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ENZYMES, HOST CELLS, AND METHODS FOR PRODUCING MOGROSIDES
PRIORITY

This Application claims the benefit of, and priority to, US Application No. 63/596,330,
filed November 6, 2023, which is hereby incorporated by reference in its entirety.

SEQUENCE LISTING

The instant application contains a sequence listing, which has been submitted in XML format via
Patent Center. The contents of the XML file, named “MAN-039PC 107590-
5038 Sequence Listing,” which was created on November 5, 2024, is 123,589 bytes in size, are

incorporated herein by reference in their entirety.

BACKGROUND

Mogrosides are triterpene-derived specialized secondary metabolites found in the fruit of
the Cucurbitaceae family plant Siraitia grosvenorii (a/k/a monkfruit or Luo Han Guo). Their
biosynthesis in fruit involves a number of consecutive glycosylations of the aglycone mogrol. The
food industry is increasing its use of mogroside fruit extract as a natural non-sugar food sweetener.
For example, mogroside V (Mog.V) has a sweetening capacity that is ~250 times that of sucrose
(Kasai et al., Agric Biol Chem (1989)). Moreover, additional health benefits of mogrosides have
been revealed in recent studies (Li et al., Chin J Nat Med (2014)).

A variety of factors are promoting a surge in interest in research and commercialization of
the mogrosides and monkfruit in general, including, for example, the explosion in popularity of
and demand for natural sweeteners; the difficulties in scalable sourcing of other promising natural
sweeteners such as rebaudioside M (RebM) from the Stevia plant; the superior taste performance
of Mog.V relative to other natural and artificial sweetener products on the market, and the

medicinal potential of the plant and fruit.

Purified Mog.V has been approved as a high-intensity sweetening agent in Japan
(Jakinovich et al., Journal of Natural Products (1990)) and the extract has gained GRAS status in
the USA as a non-nutritive sweetener and flavor enhancer (GRAS 522). Extraction of mogrosides
from the fruit can yield a product of varying degrees of purity, often accompanied by undesirable
aftertaste. In addition, yields of mogroside from cultivated fruit are limited due to low plant yields

and particular cultivation requirements of the plant. Mogrosides are present at about 1% in the
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fresh fruit and about 4% in the dried fruit (Li HB, ef al., 2006). Mog.V is the main component,
with a content of 0.5% to 1.4% in the dried fruit. Moreover, purification difficulties limit purity
for Mog.V, with commercial products from plant extracts being standardized to about 50% Mog.V.
It is highly likely that a pure Mog.V product will achieve greater commercial success than the
blend, since it is less likely to have off flavors, will be easier to formulate into products, and has
good solubility potential. It is therefore advantageous to be able to produce sweet mogroside

compounds via biotechnological processes.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows biosynthetic path to MogV production i vivo. The enzymatic
transformation required for each step is indicated, along with the type of enzyme required.
Undesired reactions producing off pathway chemicals (e.g., cucurbitadienol, hydrolyzed 2,3;22,23
dioxidosqualene, and glycosylated 24,25 dihydroxy cucurbitadienol) are shown by X. FIG. 1B
illustrates glycosylation routes to Mog.V. Bubble structures represent different mogrosides. White
tetra-cyclic core represents mogrol. The numbers below each structure indicate the particular
glycosylated mogroside. Black circles represent C3 or C24 glycosylations. Dark grey vertical
circles represent 1,6-glycosylations. Light grey horizontal circles represent 1,2-glycosylations.

Abbreviations: Mog, mogrol; Sia, siamenoside.

FIG. 2A to FIG. 2E show the improvement in 2,3;22,23-dioxidosqualene production by a
bacterial strain producing squalene and expressing derivatives of squalene epoxidases (SQE). FIG.
2A to FIG. 2C show the improvement in 2,3;22 23-dioxidosqualene production by a bacterial
strain producing squalene and expressing derivatives of squalene epoxidase (SQE) made after
successive rounds of engineering. FIG. 2A shows the fold improvement in the production of
2,3;22 23-dioxidosqualene by the bacterial strain expressing SQE 2 (SEQ ID NO: 3) compared to
the bacterial strain expressing SQE 1 (SEQ ID NO: 2). FIG. 2B shows the fold improvement in
the production of 2,3;22,23-dioxidosqualene by the bacterial strain expressing SQE 3 compared
to the strain expressing SQE 2. FIG. 2C shows the fold improvement in the production of
2,3;22,23-dioxidosqualene by the bacterial strain expressing SQE_4 (SEQ ID NO: 4) compared to
the strain expressing SQE 3. FIG. 2D and FIG. 2E show the improvement in 2,3;22,23-
dioxidosqualene production by a bacterial strain producing squalene and expressing derivatives of

a squalene epoxidase (McSQE 0; SEQ ID NO: 77) made after successive rounds of engineering.
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FIG. 2D shows the fold improvement in the production of 2,3;22,23-dioxidosqualene by the
bacterial strain expressing McSQE 1 (SEQ ID NO: 78) compared to the bacterial strain
expressing McSQE 0. FIG. 2E shows the fold improvement in the production of 2.3;22 23-
dioxidosqualene by the bacterial strain expressing McSQE 2 (SEQ ID NO: 79) compared to the

bacterial strain expressing McSQE 1.

FIG. 3 shows the improvement in the production of 24,25-dihydroxy-cucurbitadienol by
engineering of an epoxide hydrolase (EPH). The fold improvement in the production of 24,25-
dihydroxy-cucurbitadienol by a bacterial strain that produces 24,25-epoxycucurbitadienol and
expresses an engineered version EPH 1 (SEQ ID NO: 6) compared to the same strain expressing
EPH_0 (SEQ ID NO: 5).

FIG. 4A to FIG. 4E show the improvement in 24,25-epoxy-cucurbitadienol production by
a bacterial strain that produces 2,3;2223-dioxidosqualene and expresses a derivative of
cucurbitadienol synthase (CDS) made after successive rounds of engineering. FIG. 4A shows the
fold improvement in the production of 24,25-epoxy-cucurbitadienol by the bacterial strain that
expresses ECDS 1 (SEQ ID NO: 8) compared to the strain expressing ECDS 0 (SEQ ID NO: 7).
FI1G. 4B shows the fold improvement in the production of 24,25-epoxy-cucurbitadienol and the
off-pathway compound cucurbitadienol by a bacterial strain expressing ECDS 2 (SEQ ID NO: 9)
compared to the strain expressing ECDS 1. FIG. 4C shows the fold improvement in the
production of 24,25-epoxy-cucurbitadienol by the strain expressing ECDS 3 (SEQ ID NO: 10)
compared to the strain expressing ECDS 2. FIG. 4D shows the fold improvement in the
production of 24,25-dihydroxy-cucurbitadienol by the strain expressing ECDS 4 (SEQ ID NO:
11) compared to the strain expressing ECDS 3. FIG. 4E shows the fold improvement in the
production of 24,25-dihydroxy-cucurbitadienol by the strain expressing ECDS 5 (SEQ ID NO:
12) compared to the strain expressing ECDS 4.

FIG. § shows an alignment of CcCDS (SEQ ID NO: 7) with homologues SgCDS (SEQ ID
NO: 68), CpCAS (SEQ ID NO: 69), PsCAS (SEQ ID NO: 70), and AsCAS (SEQ ID NO: 71).

Some positions for mutagenesis are highlighted, as described in Table 11.

FIG. 6 shows the improvement in 24,25-dihydroxycucurbitadienol: cucurbitadienol ratio
by a bacterial strain expressing AaSQS (SEQ ID NO: 13), SQE 3, ECDS_4 and EPH_1 compared
to a bacterial strain expressing AaSQS, SQE 2, ECDS 3 and EPH 1.
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FIG. 7A to FIG. 7T show the improvement in mogrol production by a bacterial strain
producing 24,25-dihydroxycucurbitadienol and expressing derivatives of a cytochrome P450
enzyme created after successive rounds of engineering for hydroxylation of C11 of 24,25-
dihydroxycucurbitadienol. FIG. 7A shows the fold improvement in the production of mogrol by
the bacterial strain expressing sohB_CppCYP87A3 (SEQ ID NO: 15) compared to the bacterial
strain expressing CppCYP87A3 (SEQ ID NO: 14). FIG. 7B shows the fold improvement in the
production of mogrol by a strain expressing the bacterial strain expressing sohB C11CYP_1(SEQ
ID NO: 16) compared to a strain expressing the parental enzyme sohB_CppCYP87A3. FIG. 7C
shows the fold improvement in the production of mogrol by a strain expressing engineered enzyme
sohB C11CYP 2 (SEQ ID NO: 17) compared to a strain expressing the parental enzyme
sohB_C11CYP 1. FIG. 7D shows the fold improvement in the production of mogrol by a strain
expressing engineered enzyme sohB C11CYP 3 (SEQ ID NO: 18) compared to a strain
expressing the parental enzyme sohB_C11CYP_2. FIG. 7E shows the fold improvement in the
production of mogrol by a strain expressing engineered enzyme sohB_C11CYP_4 (SEQ ID NO:
19) compared to a strain expressing the parental enzyme sohB_C11CYP_3. FIG. 7F shows the
fold improvement in the production of mogrol by a strain expressing engineered enzyme
sohB_ C11CYP_5 (SEQ ID NO: 20) compared to a strain expressing the parental enzyme
sohB C11CYP 4. FIG. 7G shows the fold improvement in the production of mogrol, 11-
hydroxyl-cucurbitadienol, and oxo-mogrol by a bacterial strain expressing engineered enzyme
sohB_C11CYP_6 (SEQ ID NO: 21) compared to a strain expressing the parental enzyme
sohB_C11CYP_5. FIG. 7H shows the fold improvement in the production of mogrol and 11-oxo
mogrol by a strain expressing SohB C11CYP 8 (SEQ ID NO: 45) compared to a strain expressing
SohB_C11CYP_6. FIG. 71 shows the fold improvement in the production of mogrol and 11-oxo
mogrol by a strain expressing SohB_ C11CYP_9 (SEQ ID NO: 46) compared to a strain expressing
SohB_C11CYP_8. FIG. 7J shows the fold improvement in the production of mogrol by a strain
expressing SohB C11CYP 10 (SEQ ID NO: 47) compared to a strain expressing
SohB C11CYP 9. FIG. 7K shows the fold improvement in the production of mogrol by a strain
expressing SohB C11CYP_11 (SEQ ID NO: 80) compared to a strain expressing
SohB_C11CYP_10. FIG. 7L shows the fold improvement in the production of mogrol by a strain
expressing SohB C11CYP 12 (SEQ ID NO: 81) compared to a strain expressing
SohB C11CYP 11. FIG. 7M shows the fold improvement in the ratio mogrosides to
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deoxymogrosides, and the production of 11-oxo mogroside by a strain expressing
SohB_C11CYP_13 (SEQ ID NO: 82) compared to a strain expressing SohB_C11CYP_12. FIG.
7N shows the fold improvement in the production of mogrol by a strain expressing
SohB_C11CYP_14 (SEQ ID NO: 83) compared to a strain expressing SohB_C11CYP_13. FIG.
70 shows the fold improvement in the production of mogrol by a strain expressing
SohB C11CYP_15 (SEQ ID NO: 84) compared to a strain expressing SohB C11CYP_14. FIG.
7P shows the fold improvement in the production of mogrol by a strain expressing
n20 C11CYP_15 (SEQ ID NO: 85) compared to a strain expressing SohB_C11CYP_15. FIG. 7Q
shows the fold improvement in the production of mogrol by a strain expressing n20 C11CYP 16
(SEQ ID NO: 86) compared to a strain expressing n20 C11CYP_15. FIG. 7R shows the fold
improvement in the production of mogrol by a strain expressing n20_ C11CYP_17 (SEQ ID NO:
87) compared to a strain expressing n20 C11CYP_16. FIG. 7S shows the fold improvement in
the production of mogrol by a strain expressing n20_ C11CYP_18 (SEQ ID NO: 88) compared to
a strain expressing n20_C11CYP_17. FIG. 7T shows the fold improvement in the production of
mogrol by a strain expressing 120 C11CYP_19 (SEQ ID NO: 89) compared to a strain expressing
n20 C11CYP_18.

FIG. 8A to FIG. 8D show the improvement in mogrol production by a bacterial strain
expressing the biosynthetic pathway to mogrol and a derivative of cytochrome P450 reductase
enzyme developed after successive rounds of engineering to support cytochrome P450-based
hydroxylation at C11 of the 24,25-dihydroxycucurbitadienol with the engineered cytochrome
P450 enzyme. FIG. 8A shows the fold improvement in the production of mogrol, including
MogCPR1 1 (SEQ ID NO: 23) compared to a strain expressing MogCPR1 0 (SEQ ID NO: 22).
FIG. 8B shows the fold improvement in the production of mogrol by a bacterial strain expressing
MogCPR2 0 (SEQ ID NO: 24) compared to a strain expressing MogCPR1 0. FIG. 8C shows the
fold improvement in the production of mogrol by a strain expressing MogCPR2 1 (SEQ ID NO:
25) compared to a strain expressing MogCPR2 0. FIG. 8D shows the fold improvement in the
production of mogrol by a strain expressing MogCPR2 2/ SohB_C11CYP_6 (SEQ ID NO: 26)
compared to a strain expressing MogCPR2 0.

FIG. 9A to FIG. 9F show the improvement in glycosylation of C3 position of mogrol after
successive rounds of engineering of a uridine diphosphate dependent glycosyltransferase (UGT)

for C3 glycosylation of mogrol. FIG. 9A shows the fold improvement in the production of MogIIE
5
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from MoglA substrate in an enzymatic assay with MogUGTC3 1 (SEQ ID NO: 28) compared to
MogUGTc3 0 (SEQ ID NO: 27). FIG. 9B shows the fold improvement in the production of
MoglE by a bacterial strain producing mogrol and expressing MogUGTC3 2 (SEQ ID NO: 29)
compared to a strain expressing MogUGTC3 1. FIG. 9C shows the fold improvement in the
production of MoglIE compared to glycosylation of dihydroxycucurbitadiol off pathway products
by a strain expressing MogUGTC3 3 (SEQ ID NO: 30) compared to a strain expressing
MogUGTC3 2. FIG. 9D shows fold improvement in MoglE production from expression of
CmUGTc3 1 as compared to CmUGTc3_0 in a mogrol production strain. FIG. 9E shows fold
improvement in MoglIE and deoxy-MoglE production from expression of CmUGTc3 1 variants
in a mogrol production strain, and showing improved specificity towards mogrosides over
deoxymogrosides. FIG. 9F shows fold improvement in MoglE and deoxy-MogIE production from

expression of CmUGTc3 3 in a mogrol production strain, as compared to CmUGTc3 2.

FIG. 10A to FIG. 10E show the improvement in glycosylation of C24 position of mogrol
after successive rounds of engineering of a uridine diphosphate dependent glycosyltransferase
(UGT) for C24 glycosylation. FIG. 10A shows the fold improvement in the production of MogIIE
from MoglE substrate in an enzymatic assay with MogUGTC24 1 (SEQ ID NO: 32) compared to
MogUGTc24 0 (SEQ ID NO: 31). FIG. 10B shows the fold improvement in the production of
MoglIE from MoglE substrate in an enzymatic assay with MogUGTC24 2 (SEQ ID NO: 33)
compared to MogUGTC24 1. FIG. 10C shows the fold improvement in the production of MoglIIE
from MoglE substrate in an enzymatic assay with MogUGTC24 3 (SEQ ID NO: 34) compared to
MogUGTC24 2. FIG. 10D shows fold improvement in MogIA production from expression of
MogUGTc24 4 in a mogrol production strain, as compared to MogUGTc24 3. FIG. 10E shows
fold improvement in MoglA and deoxy-MoglA production from expression of MogUGTc24 5 in

a mogrol production strain.

