGSSSKN
FEKLLEISVPN

QCP68996.1

Salvia
miltiorrhiza

MGFKLHIGVLAFPFGTHAPPLLALVQRLAASAPD
ALFSFENSATSNAALFNTSYDNIRPCDVWDGTPH
GEAFTGSHFEAVGLFLKASPGNFDKVIQEAEH(S
GLKICCLITDAFLWFACDMAEKRGYPWLPEFWTA
ASCSLESSHLYTDOIVKAIQSTETAKODKALSFIPG
LEMVTTSDLPPEVFLDNSPSPLAITINKMVYQQLPK
STAVVLENSFEEIDPHTKDLKSKFRHFLNVGPSHLA
SPARAAPDDKTGCLIWLGSQNRPNSVVYISFGTV
ITPPENELAALAFALETCGFPFLWSLKEHAKKSEP
TGFLERTNSLGKIVAWAPQQOQVLAHENVGVEVT
HCGWNSILESISSCYPLICRPYFFGDOMLNSRMVQD
SWEKVGVRVKGGVFTKSETVESLRELMTTEKGEK
MRENVGVLKDKAMAAVEPQGTSSKNFIKLLEIR
APESR

20

XP_004307876.1

Fragaria vesca
subsp. Vesca

MAPVSENGQVGGHYVAVLAFPFSTHAAPLINIVCRL
ATAAPSTLFSFEFNTKOQSNSSILAGNTSVERYSNVS
VCEVADGVPEGY VEVGKPQEDIELFMEA APDNF
RRCLEASVAESGREVSCLVIDAFFWEFGAHMADD
MGGVPWVPFWTAGPASLSAHVHTBLIRNTTGGG
GHDEKETITVIAGMSKVRPQDLPEGIFGNLESLFS
RMEHOMGOMLPLATAVFINSFEELDPVITNDLKS
KFKRFLNVGPLDLLEPPASAATTTPOTAEAVAGD
GCLSWLDKQOKAASYVVYVSFGSVTRPSPEELMAL
AEALEASRVPFLWSLRDNLENPQLDEFLSKGKLN
OMVVYPWAPQPOVLAHGSVGAFVTHCGWNSVLE
SYAGGVPLICRPFFGDOKLNARMVEDVWKIGLR
LEGGVFTEKNGMLKSLDMLLSQDEGAKMKNKINT
LEKQLAQOAVEPKGSSTRNFESLLEMTTTN

XP_010549820.1

farenava
hassleriana

MAEPSHAARDTHVAVLAFPFGTHAPPLLSVTRCL
AAAAPAARFSFFGTAQSNSASVGGDGLPANLRT
YDVSDGVPEGYVFTGKPGEAIELFLTAAPESFRR
GMUGTAEAEVORRVTCLVTIDAFYWFAAEMAAEM
EAVWVAFWTAGPCSLSAHLCTDLIRRTIGLQEVD
ORKEEKLGHFITGMEKMRVKBLPEGVVEGNLESIF

48




WO 2025/006904

PCT/US2024/036044

SRMEHOMGLALPKASALFLNSFEELDPLLTSTLSS
NLNRFLNVGPLPLSTPPKVSTLINDTYNCLAWLDN
QALGSVAYISFOTYMTPPPSELQAMAEGLEASRY
PFIWSLKDKDRAHLPKGFQGDRTREQGLVVEWAP
OVKVLEHRATGVFVTHCGWNSVLESVAGGIPMI
CRPFFOGDORINGRAVEAVWEIGVTIDGGAFTRD
GEFVRKCLDQH.GRDSGREKMRGNAKKILKGLAHEA
VEANGSSTONFKDLSEIIVM

ol

XP_ (10087491 1

Maorus
notahilis

MAPSPPCHVAVAAFPFGTHAAPLLAIVRRLAAAS
PGTTFSEFENTROSNNSIFNKDTATQFPNITAYDIW
DGVPEGHVESGKPOQERVELFVEAAPESLRFNIEM
AVVETGREVSCLLTDAFFWFGGELAQDMRVAS
WVOFWTAGPCSLSAHFYTDLIRQRISIAAKGSEN
EPLSFIPGMSKVLVODLPEGVLFGKLESVFSNML
HKMGLLLPRAKAVFINSFEELDKTITHDLKSKFN
KFLNVGPLNVVSPSLFPTPDESGCLRWLDEQKAD
ASVAYISFGSVMVPPREELEEIAAALEGGGIPFIW
SLRENAKENLPIGFLEKTRKTGMVYVPWAPQIDIL
AHRAVGVFVTHCGWNSVLESIVGGVPMICRPFFG
DORLNGRMVYODVWEIGVEVEGGAFTRAGLERC
LDLVLCQERRKKMRDKIKSI KEAANEAVGPRGS
STENFKLLEDVVTRPOGYVRLI

&3
(N

BBC62118.]

Nemophila
menziesii

MSKOQHHVAVLAFPFGTHGAPLLNLVORLAKALP
NAIFSFFSTHESNSSLESSSLTLDNVEKAYDVDDGV
PEGYVLGKSQEDIELFLEKVAREGFKNEIAVAFEEK
VOREKISCVIADPFLWEFTCEMAEEMGVDWIAFWT
SGVTPLSAHFHTDLVRQTIALDGANERKEELVTFI
PGFSELSLGDLPDGILFONLHSPFSQMLHKMGQT
LPRASAHLNSFEDLNPHIVKDLRTNFKKFLNIGPF
GLISPTPISKVSDVHGCLSWLDQOKEGSVAYIGEFG
TYVAPPPHELKALAEALEERKTPFLWSLKDHLKL
NLPEGFLERTKEIGKIVPWTPOQVQVLGHKATGVEL
FHGGWNSMLESVYVVGGYPVIGRPFFGDOHVNYSY
VERVWETGIKIEGOVESKDGVLOQGLELVLSSERG
KEMKERVRELRELAFKSVEPNGSSSKNFETLLSM
LL

24

PIN20524 1

Handroanithus
mpeliginosus

MVSPLHIGVLAFPFGTHAAPLLTLVQRLAASAPW
IQFSFFNTSASNDKIFNAHVSGSYDNIKVYNYWD
GTSEGFFGSHFEAVGLFLKASPGNFEKVIGEAEEE
TGLEICCFISDAFLWFACDLADRKGVPWVAFWT
AASCSLSAHVYTOEIVEKAGGLSSTETAEEETTVSE
VPGLEMVRFSDLPPEIFLDENPSPFALTINIMYV(QK
LPOSTAVVLNSFEEIDPVITNDLKSKFQHFLNIGPS
H.SSPTPTSPDDK TGCLSWLEKOQSRPKSVIYISFGS
VYTPPENELVALAEALETCKFPFLWSLKDHAKKS
LPEGFLNRTIAFGKIVPWAPQLOVLGHKSVGLEV
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THCGWNSILESICGSVPMICRPFFGDOKLNGRMY
EDSWKIGVRIKGGVFTKNETIEVENNMMSGEEG
KKVRENIYQLKEKAVNAVDFEGSSTEKNFKKLLE]
IGOPKCDKKLY

MEDLVLTSGNHNNNGRSRPERHVAVFAFPSSSHP
SLLLTLIRRLSSASPTTVESFFNTAKFNRPVESDES
SPDIRRYDISDGVPEGYVFRGKPQEDTNLFLAVA
EEFILRKGVKVAEADIGLKVSCLVYDAFYWESGD
MAEEMNVPWYSFWTAGACSLAAHVYTDLIRSKS
SQHKGSSAVPDEDEIVDFIPGEFSKLRLSDLPSGVLF
ONLESPFSTMLHEMGKNMAKATAVPINSFQGQLD
PNLTKNLSSELNNFLNIGPFNLITSTONPPSEVDEF
SCISWLESQGEPRSVAYISFGTVCKPAPHELVAIAE
ALEBAKTPFLWSISNDSKKHFPEGFLERTTANGSG
KVVPWAPQVOVLEHIAIGVEVTHGGWNSVLESY
GAGVPMICRPLRGDOQOQINSWMVEKVWGIGVRIE
GGSFTRROGTRCALEQVLSRDGSRKGFKERIEALK
ELAHKAVEPNGSSNENFKILVDVVYTRVTL

25 (IB23733.1 Centanreq
cyanns

26 QBL54224.1 Scutelloria
baicalensis

MVFQSHIGVLAFPFGTHAAPLLTVVQRLATSSPH
TLESFENSAVSNSTLFNNGVLDSYDNIRVYHVYWD
GTPQGQAFTGSHIEAVGLFLKASPGNFDKVIDEA
EVETGLKISCLITDAFLWEFGYDLAEKRGVPWLAF
WTSAQCALSAHMYTHEILKAVGSNGVGETAEEE
LIQSLIPGLEMAHLSDLPPEIFFDENPNPLAITINK
MVLKLPKSTAVILNSFEEIDPHTTDLKSKFHHFLN
IGPSILSSPTPPPPDDKTGCLAWLDSQTRPKSVVYE
SFGTVITPPENELAALSEALETONYPFLWSLNDRA
KKSLPTGFLDRTKELGMIVPWAPQPRVLAHRSVG
VEVTHCGWNSILESICSGVPLICRPFFGDOKLNSR
MVEDSWEIGVRLEGGVLSKTATVEALGRVMMS

EEGEIRENVNEMNEKAKIA VEPKGSSFKNFNKLL
EIINAPQSS

27 XP 024179381.1 | Nosa chinensis

MAPASNOVGGHVAVLAFPFSTHAAPLLNIVCRL
AAATPNTLFSFENTKOSNSSILASNTSSILRNSNVR
VCEVADGVPEGYVEFVGRPQOEDIELFMKAAPDNF
RRCLEASEAETGRKVSCLVTDAFFWERGAHMADD
LGGLPWVPFWTAGPASLSAHVHTDLIRNTTSMG
GHDONETVTVIAGMSKVRPODLPEGIEFGKLDSLE
SKMEHOMGLMLUPLATAVFINSFEELDPVITNDLE
SKFKRYLNVGPFDLLESPAPAATTTLOQTGDVYVG
DGCLSWLDKOKAASVYYVSFGSVTRPSPEELMA
LAEALEASRVPFLWSLRNNLKTPKLDEFISKAEL
NOMVVPWVPQPOQVLAHGSVGAFVTHCGWNSVL
ESVAGGVPMICRPFFODOKLNARMVEDEWEKIGL
KLEGGVFTKNGMLKSLDILLSQKKGNIMRDKINT
FROLAQOAVEPKGSSTRNFESLLEVISTAN
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28 BAAB008.1 Pefumia x MTTSGLHIALLAFPEFGSHAAPLLTLVQKLSPFLPS
hybrida DTIFSFFNTSOSNTSIFSEGSKPDNIKVYNVWDGY

TETNGNKPVGLEAIKLFIQATPTNFEKVMKEAEE
ETGVKFSCIFSDAFLWEFSYKLAEKINVPWIAFWT
AASGILSVHLYTDFIRSNDETSLNIPGEFSSTLKISD
MPPEVMAENLDLPMPSMELYNMALNLHKAAAVY
LNSFEELDPTINKDLKVKLOKVENIGPLVLQPTSPE
KEVLDACDERGCHWLEKQKEESVVYLSFGTVTT
LPPNEIVAVAEALEAKKFPFIWSLKDNGIKNLPTG
FLERTGOFGKIVSWAPQLELNHSAVGVEVTHOG
WNSILEGISCGYPMICRPFFGDOKEINSRMVESVW
OIGLOIEGGSFTKIGTISALDTFFSEEKGKVLRENV
KGLKERALEAVEPDGSSSKNFKDLVELVKCHKL
T

Table 3 provides exemplary sequences for sucrose synthase (SuSy) enzymes in accordance

with the methods of invention.

Tabie 3:

Sucrose Synthase Enzymes

SEQ | Accessien # Organism Sequence

i

NO:

29 WP (048723411 | Acidithiobacilins | MIEALRQGLLDDPRSWYAFLRHLVASQRDS
caldus WLYTDLORACADFREQLPEGYAEGIGPLEDY

VAHTOQEVIFRDPWMVYFAWRPRPGRWIYVRI
HREQLALEELSTDAYLQAKEGIVGLGAEGEA
VLTVDFRDFRPVSRRLRDESTIGDGL THENR
RLAGRIFSDLAAGRSQILEFLSLHRLDGONL
MLSNGNTDFDSLROQTVOYLGTLPRETPWAETL
REDMRRRGFAPGWGNTAGRVRETMRLLMD
LLDSPSPAALESFLDRIPMISRILIVSIHGWFA
QBKVLGRPDTGGQVVYILDOARALEREMRN
RLROOQGVDVEPRILIATRLIPESDGTTCBORL
EPVVGAENVOILRVPFRYPDGRIHPHWISRFK
IWPWLERYAQDLEREVLAELGSRPDLIIGNY
SDONLVATLLSERLGVTOQUNIAHALEKSKYL
YSRPLHWRDHEQDHHFACQFTADLIAMNAA
DHVTSTYQEIAGNDREIGQYEGHOQDYTLPGL
YRVENGIDVFDSKENIVSPGADPRFYFSYART
EERPSFLEPEIESLLFGREPGADRRGVLEDRQ
KPLLLSMARMDRENLSGLAELYGRSSRERG
LANLVIIGGHVDVONSRDAEFREEIRRMHE]
MDHYQLDGGLRWVGALLDKTVAGELYRVV
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ADGRGVEVQPALFEAFGLTVIEAMSSGLPVE
ATRFGGPLEHEDGVSGFHIDPNDHEATAERL
ADFLEAARERPKYWLEISDAALARVAFERYT
WERYAERIMTIARIFGFWRFVLDRESQVME
RYLOMIPRHLOWRPLAHAVPME

30

Oryza sativa
Japonica Grotp

MAAKLARLHSLRERLGATFSSHPNELIALFS
RYVNOGKGMLORHQLLAEFDALIEADKEKY
APFEDILRAAQEAIVLPPW VALAIRPRPGVW
DYIRVNVSELAVEELSVSEYLAFKEQLVDGH
TNSNFVLELDFEPFNASFPRPSMSKSIGNGVQ
FLNRHLSSKLFQDKESL YPLLNFLK AHNHKG
TTMMLNDRIQSLRGLQSSLRKAEEVLMGIPQ
DTPYSEFNHRFQELGLEKGWGDCAKRVLDT
IHLLLDLLEAPDPANLEKFLGTIPMMENVVIL
SPHGYFAQSNVLGYPDTGGQVVYILDQVRA
LENEMLLRIKQOGLDITPKILIVIRLLPDAVG
TTCGQRVEKVIGTEHTDILRVPFRSENGILRE
WISRFDVWPFLETYTEDVANEIMREMQAKP
DLEGNYSDGNLVATLLAHKLGVTQCTIAHA
LEKTK YPNSDIYLDKFDSQYHFSCOFTADLIA
MNHTDFHTSTFQEIAGSKDTVGQYESHIAFT
LPGLYRVVHGIDVFDPKFNIVSPGADMSVYF
PYTEADKRLTAFHPEIEELL YSEVENDEHKF
VLKDKNKPHFSMARLDRVKNMTGLVEMYG
KNAHLRDLANLVIVCGDHGNQSKDREEQAE
FKKMYGLIDOYKLKGHIRWISAQMNRVRNG
ELYRYICDTKGVFVQPAFYEAFGLTVIEAMT
COLPTIATCHGGPARIIVDGVAGLITIDPYHSD
KAADILYNFFEKCKOQDSTYWDNISQGGLORI
YEKYTWKLYSERLMTLTGVYGFWK YVSNL
ERRETRRYIEMFYALKYRSLASAVPLAVDGE
STSK