FIG. 11A to FIG. 11D show the improvement in MogV production after successive rounds
of engineering of a uridine diphosphate dependent glycosyltransferase (UGT). FIG. 11A shows
the fold improvement in the production of MogV in an enzymatic assay for conversion of MogIIE
to MogV by MogUGT1216 1 enzyme (SEQ ID NO: 37) compared to UGT94-289-1 enzyme (SEQ
ID NO: 35) or MogUGT1216_0 (SEQ ID NO: 36). FIG. 11B shows the fold improvement in the
production of MoglIl, MogIV-A, Siamenoside, and MogV in an enzymatic assay for conversion

of MoglIE by MogUGT1216 1, which is a double mutant (L14V-L266Q), compared to L14V
6
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single substitution version (Mut1) or L266Q single substitution version (Mut16). FIG. 11C shows
the fold improvement in the production of MogV in an enzymatic assay for conversion of MogIIE
to MogV by MogUGT1216 2 (SEQ ID NO: 38) compared to MogUGT1216 1. FIG. 11D shows
the fold improvement in the production of MogV in an enzymatic assay for conversion of MogIIE

to MogV by MogUGT1216_3 (SEQ ID NO: 90) compared to MogUGT1216 2.

FIG. 12 shows the improvement in MogV production in an enzymatic assay for conversion
of MoglIE to MogV by Coffea arabica uridine diphosphate dependent glycosyltransferase 1,6
(MogUGT16_0, SEQ ID NO: 39) and its engineered derivative MogUGT16_1 (SEQ ID NO: 40).

FIG. 13A to FIG. 13C show the improvement in 2,3;22 23-dioxidosqualene production
after the expression of PntAB, a membrane-bound transhydrogenase that generates NADPH in £.
coli, and successive rounds of engineering of PntAB. FIG. 13A shows the fold improvement in
the production of in 2,3;22,23-dioxidosqualene by a bacterial strain expressing SQS and SQE and
overexpressing pntAB (SEQ ID NOs: 41 and 42), compared to a strain that does not overexpress
pntAB. FIG. 13B shows the fold improvement in the production of 24,25-epoxy cucurbitadienol
by a bacterial strain expressing SQS, SQE, ECDS, and EPH and overexpressing pnfAB compared
to a strain expressing SQS, SQE, ECDS, and EPH but not overexpressing pitAB. FIG. 13C shows
the fold change in squalene, 2,3-oxidosqualene and 2,3:22,23-dioxidosqualene in bacterial strains
overexpressing native £. coli fldA (SEQ ID NO: 43) or heterologous Cv.fdx gene (SEQ ID NO:
44) and expressing SQS and SQE, compared to a strain expressing SQS and SQE only.

FIG. 14A to FIG. 14C show the improvement in the production of mogrol and 24,24-
dihydroxycucurbitadienol in a strain having reduced expression of an ABC type transporter
encoded by the ybhGFSR operon. FIG. 14A shows the levels of 2,3;2223-dioxidosqualene
(0O0SQ), and 24,24-dihydroxycucurbitadienol + mogrol in strain expressing the entire metabolic
pathway for producing mogrol having the ybhGFSR operon deleted, in comparison with a
ybhGESR™ control strain that expresses the entire metabolic pathway for producing mogrol (CTL).
FIG. 14B shows the levels of 2,3;2223-dioxidosqualene (OOSQ), and 24,24-
dihydroxycucurbitadienol + mogrol in strain expressing the entire metabolic pathway for
producing mogrol having a hypomorphic ybh(; mutation created by replacing the ribosome
binding site in the chromosome with a weaker version than the native sequence, in comparison

with a yphGFSR* control strain that expresses the entire metabolic pathway for producing mogrol
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(CTL). FIG. 14C shows the levels of 24,24-dihydroxycucurbitadienol + mogrol (top panel), and
22,3;22,23-dioxidosqualene (OOSQ, bottom panel) in strain expressing the entire metabolic
pathway for producing mogrol having a chromosomal ybaF gene deletion and having over-
expression of the ybhGESR operon from a plasmid, in comparison with a ybhGFSR" control strain

that expresses the entire metabolic pathway for producing mogrol (CTL).

DETAILED DESCRIPTION

The present disclosure is based on development of engineered enzymes and microbial cells
that improve the microbial production of mogrol or mogrosides from squalene compared to known
processes by increasing the production of various pathway intermediates. In various aspects, the
engineered enzymes disclosed herein increase the production of pathway intermediates and reduce
the formation of off pathway metabolites, inter alia, by increasing the substrate preference for
preferred pathway intermediates, or decreasing substrate preference for undesired pathway
intermediates or off pathway products, thereby channeling the metabolic resources of the microbial
cells to the production of pathway intermediates while reducing the formation of undesired off

pathway metabolites.

The pathway intermediates and certain off pathway metabolites are illustrated in FIG. 1A
and FIG. 1B. FIG. 1A shows an in vivo biosynthetic path to mogrol and to MogV. This pathway
involves condensation of farnesyl pyrophosphate to squalene, which is catalyzed by a squalene
synthase (SQS), serial epoxidation of squalene to 2,3-oxidosqualene and 2,3;22,23-
dioxidosqualene both of which are catalyzed by a squalene epoxidase (SQE); cyclization of
2,3;22 23-dioxidosqualene to 24,25-epoxy cucurbitadienol, which is catalyzed by an epoxy
cucurbitadienol synthase (ECDS); hydration of 24,25-epoxy cucurbitadienol to 24,25-dihydroxy
cucurbitadienol, which is catalyzed by an epoxide hydrolase (EPH); hydroxylation of 24,25-
dihydroxy cucurbitadienol to mogrol, which are catalyzed by a cytochrome P450 and a cytochrome
P450 reductase that are active on C11 position of 24,25-dihydroxy cucurbitadienol (FIG. 1A).
FIG. 1B illustrates glycosylation routes to Mog.V. The conversion of mogrol to MogV involves
C3 glucosylation, C24 glucosylation, 1,6-glucosylation, and 1,2-glucosylation reactions, that are
catalyzed by uridine diphosphate dependent glycosyltransferases (UGTs, see FIG. 1A and FIG.
1B).
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The pathway intermediates shown in FIG. 1A i.e, farnesyl pyrophosphate, squalene; 2,3-
oxidosqualene, 2,3;22,23-dioxidosqualene, 24,25-epoxy cucurbitadienol, 24,25-dihydroxy
cucurbitadienol, mogrol; and the mogrosides shown in FIG. 1B are referred to herein as “on
pathway products.” As illustrated in FIG. 1A, the enzymes such as CDS, EPH, and UGTs catalyze
the conversion of on pathway intermediates to undesired products, which include cucurbitadienol,
hydrolyzed 2,3;22,23-dioxidosqualene, and glycosides of 24,25 dihydroxy cucurbitadienol. These
undesired products are referred to herein as “off pathway” products. A bacterial cell expressing a
squalene synthase (SQS), a squalene epoxidase (SQE); a cucurbitadienol synthase (CDS), an
epoxide hydrolase (EPH) generally produces about 90% or more (by weight) off pathway products,
and relatively low amounts of mogrol. Disclosed herein is a pathway comprising engineered
enzymes that improve production of on pathway products. A bacterial cell comprising the
engineered enzymes disclosed herein produces more than about 40% (by weight), or more than
about 50%, or more than about 60%, or more than about 70%, or more than about 80% on pathway
products, with respect to the total of the on pathway and off pathway products shown in FIG. 1A
as 100%. A bacterial cell comprising the engineered enzymes disclosed herein produces less than
about 50% (by weight), or less than about 40%, or less than about 30%, or less than about 20% off
pathway products (and specifically the off-pathway products cucurbitadienol, hydrolyzed
2,3;22,23-dioxidosqualene, and glycosides of 24,25 dihydroxy cucurbitadienol).

Thus, the present disclosure, in various aspects and embodiments, provides enzymes,
microbial strains, and methods for making mogrol and mogrol glycosides, using recombinant
microbial processes. In other aspects, the invention provides methods for making products,
including foods, beverages, and sweeteners (among others), by incorporating the mogrol
glycosides produced according to the methods described herein. In still other aspects, the invention
provides engineered UGT enzymes for glycosylating secondary metabolite substrates, such as

mogrol or mogrosides.
As used herein, the terms “terpene” or “triterpene” are used interchangeably with the terms
“terpenoid” or “triterpenoid,” respectively.

Accordingly, in one aspect, the present disclosure provides a method for producing mogrol
or mogroside, comprising: providing a microbial cell producing squalene and expressing a

biosynthetic pathway in the microbial cell that converts squalene to the mogrol or mogroside, and



10

15

20

25

30

WO 2025/101625 PCT/US2024/054747

culturing the microbial cell under conditions suitable for producing the mogrol or mogroside. The
culturing produces squalene derivatives with less than about 40% by weight of off-pathway
products cucurbitadienol, hydrolyzed 2,3;22,23-dioxidosqualene, and glycosylated 24,25-
dihydroxycucurbitadienol. In some embodiments, the culturing produces at least 50% (by weight)
or at least 60% of the on pathway products farnesyl pyrophosphate, squalene, 2,3-oxidosqualene,
2,3;22,23-dioxidosqualene, 24,25-epoxy cucurbitadienol, 24,25-dihydroxy cucurbitadienol,
mogrol, and mogrosides; where the total of such on pathway products and the off pathway products
cucurbitadienol, hydrolyzed 2,3;22,23-dioxidosqualene, and glycosides of 24,25 dihydroxy

cucurbitadienol are considered as 100%.

In various aspects, the present disclosure provides a microbial cell producing squalene and
expressing a biosynthetic pathway that converts squalene to mogrol or mogroside. When the
microbial cell is cultured under conditions suitable for producing the mogrol or mogroside, the
microbial cell produces squalene derivatives with less than 40% or less than 30% or less than 20%
by weight of off-pathway products cucurbitadienol, hydrolyzed 2,3;22,23-dioxidosqualene, and
glycosylated 24,25-dihydroxycucurbitadienol. In some embodiments, the microbial cell produces
at least 50% or at least 60% or at least 70% by weight of the on pathway products farnesyl
pyrophosphate,  squalene, 2,3-oxidosqualene, 2,3;22,23-dioxidosqualene,  24,25-epoxy
cucurbitadienol, 24,25-dihydroxy cucurbitadienol, mogrol, and mogrosides; where the total of
such on pathway products and the off pathway products cucurbitadienol, hydrolyzed 2,3;22,23-

dioxidosqualene, and glycosides of 24,25 dihydroxy cucurbitadienol are considered as 100%.

In some embodiments, the biosynthetic pathway comprises: a squalene synthase (SQS), a
squalene epoxidase (SQE) enzyme that produces 2,3;22,23-dioxidosqualene from squalene; an
epoxycucurbitadienol synthase (ECDS) enzyme that produces 24,25-epoxycucurbitadienol from
2,3;22,23-dioxidosqualene; an epoxide hydrolase (EPH) enzyme that produces 24,25-dihydroxy-
cucurbitadienol from 24,25-epoxycucurbitadienol; and a cytochrome P450 enzyme (e.g., a P450
hydroxylase) that produces mogrol from 24,25-dihydroxy-cucurbitadienol. In some embodiments,
the microbial cell expresses a P450 reductase partner that regenerates the P450 hydroxylase (See

FIG. 1A).

In some embodiments, the microbial cell expresses one or more uridine diphosphate

dependent glycosyltransferase (UGT) enzymes that glycosylate C-3 and C-24 positions of mogrol

10
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to produce one or more mogrosides from mogrol, including but not limited to Mog V. In some
embodiments, the microbial cell expresses a UGT enzyme that produces a C-3 mogrol glycoside
from mogrol (UGTc3). In some embodiments, the microbial cell expresses a UGT enzyme that
produces a C-24 mogrol glycoside from mogrol (UGTc24). In some embodiments, the microbial
cell expresses a UGT enzyme that produces a 1,6 and/or 1,2 branched glycoside of a C-3 and/or
C-24 glycoside of mogrol (UGT1216) (See FIG. 1B).

According to various aspects and embodiments, the disclosure provides engineered
enzymes for use in the biosynthetic pathway, including SQE, ECDS, EPH, cytochrome P450
hydroxylase, P450 reductase, UGTc3, UGTc24, and UGT1216 enzymes. These engineered

enzymes are described in detail below.

In various aspects and embodiments, the present disclosure provides a squalene epoxidase
comprising an amino acid sequence that is at least 80%, or at least 85%, at least 90%, or at least
95%, or at least 97%, or at least 98%, or at least 99% identical to the amino acid sequence of SEQ
ID NO: 2, and comprising one or more mutations or sets of mutations listed in Tables 1, 2, and 3.
In some embodiments, squalene epoxidase comprises at least two, or at least three, or at least four,
or at least five, or at least six, or more mutations or sets of mutations listed in Table 1, Table 2,
and/or Table 3. In some embodiments, the squalene epoxidase comprises at least 2, at least 3, at
least 4, or at least 5 mutations or sets of mutations from Tables 1, 2, and/or 3 that are shown to
provide at least a 1.2 fold improvement in 2 3-dioxidosqualene titer and/or at least a 1.2 fold
improvement in 2,3;2223-dioxidosqualene titer compared to the parent enzyme. In some
embodiments, the microbial cell expressing a squalene epoxidase disclosed herein provides for an

improvement in 2,3;22,23-dioxidosqualene production compared to the parental enzyme.

In some embodiments, the squalene epoxidase comprises one or more substitutions at
positions selected from S116, N134, 1145, A164, A169, and A400 with respect to SEQ ID NO: 2.
In some embodiments, S116 is substituted with a charged amino acid selected from Glu and Asp.
In some embodiments, N134 is substituted with a non-polar amino acid selected from Gly, Ala,
Ile, Leu, and Val. In some embodiments, 1145 is substituted with a charged amino acid selected
from His, Arg, and Lys. In some embodiments, A164 is substituted with a polar amino acid
selected from Asn and Gln. In some embodiments, A169 is substituted with a charged amino acid

selected from Arg, Lys, Glu, Asp, or His. In some embodiments, A400 is substituted with a non-
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polar amino acid selected from Val, Leu, and Tle. In some embodiments, the squalene epoxidase
comprises one or more mutations selected from S116E, N134G, 1145H, A164N, A169R, and
A400V with respect to SEQ ID NO: 2. In some embodiments, the squalene epoxidase comprises
at least two, or at least 3, or at least 4, or at least 5, or all six mutations selected from S116E,

N134G, 1145H, A164N, A169R, and A400V with respect to SEQ ID NO: 2.

In various embodiments, the SQE comprises the amino acid sequence of SEQ ID NO: 3 or

SEQ ID NO: 4.

In various aspects and embodiments, the present disclosure provides a squalene epoxidase
comprising an amino acid sequence that is at least 80%, or at least 85%, at least 90%, or at least
95%, or at least 97%, or at least 98%, or at least 99% identical to the amino acid sequence of SEQ
ID NO: 77, and comprising one or more mutations or one or more sets of mutations listed in Tables

4 and/or 5.

In some embodiments, the squalene epoxidase comprises one or more substitutions at D41,
M315, and.or S366 with respect to SEQ ID NO: 77. In some embodiments, S366 is substituted
with a charged amino acid selected from Arg, Lys and His. In some embodiments, D41 is
substituted with a positively charged amino acid selected from His, Lys and Arg. In some
embodiments, M315 is substituted with a non-polar amino acid selected from Leu, Ile, and Val. In
some embodiments, the squalene epoxidase comprises one or more mutations selected from

S366R, D41H, and M3 15L with respect to SEQ ID NO: 77.

In various embodiments, the SQE comprises the amino acid sequence of SEQ ID NO: 78

or SEQ ID NO: 79.

The pathway intermediate 2,3-dioxidosqualene can get diverted to an undesired cyclization
leading to the production of the off-pathway product cucurbitadienol (See FIG. 1A). Production
of the off pathway product cucurbitadienol can lead to increased impurities, increased cost of
production, and overall lower productivity of the strain and process. Without wishing to be bound
by theory, it is believed that the squalene epoxidase disclosed herein catalyzes two consecutive
epoxidation reactions at a rate that limits the availability of the 2,3-dioxidosqualene substrate for
the undesired cyclization reaction. Accordingly, in some embodiments, the squalene epoxidase
disclosed herein catalyzes two epoxidation reactions: the first catalyzing the epoxidation of

squalene to produce 2,3-dioxidosqualene, and the second catalyzing the epoxidation of 2, 3-
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dioxidosqualene to produce 2,3;22,23-dioxidosqualene. Accordingly, in some embodiments, the
culturing of microbial cells expressing the squalene epoxidase disclosed herein and an ECDS
produces at least 50%, or at least 60%, or at least 70% by weight of the on pathway products 2,3-
oxidosqualene, 2,3;22,23-dioxidosqualene, and 24,25-epoxy cucurbitadienol; where the total of
these on pathway products and the off pathway products cucurbitadienol is considered as 100%.
In some embodiments, the culturing of microbial cells expressing the squalene epoxidase disclosed

herein produces less than 40% (by weight), or less than 30%, or less than 20% cucurbitadienol.

Further amino acid modifications of SQE can be guided by available enzyme structures

and homology models, including those described in Padyana AK, et al., Structure and inhibition

mechanism of the catalytic domain of human squalene epoxidase, Nat. Comm. (2019) Vol. 10(97):

1-10; or Ruckenstulh et al., Structure-Function Correlations of Two Highly Conserved Motifs in

Saccharomyces cerevisiae Squalene Epoxidase, Antimicrob. Agents and Chemo. (2008) Vol.
52(4): 1496-1499.

Cucurbitadienol synthase enzymes are capable of catalyzing two cyclization reactions:
cyclization of the on pathway intermediate 2,3-dioxidosqualene to an off-pathway product
cucurbitadienol; and cyclization of the on pathway intermediate 2,3;22,23 dioxidosqualene to an
on-pathway intermediate 24,25-epoxy-cucurbitadienol (See FIG. 1A). Disclosed herein are
engineered cucurbitadienol synthase enzymes having an increased specificity for 2,3;22,23
dioxidosqualene substrate as compared to 2,3-dioxidosqualene substrate. The engineered
cucurbitadienol synthase enzymes are referred to herein as 24, 25 epoxy cucurbitadienol synthase
(“ECDS”). In some embodiments, the culturing of microbial cells expressing the ECDS disclosed
herein produces less off pathway product cucurbitadienol compared to the culturing of microbial
cells expressing a non-engineered cucurbitadienol synthase. In some embodiments, the culturing
of microbial cells expressing the ECDS disclosed herein produces more of the on pathway product
24 25-epoxy-cucurbitadienol compared to the culturing of microbial cells expressing a non-

engineered cucurbitadienol synthase.

In various aspects and embodiments, the present disclosure provides a 24, 25 epoxy
cucurbitadienol synthase (ECDS) comprising an amino acid sequence that is at least 80%, or at
least 85%, or at least 90%, or at least 95%, or at least 97%, or at least 98%, or at least 99% identical

to the amino acid sequence of SEQ ID NO: 7, and comprising one or more mutations or sets of
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mutations listed in Tables 7, 8, 9 and 10. The ECDS enzyme produces 24,25-epoxycucurbitadienol
from 2,3;22,23-dioxidosqualene. In some embodiments, the ECDS enzyme has substrate
preference for 2,3;22,23-dioxidosqualene over 2,3-oxidosqualene, thereby reducing production of
the off-pathway product cucurbitadienol. In some embodiments, the ECDS enzyme comprises an
amino acid sequence having a sequence identity of at least 80%, or at least 85%, or at least 90%,
or at least 95%, or at least 98%, or at least 99% with respect to SEQ ID NO: 7, and having one or
more mutations with respect to SEQ ID NO: 7 that increase enzyme productivity or substrate
preference for 2,3;22,23-dioxidosqualene over 2,3-oxidosqualene. In some embodiments, the
ECDS enzyme comprises one or more mutations or sets of mutations listed in Tables 7, 8, 9, and/or
10. In some embodiments, the ECDS enzyme comprises at least 1, at least 2, or at least 3, or at
least 4, or at least 5 mutations listed in Tables 7, 8, 9, and/or 10 that increase 24,25-epoxy-
cucurbitadienol titer by at least 1.2 fold and/or reduce cucurbitadienol production (as shown in the

table), compared to the corresponding parent enzyme.

In some embodiments, the ECDS comprises one or more mutations at one or more positions
selected from S24, C35, D50, N121, L245, W331, Q401, 1490, 1553, and A556, with respect to
SEQ ID NO: 7. In some embodiments, S24 is substituted with a polar amino acid selected from
Asn and Gln. In some embodiments, C35 is substituted with a charged amino acid selected from
Asp and Glu. In some embodiments, D50 is substituted with Glu. In some embodiments, N121 is
substituted with His, Lys or Arg. In some embodiments, L245 is substituted with Ile or Val. In
some embodiments, W331 is substituted with Ser, Thr, or Tyr. In some embodiments, Q401 is
substituted with Ala, Gly, or Val. In some embodiments, 1490 is substituted with Val, Leu, or Ala.
In some embodiments, 1553 is substituted with Met. In some embodiments, A556 is substituted
with a polar amino acid selected from Ser, Thr, and Tyr. In some embodiments, the ECDS
comprises at least 1, or at least 2, or at least 3, or at least 4, or at least 5, or at least 6, or at least 7,
or at least 8, or at least 9, or all 10 mutations selected from 24N, 35D, 50E, 121H, 2451, 3318,
401A, 490V, 553M, and 556S with respect to SEQ ID NO: 7. Exemplary ECDS enzymes in
accordance with the various embodiments are disclosed herein as SEQ ID NO: 8, SEQ ID NO: 9,
SEQ ID NO: 10, SEQ ID NO: 11, and SEQ ID NO: 12.

In some embodiments, the ECDS enzyme comprises one or more mutations in a substrate
access channel that improves substrate selectivity for 2,3;22 23-dioxidosqualene over 2, 3-

oxidosqualene. This access channel is shared with homologous enzymes (see FIG. 5). Amino acid
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modification in the positions lining the substrate access channel can alter substrate selectivity.
Exemplary positions include amino acids 245, 331, 553, and 556 with respect to SEQ ID NO: 7,
which are close to the membrane harboring the ECDS. Indeed, the mutations 2451, 3318, and
553M (with respect to SEQ ID NO: 7) significantly improve production of 24,25-epoxy-
cucurbitadienol and 24,25-dihydroxy cucurbitadienol, while reducing production of
cucurbitadienol (see Table 10). Accordingly, in some embodiments, the ECDS enzyme is an
enzyme having at least 65%, or at least 70%, or at least 75%, or at least 80%, or at least 85%, or
at least 90%, or at least 95%, or at least 97%, or at least 98%, or at least 99% sequence identity to
SEQ ID NO: 7, but having a mutation at a position corresponding to 245, 331, 553, and 556 of
SEQ ID NO: 7. In some embodiments, the ECDS comprises the amino acid sequence of SEQ ID
NO: 68, SEQ ID NO: 69, SEQ ID NO: 70, or SEQ ID NO: 71 (or an enzyme having at least 90%,
or at least 95%, or at least 97%, or at least 98%, or at least 99% sequence identity thereto), and
comprising one or more mutations (e.g., 1, 2, 3, or 4 mutations) at positions corresponding to
positions 245, 331 553, and 556 of SEQ ID NO: 7. See Table 11. For example, the amino acid
corresponding to position 245 of SEQ ID NO: 7 may be a hydrophobic amino acid, such as Ile,
Val, Ala, Met or Phe; the amino acid corresponding to position 331 of SEQ ID NO: 7 may be a
polar amino acid, such as but not limited to Ser or Thr; the amino acid corresponding to position
553 of SEQ ID NO: 7 may be a hydrophobic amino acid, such as Ile, Val, Ala, Met or Phe; and
the amino acid corresponding to position 556 of SEQ ID NO: 7 may be a small polar amino acid,
such as Ser or Thr. Alternatively or in addition, the ECDS comprises a mutation at a position
corresponding to position 50, 490, 121, and/or 401, with respect to SEQ ID NO: 7. See Table 11.
For example, the amino acid 1490 of SEQ ID NO: 7 is believed to make up a portion of the active
site, and thus mutations at this position may impact substrate preference and/or productivity. In
some embodiments, the amino acid at the position corresponding to position 490 of SEQ ID NO:
7 is a hydrophobic amino acid, such as Val, Leu, or Ala. See Table 11. Other non-active site
positions that may be important for controlling substrate preference include positions 50, 121, and
401 of SEQ ID NO: 7. In embodiments, the position corresponding to position 50 of SEQ ID NO:
7 is mutated to an amino acid selected from Asp, His, Gln, Asn, and Glu. See Table 11. In
embodiments, the position corresponding to position 121 of SEQ ID NO: 7 is mutated to an amino

acid selected from Asp, His, Gln, Asn, and Glu. See Table 11. In embodiments, the position
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corresponding to position 401 of SEQ ID NO: 7 is mutated to an amino acid selected from Ala,
Asp, His, Gln, Asn, Glu, and Pro. See Table 11.

Further amino acid modifications of ECDS enzyme can be guided by available enzyme
structures and homology models, including those described in Swiss Model Q6BE24 and

AlphaFold model K7NBZO9.

An epoxide hydrolase (EPH) enzyme is capable of catalyzing two hydration reactions:
hydration of the on pathway intermediate 2,3;22,23-dioxidosqualene to an off-pathway product
2,3;22,23 dioxidosqualene; and hydration the on pathway intermediate 24,25-epoxy-
cucurbitadienol to an on-pathway intermediate 24,25-dihydroxy-cucurbitadienol (See FIG. 1A).
Disclosed herein are engineered EPH enzymes having an increased specificity for 24,25-
dihydroxy-cucurbitadienol compared to 2,3;22,23 dioxidosqualene. Accordingly, in some
embodiments, the culturing of microbial cells expressing the EPH disclosed herein (as well as SQE
and ECDS enzymes) produces less than 30%, or less than 20% 2,3;22,23 dioxidosqualene, when
the total of the substrates 2,3;22,23-dioxidosqualene and 24,25-epoxy-cucurbitadienol, and
products 2,3;22,23 dioxidosqualene and 24,25-dihydroxy-cucurbitadienol is considered as 100%.
In some embodiments, the culturing of microbial cells expressing the EPH disclosed herein (as
well as SQE and ECDS enzymes) produces less off pathway product 2,3;22,23 dioxidosqualene
compared to the culturing of microbial cells expressing a non-engineered EPH. In some
embodiments, the culturing of microbial cells expressing the EPH disclosed herein produces more
on pathway products 24,25-dihydroxy-cucurbitadienol compared to the culturing of microbial

cells expressing a non-engineered EPH.

In various aspects and embodiments, the present disclosure provides an epoxide hydrolase
(EPH) enzyme that produces 24,25-dihydroxy-cucurbitadienol from 24,25-epoxycucurbitadienol.
In some embodiments, the EPH enzyme has substrate preference for 24,25-epoxycucurbitadienol
over 2.3;22 23-dioxidosqualene, and therefore produces less of the off pathway product
hydrolyzed 2,3;22,23 dioxidosqualene. In some embodiments, the EPH enzyme comprises an
amino acid sequence having a sequence identity of at least 80%, or at least 85%, or at least 90%,
or at least 95%, or at least 98%, or at least 99% with respect to SEQ ID NO: 5. In some
embodiments, the EPH has one or more mutations with respect to SEQ ID NO: 5 that increases

enzyme productivity or substrate preference for 24,25-epoxycucurbitadienol over 2,3;2223-
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dioxidosqualene, and wherein one or more of said mutations are selected from Table 6. In some
embodiments, the EPH enzymes comprises at least 2, at least 3, at least 4, or at least 5 amino acid

substitutions listed in Table 6, with respect to the amino acid sequence of SEQ ID NO: 5.

In some embodiments, the epoxide hydrolase comprises one or more mutations at one or
more of positions selected from S68, Q128, G141, T144, A145, E163, E191, L262, C295, N299
with respect to SEQ ID NO: 5. In some embodiments, S68 is substituted with a non-polar amino
acid selected from Ala, Gly, and Val. In some embodiments, Q128 is substituted with a non-polar
amino acid selected from Ala, Pro, Gly and Val. In some embodiments, G141 is substituted with
a polar amino acid selected from Ser, Thr, and Tyr. In some embodiments, T144 is substituted
with an amino acid selected from GlIn, Asn, Ala, Gly, and Val. In some embodiments, A145 is
substituted with a non-polar amino acid selected from Val, Ile, and Leu. In some embodiments,
E163 is substituted with a non-polar amino acid selected from Ala, Gly, and Val. In some
embodiments, E191 is substituted with a non-polar amino acid selected from Gly, Ala, and Val. In
some embodiments, L262 is substituted with Met. In some embodiments, C295 is substituted with
anon-polar amino acid selected from Gly, Ala, and Val. In some embodiments, N299 is substituted
with Gln. In some embodiments, the epoxide hydrolase has at least one, or at least two, or at least
3, or at least 4, or at least 5, or at least 6, or at least 7, or at least 8, or at least 9, or all 10 mutations
selected from S68A, Q128A, G141S, T144Q, A145V, E163A, E191G, L262M, C295G, and
N299Q with respect to SEQ ID NO: 5. An exemplary EPH enzyme according to this disclosure

comprises the amino acid sequence of SEQ ID NO: 6.

Further amino acid modifications of the EPH enzyme can be guided by available enzyme
structures and homology models, including those described in Mitusinska, K, et al., Structure-

function relationship between soluble epoxide hydrolases structure and their tunnel network,

Comput Struct Biotechnol J. 2022; 20: 193-205; Zou et al., Structure of Aspergillus niger epoxide

hydrolase at 1.8 A resolution: implications for the structure and function of the mammalian
microsomal class of epoxide hydrolases, Structure 8(2): 111-122 (2000); Schulz et al., The crystal

structure of mycobacterial epoxide hydrolase A, Scientific Reports 10: 16539 (2020); Gomez et

al., Human soluble epoxide hydrolase: Structural basis of inhibition by 4-(3-cyclohexylureido)-

carboxylic acids, Protein Sci. 15(1): 58-64 (2006); Biswal et al., The molecular structure of

epoxide hydrolase B from Mycobacterium tuberculosis and its complex with a urea-based

inhibitor, J Mol Biol 381: 897-912 (2008); Nardini et al., The X-ray structure of epoxide hydrolase

17



10

15

20

25

WO 2025/101625 PCT/US2024/054747

from Agrobacterium radiobacter AD1. An enzyme to detoxify harmful epoxides, J Biol Chem
274(21):14579-86 (1999).

In various aspects and embodiments, the present disclosure provides a cytochrome P450
enzyme that produces mogrol from 24,25-dihydroxy-cucurbitadienol. In some embodiments, the
cytochrome P450 enzyme selectively hydroxylates C11 of 24,25-dihydroxycucurbitadienol. In
some embodiments, the cytochrome P450 enzyme comprises an amino acid sequence that is at
least 70% identical, or at least 80% identical, or at least 90% identical, or at least 95% identical,
or at least 97% identical, or at least 98% identical, or at least 99% identical to the amino acid

sequence of SEQ ID NO: 14 or SEQ ID NO: 15.