(O8]

(3820M5 1

Nitrosomonuas
enropaea ATCC
19718

MTITIDTLATCTQQWRDAVYTLLRRYFTANR
TLLLOSDLREGLLOTEQDCGQSDMELRAFVER
LQEGIFSSPWAYLALRPEIAKWEFMRIHQEH
LIPEKLTISEFLKFKETVVKGEATESYLEVDF
GPFNRGFPRLKESRSIGOGVIFLNRKLSSEMT
SRIEAGHTSLLHFLGVHAIEGQOLMFSNNSH
DIHAVRNQLROQALEMLETLDGTTPWIELAPK
MNGQLGFAPGWGHNANRVAETMNMIMDILE
APSPSALEEFLACIPMISRLLILSPHGYFGQDN
VEGLPDTGGOVVYILDQVRALEKEMHDRLOQ
LOGVQVEPKILIVIRLIPDAGDTTCNQRLEKYV
SGCTNTWILRVPFREKHNGEIIPHWISRFEIWP
HLEIFAGDVEREALABLGGHPDLIGNYSDG
NLYVATLLSRRLGVTOCNIAHALEKTKYLHSD
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IYWOENEDK YHFSCOYTADLLAMNSADFIY

TSTYQEIAGTREAEGQYESYQAFSMPDLYRY
IHGIDLFDPKFNIVSPGANADIYFPYSDPNRRL
HSLIPEIESLIFDDATNLPARGYLQDPDKPLIF

TMARLDRIKNITGLVELYAASPRLRSLANLYVI
VGGKIDPQHSSDHEEQEQIHRMHQLMDEHE

LDOOVRWLGMRLDKNLAGELYRYIADKRGI
FVQOPALFEAFGLTHEAMASGLPTFATRYGGP
LEHQNNRSGFHIDPNQGAATADLIADFFEKN

LENPQEWERISQGALDRVASRYTWKLYAER

MMTLSRIVGFWKFVSGLEREETDRYLNMFY
HLQFRPLANRLAHE]

(SN
b

P13708.2

Glyecine max

MATDRETRVHSLRERIDETL TANRNEILALL
SRIFAKGRGILOHHQVIAEFEEIPEENROKLT
DGAFGEVLRSTOEAIVLPPWVALAVRPREGY
WEYLRVNVHALVVEELQPAEYLHFKEELVD
GSSNGNFVLELDFEPFNAAFPRPTLNKSIGNG
VOFUNRHLSAKLFHDKESLHPLLEFLRLHSY
KGKTLMLNDRIONPDALQHVLRKAEEYLGT
VPPETPYSEFEHKFQEIGLERGWGDNAERVL
ESIQLLEDLLEAPDPCTLETFLGRIPMVENYV]
LSPHOGYFAQDNVLGYPDTGGOVVYILDOQVR
ALENEMELHRIKQOQGLDIVPRILITRLLPDAV
GTTCGORLEKVFGTEHRSHILRVPFRTEKGIVR
KWISRFEVWPYLETYTEDVAHELAKELQGK
PDLIVGNYSDGNIVASLLAHKLGVTQCTIAH
ALEKTKYPESDIYWKKLEERYHFSCQFTADL
FAMNHTDFUHTSTFQEIAGSKDTVGQOYESHTA
FTLPGLYRVVHGIDVFDPKFNIVSPGADQTIY
FPHTETSRRLTSFHPEIEELLYSSVENEEHICY
LKDRSKPIHFTMARLDRVENITGLVEWYGKN
AKLRELVNLVVVAGDRRKESKDLEEKAEM
KEMYGLIETYELNGOQFRWISSQMNRVRNGE
LYRVICDTRGAFVOPAVYEAFGLTVVEAMT
CGLPTFATCNGGPAENVHGKSGFHIDPYHGD
RAADLLVDFFEKCKLDPTHWDKISKAGLORI
EEKYTWOIYSQRLLTLTGVYGFWKHVYSNLD
RRESRRYLEMFYALKYRKLAESVPLAAE

L

3

CAA09297 1

Nostoc sp. PCC
7Ii9

MSELMOAILDSEEKHDLRGFISELRQODKNY
LLRNDILNVYAEVCSKCOKPETSYKFSNLSK
LIYYTQEHPEDSNFCFURPKIAAQEVYRLTAD
LDVEPMTYQELLDLRDRLYNKFHPYEGDILE
LDFGPFYDYTPTIRDPKNIGKGVQYLNRYLS
SKLFOQDSOQWLESLENFLRLENYNGIQLLIN
HOIOSOQOLSOOVKNALNFVSDRPNDEPYE
QFRLOLOTMGFEPGWGNTASRVRDTLNILD
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ELIDSPDPOTLEAFISRIPMIFRIVLVSAHGWE
GOEGVLGRPDTGGOVVYVLDGAKNLER QL
QEDAILAGLEVINVQPKVHLTRLIPNSDGTL
CNQRLEKVYGTENAWILRVPLREFNPKMTQ
NWISRFEFWPYLETFAIDSERELLAEFQGRPD
LIVOGNYTDONLVAFLLTRRMEKVTQCNIAHA
LEKSKYLFSNLYWODLEEKYHFSLOQFTADLI
AMNAANFVISSTYQEIVGTPDSIGOQYESYKCF
TMPELYHVVYNGIELFSPKFNVVPPGVNENSY
FPYTOTONRIESDRDRLEEMLFTLEDSSQIFG
KLDDPNKRPIFSMARLDRIKNLTGLAECFGQ
SQELQERCNLILVAGKLRIEESEDNEEKDEIV
KLEYRIODEYNLHGKIRWLGVRLSKNDSGELY
RVICDROGIFVOQPALFEAFGLTILESMISGLPT
FATQFGGPLEHQDKINGFYINPTHLEETATKI
LDFVTRKCEQNPNYWNISEKAIDRVYSTYTW
KIHTTKLLTLARIYGEFWNFTSKEKREDLLRY
LESLFYLIYKPRAQOLLEQHKEYR

P49036.1

Zea mays

MGEGAGDRVLSRLHSVRERIGDSLSAHPNEL
VAVFTRLENLGEKGMLQOPHOHAEYNNAIPEA
EREKLKDGAFEDVIRAAQEAIVIPPWVALAIL
RPRPOGVWEY VRVNVSELAVEELRVPEYLOF
KEQLVEEGPNNNFVLELDFEPFNASFPRPSLS
KSIGNGVOFLNRHLSSKLFHDKESMYPLLNF
LRAHNYRKGMTMMILNDRIRSLSALQGALRK
AFEHLSTLOQADTPYSEFHHRFOQELGLEKGW
GDCAKRAQETIHLLLDLLEAPDPSTLEKFLG
TIPMVEFNVVILSPHGYFAQANVLGYPDTGGO
VVYILDOVRAMENEMLLRIKQCGLDITPKILL
VIRLLPDATGTTCGORLEKVLGTEHCHILRY
PFRTENGIVRKWISRFEVWPYLETYTDDVAH
EIAGELQANPDLEHGNYSDGNLVACLLAHKM
GVTHCTIAHALEKTKYPNSDLYWKKFEDRY
HFSCOFTTDLIAMNHADFITSTFQEIAGNKD
TVGOYESHMAFTMPGLYRVVHGIDVFDPKF
NIVSPGADLSIVFPYTESHKRLTSLHPEIEELL
YSQTENTEHKFVLNDRNKPHFSMARLDRVK
NETGEVELYGRNKRLOQELVNLVVVCGDHG
NPSKDEKEEQAEFKKMFDLIEQYNLNGHIRWI
SAQMNRYRNGELYRYICDTKGAFVQPAFYE
AFGLTVVEAMTCGLPTFATAYGGPAEIIVHG
VSGYHIDPYQGDKASALLVDFFDKCOAEPSH
WSKISQGGLORIEEKY TWKLYSERLMTLTG
VYGFWKYVSNLERRETRRYLEMELYALKYRT
MASTVPLAVEGEPSSK
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35