Functional expression of plant cytochrome P450 in heterologous hosts has inherent
limitations attributable to the heterologous hosts. For example, bacterial systems have translational
incompatibility of the membrane signal modules of P450 enzymes due to the lack of an
endoplasmic reticulum. In addition, the expression and function of the cytochrome P450 enzymes
becomes limiting in the heterologous hosts. In various aspects and embodiments, the present
disclosure provides engineered cytochrome P450 enzymes that efficiently express in microbial
hosts (including bacterial hosts) and selectively hydroxylate C11 of 2425-

dihydroxycucurbitadienol.

In some embodiments, the cytochrome P450 enzyme has a replacement of all or a portion
of the native transmembrane domain with the transmembrane domain from an £. coli inner
membrane cytoplasmic C-terminus protein, as disclosed in U.S. Patent No. 10,774,314, which is
hereby incorporated by reference in its entirety. In some embodiments, the £. coli inner membrane
cytoplasmic C-terminus protein is selected from ycgG, yheB, zipA, waaA, sohB, djlA, ycgG, IpxK,
ypfN, ypfN, yhhM, and FliO. In some embodiments, the £. coli inner membrane cytoplasmic C-

terminus protein is sohB or F1iO.

In various embodiments, the P450 enzyme has a deletion or truncation of part or all of it
native transmembrane domain. Generally, the deletion or truncation is about the first 15 to 75
amino acids, and the desired length can be determined using predictive tools known in the art. For
example, the deletion/truncation of the native transmembrane region may be from about 15 to
about 30 amino acids. The native P450 transmembrane region is replaced with a membrane anchor

sequence derived from an £. coli protein that is an inner membrane protein with its C-terminus in
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the cytoplasm, such as sohB or FliO. For example, the P450 enzyme provided herein as SEQ ID
NO: 15 corresponds to CYP87A3 (Cucurbita pepo subsp. pepo) having a portion of its native

transmembrane domain (18 amino acids) replaced with the transmembrane domain of E. coli sohB.

Cytochrome P450 enzymes can exhibit broad substrate specificity or low substrate

selectivity. See, e.g., Kim ef al. Gene engineering, purification, crystallization and preliminary X-

ray diffraction of cytochrome P450 p-coumarate-3-hydroxylase (C3H), the Arabidopsis membrane

protein, Protein Expression and Purification 79(1): 149-155 (2011); Yamaguchi ef al. Cytochrome
P450 CYP71ATI6 catalyses the final step of herbivore-induced phenylacetonitrile biosynthesis in

the giant knotweed, Fallopia sachalinensis, Plant Molecular Biology 91: 229-239 (2016). The
broad substrate specificity and low substrate selectivity of the cytochrome P450 enzymes leads to
wasteful off pathway reactions and reduced levels of oxidation of the desired molecules. Disclosed
herein are engineered cytochrome P450 enzymes having an increased specificity for the C-11
position of 24, 25 dihydroxy cucurbitadienol. In some embodiments, the engineered cytochrome
P450 enzymes disclosed herein have an increased substrate selectivity to C-11 position of 24,25
dihydroxy cucurbitadienol, compared to C-11 position of cucurbitadienol, allowing the production
of higher levels of mogrol, compared to 11-hydroxy cucurbitadienol (see, e.g., FIG. 7G and FIG.
7I).

Accordingly, in some embodiments, the culturing of microbial cells expressing the
engineered cytochrome P450 disclosed herein (as well as SQE, ECDS, and EPH enzymes)
produces less than 40%, or less than 30%, or less than 20% 11-hydroxy cucurbitadienol and 11-
oxo-mogrol, when the total of the substrates cucurbitadienol and 24,25-dihydroxy-cucurbitadienol,
and products mogrol, 11-hydroxy cucurbitadienol, and 11-oxo-mogrol is considered as 100%. In
some embodiments, the culturing of microbial cells expressing the engineered cytochrome P450
disclosed herein (as well as SQE, ECDS, and EPH enzymes) produces more than 60%, or more
than 70%, or more than 80% mogrol, when the total of the products mogrol, 11-hydroxy
cucurbitadienol, and 11-oxo-mogrol is as considered 100%. In some embodiments, the culturing
of microbial cells expressing the engineered cytochrome P450 disclosed herein produces less off
pathway products 11-hydroxy cucurbitadienol and 11-oxo-mogrol compared to the culturing of
microbial cells expressing a non-engineered cytochrome P450 enzyme. In some embodiments, the

culturing of microbial cells expressing the engineered cytochrome P450 disclosed herein produces
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more mogrol compared to the culturing of microbial cells expressing a non-engineered

cucurbitadienol synthase.

In various embodiments, the cytochrome P450 enzyme comprises an S193T substitution
with respect to the enzyme of SEQ ID NO: 15, provided herein as SEQ ID NO: 16. In various
embodiments, the cytochrome P450 enzyme comprises one or more mutations or sets of mutations
(e.g., atleast 2, 3, 4, or 5 mutations or sets of mutations) listed in Tables 13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23, 24, 25, 26, 27, 28, and/or 29 with respect to the corresponding parent enzyme. In
various embodiments, the P450 enzyme comprises at least 2, at least 3, at least 4, or at least 5
mutations or sets of mutations listed in Tables 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, and/or 29 that increase mogrol titer by at least 1.5 fold with respect to the corresponding

parent enzyme.

In some embodiments, the cytochrome P450 enzyme comprises a substitution at one or
more positions selected from A12, 127, S63, K75, V76, N102, G125, T128, W130, L131, K132,
T192,S193,1218, G219, T223, V228, T231, T232, Y233, N234, K246, F354, K369, H433, F452,
V465, A468, and T482, with respect to SEQ ID NO: 15. In some embodiments, S63 is substituted
with Asn, Phe, Gln, Tyr, or Trp. In some embodiments, A12 is substituted with Trp, Tyr or Phe.
In some embodiments, 127 is substituted with Gly or Ala. In some embodiments, S63 is substituted
with Asn, Phe, Gln, Tyr, or Trp. In some embodiments, K75 is substituted with Arg. In some
embodiments, V76 is substituted with Met, Leu or Ile. In some embodiments, N102 is substituted
with His, Lys, or Arg. In some embodiments, G125 is substituted with an amino acid selected from
Ala, Leu, Ile, and Val. In some embodiments, T128 is substituted with an amino acid selected from
Gly, Ser, Pro, and Ala. In some embodiments, W130 is substituted with an amino acid selected
from Asn, Gly, Ser, Leu, Gln, Ala, Val, and Thr. In some embodiments, L131 is substituted with
an amino acid selected from Val, Ile, Pro, Thr, and Ser. In some embodiments, K132 is substituted
with an amino acid selected from Asn, Ser, Thr, and GIn. In some embodiments, T192 is
substituted with Leu, Ile, or Val. In some embodiments, S193 is substituted with Thr. In some
embodiments, L218 is substituted with Ile, Val, and Ala. In some embodiments, G219 is
substituted with an amino acid selected from Ala, Gln, Arg, Val, Asn, His, and Lys. In some
embodiments, T223 is substituted with Ser. In some embodiments, V228 is substituted with Ile or
Leu. In some embodiments, T231 is substituted with Phe, Trp, or Tyr. In some embodiments, T232

is substituted with Ala, Gly, or Val. In some embodiments, Y233 is substituted with Phe. In some
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embodiments, N234 is substituted with His, Arg or Lys. In some embodiments, K246 is substituted
with Val. Ile or Leu. In some embodiments, F354 is substituted with Tyr or Trp. In some
embodiments, K369 is substituted with Arg, Lys, or His. In some embodiments, H433 is
substituted with Phe, Trp, or Tyr. In some embodiments, F452 is substituted with Ile, Val, or Leu.
In some embodiments, V465 is substituted with an amino acid selected from Ile, Met, or Leu. In
some embodiments, A468 is substituted with an amino acid selected from Thr, Ser, Asn, and Gln.
In some embodiments, T482 is substituted with Ser. In some embodiments, the cytochrome P450
enzyme comprises at least one, or at least two, or at least 3, or at least 4, or at least 5, or at least 6,
or at least 7, or at least 8, or at least 9, or at least 10, or at least 11, or at least 12, or at least 13, or
at least 14, or at least 15, or at least 16, or at least 17, or at least 18, or at least 19, or at least 20, or
at least 21, or at least 22, or at least 23, or at least 24, or at least 25, or at least 26, or at least 27, or
at least 28, or at least 29, or all 30 substitutions selected from A12W, 127G, S63F, S63N, K75R,
V76M, N102H, G125A, T128G, W130N, L1311, K132N, T192L, S193T, L2181, G219A, T223S,
V2281, T231F, T232A, Y233F, N234H, K246V, F354Y, K369R, H433F, F4521, V4651, A468T
and T4828S, each with respect to SEQ ID NO: 15.

In some embodiments, the cytochrome P450 enzyme comprises an N-terminal deletion of
at least about 20, or at least about 25, or at least about 30, or at least about 35, or at least about 40,
or at least about 45, or at least about 50 amino acids with respect to SEQ ID NO: 15. In some
embodiments, the cytochrome P450 enzyme comprises a deletion selected from a deletion of L3
to H29 with respect to SEQ ID NO: 15. In some embodiments, the cytochrome P450 enzyme
comprises an amino acid sequence that is at least 70% identical, or at least 80% identical, or at
least 90% identical, or at least 95% identical, or at least 97% identical, or at least 98% identical,
or at least 99% identical to the amino acid sequence of SEQ ID NO: 85. In some embodiments,
the cytochrome P450 enzyme comprises one or more mutations or one or more sets of mutations
listed in Tables 26, 27, 28, and/or 29.

In some embodiments, the cytochrome P450 enzyme comprises a substitution at one or
more positions selected K8, D9, S10, N13, V15, 145, K46, K47, M49, K50, R51, 1191, A192,
F406, E411, Y412, and S413, with respect to SEQ ID NO: 85. In some embodiments, K8 is
substituted with Arg. In some embodiments, D9 is substituted with Asn or Gln. In some
embodiments, S10 is substituted with Arg, Lys or His. In some embodiments, N13 is substituted

with Lys, Arg, or His. In some embodiments, V15 is substituted with Lys, Arg, or His. In some
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embodiments, 145 is substituted with Val, Ile, or Leu. In some embodiments, K46 is substituted
with Arg, Lys or His. In some embodiments, K47 is substituted with Glu or Asp. In some
embodiments, M49 is substituted with Val, Ile, or Leu. In some embodiments, K50 is substituted
with Glu or Asp. In some embodiments, R51 is substituted with Lys. In some embodiments, 1191
is substituted with Leu or Val. In some embodiments, A192 is substituted with Lys, Arg, or His.
In some embodiments, F406 is substituted with Tyr or Trp. In some embodiments, E411 is
substituted with Asp. In some embodiments, Y412 is substituted with Phe, Leu, Ile, or Trp. In
some embodiments, S413 is substituted with Ala, Gly, or Val. In some embodiments, the
cytochrome P450 enzyme comprises at least one, or at least two, or at least 3, or at least 4, or at
least 5, or at least 6, or at least 7, or at least 8, or at least 9, or at least 10, or at least 11, or at least
12, or at least 13, or at least 14, or at least 15, or at least 116, or all 17 substitutions selected from
K8R, DIN, S10R, N13K, and V15K 145V, K46R, K47E, M49V, K50E, R51K, F406Y, E411D,
Y412F, S413A, 11911 and A192K with respect to SEQ ID NO: 85.

In accordance with embodiments of this disclosure, the cytochrome P450 enzyme
comprises an amino acid sequence of SEQ ID NO: 15, SEQ ID NO: 16, SEQ ID NO: 17, SEQ ID
NO: 18, SEQ ID NO: 19, SEQ ID NO: 20, SEQ ID NO: 21, SEQ ID NO: 45, SEQ ID NO: 46,
SEQ ID NO: 47, SEQ ID NO: 80, SEQ ID NO: 81, SEQ ID NO: 82, SEQ ID NO: 83, or SEQ ID
NO: 84.

In various embodiments, the cytochrome P450 enzyme comprises an N-terminal deletion
of at least about 20, or at least about 25, or at least about 30, or at least about 35, or at least about
40, or at least about 45, or at least about 50 amino acids with respect to SEQ ID NO: 15. In some
embodiments, the cytochrome P450 enzyme comprises a deletion selected from a deletion of L3
to H29 with respect to SEQ ID NO: 15. In some embodiments, the cytochrome P450 enzyme
comprises an amino acid sequence that is at least 70% identical, or at least 80% identical, or at
least 90% identical, or at least 95% identical, or at least 97% identical, or at least 98% identical,
or at least 99% identical to the amino acid sequence of SEQ ID NO: 85, and comprising one or

more mutations or one or more sets of mutations listed in Tables 26, 27, 28, and/or 29.

In some embodiments, the cytochrome P450 enzyme comprises a substitution at one or
more positions selected K8, D9, §10, N13, V15, 145, K46, K47, M49, K50, R51, 1191, A192,
F406, E411, Y412, and S413, with respect to SEQ ID NO: 85. In some embodiments, K8 is
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substituted with Arg. In some embodiments, D9 is substituted with Asn or Gln. In some
embodiments, S10 is substituted with Arg, Lys or His. In some embodiments, N13 is substituted
with Lys, Arg, or His. In some embodiments, V15 is substituted with Lys, Arg, or His. In some
embodiments, 145 is substituted with Val, Ile, or Leu. In some embodiments, K46 is substituted
with Arg, Lys or His. In some embodiments, K47 is substituted with Glu or Asp. In some
embodiments, M49 is substituted with Val, Ile, or Leu. In some embodiments, K50 is substituted
with Glu or Asp. In some embodiments, R51 is substituted with Lys. In some embodiments, 1191
is substituted with Leu or Val. In some embodiments, A192 is substituted with Lys, Arg, or His.
In some embodiments, F406 is substituted with Tyr or Trp. In some embodiments, E411 is
substituted with Asp. In some embodiments, Y412 is substituted with Phe, Leu, Ile, or Trp. In
some embodiments, S413 is substituted with Ala, Gly, or Val. In some embodiments, the
cytochrome P450 enzyme comprises at least one, or at least two, or at least 3, or at least 4, or at
least 5, or at least 6, or at least 7, or at least 8, or at least 9, or at least 10, or at least 11, or at least
12, or at least 13, or at least 14, or at least 15, or at least 16, or all 77 substitutions selected from
KSR, DON, S10R, N13K, and V15K 145V, K46R, K47E, M49V, K50E, R51K, F406Y, E411D,
Y412F, S413A, T191L and A192K substitutions with respect to SEQ ID NO: 85. In accordance
with embodiments of this disclosure, the cytochrome P450 enzyme comprises an amino acid
sequence of SEQ ID NO: 86, or SEQ ID NO: 87, or SEQ ID NO: 88, or SEQ ID NO: 89.

In various aspects and embodiments, the present disclosure provides a cytochrome P450
reductase enzyme that is capable of reducing a P450 hydroxylase enzyme of any of the
embodiments disclosed herein. In some embodiments, the P450 reductase comprises an amino acid
sequence that is at least 80%, or at least 85%, or at least 90%, or at least 95%, or at least 97%, or

at least 98%, or at least 99% identical to SEQ ID NO: 22 or SEQ ID NO: 24.