P45040.3

Arubidopsis
thaliona

MANAERMITRVHSQRERLNETLVSERNEVL
ALLSRVEAKGKGILOONQIIAEFEALPEQTRK
KLEGGPFFDLLKSTQEAIVLPPWVALAVRPR
PGYVWEYLRVNLHALVVEELQPAEFLHFKEE
LVDGVKNGNFTLELDFEPFNASIPRPTLHK Y]
GNGVDFLNRHLSAKLFHDKESLLPLLKFLRL
HSHOGKNLMLSEKIONLNTLOHTLRKAEEY
LAELKSETLYEEFEAKFEEIGLERGWGDNAE
RVLDMIRLLLDLLEAPDPCTLETFLGRVPMV
FNVVILSPHGYFAQDNVLGYPDTGGOVVYIL
DOVRALEIEMLORIKQQGLNIKPRILILTRLLP
DAVGTTCGERLERVYDSEYCDILRVPFRTEK
GIVRKWISRFEVWPYLETYTEDAAVELSKEL
NGKPDLIGNYSDGNL VASLLAHKLGVTQCT
IAHALEKTK YPDSDIYWKKLDDK YHFSCQFT
ADIFAMNHTDFITSTFQEIAGSKETVGOYES
HTAFTLPGLYRYVHGIDVFDPKFNIVSPGAD
MSIYFPYTEEKRRLTKFHSEIEELLYSDVENK
EHLCVLEDKKKPILFTMARLDRVKNLSGLY
EWYGKNTRLRELANLVVVGGDRRKESKDN
EEKAEMKKMYDLIEEYKLNGOFRWISSOMD
RVRNGELYRYICDTKGAFVQPALYEAFGLT
VVEAMTCGLPTFATCK GGPARITVHGK SGFH
IDPYHGDQAADTLADFFTKCKEDPSHWDEIS
KGGLORIEEK Y TWQIYSQRLLTLTGVYGFW
KHVSNLDRLEARRYLEMFYALKYRPLAQAV
PLAQDD

36

QOMI1111

Arabidopsis
thaliana

MANPKLTRVLSTRDRVODTLSAHRNELVAL
LSRYVDQGKGILQPENLIDELESVIGDDETK
KSLSDGPFGEILKSAMEAIVVPPFVALAVRPR
PGVWEYVRVNVFELSVEGQLTVSEYLRFKEEL
VDGPNSDPFCLELDFEPFNANVPRPSRSSSIG
NGVOFLNRHLSSVMEFRNEDCLEPLLDFLRY
HEKYKGHPLMLNDRIQSISRLQIQLSKAEDHIS
KLSQETPFSEFEYALQGMGFEKGWGDTAGR
VEEMMHLLSDILOAPDPSSLEKFLGMVYPMVE
NVYVILSPHGYFGOQANVLGLPRTGGQVVYILD
QVRALETEMLLRIKRQGLDISPSILIVIRLIPD
AKGTTCNQRLERVSGTEHTHILRVPFRSEKGE
LREWISRFDVWPYLENYAQDAASEIVGELQ
GVPRFHGNYSDOGNLVASLMAHRMGVTQCTE
AHALEKTKYPDSDIYWKDFDNKYHFSCOFT
ADLIAMNNADFHTSTYQEIAGTEKNTVGOQYES
HGAFTLPGLYRVVHGIDVEFDPKFNIVSPGAD
MTIIYFPYSEETRRLTALHGSIEEMLYSPDQTD
EHVGTLSDRSKPILFSMARLDEVENISGLVE
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MYSKNTKLRELVNLVVIAGNIDVNKSKDRE
EIVEIEKMHNLMENYKLDGOFRWITAQTNR
ARNGELYRYIADTRGAFAQPAFYEAFGLTV
VEAMTCGLPTFATCHGGPAEHEHGLSGFHID
PYHPEQAGNIMADFFERCKEDPNHWKKVSED
AGLQRIYERYTWKIYSERLMTLAGVYGEFWK
YVSKLERRETRRYLEMFYILKFRDLVKTVPS
TADD

37

Q8Ws17

Ipomoea batatas

MAGNDWINSYLEAILDVGPGIDDAKSSLLLR
ERGRFSPTRYFVEEVITGFRETDLHRSWVRA
QATRSPOQERNTRLENMCWRIWNLARQKKL
EGEQAQRLAKRRQERERGRREAVADMSEDL
SEGEKGDAISDISAHGESIKGRLPRISSVETME
SWANQOKGKKLYIVLISLHGLIRGENMELGR
DSDTGGOVKYVVELARATGSMPGYYRVDL
LTRQVSSPEVDWSYGEPTEMLTPINSEGLMT
EMGESSGAYHRIPFGPRDKYIPKEDLWPYIPE
FVDGALNHEHYSKVLGGOIGSGRDVWPVAL
HGHYADAGDSAALLSGALNVPMLETGHSLG
RDKLEQLLRQGRLSKDEINSTYKIMRRIEAEE
LSLDASEIVITSTRQEIDEQWRLYDGFDPILER
KERARIKRNVSCYGRFMPRMVVIPPGMEFH
HIVPHEGDMDFETEGSEDGKAPDPHIWTEIM
RFFSNPREKPMILALARPDPKKNLTTLVKAFG
ECRPLRELANLTLIMGNRDNIDEMSSTNASY
LLSILKMIDKYDLYGOQVAYPKHHKQSEVEDE
YRLAAKTRGVFINPAFIEPFGLTLIEAAAHGL
PIVATKNGGPVDIHRGSDNGLLVDPHDOQHAIL
ADALLKEVADKHE WAKCRANGLEKNIHEFS
WPEHCKTYLSRIAGCKPRQPCWLRNADDDE
NSESESPSDSERDIGDISENLKFSLDGDKNED
SDNLFDPDDRKNKLENAVEAWSKGVKGTH
KTSIDKIDOQSSSAGKFPALRRRRKOQIFVIAVDC
DSSTGLFENVRKIFAAVEAEGMEGSIGFHIGH
FIQYIRSAFFSDFRGHESTDFDAFICNSGGDL
YYSSSHSEDNPFVVDLYYHSHIEYRWGGEGL
RKTLVRWAASISDKKGEKEEHIVVEDEKNSA
BYCYTFKVQOKSGGDPSVEELRKSMRIGALR
CHVVYCQNGSRINVIPVLSSRSQALRYLYLR
WOMDLSKLVVFVGESGDTDYEGLLGGLRK
AVILKGVCSVSSSOLLENRNYPLTDVVPYNS
PNVIQTTEECSSSELHASLEKLAVLKG