In some embodiments, the cytochrome P450 reductase enzyme comprises a replacement
of all or a portion (e.g., 15 to 75 amino acids) of the native transmembrane domain with the
transmembrane domain from an F. coli inner membrane cytoplasmic C-terminus protein (see U.S.
Patent No. 10,774,314, which is hereby incorporated by reference in its entirety). In some
embodiments, the F. coli inner membrane cytoplasmic C-terminus protein is selected from YcgG,
YheB, ZipA, WaaA, SohB, DjlA, LpxK, YpfN, and YhhM. Exemplary P450 reductase enzymes
(based on the CPR enzyme of SEQ ID NO: 22), and having 67 amino acids truncated from the

native transmembrane domain, and replaced with transmembrane sequences (21 to 30 amino acids)
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from E. coli inner membrane cytoplasmic C-terminus proteins are shown in Table 30. In some
embodiments, the transmembrane sequence is from . coli protein YcgG. In some embodiments,
from about 50 to about 80 amino acids, or from about 65 to about 78 amino acids (e.g., from 65 to
75 amino acids) of the N-terminus of SEQ ID NO: 22 are deleted and from 21 to 28 amino acids
from the transmembrane domain of an E. coli inner membrane cytoplasmic C-terminus protein
(e.g., YcgQ) areinserted. In some embodiments, the native N-terminus of ID NO: 22 (as described)
is replaced with 20 to 30 amino acids from the N-terminus of YcgG. In some embodiments, the
native N-terminus of ID NO: 22 is replaced with about 25 or 26 amino acids from the N-terminus
of YcgG. In some embodiments, the engineered P450 reductase having the native N-terminus of
SEQ ID NO: 22 replaced with the N-terminus of YcgG further comprises one or more mutations
or sets of mutations listed in Table 31, with respect to the corresponding parent enzyme. In some
embodiments, the CPR enzyme comprises at least 2, at least 3, at least 4, or at least 5 mutations or
sets of mutations shown in Table 31 that increase mogrol production by at least 1.2 fold with
respect to the corresponding parent enzyme. Exemplary CPR enzymes according to the disclosure

include those comprising the amino acid sequence of SEQ ID NO: 23.

In other embodiments, the P450 reductase enzymes (based on the CPR enzyme of SEQ ID
NO: 24), and having about 75 amino acids truncated from the native transmembrane domain, and
replaced with transmembrane sequences (21 to 30 amino acids) from E. coli inner membrane
cytoplasmic C-terminus proteins are shown in Table 32. In some embodiments, the transmembrane
sequence is from Z. coli protein YcgG. In some embodiments, the native N-terminus of ID NO:
24 (about 75 amino acids) is replaced with about 25 amino acids from the N-terminus of YcgG. In
some embodiments, the engineered P450 reductase having the native N-terminus of SEQ ID NO:
24 replaced with the N-terminus of YcgG further comprises one or more mutations or sets of
mutations listed in Table 33, with respect to the corresponding parent enzyme. In some
embodiments, the CPR enzyme comprises at least 2, at least 3, at least 4, or at least 5 mutations or
sets of mutations shown in Table 33 that increase mogrol production. Exemplary CPR enzymes
according to the disclosure include those comprising the amino acid sequence of SEQ ID NO: 25
and SEQ ID NO: 26. In some embodiments, the cytochrome P450 reductase comprises a
substitution of L90 residue with respect to SEQ ID NO: 24, optionally with Pro.

In various aspects and embodiments, the present disclosure provides a uridine diphosphate

dependent glycosyltransferase (UGT) enzyme that produce mogrosides from mogrol. Exemplary
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mogrosides that can be produced are shown in FIG. 1B, and include Mog 1A, Mog. 1E, Mog.
ITA1, Mog. IIE, Mog. ITA2, Mog. ITIA1, Mog. III, Mog. IITA2, siamenoside, Mog. IVA, Mog. 1V,
and Mog. V. In certain embodiments, the mogroside is Mog. V. Other mogrosides can be produced,
such as iso-Mog. V. In some embodiments, the UGT enzyme produces at least 2 times more of the
desired mogroside (e.g., Mog. V) than glycosylated products of 24,25-dihydroxycucurbitadienol.
In some embodiments, the UGT enzymes produce at least 3 times, or at least 5 times, or at least
10 times more of the desired mogroside (e.g., Mog. V) than glycosylated products of 24,25-

dihydroxycucurbitadienol.

Uridine diphosphate dependent glycosyltransferase (UGT) enzymes can exhibit substrate

promiscuity. See, e.g., Song et al., Functional Characterization and Substrate Promiscuity of

UGT?71 Glycosyltransferases from Strawberry (Fragaria x ananassa). Plant and Cell Physiology,

56: 2478-2493 (2015); Bonisch e al., Activity based profiling of a physiologic aglycone library

reveals sugar acceptor promiscuity of family 1 UDP-glucosyltransferases from Vitis vinifera. Plant

Physiology, 166: 23-39 (2014); Bonisch ef al., A UDP-glucose: Monoterpenol glucosyltransferase

adds to the chemical diversity of the grapevine metabolome. Plant Physiology, 165: 561-581

(2014); Hefner et al., Arbutin synthase, a novel member of the NRD1p glycosyltransferase family,

is_a unique multifunctional enzyme converting various natural products and xenobiotics,

Bioorganic and Medicinal Chemistry 10: 1731-1741(2002). The substrate promiscuity of the UGT

enzymes leads to wasteful off pathway reactions and reduced levels of oxidation of the desired
molecules. Disclosed herein are engineered cytochrome UGT enzymes having an increased

specificity for the C-3 or C-24 positions of mogrol or for 1,6 and 1,2 branched glycosylations.

In some aspects and embodiments, the present disclosure provides engineered UGT
enzymes that have an increased substrate selectivity to C-3 position of mogrol compared to, e.g.,
C-3 position of 24, 25 dihydroxy cucurbitadienol, or positions other than C-3 position of mogrol.
Such engineered enzymes are referred to herein as UGTc3. Accordingly, in some embodiments,
the UGTc3 enzymes disclosed herein provide for the production of higher levels of MoglE
compared to a glucosylated dihydroxycucurbotadienol and deoxy-MogIE side products (see, e.g.,
FIG. 9C, FIG. 9E and FIG. 9F). In some embodiments, the UGTc3 enzymes disclosed herein,
using an equal molar mixture comprising mogrol, deoxy-mogrol and dihydroxycucurbotadienol as
a substrate, produce less than 60%, or less than 50%, or less than 40%, or less than 30%, or less

than 20% glucosylated dihydroxycucurbotadienol and deoxy-MoglIE side products, when the total
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glucosylated products is considered as 100%. In some embodiments, the UGTc3 enzymes
disclosed  herein, using a mixture comprising mogrol, deoxy-mogrol and
dihydroxycucurbotadienol,  produces less off pathway  products  glucosylated
dihydroxycucurbotadienol and deoxy-MogIE compared to a non-engineered UGT enzyme. In
some embodiments, the UGTc3 enzyme disclosed herein, using a mixture comprising mogrol,
deoxy-mogrol and dihydroxycucurbotadienol, produces more MoglE compared to the culturing

of microbial cells expressing a non-engineered UGT enzyme.

In various aspects and embodiments, the present disclosure provides a uridine diphosphate
dependent glycosyltransferase (UGT) enzyme that produces a C-3 mogrol glycoside from mogrol
(UGTc3). In some embodiments, the UGTc3 enzyme comprises an amino acid sequence that is at
least 70% identical, or at least 80%, or at least 85%, or at least 90%, or least 95%, or at least 97%,
or at least 98%, or at least 99% identical to an amino acid sequence of SEQ ID NO: 27, SEQ ID
NO: 52, SEQ ID NO: 53, SEQ ID NO: 54, SEQ ID NO: 55, SEQ ID NO: 56, SEQ ID NO: 57,
SEQ ID NO: 58, SEQ ID NO: 59, SEQ ID NO: 60, SEQ ID NO: 61, SEQ ID NO: 62, SEQ ID
NO: 63, and SEQ ID NO: 64 (see Table 34). In some embodiments, the UGTc¢3 enzyme comprises
an amino acid sequence that is at least 70% identical, or at least 80%, or at least 85%, or at least
90%, or least 95%, or at least 97%, or at least 98%, or at least 99% identical to the amino acid
sequence of SEQ ID NO: 27. In some embodiments, the UGT enzyme converts Mog. 1A to Mog
IIE, and converts mogrol to Mog. IE. In some embodiments, the UGT enzyme comprises one or
more mutations with respect to SEQ ID NO: 27 that result in greater specificity and/or activity for
glycosylation of C-3 position (e.g., in the case of mogrol and/or Mog. IE substrate) compared to
the UGT enzyme having an amino acid sequence of SEQ ID NO: 27. In some embodiments, one
or more mutations (e.g., at least 2, at least 3, at least 4, or at least 5 mutations) are selected from
Table 35 and/or Table 36. In some embodiments, at least 2, or at least 3, or at least 4, or at least 5
mutations are selected from Tables 35 and 36 which are shown to improve Mog. IIE titer or Mog.
IE titer by at least 1.2 fold or at least 1.3 fold. In various embodiments, the UGT enzyme with
activity at C3 has reduced specificity for 24,25-dihydroxy cucurbitadienol and its glycosylated

derivatives.

In some embodiments, the UGTc3 enzyme comprises one or more mutations at one or more
positions selected from 141, D49, T74, C127, F303, and A307 with respect to SEQ ID NO: 27. In

some embodiments, L41 is substituted with an aromatic amino acid selected from Phe, Tyr and
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Trp. In some embodiments, D49 is substituted with Glu. In some embodiments, T74 is substituted
with Met. In some embodiments, C127 is substituted with an aromatic amino acid selected from
Phe, Tyr and Trp. In some embodiments, F303 is substituted with Tyr. In some embodiments,
A307 is substituted with an amino acid selected from Ile, Leu, and Val. In some embodiments, the
UGTc3 enzyme comprises at least one, or at least two, or at least 3, or at least 4, or at least 5, or
all six of the following substitutions with respect to SEQ ID NO: 27: L41F, D49E, T74M, C127F,
F303Y, and A3071. Exemplary engineered UGT enzymes having activity at C3 of mogrol
according to the present disclosure comprise the amino acid sequence of SEQ ID NO: 28, SEQ ID
NO: 29, or SEQ ID NO: 30.

In various aspects and embodiments, the present disclosure provides a UGT enzyme that
produces a C-3 mogrol glycoside from mogrol (UGTc3). In some embodiments, the UGTc3
enzyme comprises an amino acid sequence that is at least 70% identical, or at least 80%, or at least
85%, or at least 90%, or least 95%, or at least 97%, or at least 98%, or at least 99% identical to the
amino acid sequence of SEQ ID NO: 60 or SEQ ID NO: 65. The enzyme defined by SEQ ID NO:
65 is a circular permutant of the enzyme defined by SEQ ID NO: 60. UGT circular permutants are
described in U.S. Patent No. 10,463,062, which is hereby incorporated by reference in its entirety.
In some embodiments, the UGT enzyme comprises one or more mutations with respect to SEQ ID
NO: 60 or SEQ ID NO: 65 that result in greater specificity and/or activity for glycosylation of C-
3 position compared to the UGT enzyme having an amino acid sequence of SEQ ID NO: 60 or
SEQ ID NO: 65. In some embodiments, one or more mutations (e.g., at least 2, at least 3, at least
4, or at least 5 mutations) are selected from Table 37 with respect to SEQ ID NO: 60. In some
embodiments, at least 1, or atleast 2, or at least 3, or at least 4, or at least 5 mutations are selected
from Table 37 and which are shown to increase Mog IE titer by at least 1.4 fold or at least 1.5 fold.
In some embodiments, the mutation is a circular permutation with a cut site as shown in Table 38,
and optionally a linking sequence. In some embodiments, one or more mutations or sets of
mutations (e.g., at least 2, at least 3, at least 4, or at least 5 mutations or sets of mutations) are
selected from Table 39 with respect to SEQ ID NO: 65. In some embodiments, at least 1, or at
least 2, or at least 3, or at least 4, or at least 5 mutations or sets of mutations are selected from

Table 39 and which are shown to increase Mog IE titer by at least 1.4 fold or at least 1.5 fold.

In some embodiments, the UGTc3 enzyme is a circular permutant with respect to SEQ ID

NO: 60. In some embodiments, the circular permutant has a cut site corresponding to a position
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between amino acid 150 to 180, or amino acid 160 to 180, or amino acid 165 to 180 of SEQ ID
NO: 60 (e.g., cut site can be at position 169 or 177 in some embodiments). In some embodiments,
the circular permutant further comprises a linker sequence between the amino acids that
correspond to the N-terminal and C-terminal residues of SEQ ID NO: 60. For example, linkers in
various embodiments may have a length of from 2 to 25 amino acids, and can be a rigid linker or
a flexible linker. A flexible linker can be comprised predominately or entirely of Ser and Gly
amino acids. More rigid linkers can be constructed of bulkier amino acids, and examples are shown

in Table 38.

In some embodiments, the UGTc3 enzyme comprises one or more mutations at one or more
positions selected from H40, 1216, S241, and 1352 with respect to SEQ ID NO: 65. In some
embodiments, H40 is substituted with Asp, Gly, Gln, Ala or Val. In some embodiments, 1216 is
substituted with Ala, Gly, or Val. In some embodiments, S241 is substituted with Gly, Ala, or Val.
In some embodiments, L.352 is substituted with Met. In some embodiments, the UGTc3 enzyme
comprises at least one, or at least two, or at least three, or all four of the following substitutions
with respect to SEQ ID NO: 65: H40N, 1216A, S241G, and L352M. Exemplary enzymes
according to these embodiments are provided herein as SEQ ID NO: 66 and SEQ ID NO: 67.

In some aspects and embodiments, the present disclosure provides engineered UGT
enzymes that have an increased substrate selectivity for C-24 position of mogrol compared to, e.g.,
C-24 position of 24,25 dihydroxy cucurbitadienol, or positions other than C-24 position of mogrol.
Such engineered enzymes are referred to herein as UGTc24. Accordingly, in some embodiments,
the UGTc24 enzymes disclosed herein provide for the production of higher levels of MoglA
compared to a deoxy-MoglA side product (see, e.g., FIG. 10E). In some embodiments, the
UGTc24 enzymes disclosed herein, using a mixture comprising equal amounts of mogrol and
deoxy-mogrol (on a molar basis) as a substrate, produce less than 40%, or less than 30%, or less
than 20% deoxy-MoglA side product, when the total glucosylated product is considered 100%. In
some embodiments, the UGTc24 enzymes disclosed herein, using a mixture comprising mogrol
and deoxy-mogrol as a substrate, produces less off pathway product deoxy-MogIA compared to a
non-engineered UGT enzyme. In some embodiments, the UGTc24 enzyme disclosed herein, using
a mixture comprising mogrol and deoxy-mogrol as a substrate, produces more Mogl A compared

to the culturing of microbial cells expressing a non-engineered UGT enzyme.
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In various aspects and embodiments, the present disclosure provides a UGT enzyme that
produces a C-24 mogrol glycoside from mogrol (UGTc24). In some embodiments, the UGTc24
enzyme comprises an amino acid sequence that is at least 70% identical, or at least 80% identical,
or at least 85% identical, or at least 90% identical, or at least 95% identical, or at least 97%
identical, or at least 98% identical or at least 99% identical to an amino acid sequence selected
from SEQ ID NO: 31, SEQ ID NO: 50, SEQ ID NO: 51, SEQ ID NO: 63, and SEQ ID NO: 64
(see Table 34). In some embodiments, the UGTc24 enzyme comprises an amino acid sequence
that is at least 70% identical, or at least 80% identical, or at least 85% identical, or at least 90%
identical, or at least 95% identical, or at least 97% identical, or at least 98% identical or at least
99% identical to the amino acid sequence of SEQ ID NO: 31. In some embodiments, the UGTc24
enzyme comprises one or more mutations resulting in greater specificity and/or activity for
glycosylation of C-24 position (e.g., including but not limited to conversion of Mog. 1E to Mog.
IIE and/or conversion of mogrol to Mog. IA) compared to the UGT enzyme having an amino acid
sequence of SEQ ID NO: 31. In some embodiments, the UGT¢24 enzyme comprises one or more
mutations or sets of mutations (e.g., at least 2, or at least 3, or at least 4, or at least 5 mutations or
sets of mutations) selected from Table 40, Table 41, Table 42, Table 43, Table 44 and/or Table 45
(in each case with respect to the parent enzyme). In some embodiments, the UGTc24 enzyme
comprises one or more mutations or sets of mutations (e.g., at least 2, or at least 3, or at least 4, or
at least 5 mutations or sets of mutations) selected from Table 40, Table 41, Table 42, Table 43,
Table 44 and/or Table 45 that are shown to increase Mog. IIE titer or Mog. IA titer by at least 1.5
fold or at least 2 fold. In some embodiments, at least one, at least two, at least 3, at least 4, or at
least 5 mutations or sets of mutations improve the specificity for conversion to Mog. IA over
deoxy-Mog. TA (e.g., see Tables 43 and 44).