WP 011056890

Thermosynechoco
ceus elongatus

MTCVLLEKAVVESDERADLROFSRILQLGEKR
YLLRNDILDAFADYCRDQERPVYPPPSESRLSK
LVFYTQEOIVDNESLCWIVRPRIAQQGEVCRLL
VEDLTIVPMTIPELLDLRDRLVNHYHPNEGD
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VFEIDVQPFYDYSPURDAKNIGKGVEFLNRY
LSSKLFODPROWOQONLENFLRIHRYNGYQLL
INERIRSPQHLSEQVKQALVVLSDRPPTEAYS
EFRFELONLGFEPGWGNTVARVRDTLEILDOQ
LLDSPDHOVLEAFVSRIPMLFRIALISPHGWF
GOEGVLGRPDTGGQVVYILDOVKSLEKQMR
EDLELAGLGVLEAQPKIVLTRLIPNAEGTLC
NOQRLEKIYGTNDAWILRVPFREFNPKVTON
WISRFEIWPYLETFAIDAERELRAFFGHVPDL
HGNYSDGNLVAFLLARRLKVTQCNIAHALE
KSKYLFSNLYWODLEDK YHFSLOFTADLIA
MNAANFIISSTYQEIVGTPDSIGQYESYQSFT
MPDLYHVVNGIELFSPKFNVVPPGVNEQVYF
PYYHYTERLEGDRQRLEELLFTLEDPQGIVG
YLEAPEKRPLFSMARLDRIKNLTGLAEAFGR
SKALQERCNLILVAGKLRTADSSDREEIAEIE
KLYQUHQYNLHGKIRWLGIRLPKADSGEIYR
HADROQGIFVOPALFEAFGLTILEAMISGLPTE
GTRFGGPLENQDGVNGFYINPTHLEEMAETI
VRFLEACDRDPQEWQRISKAGIERVYSTYTW
KIHCTRLLSLAKIYGFWNFSSQENREDMMRY
MEALFHLLYKPRAQALLAEHLOQR

Table 4 provides exemplary sequences for enzymes involved in generation and/or recycling

of UDP-glucese the reaction intermediates in accordance with the methods of invention.

Tabie 4:

SEQ ,
FE) Gene Accessio Sequence
NO "
MEIVAIDIGGTHARFSIAEVSNGRVLSLGEETTFKTAEHASLO
LAWERFGEKLGRPLPRAAAIAWAGPVHGEVLKLTNNPW VL
RPATLNEKLDIDTHVLINDFGAVAHAVAHMDSS YLDHICGP
30 |G | AAA276 | DEALPSDGVITILGPGTGLGVAHLLRTEGRYFVIETEGGHIDF
‘ 94.1 APLDRLEDKILARLRERFRRVSIERISGPGLGNIYEALAAIEG
VPFSLLDDIKLWQMALEGKDNLAEAALDRFCLSLGAIAGDL
ALAQGRTSVVIGGGVGLRIASHLPESGFRQRFVSKGRFERY
MSKIPVKLITYPQPGLLGAQLPMPTNILKLNNIF
WP 331 | MEIVAVDIGGTHARFAIAEVGDGHVLSLGEPVTLKTAEHGS
40 1GLK 0503 1 | LOLAWEAAGEALGRPIPRAAGIAIATPIGGE VLKL TNNPW VI
RPALIQSKLGVDSY VLVNDFEAVGHAVAQVGAEYLQHLCG
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PODPLPDTGHTIVGPGTGLGVAHLLKTPAGYHVLPCEGGHI
DFAPLDVEEDGILKTEREQYRRVEVERIVSGPGLYNIYESLPP
STSAALRPIDDKELWTAAL AGTDSRAAAAI DRFCLSLGAVA
ODLALAHGAKAVVIAGGLGLRIADHLPRSGFSERFVAKGRF
ERIMSAMPVEFITHPOQPGLFGAAAAFAGAHRS

41

PGM

AACT37
821

MAIHNRAGQPAQQSDLINVAQLTAQYYVLKPEAGNAEHAY
KFGTSGHRGSAARHSENEPHILATIAQAIAEERAKNGITGPCY
VGKDTHALSEPAFISVLEVLAANGVDVIVOENNGFTPTPAVS
NAILVHNKKGGPLADGIVITPSHNPPEDGGIKYNPPNGGPAD
TNVTEKVVEDRANALLADGLKGVERISLDEAMASGHVKEQD
LVQPFVEGLADIVDMAAIQKAGLTLGVDPLGGSGIEYWRRI
GEYYNLNLTIVNDQVDOTFRFMHELDKDGAIRMDCSSECAM
AGLLALRDKFDLAFANDPDYDRHGIVIPAGLMNPNHYLAVY
AINYLFOHRPOWGKDVAVGKTLVSSAMIDRVYVNDLGRKLY
EVPVGFKWEVDGLFDGSFGEFGOEESAGASFLRFDGTPWSTD
KDGHMCLLAABITAVTGKNPOEHYNELAKRFGAPSYNRL(
AAATSAQKAALSKLSPEMVSASTLAGDPITARLTAAPGNGA
SIGGLEVMTDNGWEFAARPSGTEDAYKIYCESFLGEEHRK QI
EKEAVEIVREVLEKNA

42

POM

AQATIOE
147

MAKHPRAGQOPTSCDLINVAKLTSQYYVLOPALHESAHAV
KFGTSGHRGSSTKHTINEAHILAIAQAIABIRHAKGITGPCY Y
GKDTHALSEPAFISVLEVLAANQVTVIIQPENGFTPTPAISHAL
LTHNKSNPIHLADGIVITPSHNPPEDGGIK YNPPNGGPADTDF
TGLIEKRANQLLDERSSENAVLAGVKRISLSQAISSQFHQOD
MMMPYVEDLVNVVDLSVIQOAGLKLGVDPLGGSGIAYWO)
QIAEY YKLNLSLYNDQVDOTFREMPLDHDGVIRMDCSSVD
AMGGLLRLKDKFDLAFANDPDYDRHGIVTPAGLMNPNHYL
SVAINYLYQNRPGWPVDLGVGK TLVSSAMIDR VVSSLNRKL
VEVPYVGFKWFVDGLY TGKLGFGGEESAGASFLRFDAKPWS
TDKDGIMCLLSAEITARTGKNPQVHYDELSEKFGAPIYNR]I
QANATHEQKAILSKLSPDOQVQAKTLAGDLITARITHAPSNN
ASIGGLKVVTDNGWFAARPSGTEEAYKIYCESFISHEHLDLI
SKEAVEIVDAAFASNK

43

PGM

AOATMZ
S2U2

MAMHPRAGOKAQOEDLHNIPALVANYFLLOPDAANAFHK
VOFGTSGHRGTADKHTFNENHILAIAQAVAEVRSEQGTTGP
LEVGEKDTHALSEPAFSSVIEVLIANGVREVIVQODNGYTPTPG
ISHAH TYNIKHDEKADGIVITPSHNPPOGDGGIKYNPTHGGPA
EAELTOQAIEDRANELIAEGLOGVKRLPLAEAKASDLEVEMD
LVKPYIDDLVNVIDMEAIGKANLKIGVDPLGGSGIDYWROI
GOAYNLDLTLVSEAIDPSFQFMSLDKDGVVRMDCSSPY AM
AGLLALKDEYDLAFGNDPDYDRHGIVIPKGLMNPNHFLAVY
CIDYLYRHRDAWGKDVAVGKTLVSSALIDRYVVADLGRALC
EVPVGFKWEVDGLYTGKEFGEGGEESAGASFLREDGTPWST
DKDGHLCLLAAEITAVTIGEKNPODYYEELAAKHGESKYNRI

58
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QAVANGPOKDVLKKLSPEMYVAAETLAGDAITARLTHAPGN
GAAIGGLEVTTANGWFAARPSGTEDIYKIYCESFKGEEHLK
QIEAEAQEIVNGVFAAAGL

44

UuGP

EEW27
23411

~3
(%4]

MAAINTRVKKAVIFVAGLGTRMLPATKAIPKEMLPLVDKPL
IQYVVNECIAAGITEIVLVTHSSKNSIENHFDTSFELEAMLEK
RVKRQLLDEVQSICPPHVTIMOVRQGLAKGLGHAVLCAHP
VVGDEPVAVILPDVIEDEYESDLSQDNLAEMIRRFDETGHSG
MVEPVADVTAYGVVDCRKGVELAPGESVPMYGVVEKPK A
DVAPSNLAIVGRY VL SADIWPLLAKTPPGAGDEIQLTDAIDM
LIEKETVEAYHMKGKSHDCGNKLGYMOAFVEYGIRHNTLG
TEFKAWLEEEMGIKK

uGp

WP 021
648042.1

MFAEDLKRTEKMTVDDVFEQSAQKMREQGMSEIAISQFRH
AYHVWASEKESAWIREDTVEPLHGVRSFHDVYKTIDHDKA
VHAFAKTAFLKLNGGLGTSMGLOCAKSLLPVRRHEKAROMR
FLDIILGOVLTARTRLNVPLPVTFMNSFRTSDDTMEKALRHQR
KFKQTDIPLEHGHOEPKIDAATGAPASWPANPDLEWCPPGH
GDLFSTLRESGLLDTLLEHGFEYLFISNSDNLGARPSRTLAQ
YFEDTGAPFMVEVANRTYADRKGGHIVRDTATGRLILREMS
OVHPDDKDAAQDIAKHPYENTNNIWVRIDVLRDMLAEHDG
VLPLPVINNETVDPIDPOQSPAVVOLETAMGAAIGLFEGAICY
QVDRMRFLPVKTTNDLFIMRSDRFHLTDSYEMEDGNYIFPN
VDLDPRYYKNIEDFNERFPYNVPSLAAANSVSIKGDWTFGR
DVIMFADARLEDRNEPSYVPNGEYVGPMGIEPGDWY

46

UGP

WP 028
847555.1

MTASAEHQTFTTAIVPAAGLGTRFLPTTKSVPKELLPVVDTP
AIELVADEARQAGAERLVIVTSPAKQSIAAYFRPAPELERSL
EEKGKTGQLAKIRRAPELLEVEVAIQEQALGLGHAVACAEP
NLGPEDDVVAVLLPDDLVLPHGILERMAKVRAEHGGSVLE
AFDIPKEEISAYGVEDVSDTDDADVKRVHGMVEKPPAEQAP
STFAAAGRYLLDRAIFDALRRIFEPGAGGELOQLTDAVALLIOE
GHPVHVVVHRGDRHDLGNPGGFLRAAVDFALQGDPDYGPEL
RAWLTDRIARP

NDK

WP_000
963837.1

MAIERTFSHKPNAVAKNVIGNIFARFEAAGFKIVGTKMLHLT
VEQARGFYAEHDGKPFFDGLVEFMTSGPIVVSVLEGENAV(Q
RHRDLLGATNPANALAGTLRADYADSLTENGTHGSDSVES
AARFIAYFEFGEGEVCPRTR

48

NDK

CAF2103
5.1

MTERTLILIKPDGVTNGHVGEIHARIERKGLELAALDLRVAD
RETAEKHYEEHADKPFFGELVEFITSAPLIAGIVEGERAIDA
WROLAGGTDPVARKATPGTIRGDFALTVGENVYVHGSDSPES
AEREISIWEFPNL

49

NDK

WP 066
795798

MTERTLILIKPDGVANGHVGEHARIERKGLKLVELDLRTAD
RETAEKHYEEHSDKPFFGELVEFITSAPLVAGIVEGERAIDA
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WROLAGGTDPVSKATPGTIRGDFALTVGENYVHGSDSPESA
EREIAIWFPNK

MALDEAPAEARPGSRAVELEIDGRERIFDIDDPDLPKWIDEE
AFRSDDYPYRKKKLDREEYEETLTKLQIELVKVOQFWMQATG
KRYMAVFEGRDAAGKGGAIHATTANMNPRSARYVALTKP
WP 010 | TETERGOWYFQRYVATFPTAGEFVLFDRSWYNRAGVEPVM
968631 GFCTPDOYEGFLKEAPRFEEMIANEGIHLFKFWINIGREMGL
KRFHDRRHDPLKIWELSPMBDIAALSKWDDYTGKRDRMLKE
THTEHGPWAVIRGNDERRSRINVIRHMLTKLDYDGKDEAATL
GEVDEKILGSGPGELR

50 PPK2

MVEKAESRAVELDIDGKKRVEDIDDPKLPDWIDKEAFQSDD
FPYDKKLDEDEYEEALEALQVELVEKVOFWGOKTGARIMAL
FEGRDAAGKGGAIHATMSNMNPRSARIVALTKPTETEQGO
WP 160 | WYFQRYVATFPTSGEFVLFDRSWYNRAGVEPVMGFCTPEQ
857702 YEKFLKATPRIEKMIASEGIHFFKFWELNIGREMOQLKRFHDRR
HDPLEKVWELSPMDIAALNKWDDYTEKRDRMLEATHTDRA
PWTVIRANDKRRARINLIRHILTTLDYEGKDEKAIGKIDDKIV
GSGPGEFVK

51 PPK2

Incorporation by Reference

References and citations to other documents, such as patents, patent applications, patent
publications, journals, books, papers, web contents, publicly accessible databases, have been
made throughout this disclosure. All such documents are hereby incorporated herein by reference

in their entirety for all purposes.
Hauivalents

Various modifications of the invention and many further embodiments thereof, in
addition to those shown and described herein, will become apparent to those skilled in the art from
ihe full contents of this document, including references to the scientific and patent literature cited
herein. The subject matter herein contains important information, exemplification and guidance
that can be adapted to the practice of this invention in its various embodiments and equivalents

thereof.
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Claims:

1. A method for cell-free production of anthocyanins, wherein the method comprises:
& 3
providing oune or more enzyrues in a cell-free medium, wherein the one or more enzymes

result in transformation of one or more substrates to anthocyanins.

2. The method of claim 1, wherein the substrate s a catechin.

The method of claim 2, wherein catechin is (+}-catechin.

(%)

4. The method of claim 3, wherein the anthocyanin is cyanidin-3-glucoside.

5. The method of claim 1, wherein the ong or more enzymes are selected from a group
consisting of anthocyanidin synthase enzyme (ANS) and anthocyanidin 3-O-

glucosyliransferase (3GT).

6. The method of claim 3, wheretn the anthocvanidin synthase enzyme {ANS) catalyzes the

conversion of catechin to cyanidin.

7. The method of claim 5, wherein the anthocyanidin 3-O-ghucosyltransterase (3GT)

catalyzes the conversion of cyanidin to cyanidin-3-glucoside.

8. The method of claim 1, wherein the cell-free medium comprises an activated sugar.

9. The method of claim 8, wheretn the activated sugar is UDP-glucose,

10. The method of claim 9, wherein the UDP-glucose is added 1o the cell-free medium.

11. The method of claim 9, wherein the UDP-glucose is synthesized from one or more
ingredients selected from the group consisting of' sucrose, glucose, UTP, UDP, ATP,

glucose-6-phosophate, glucose-1-phosphate, and/os polyphosphate.

12. The method of claim 11, wherein the one or more enzymes is selected from the group

ghucokinase {GLK), hexokinase (HK),

o

consisting of sucrose synthase {SuSy),
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phosphoglucomutase (PGM), polyphosphate kinase (PPK), UTP-—glucose-1-phosphate

uridylyltransferase (UGP), and nucleoside diphosphate kinase (NDK).

13. The method of claim 11, wherein the one or more enzymes is sucrose synthase (SuSy).

14. The method of claim 1, wherein the cell-free medium is a cell lysate.

15. The method of claim 14, wherein the cell lysate is a cell lysate from cells from a host

organism expressing the one or more enzymes.