In some embodiments, the UGTc24 enzyme comprises one or more mutations at positions
selected from L18, A74, S88, 191, T95, H101, T184, F187, P190, T273, N306, M332, and Y381,
with respect to SEQ ID NO: 31. In some embodiments, L18 is substituted with Met. In some
embodiments, 163 is substituted with Val, Ala or Gly. In some embodiments, A74 is substituted
with an acidic amino acid selected from Glu and Asp. In some embodiments, S88 is substituted
with an amino acid selected from Ala, Gly, Leu, Val, and Ile. In some embodiments, 191 is
substituted with an aromatic amino acid selected from Phe, Tyr and Trp. In some embodiments,

T95 is substituted with an amino acid selected from Ala, Gly, and Val. In some embodiments,
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H101 is substituted with Pro. In some embodiments, T184 is substituted with an amino acid
selected from Phe, Tyr, and Trp. In some embodiments, F187Y is substituted with Tyr or Trp. In
some embodiments, P190 is substituted with an amino acid selected from Glu and Asp. In some
embodiments, T273 is substituted with Ser or is deleted. In some embodiments, N306 is substituted
with Lys, His, or Arg. In some embodiments, M332 is substituted with an amino acid selected
from Leu, Ile, Val, and Ala. In some embodiments, Y381 is substituted with an amino acid selected
from Phe and Trp. In some embodiments, the UGTc24 enzyme comprises at least one, or at least
two, or at least 3, or at least 4, or at least 5, or at least 6, or at least 7, or at least 8, or at least 9, or
at least 10, or at least 11, or at least 12, or at least 13, or all 14 mutations selected from L18M,
163V, A74E, S88A, I91F, T95A, H101P, T184F, F187Y, P190E, T273S, N306K, M332L, and
Y381F with respect to SEQ ID NO: 31. Exemplary enzymes according to embodiments of this
disclosure comprise an amino acid sequence selected from SEQ ID NO: 32, SEQ ID NO: 33, SEQ
ID NO: 34, SEQ ID NO: 48, and SEQ ID NO: 49.

In various aspects and embodiments, the present disclosure provides a uridine diphosphate
dependent glycosyltransferase (UGT) enzyme that produces a 1,6 and/or 1,2 branched glycoside
of a C-3 and/or C-24 glycoside of mogrol (UGT1216). In some embodiments, the UGT1216 is a
circular permutant of the enzyme represented by SEQ ID NO: 35, or a sequence having at least
70% sequence identity thereto, or at least 90% sequence identity thereto. In some embodiments,
the circular permutant has a cut site at a position corresponding to amino acid 180 to 195 of SEQ
ID NO: 35, or a sequence having at least 70% identity thereto. In some embodiments, the circular
permutant has a cut site at a position corresponding to amino acid 185 to 190 of SEQ ID NO: 35,
or a sequence having at least 70% identity thereto. In some embodiments, the circular permutant

has a cut site at position 187 of SEQ ID NO: 35, or a sequence having at least 70% identity thereto.

In some embodiments, the UGT1216 enzyme comprises an amino acid sequence that is at
least 70%, or at least 80%, or at least 90%, or at least 95%, or at least 97%, or at least 98%, or at
least 99% identical to the amino acid sequence of SEQ ID NO: 36. In some embodiments, the
UGT1216 enzyme has one or more mutations resulting in greater specificity and/or activity for to
1,6 and/or 1,2 glycosylation of a C-3 and/or C-24 glycoside of mogrol compared to the UGT
enzyme having an amino acid sequence of SEQ ID NO: 36. In some embodiments, the UGT1216
enzyme has one or more mutations resulting in greater production of MogV from MogllE

compared to the UGT enzyme having an amino acid sequence of SEQ ID NO: 36. In some
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embodiments, the UGT1216 enzyme has one or more mutations or sets of mutations (e.g., at least
2, or at least 3, or at least 4, or at least 5 mutations or sets of mutations) selected from Table 46,
Table 47, Table 48, and/or Table 49, with respect to the respective parent enzyme. In some
embodiments, the UGT1216 enzyme has one or more mutations or sets of mutations (e.g., at least
2, or at least 3, or at least 4, or at least 5 mutations or sets of mutations) selected from Table 46,
Table 47, Table 48, and/or Table 49, with respect to the respective parent enzyme, and which are

shown to increase Mog. V titer by at least 1.5 or by at least 2.0.

In some embodiments, the UGT1216 enzyme comprises mutations at one or more positions
selected from L14, W160, L266, and H390 with respect to SEQ ID NO: 36. In some embodiments,
L14 is substituted with a non-polar amino acid selected from Val, Ile, Ala, and Gly. In some
embodiments, W160 is substituted with Pro, Ser, or Thr. In some embodiments, L266 is substituted
with a polar amino acid selected from Gln and Asn. In some embodiments, H390 is substituted
with an amino acid selected from Asp and Glu. In some embodiments, the UGT1216 enzyme
comprises at least one, or at least two, or at least 3, or all 4 mutations selected from L14V, H19E,
WI160P, L266Q, T281S, S318K and H390D with respect to SEQ ID NO: 36. Exemplary UGT1216
enzymes according to the disclosure comprise an amino acid sequence selected from SEQ ID NO:

37, SEQ ID NO: 38 and SEQ ID NO: 90.

In various aspects and embodiments, the present disclosure provides a uridine diphosphate
dependent glycosyltransferase (UGT) enzyme that produces a 1,6 and/or 1,2 branched glycoside
of a C-3 and/or C-24 glycoside of mogrol (UGT1216). In some embodiments, the UGT1216
enzyme comprises an amino acid sequence that is at least 70%, or at least 80%, or at least 90%, or
at least 95%, or at least 97%, or at least 98%, or at least 99% identical to the amino acid sequence
of SEQ ID NO: 39. In some embodiments, the UGT1216 enzyme has one or more mutations
resulting in greater specificity and/or activity for 1,6 and 1,2 branched glycosylation of a C-3
and/or C-24 glycoside of mogrol compared to the UGT enzyme having an amino acid sequence of
SEQ ID NO: 39. In some embodiments, the UGT 1216 enzyme has one or more mutations resulting
in greater production of Mog. IVA from Mog. IIE and/or Mog. V from Mog. IIE, compared to the
UGT enzyme having an amino acid sequence of SEQ ID NO: 39. In some embodiments, the
UGT1216 enzyme has one or more mutations or sets of mutations (e.g., at least 2, at least 3, at
least 4, or at least 5 mutations or sets of mutations) listed in Table 50, with respect to SEQ ID NO:

39. In some embodiments, the enzyme has one or more mutations or sets of mutations (e.g., at least
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2, at least 3, at least 4, or at least 5 mutations or sets of mutations) listed in Table 50, with respect

to SEQ ID NO: 39, and which are shown to provide at least 5 fold Mog. V titer.

In some embodiments, the UGT1216 enzyme comprises mutation(s) at positions selected
from T147 and N207 with respect to SEQ ID NO: 39. In some embodiments, T147 is substituted
with a non-polar amino acid selected from Leu, Ile, and Val. In some embodiments, N207 is
substituted with a basic amino acid selected from Lys, Arg, and His. In some embodiments, the

UGT1216 enzyme comprises T147L and/or N207K substitutions with respect to SEQ ID NO: 39.

In various aspects, the present disclosure provides a uridine diphosphate dependent
glycosyltransferase (UGT) enzyme that produces a 1,6 and/or 1,2 branched glycoside of a C-3
and/or C-24 glycoside of mogrol (UGT1216), wherein the UGT1216 enzyme comprises an amino
acid sequence that is at least 80%, or at least 85%, at least 90%, or at least 95%, or at least 97%,
or at least 98% identical to the amino acid sequence of SEQ ID NO: 38, and comprising T147L
and/or N207K mutations with respect to SEQ ID NO: 39. In some embodiments, the enzyme
comprises the amino acid sequence of SEQ ID NO: 40.

In various aspects, the present disclosure provides a microbial cell producing squalene and
expressing a biosynthetic pathway that converts squalene to mogrol or mogroside, wherein when
the microbial cell expresses one or more engineered enzymes of any of the aspects or embodiments

disclosed herein.

In various embodiments, the microbial cell further expresses a heterologous farnesyl
diphosphate synthase (FPPS) and a squalene synthase enzyme (SQS), converting metabolic
precursors of the MEP or MVA pathways to squalene. SQS enzymes and FPPS enzymes are
known in the art. Exemplary SQS and FPPS enzymes (as well as other enzymes useful for the
production of mogrol and mogrosides in microbial host cells) are described in U.S. 2021/0032669,

which is hereby incorporated by reference in its entirety.

The microbial host cell in various embodiments may be prokaryotic or eukaryotic. In some
embodiments, the microbial host cell is a bacterium, and which can be optionally selected from
Fscherichia spp., Bacillus spp., Corynebacterium spp., Rhodobacter spp., Zymomonas spp., Vibrio
spp., and Pseudomonas spp. For example, in some embodiments, the bacterial host cell is a species
selected from FEscherichia coli, Bacillus subtilis, Corynebacterium glutamicum, Rhodobacter

capsulatus, Rhodobacter sphaeroides, Zymomonas mobilis, Vibrio natriegens, or Pseudomonas
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putida. In some embodiments, the bacterial host cell 1s £. coli. Alternatively, the microbial cell
may be a yeast cell, such as but not limited to a species of Saccharomyces, Pichia, or Yarrowia,

including Saccharomyces cerevisiae, Pichia pastoris, and Yarrowia lipolytica.

It was surprisingly found that overexpression of the ybhGFSR operon decreases the
production of mogrol and its precursor 24,25-dihydroxy cucurbitadienol. On the other hand,
hypomorphic or null mutations in the ybAGFSR operon (e.g., reducing expression or activity of
genes in the ybhGFSR operon) increase the production of mogrol and/or its immediate precursor
24,25-dihydroxy cucurbitadienol. It has been found that the overexpression of the ybhGFSR
operon increases the production of 2,3;22,23-dioxidosqualene, which is the early intermediate of
mogrol synthesis. Reduced expression of the ypbAGFSR transporter increases intracellular (int.)
2,3;22,23-dioxidosqualene, and improves conversion to downstream products 24,25-dihydroxy

cucurbitadienol and mogrol.

Accordingly, in various aspects, the present disclosure relates to a microbial cell for
producing mogrol or mogroside, wherein the microbial cell has reduced expression or activity of
one or more genes of the ybhGFSR operon, and wherein the microbial cell expresses a biosynthetic
pathway that converts squalene to the mogrol or mogroside. In various embodiments, expression
of one or more genes of the ybhGFSR operon (e.g., ybhG or F) is modified by replacing or
modifying the native promoter, modifying the RBS, or modifying the gene to increase the
degradation rate of the mRNA. In various embodiments, one or more ybhGFSR operon genes are
engineered to include a hypomorphic mutation to reduce activity. In some embodiments, one or

more genes of the ybhGFSR operon are disrupted (e.g., deleted) (e.g., ybhF).

The YbhGFSR pump is a member of the ATP-binding cassette (ABC) transporter
superfamily. The ABC transporter, which are also known as ABC efflux pumps, are very common
in all organisms, as they actively transport various molecules, such as ions, xenobiotics, drugs,
sugars, amino acids, lipids and oligopeptides, efc., across the lipid membrane using the energy
derived from the hydrolysis of ATP to ADP. For example, it has been estimated that the £. coli
has 79 ABC proteins, including 57 ABC pumps, making it the largest paralogous protein family.
Linton, and Higgins, The Escherichia coli ATP-binding cassette (ABC) proteins, Mol. Microbiol.,
28: 5-13 (1998).
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In various aspects and embodiments, the present disclosure provides a microbial cell for
producing mogrol or mogroside, wherein the microbial cell harbors one or more genetic
modifications that reduces the efflux of an intermediate of mogrol synthesis, the microbial cell
thereby increases the efficiency of mogrol synthesis compared to a cell that does not have the
genetic modifications. In some embodiments, the microbial cell comprises a mutation that reduces
the amount or activity of a transporter. In some embodiments, the transporter is an ABC
transporter. In some embodiments, the transporter is YobhGFSR or an ortholog thereof. In some
embodiments, the microbial cell expresses a biosynthetic pathway that converts squalene to the
mogrol or mogroside. In some embodiments, the microbial cell comprises a hypomorphic mutation

or a null mutation in one or more of ybhG, ybhF, ybhS, and ybhR.

In some embodiments, the microbial cell comprises a null mutation in one or more of ybhG,
ybhF, ybhS, and ybhR. In some embodiments, the null mutation is a complete or partial deletion
of one or more of ybh(G, ybhF', ybhS, and ybhR. In some embodiments, the null mutation is an ybhF
ATPase null mutant created by mutating one or more of the Walker A, Q-loop, and Walker B, and

signature motifs of D-loop and Switch motif.

In some embodiments, the microbial cell comprises a hypomorphic mutation in one or
more of ybhG, ybhF, ybhS, and ybhR. In some embodiments, the hypomorphic mutation is a
mutation that reduces expression of one or more genes, such as a promoter mutation, and/or a
mutation selected from a mutant ribosome binding site, one or more mutations adding one or more
rare codons, and adding a secondary RNA structure in one or more of ybhG, ybhF, ybhS, and ybhR.
In some embodiments, the RBS for ybhG is modified to reduce expression, and/or expression of
ybhF is disrupted (e.g., ybhF is deleted). In some embodiments, the expression and/or activity of
one or more of ybhG, ybhI”, ybhS, and ybhR is decreased using strategies including but not limited
to mutating the ybAGFSR promoter to a weaker promoter compared to a native promoter, mutating
the ribosome binding sites (RBSs) of to render one or more of ybh(G, ybhF, ybhsS, and yphR mRNA
to one or more weaker RBSs compared to the native RBS; mutating one or more of ybhG, ybhF,
ybhS, and ybhR to include one or more protease recognition sites and thereby increase the
degradation rate of the YbhGFSR transporter; mutating one or more of ybhG, ybhF, ybhS, and
ybhR to include a secondary structure in their mRNA to decrease the rate of translation; mutating
one or more of ybh(G, ybhF, ybhS, and ybhR to include rare codons to decrease the rate of

translation, or a combination thereof.
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The microbial cell will produce MEP or MVA products, which act as substrates for the
heterologous enzyme pathway. The MEP (2-C-methyl-D-erythritol 4-phosphate) pathway, also
called the MEP/DOXP (2-C-methyl-D-erythritol 4-phosphate/l-deoxy-D-xylulose S-phosphate)
pathway or the non-mevalonate pathway or the mevalonic acid-independent pathway refers to the
pathway that converts glyceraldehyde-3-phosphate and pyruvate to IPP and DMAPP. The
pathway, which is present in bacteria, typically involves action of the following enzymes: 1-deoxy-
D-xylulose-5-phosphate synthase (Dxs), 1-deoxy-D-xylulose-5-phosphate reductoisomerase
(IspC), 4-diphosphocytidyl-2-C-methyl-D-erythritol synthase (IspD), 4-diphosphocytidyl-2-C-
methyl-D-erythritol kinase (IspE), 2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (IspF),
1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase (IspG), and isopentenyl diphosphate
isomerase (IspH). The MEP pathway, and the genes and enzymes that make up the MEP pathway,
are described in US 8,512,988, which is hereby incorporated by reference in its entirety. For
example, genes that make up the MEP pathway include dxs, ispC, ispD, ispE, ispF, ispG, ispH,
idi, and ispA. In some embodiments, the host cell expresses or overexpresses one or more of dxs,
ispC, ispD, ispE, ispF, ispG, ispH, idi, ispA, or modified variants thereof, which results in the
increased production of IPP and DMAPP. In some embodiments, the triterpenoid scaffold is
produced at least in part by metabolic flux through an MEP pathway, and wherein the host cell has
at least one additional gene copy of one or more of dxs, ispC, ispD, ispE, ispF, ispG, ispH, idi,

ispA, or modified variants thereof.