16 The method of claira 15, wherein the host organism is selected from a group consisting

of: bacteria, yeast, and/or mammalian cells.

[y
~-}

. The method of claim 16, wherein the one or more enzymes are iniroduced in the host

organism by integration tute genome of the host organism or on a plasmid.

18. The method of claim 16, wherein the host organisms expressing the one or more enzymes
are cultured until a pre-determined biomass is achieved to produce the requisite quantity

of the one or more enzymes.

19. The method of claim 18, further comprising lyvsing of cells followed by removal of cell
debris to generate a cell lysate for use in the cell-free medium for cell-free production of

anthocyanins.

o
)

. The method of any of claims 1-19, wherein ANS, 3GT, SuSy, GLK, HK, PGM, PPK,
UGP, and/or NDK are present in the celi-free medium for cell-free production of

anthocyanins.

21, The method of clairu 20, wherein the method does not include separating and/or putifying
ANS, 3GT, SuSy, GLK, HK, PGM, PPK, UGP, and/or NDK, for cell-free production of

anthocyanmns.
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22.

-3
d

28.

The method of claim 20, whergin the method comprises separating and/or purifying at
least one of a ANS, 3GT, SuSy, GLK, HX, PGM, PPK, UGP, and/or NDK, for cell-free

production of anthocyanins.

. The method of any of claims 1-22, wherein the cell-free medium further comprises:

buffer, catechin, an activated sugar, magnesium chlonde, cell lysate, sucrose, glucose,
glucose-1-phosphate, glucose-6-phosphate, UDP, UTP, ATP, polyphosphate, and/or

water.

. The method of ¢laim 23, wherein the buffer is a phosphate buffer.

The method of claim 23, wherein the activated sugar is UDP-glucose.

. The method of claim 23, wherein the celi-free medium further comprises sodium

ascorbate, ascorbic acid, ammonium iron sulphate, and 2-oxoglutarate.

. The method of claim 23, wherein the catechin is (+)-catechin.

The methods of any of claims 1 — 27, wherein the method results in titer value of
produced anthocyanins is from about 2 times to about 5000 times higher than methods for

cell-based production of anthocyanins.

. The methods of any of claims 1~ 27, wherein the method results in titer value of

produced anthocyanins is from about 5 times to about 1000 times higher than methods for

cell-based production of anthocyanins.

. The method of claim 23, wherein pH of cell-free medium is from about 5 to about 10,

. The method of claim 23, wherein pH of cell-free medium is from about 6 to about §

-~

. The method of claim 26, wherein the buffer is in the concentration of from about I mM

to about 200 mM.
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52
)

. The method of claim 26, whersin ammonium iron sulfate conceniration is from about

(.25 mM to about 16 mM.

34. The method of claim 26, wherein the cell-free medium further comprises a-ketoglutaric

acid in a concentration of from about 5 ruM to about 50 mM.

35 The method of claim 26, wherein the ascorbic acid is in the concentration of from about 1

mM to about 100 mM.

36. The method of claim 26, wherein catechin is the concentration of from about 0.5 mM to

about SO mM.

37. The method of claim of 26, wherein magnesium chioride 18 present in the range of about

1 mM to about 20 mM.

3&. The method of claim of 26, wherein sucrose is present in the range of about 10 mM to

about 600 mM.

39. The method of claim 26, wherein the cell lysate including the one or more enzymes is

present at a concentration of about 5% {v/v} to ahout 40% (v/v}.

40. The method of claim 26, whergin reaction for cell-free production is carried out for a

duration of about 0.3 hours to about 48 hours.

41. The method of claim 26, wherein reaction for cell-free production is carried out for a

duration of about §.5 hours to about 20 hours.

42 The method of claim 26, wherein temperature of the cell-free medium is from about 20

°C to about 40 °C,

43. The method of claim 1, wherein reaction is conducted in a bubble column reacior,

wherein the one or more enzymes are in a solution.
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44 The method of claim 1, wherein reaction is conducted in a packed bed reactor, wherein

the one or more enzymes are immobilized.

45. The method of claim 5, wherein the anthocyanidin synthase (ANS) is an enzyme with an
amino acid sequence at least 95% 1dentical 1o any one of enzymes selected from the

group consisting of’

Accession # Organism
XP 022736758 1 Durio zibethinus
XP 0305015121 Cannabis sativa
XP 0287627551 Prosopis alba
XP 021901846.1 Carica papaya
XP 0217359501 Chenopodium quinoa
QCI56004.1 Iris sanguinea
XP 0105387781 Turenaya hasslericai
XP 0271835171 Coffea eugenioides
AHUBE620.1 Magnolia sprengeri
XP 028787846.1 Prosopis alba
BEOY24569.1 Theobroma cacao
AEF14411.1 Onobrychis viciifolia
ACM62747 1 Garcinia mangosicna
XP 0172361021 Danecus carota subsp. sativies
XP 0109340751 Flaeis guineernsis

46. The method of claim §, wherein the anthocyanidin 3-O-glucosyltransterase (3GT) s an
enzyme with an amino acid sequence at east 95% identical to any one of enzymes

selected from the group consisting of:

Accession # Organism
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AFIS2972 1 Linum usitarissinmum
ABR24135.1 Vitis labrusca
AHJIB00981 1 Lavihranthe lewisti
QCPGRO96 1 Satvia miltiorrhiza
XP 0043078761 Fragaria vesca subsp. Vesca
XP 0105498201 Tarenava hassleriana
XP 0100874911 Morus notabifis
BBC621181 Nemophila menziesii
PINZG524.1 Handroanthus impetiginosus
QIB23733.1 Centanrea cyains
(3BLS4224 1 Scutellaria baicalensis
XP 09241793811 Rosa chinensis
BAARO0(E.1 Perunia x hybrida

47 The method of claim 13, wherein the sucrose synthase (SuSv} is an enzyme with an
amine acid sequence at least 95% identical to any one of enzymes selected from the

group consisting of"

Aceession # Organism
WP 0048723411 Acidithiobacillus caldus
P30298.2 Oryza sative Japonica Group
QRZOMS .1 Nitrosomonas europaea ATCC 19718
PI37082 Giycine muox
CAADS297 1 Nostoc sp. PCC 7119
P48036.1 Zea mays
P49040 3 Arabidopsis thodiona
QOM111.1 Arabidopsis tholiana
Q8W517 Ipomoea butatas
WP 011056890 Thermosynechococcus elongatus
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48 The methods of any of claims 5 or 13, wherein the ANS, 3GT, and/or SuSy enrymes are

modified and optimized for the cell-free production of anthocyanins.
49. A composition for cell-free production of anthocyanins, wherein the composition

comprises: one or more enzymes in a cell-free medium, wherein the one or more

enzymes result in transformation of one or more substrates to an anthocyanin.

30. The composition of claim 49, wherein the substrate is a catechin.

51. The composttion of claim 50, wherein catechin is {+}-catechin.

LA
N2

. The composition of claim 51, wherein the anthocyanin is cyanidin-3-glucoside.

4
'3

3. The composition of claim 49, wherein the one or more enzymes are selected from a group
consisting of’ anthocyanidin synthase enzyme {ANS) and anthocyanidin 3-O-

glucosyltransferase (3GT).

54. The composttion of claim 53, wherein the anthocyamdin synthase enzyme (ANS)

catalyzes the conversion of catechin to cyvanidin,

L
L

The composition of claim 53, wherein the anthocyanidin 3-O-glucosyltransferase (3GT)

catalyzes the conversion of cyanidin to cyanidin-3-glucoside.