The MV A pathway refers to the biosynthetic pathway that converts acetyl-CoA to IPP. The
mevalonate pathway, which will be present in yeast, typically comprises enzymes that catalyze the
following steps: (a) condensing two molecules of acetyl-CoA to acetoacetyl-CoA (e.g., by action
of acetoacetyl-CoA thiolase); (b) condensing acetoacetyl-CoA with acetyl-CoA to form
hydroxymethylglutaryl-CoenzymeA (HMG-CoA) (e.g., by action of HMG-CoA synthase
(HMGY)); (c) converting HMG-CoA to mevalonate (e.g., by action of HMG-CoA reductase
(HMGR)); (d) phosphorylating mevalonate to mevalonate S5-phosphate (e.g., by action of
mevalonate kinase (MK)); (e) converting mevalonate 5-phosphate to mevalonate 5-pyrophosphate
(e.g., by action of phosphomevalonate kinase (PMK)); and (f) converting mevalonate 5-
pyrophosphate to isopentenyl pyrophosphate (e.g., by action of mevalonate pyrophosphate
decarboxylase (MPD)). The MVA pathway, and the genes and enzymes that make up the MVA
pathway, are described in US 7,667,017, which is hereby incorporated by reference in its entirety.
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In some embodiments, the host cell expresses or overexpresses one or more of acetoacetyl-CoA
thiolase, HMGS, HMGR, MK, PMK, and MPD or modified variants thereof, which results in the
increased production of IPP and DMAPP. In some embodiments, the triterpenoid scaffold is
produced at least in part by metabolic flux through an MV A pathway, and wherein the host cell
has at least one additional gene copy of one or more of acetoacetyl-CoA thiolase, HMGS, HMGR,
MK, PMK, MPD, or modified variants thereof.

In some embodiments, the host cell is a bacterial host cell engineered to increase production
of IPP and DMAPP from glucose as described in US 10,480,015 and US 10,662,442, the contents
of which are hereby incorporated by reference in their entireties. For example, in some
embodiments the host cell overexpresses MEP pathway enzymes, with balanced expression to
push/pull carbon flux to IPP and DMAP. In some embodiments, the host cell is engineered to
increase the availability or activity of Fe-S cluster proteins, so as to support higher activity of IspG
and IspH, which are Fe-S enzymes. In some embodiments, the host cell is engineered to
overexpress IspG and IspH, so as to provide increased carbon flux to 1-hydroxy-2-methyl-2-(E)-
butenyl 4-diphosphate (HMBPP) intermediate, but with balanced expression to prevent
accumulation of HMBPP at an amount that reduces cell growth or viability, or at an amount that
inhibits MEP pathway flux and/or terpenocid production. In some embodiments, the host cell
exhibits higher activity of IspH relative to IspG. In some embodiments, the host cell is engineered
to downregulate the ubiquinone biosynthesis pathway, e.g., by reducing the expression or activity

of IspB, which uses IPP and FPP substrate.

In still other embodiments, microbial cells expressing the mogrol or mogroside
biosynthesis pathway co-express an isoprenol utilization pathway as described in US
2019/0367950, which is hereby incorporated by reference in its entirety. Such cells can produce
IPP and DMAPP precursors from prenol and/or isoprenol substrate provided to the culture, thereby

bypassing the endogenous MEP pathway.

In some embodiments, the microbial cell contains one or more genetic modifications that
enhance the supply and transfer of electrons for production of squalene and through the
biosynthetic pathway to mogrol. In some embodiments, the microbial cell expresses at least one
recombinant electron carrier. Such electron carriers support the function of various enzymes

disclosed herein, including enzymes of the MEP pathway. For example, functional expression of
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plant cytochrome P450 in F. coli has inherent limitations attributable to the bacterial platforms
(such as the absence of electron transfer machinery and cytochrome P450 reductases, and
translational incompatibility of the membrane signal modules of P450 enzymes due to the lack of
an endoplasmic reticulum). Accordingly, in some embodiments, the microbial cell overexpresses
at least one endogenous electron carrier, such as one or more oxidoreductase enzymes, including
oxidoreductases that oxidize pyruvate and/or lead to reduction of ferredoxin. In various
embodiments, the microbial strain comprises an overexpression of, or complementation with, one
or more of a flavodoxin (fldA), flavodoxin reductase, ferredoxin (fdx), and ferredoxin reductase.
In some embodiments, the microbial cell expresses a heterologous E.coli fldA (SEQ ID NO: 43)
or heterologous Cv.fdx (an fdx homolog from Allochromatium vinosum) (SEQ ID NO: 44), or
enzyme having at least 80% or at least 90% or at least 95% or at least 97% sequence identity
therewith. In some embodiments, the strain expresses one or more non-native fdx and/or fldA
homologs. By way of example, the fdx homolog may be selected from Hm fdx1 (Heliobacterium
modesticaldum), Pa fdx (Pseudomonas aeruginosa), Cv.fdx (Allochromatium vinosum), Ca.fdx
(Clostridium acetobutylicum), Cp.fdx (Clostridium pasteurianum), Ev2 fdx (Ectothiorhodospira
shaposhnikovii), Ppl fdx (Pseudomonas putida) and Pp2.fdx (Pseudomonas putida). In some
embodiments, the fldA homolog includes one or more selected from Ec fldA (. coli), Ac.fldA2
(Azotobacter chroococcim), Av fldA2 (Azotobacter vinelandii), and Bs.fldA (B. subtilis). See WO
2018140778, which is hereby incorporated by reference in its entirety.

In some embodiments, the microbial cell is engineered to increase the metabolic supply of
NADP by expressing or overexpressing an alternative or exogenous NADPH biosynthesis route.
In some embodiments, the microbial cell expresses a bacterial pi#AB or a homolog, or an ortholog
thereof, or a variant thereof. In some embodiments, the microbial cell expresses a hyperactive

variant of bacterial pntAB, or a homolog, or an ortholog thereof.

In various embodiments, the heterologous enzyme pathway produces mogrol, which may
be an intermediate for downstream enzymes in the heterologous pathway, or in some embodiments
is recovered from the culture. Mogrol may be recovered from host cells in some embodiments,

and/or can be recovered from the culture media.

In some embodiments, the heterologous enzyme pathway further comprises one or more

uridine diphosphate-dependent glycosyltransferase (UGT) enzymes, thereby producing one or
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more mogrol glycosides (or “mogrosides”). The mogrol glycoside may be pentaglycosylated,
hexaglycosylated, or more (e.g., 7, 8, or 9 glycosylations), in some embodiments. In other
embodiments, the mogrol glycoside has two, three, or four glucosylations. The one or more mogrol
glycosides may be selected from Mog.II-E, Mog III, Mog III-A1, Mog.I1I-A2, Mog.III, Mog 1V,
Mog IV-A, siamenoside, isomog.V, Mog.V, or Mog. VL. In some embodiments, the host cell

produces Mog.V or siamenoside.

In some embodiments, the host cell expresses UGT enzymes that catalyze the primary
glycosylation of mogrol at C24 and/or C3 hydroxyl groups, as well as one or more branching
glycosylations, such as a beta 1,2 and/or beta 1,6 branching glycosylation at the primary C3 and
C24 gluscosyl groups. In some embodiments, at least one UGT enzyme comprises an amino acid
sequence that is at least 70% identical to an amino acid sequence selected from SEQ ID NOs: 27-
40 and 48-67. For example, in some embodiments, the UGT enzyme comprises an amino acid
sequence that is at least 80%, or at least 85%, or at least 90%, or at least 95%, or at least 98%, or
at least 99% identical to one of SEQ ID NOs: 27-40 and 48-67. Thus, at least one UGT enzyme
comprises an amino acid sequence having from 1 to 20 amino acid modifications with respect to
one of SEQ ID NOs: 27-40 and 48-67, the amino acid modifications being independently selected

from amino acid substitutions, deletions, and insertions.

For example, in some embodiments, the microbial cell expresses at least four UGT
enzymes, resulting in glucosylation of mogrol at the C3 hydroxyl group, the C24 hydroxyl group,
as well as a further 1,6 glucosylation at the C3 glucosyl group, and a further 1,6 glucosylation and
a further 1,2 glucosylation at the C24 glucosyl group. The product of such glucosylation reactions

is Mog.V.

In some embodiments, the microbial host cell has one or more genetic modifications that
increase the production of UDP-glucose, the co-factor employed by UGT enzymes. These genetic
modifications may include one or more, or two or more (or all) of AgalE, AgalT, AgalK, AgalM,
AushA, Aagp, Apgm, duplication of E coli galU, expression of Bacillus subtillus UGPA, and

expression of Bifidobacterium adolescentis SPL.

In various embodiments, the reaction is performed in a microbial cell, and UGT enzymes
are recombinantly expressed in the cell. In some embodiments, mogrol is produced in the cell by

a heterologous mogrol synthesis pathway, as described herein. In other embodiments, mogrol or
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mogrol glycosides (such as a monkfruit extract) are fed to the cells for glycosylation. In still other
embodiments, the reaction is performed in vitro using purified UGT enzyme, partially purified

UGT enzyme, or recombinant cell lysates.

The bacterial host cell is cultured to produce the triterpenoid product (e.g., mogroside). In
some embodiments, carbon substrates such as C1, C2, C3, C4, C5, and/or C6 carbon substrates
are employed for the production phase. In exemplary embodiments, the carbon source is glucose,
sucrose, fructose, xylose, and/or glycerol. Culture conditions are generally selected from aerobic,

microaerobic, and anaerobic.

In various embodiments, the bacterial host cell may be cultured at a temperature between
22° C and 37° C. While commercial biosynthesis in bacteria such as E. coli can be limited by the
temperature at which overexpressed and/or foreign enzymes (e.g., enzymes derived from plants)
are stable, recombinant enzymes may be engineered to allow for cultures to be maintained at higher
temperatures, resulting in higher yields and higher overall productivity. In some embodiments, the
culturing is conducted at about 22° C or greater, about 23° C or greater, about 24° C or greater,
about 25° C or greater, about 26° C or greater, about 27° C or greater, about 28° C or greater, about
29° C or greater, about 30° C or greater, about 31° C or greater, about 32° C or greater, about 33°
C or greater, about 34° C or greater, about 35° C or greater, about 36° C or greater, or about 37°

C.

In some embodiments, the bacterial host cells are further suitable for commercial
production, at commercial scale. In some embodiments, the size of the culture is at least about 100
L, at least about 200 L, at least about 500 L, at least about 1,000 L, or at least about 10,000 L, or
at least about 100,000 L, or at least about 500,000 L, or at least about 600,000 L. In an embodiment,

the culturing may be conducted in batch culture, continuous culture, or semi-continuous culture.

In various embodiments, methods further include recovering the product from the cell
culture or from cell lysates. In some embodiments, the culture produces at least about 100 mg/L,
or at least about 200 mg/L, or at least about 500 mg/L, or at least about 1 g/L, or at least about 2
g/L, or at least about 5 g/L, or at least about 10 g/L, or at least about 20 g/L, or at least about 30
g/L, or at least about 40 g/L of the terpenoid or terpenoid glycoside product.

In some embodiments, the production of indole (including prenylated indole) is used as a

surrogate marker for terpenoid production, and/or the accumulation of indole in the culture is
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controlled to increase production. For example, in various embodiments, accumulation of indole
in the culture is controlled to below about 100 mg/L, or below about 75 mg/L, or below about 50
mg/L, or below about 25 mg/L, or below about 10 mg/L. The accumulation of indole can be
controlled by balancing protein expression and activity using the multivariate modular approach
as described in U.S. Pat. No. 8,927,241 (which is hereby incorporated by reference in its entirety),

and/or is controlled by chemical means.

Other markers for efficient production of terpene and terpenoids, include accumulation of
DOX or ME in the culture media. Generally, the bacterial strains may be engineered to accumulate
less of these chemical species, which accumulate in the culture at less than about 5 g/L, or less
than about 4 g/L, or less than about 3 g/L, or less than about 2 g/L., or less than about 1 g/L, or less
than about 500 mg/L, or less than about 100 mg/L.

The optimization of terpene or terpenoid production by manipulation of MEP pathway
genes, as well as manipulation of the upstream and downstream pathways, is not expected to be a
simple linear or additive process. Rather, through combinatorial analysis, optimization is achieved
through balancing components of the MEP pathway, as well as upstream and downstream
pathways. Indole (including prenylated indole) accumulation and MEP metabolite accumulation
(e.g., DOX, ME, MEcPP, and/or farnesol) in the culture can be used as surrogate markers to guide

this process.

For example, in some embodiments, the bacterial strain has at least one additional copy of
dxs and idi expressed as an operon/module; or dxs, ispD, ispF, and idi expressed as an operon or
module (either on a plasmid or integrated into the genome), with additional MEP pathway
complementation described herein to improve MEP carbon. For example, the bacterial strain may
have a further copy of dxr, and ispG and/or ispH, optionally with a further copy of ispE and/or idi,
with expressions of these genes tuned to increase MEP carbon and/or improve terpene or terpenoid
titer. In various embodiments, the bacterial strain has a further copy of at least dxr, ispE, ispG and
ispH, optionally with a further copy of idi, with expressions of these genes tuned to increase MEP

carbon and/or improve terpene or terpenoid titer.

Manipulation of the expression of genes and/or proteins, including gene modules, can be
achieved through various methods. For example, expression of the genes or operons can be

regulated through selection of promoters, such as inducible or constitutive promoters, with
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different strengths (e.g., strong, intermediate, or weak). Several non-limiting examples of
promoters of different strengths include Trc, TS5 and T7. Additionally, expression of genes or
operons can be regulated through manipulation of the copy number of the gene or operon in the
cell. In some embodiments, expression of genes or operons can be regulated through manipulating
the order of the genes within a module, where the genes transcribed first are generally expressed
at a higher level. In some embodiments, expression of genes or operons is regulated through

integration of one or more genes or operons into the chromosome.

Optimization of protein expression can also be achieved through selection of appropriate
promoters and ribosomal binding sites. In some embodiments, this may include the selection of
high-copy number plasmids, or single-, low- or medium-copy number plasmids. The step of
transcription termination can also be targeted for regulation of gene expression, through the

introduction or elimination of structures such as stem-loops.

Expression vectors containing all the necessary elements for expression are commercially
available and known to those skilled in the art. See, e.g., Sambrook et al., Molecular Cloning: A
Laboratory Manual, Second Edition, Cold Spring Harbor Laboratory Press, 1989. Cells are
genetically engineered by the introduction into the cells of heterologous DNA. The heterologous
DNA is placed under operable control of transcriptional elements to permit the expression of the

heterologous DNA in the host cell.