56. The compostticn of claim 49, wherein the cell-free medium comprises an activated sugar.

57. The composition of claim 56, wherein the activated sugar is UDP-glucose.

58. The composition of claim 57, wherein the UDP-glucose is added to the cell-tree

medium.

59. The composttion of claim S8, wherein the UPD-glucose is synthesized in the celi-free

medium by the one or more enzymes.
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60.

03

64.

65.

67.

The composition of ¢laim 57, wherein the UDP-glicose is synthesized from one or more
ingredients selected from the group consisting of: sucrose, glucose, UTE, UDP, ATP,

glucose-6-phosophate, glucose-1-phosphate, and/or polyphosphate.

o

. The composition of claim 60, wherein the one or more enzymes 1S sucrose synthase

(SuSy), glucokinase {GLK), hexckinase (HK)}, phosphoglucomutase (PGM),
polyphosphate kinase (PPK), UTP—glucose-1-phosphate uridylyltransferase (UGP), and
nucleoside diphosphate kinase (NDIC).

. The composttion of claim 49, wherein the cell-free medium is a cell lysate.

The composition of claim 50, wherein the cell lysate is a cell lysate from cells trom a host

organism expressing the one or more enzymes.

The composition of claim 63, wherein the host organism is selected from a group

consisting of: bacteria, yeast, and/or mamrmalian cells.

The composition of claim 64, wherein the one or more enzymes are iniroduced 1u the host

organism by integration into genome of the host organism or on a plasmid.

. The composition of claim 65, wherein the host organisms expressing the one or more

enzymes are cultured until a pre-determined biomass is achieved 1o produce the requisite

quantity of the one or more enzymes.

The composition of claim 66, further comprising lysing of cells followed by removal of
cell debris to generate a cell lysate for use in the cell-free medium for cell-free production

of anthocyanins,

The composition of any of claims 49-67, wherein ANS, 3GT, SuSy, GLEK, HK, PGM,
PPK, UGP, and/or NDK are present in the cell-free medium for cell-free production of

anthocyamns.
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69. The composition of claim 68, wherein the ANS, 3GT, SaSy, GLK, HK, PGM, PPK,
UGP, and/or NDK for celi-free production of anthocyanins are not separated and/or

purified.

70. The composition of claim 68, wherein the ANS, 3GT, SuSy, GLK, HK, PGM, PPK,

UGE, and/or NDK for cell-free production of anthocyanins are separated and/or purified.

71. The composition of any of claims 49-70, wherein the cell-free medium further comprises:
buffer, catechin, an activated sugar, magnesium chiornide, cell lysate, sucrose, glucose,
glucose-1-phosphate, ghicose-6-phosphate, UDP, UTP, ATP, polyphosphate, and/or

water.

72. The composition of claim 71, wherein the butfer 15 a phosphate buffer.

73. The composition of claim 71, wherein the activated sugar 1s UDP-glucose.

74. The composition of claim 71, wherein the cell-free medium further comprises sodium

ascorbate, ascorbic acid, ammoniom tron sulphate, and 2-oxoglutarate.
75. The composition of claim 71, wherein the catechin is (+)-catechin.

76. The compositions of any of claims 49 - 75, wherein the composition is used for
producing anthocyanins with titer value of produced anthocyanins is from about 2 times

to about 100 times higher than methods for cell-based production of anthocyanins.

~
~d

. The compositions of any of claims 49 - 75, wherein the composition is used for
producing anthocyaning with titer value of produced anthocyanins is from about § times

to about 10 times higher than methods for celi-based production of anthocyanins.

~f
o

. The composition of claim 71, wherein pH of cell-free medium is from about 5 to about
10

79. The composition of claim 71, wherein pH of cell-free medium is from about & to about 8.
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80.

81

84.

86.

feie]
~1

8&.

89.

90,

The composition of ¢laim 72, wherein the buffer is in the concentration of from about 1

mM to about 200 mM.

The composition of claim 74, wherein ammontum iron sulfate is in the range of from

about ¢.25 oM 1o about 10 mM.

. The composition of claim 74, wherein the cell-free medium further comprises a-

ketoglutaric acid in a concentration of from about 5 mM to about 50 mM,

3. The composition of claim 74, wherein the ascorbic acid is in the concentration of from

about I mM to about 100 mM.

The composition of claim 74, wherein catechin is the concentration of from about 0.5

mM to about 50 mM.

. The composition of claim 74, wherein magnesium chioride is present in the range of from

about I mM to about 20 mM.

The composition of claim 74, wherein sucrose is present in the range of from about 10

mM to about 600 mM.

. The compostiion of claim 74, wherein the cell lysate including the one or more enzymes

is present at a concentration of about 3% {(v/v) to about 40% (v/v).

The composition of claim 74, wherein reaction for cell-free production is carried out for a

duration of about .5 hours to about 48 hours.

The composition of claim 74, wherein reaction for cell-free production is carried out for a

duration of about G.5 hours to about 20 hours.

The composition of claim 74, wherein temperature of the cell-free medivm is from about

20 °C to about 40 °C.
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91. The composition of claim 49, wherein the composition is in a bubble column reactor,

wherein the one or more enzymes are in a solution.

92. The composition of claim 90, wherein the composition 18 in a packed bed reactor,

wherein the one or more enzymes are inmobilized.

93 The composition of claim 53, wherein the anthocyanidin synthase (ANS) is av enzyme
with an amino acid sequence at least 95% identical to any one of enzymes selected from

the group consisting of)

Accession #

Organism

XP 0227367581

Durio zibethinus

XP 0305015121

Cannabis sative

XP 0287627551

Prosopis alba

XP 021901846.1

Carica papava

XP_021735950.1

Chenopodium quinon

QCI56004.1

Iris sangiinea

XP 010538778.1

Larenaya hassleriana

XP 027183517 1

Coffea eugenivides

AHURR620.1

Magmnolia sprengeri

XP 0287878461

Prosopiz alba

BOY24569. 1

Theobroma cacao

AEF14411 1

Onobrychis viciifolia

ACM62747 1

Oarcinia mangostana

XP 0172361021

Daucus carota subsp. sativus

XP 010934075 1

Flaeis guineensis

94 The composition of claim 53, wherein the anthocyanidin 3-O-glucosyltransferase (3GT)
is an enzyme with an amino acid sequence at least 95% identical to any one of enzymes

selected from the group counsisting of
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Aceession # Organism
AFI529721 Limum usitatissimain
ABR24135.1 Vitis labrusca
AHIB0981 1 Erythranthe lewisii
QCP68996 | Salvia miltiorrhiza
XP 0043078761 Fragaria vesca subsp. Vesca
XP 0105498201 {urenava hasslericn
XP 010087491 1 Morus notabilis
BBC62118 1 Nemophila menziesii
PIN20524 .1 Handroanthus impetiginosus
QJB23733.1 Centanrea cyains
(BLS4224 1 Scutellaria baicalensis
XP 0241793811 Rosa chirersis
BAAR9008 1 Petunia x hybrida

95 The composition of claim 61, wherein the sucrose synthase (SuSy) 15 an enzyme with an
amino acid sequence at least 95% identical to any one of enzymes selected from the

group consigting of"

Accession # Organism
WP G04872341.1 Acidithiobacillus caldus
P30288.2 Cryza sativa Japonica Group
QR20MS. 1 Nitrosomonas ewropaea ATCC 19718
piz7og2 Glycine max
CAAD9297.1 Nostoc sp. PCC 7119
P49036 1 Zea mays
P490403 Arabidopsis tholiana
QoML Arabidopsis thafiana
Q8Ws17 Ipomoca botutas
WP 011056890 Thermosynechococcus elongatus
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96. The composition of any of claims 53 or 61, wherein the ANS, 3GT, and/or SuSy enzymes

are modified and optimized for the cell-free production of anthocyaning.
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