In some embodiments, endogenous genes are edited, as opposed to gene complementation.
Editing can modify endogenous promoters, ribosomal binding sequences, or other expression
control sequences, and/or in some embodiments modifies trans-acting and/or cis-acting factors in
gene regulation. Genome editing can take place using CRISPR/Cas genome editing techniques, or
similar techniques employing zinc finger nucleases and TALENs. In some embodiments, the

endogenous genes are replaced by homologous recombination.

In some embodiments, genes are overexpressed at least in part by controlling gene copy
number. While gene copy number can be conveniently controlled using plasmids with varying
copy number, gene duplication and chromosomal integration can also be employed. For example,
a process for genetically stable tandem gene duplication is described in US 2011/0236927, which

is hereby incorporated by reference in its entirety.
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Mogrol glycosides can be recovered from the microbial culture. For example, mogrol
glycosides may be recovered from microbial cells, or in some embodiments, are predominately
available in the extracellular media, where they may be recovered or sequestered. In some
embodiments, the mogrosides are recovered substantially as described in WO 2022/115527, which
is hereby incorporated by reference in its entirety. For example, recovery can comprise adjusting
the pH of the culture or media to below about pH 5 or above about 10, raising the temperature to
at least about 50 °C, optionally adding one or more glycoside solubilizers; followed by biomass
removal. By adjusting the properties of the culture or media, prior to biomass removal, it is possible
to produce a product with desirable qualities, including: high purity of glycoside product, attractive
color, easy solubilization, odorless, and/or high recovery yield. For example, initial pH and
temperature adjustment of the culture can change fluid characteristics of the broth, and increase
efficiency of a disc stack separator for biomass removal. Further, solubility and therefore yield of
glycoside product can be substantially increased by the pH and/or temperature adjustment, and/or

addition of a glycoside solubilizer.

In some embodiments, recovery comprises adding one or more glycoside solubility
enhancers. Exemplary solubility enhancers include chemical reagents with alcohol functional
groups (including organic acids and polymers) and/or polar reagents (including those with ether,
ester, aldehyde, and ketone functional groups), and including but not limited to glycerol, 1,3-
propanediol, polyvinyl alcohol, polyethylene glycol, among others. Other exemplary solubility
enhancers include organic acids, saccharides, and polysaccharides. Other solubility enhances are
described in US 2020/0268026, which is hereby incorporated by reference in its entirety.
Improvement in glycoside solubility facilitates biomass removal without large loss in product.
Generally, solubility enhancers can be added to the harvested culture material in a range of from
about 0.1 wt% to about 2 wt%, such as in a range of from about 0.1 wt% to about 1 wt% (e.g.,
about 0.5 wt%).

Subsequently, biomass is removed by centrifugation, thereby preparing a clarified broth.
An exemplary process for biomass removal employs a disc stack centrifuge to separate liquid and
solid phases. The clarified broth (liquid phase) is recovered for further processing to purify the
glycoside product. The separated biomass (solid phase) can be reprocessed for further glycoside

product recovery, or is alternatively processed as waste.
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In some embodiments, glycosides are crystallized from the clarified broth. In some
embodiments, the process includes 1, 2, or 3 crystallization steps. In some embodiments, glycoside
products are purified from the clarified broth using one or more processes selected from filtration,
ion exchange, activated charcoal, bentonite, affinity chromatography, and digestion, which can
optionally be conducted prior to crystallization and/or prior to recrystallization. These processes
can be selected to achieve a high product purity, attractive color, easy solubilization, odorless
character, and high recovery yield. In some embodiments, the method employs affinity
chromatography, such as with one or more of a styrene-divinylbenzene adsorbent resin, a strongly
acidic cation exchange resin, a weakly acidic cation exchange resin, a strongly basic anion
exchange resin, a weakly basic anion exchange resin, and a hydrophobic interaction resin. In still
other embodiments, the process employs simulated moving bed chromatography, as described in
US Patent 10,213,707, which is hereby incorporated by reference in its entirety. In still other
embodiments, the recovery process is non-chromatographic (i.e., there are no chromatographic
steps), providing substantial cost advantages. For example, the recovery process after biomass
removal can consist essentially of, or consist of, filtration and crystallization steps. In some
embodiments, the recovery process employs organic solvents (e.g., ethanol), but in other
embodiments the process is entirely with aqueous solvents. In some embodiments, two

crystallization steps are employed.

In some embodiments, the recovery process will include one or more steps of tangential
flow filtration (TFF). For example, TFF with a filter having a pore size of about 5 kD can remove
endotoxin, large proteins, and other cell debris, while also enhancing solubility of the final
powdered product. In some embodiments, prior to initial crystallization, glycoside products are
purified by tangential flow filtration, optionally having a membrane pore size of about 5 kD. TFF
with a filter having a pore size of about 0.5 kD can also be employed downstream to remove small
molecule impurities and salts, and/or to concentrate the mother liquor for recrystallization. In some

embodiments, TFF with a pore size of about 0.5 kD is employed prior to recrystallization.

In each case, crystallization steps can include one or more phases of static crystallization,
stirred crystallization, and evaporative crystallization. For example, crystallization steps may
comprise a static phase followed by a stirred phase, to control crystal morphology. The static phase

can grow large crystals with a high degree of crystalline domains. The crystallization process can
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include seeding crystals, or in some embodiments, does not involve seeding crystals (i.e., crystals
form spontaneously). In various embodiments, the crystallization solvent comprises water or
water/ethanol. Exemplary crystallization solvents include water, optionally with from about 5% to
about 50% ethanol by volume, or from about 25% to about 50% ethanol by volume (e.g., from
about 30% to about 40% ethanol by volume). In some embodiments, after seeding crystals during
a static phase, a stirred phase will rapidly grow the crystals, and increase the degree of amorphous
domains. Using this process, resulting crystals may have better final solubility and a high purity

of glycoside product, and may be easier to recover and wash.

In various embodiments, prior to recrystallization, glycoside products are resolubilized in
a solvent (such as but not limited to water and/or ethanol), which may employ one or more of:
lowering the pH of the solvent and glycoside product solution or suspension to below about pH 5
or raising the pH of the solution or suspension to above about pH 9, heating to at least about 50
°C, and adding one or more glycoside solubilizers. The targeted values for pH, temperature,
glycoside solubilizer concentration can alternatively be as employed for biomass removal. For
example, the glycoside product solution or suspension may be pH adjusted within the range of
about 2 to about 5. In other embodiments, the pH is adjusted to the basic pH range, such as a pH
within the range of about 9 to about 12, or within the range of about 9.5 or about 10 to about 12.
pH adjustment may be by addition or titration of an organic or inorganic acid or hydroxide ions,
according to known methods. In still other embodiments, recrystallization is performed at a pH of
about 4 to about 12. Alternatively or in addition, the temperature of the solution or suspension is
adjusted to a temperature between about 50°C and about 90°C, such as from about 50°C to about
80°C. Exemplary recrystallization solvents include water, optionally with from about 5% to about
50% ethanol by volume, or from about 25% to about 50% ethanol by volume (e.g., about 30% to
about 40% ethanol by volume). Alternatively or in addition, solubility enhancers can be added to
the solution/suspension in a range of from about 0.1wt% to about 2 wt%, such as in a range of
from about 0.1 wt% to about 1 wt% (e.g., about 0.5 wt%), as described. Exemplary solubility

enhancers include glycerol.

In some embodiments, after crystallization, resulting crystals are isolated, e.g., using basket
centrifuges or belt filter, thereby isolating glycoside wet cake (e.g., mogrol glycoside wet cake).

Washing at basket centrifuge steps can employ washes with water, or alternatively other rinses can
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be employed (e.g., chilled water/ethanol). In some embodiments, the cake is dissolved and
recrystallized. The wet cake from recrystallization may then be dried, optionally using a belt dryer,

paddle dryer, or spray dryer. The dried cake can be milled and packaged.

Prior to recrystallization, the glycoside solution can be filtered to remove impurities. The
filter can be about a 0.2 micron filter in some embodiments. Alternatively, other pore sizes can be
employed, such as about 0.45 micron filters and about 1.2 micron filters. In accordance with
embodiments, the material of the filter can be selected to further remove impurities, such as by
adsorption. For example, hydrophilic materials such as polyethersulfone (PES) have significant
advantages over more hydrophobic materials such as polypropylene. Other exemplary hydrophilic
filer materials include nylon, cellulose acetate, cellulose nitrate, and normally hydrophobic
materials that have been functionalized to result in a hydrophilic material (such PTFE or PVDF

coated with fluoroalkyl terminated polyethylene glycol).

The similarity of nucleotide and amino acid sequences, i.e. the percentage of sequence
identity, can be determined via sequence alignments. Such alignments can be carried out with
several art-known algorithms, such as with the mathematical algorithm of Karlin and Altschul
(Karlin & Altschul (1993) Proc. Natl. Acad. Sci. USA 90: 5873-5877), with hmmalign (HMMER
package, http://hmmer.wustl.edu/) or with the CLUSTAL algorithm (Thompson, J. D., Higgins,
D. G. & Gibson, T. J. (1994) Nucleic Acids Res. 22, 4673-80). The grade of sequence identity
(sequence matching) may be calculated using e.g. BLAST, BLAT or BlastZ (or BlastX). A similar
algorithm is incorporated into the BLASTN and BLASTP programs of Altschul et al (1990) J.
Mol. Biol. 215: 403-410. BLAST polynucleotide searches can be performed with the BLASTN

program, score=100, word length=12.

BLAST protein searches may be performed with the BLASTP program, score=50, word
length=3. To obtain gapped alignments for comparative purposes, Gapped BLAST is utilized as
described in Altschul et al (1997) Nucleic Acids Res. 25: 3389-3402. When utilizing BLAST and
Gapped BLAST programs, the default parameters of the respective programs are used. Sequence
matching analysis may be supplemented by established homology mapping techniques like
Shuffle-LAGAN (Brudno M., Bicinformatics 2003b, 19 Suppl 1:154-162) or Markov random
fields.
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"Conservative substitutions” may be made, for instance, on the basis of similarity in
polarity, charge, size, solubility, hydrophobicity, hydrophilicity, and/or the amphipathic nature of
the amino acid residues involved. The 20 naturally occurring amino acids can be grouped into the
following six standard amino acid groups:

(1) hydrophobic: Met, Ala, Val, Leu, Il¢;

(2) neutral hydrophilic: Cys, Ser, Thr; Asn, Gln;

(3) acidic: Asp, Glu;

(4) basic: His, Lys, Arg;

(5) residues that influence chain orientation: Gly, Pro; and

(6) aromatic: Trp, Tyr, Phe.

As used herein, “conservative substitutions” are defined as exchanges of an amino acid by
another amino acid listed within the same group of the six standard amino acid groups shown
above. For example, the exchange of Asp by Glu retains one negative charge in the so modified
polypeptide. In addition, glycine and proline may be substituted for one another based on their
ability to disrupt a-helices. Some preferred conservative substitutions within the above six groups
are exchanges within the following sub-groups: (i) Ala, Val, Leu and Ile; (ii) Ser and Thr; (ii) Asn
and Gln; (iv) Lys and Arg; and (v) Tyr and Phe.

As used herein, “non-conservative substitutions” are defined as exchanges of an amino
acid by another amino acid listed in a different group of the six standard amino acid groups (1) to

(6) shown above.

Modifications of enzymes as described herein can include conservative and/or non-
conservative mutations. In some embodiments, an Alanine is substituted or inserted at position 2,

to increase stability.

In some embodiments “rational design” is involved in constructing specific mutations in
enzymes. Rational design refers to incorporating knowledge of the enzyme, or related enzymes,
such as its reaction thermodynamics and kinetics, its three dimensional structure, its active site(s),
its substrate(s) and/or the interaction between the enzyme and substrate, into the design of the
specific mutation. Based on a rational design approach, mutations can be created in an enzyme
which can then be screened for increased production of a terpene or terpenoid relative to control

levels. In some embodiments, mutations can be rationally designed based on homology modeling.
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As used herein, “homology modeling” refers to the process of constructing an atomic resolution
model of one protein from its amino acid sequence and a three-dimensional structure of a related

homologous protein.

In other aspects, the invention provides a method for making a product comprising a
mogrol glycoside. The method comprises producing a mogrol glycoside in accordance with this
disclosure, and incorporating the mogrol glycoside into a product. In some embodiments, the
mogrol glycoside is siamenoside, Mog.V, Mog.VI, or Isomog.V. In some embodiments, the
product is a sweetener composition, flavoring composition, food, beverage, chewing gum,
texturant, pharmaceutical composition, tobacco product, nutraceutical composition, or oral

hygiene composition.

The product may be a sweetener composition comprising a blend of artificial and/or natural
sweeteners. For example, the composition may further comprise one or more of a steviol glycoside,
aspartame, and neotame. Exemplary steviol glycosides comprises one or more of RebM, RebB,
RebD, RebA, RebE, and Rebl.

Non-limiting examples of flavors for which the products can be used in combination
include lime, lemon, orange, fruit, banana, grape, pear, pineapple, mango, bitter almond, cola,
cinnamon, sugar, cotton candy and vanilla flavors. Non-limiting examples of other food
ingredients include flavors, acidulants, and amino acids, coloring agents, bulking agents, modified
starches, gums, texturizers, preservatives, antioxidants, emulsifiers, stabilizers, thickeners and

gelling agents.

Mogrol glycosides obtained according to this invention may be incorporated as a high
intensity natural sweetener in foodstuffs, beverages, pharmaceutical compositions, cosmetics,
chewing gums, table top products, cereals, dairy products, toothpastes and other oral cavity

compositions, etc.

Mogrol glycosides obtained according to this invention can be used in combination with
various physiologically active substances or functional ingredients. Functional ingredients
generally are classified into categories such as carotenoids, dietary fiber, fatty acids, saponins,
antioxidants, nutraceuticals, flavonoids, isothiocyanates, phenols, plant sterols and stanols
(phytosterols and phytostanols); polyols; prebiotics, probiotics, phytoestrogens; soy protein,

sulfides/thiols; amino acids; proteins; vitamins; and minerals. Functional ingredients also may be
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classified based on their health benefits, such as cardiovascular, cholesterol-reducing, and anti-

inflammatory.

Mogrol glycosides obtained according to this invention may be applied as a high intensity
sweetener to produce zero calorie, reduced calorie or diabetic beverages and food products with
improved taste characteristics. It may also be used in drinks, foodstuffs, pharmaceuticals, and other
products in which sugar cannot be used. In addition, highly purified target mogrol glycoside(s),
particularly, Mog.V, Mog.VI, or Isomog.V, can be used as a sweetener not only for drinks,
foodstuffs, and other products dedicated for human consumption, but also in animal feed and

fodder with improved characteristics.

Examples of products in which mogrol glycoside(s) may be used as a sweetening
compound include, but are not limited to, alcoholic beverages such as vodka, wine, beer, liquor,
and sake, etc.; natural juices; refreshing drinks; carbonated soft drinks; diet drinks; zero calorie
drinks; reduced calorie drinks and foods; yogurt drinks; instant juices; instant coffee; powdered
types of instant beverages; canned products; syrups; fermented soybean paste; soy sauce; vinegar;
dressings; mayonnaise; ketchups; curry; soup; instant bouillon; powdered soy sauce; powdered
vinegar; types of biscuits; rice biscuit; crackers; bread; chocolates; caramel; candy; chewing gum;
jelly; pudding; preserved fruits and vegetables; fresh cream; jam; marmalade; flower paste;
powdered milk; ice cream; sorbet; vegetables and fruits packed in bottles; canned and boiled beans;
meat and foods boiled in sweetened sauce; agricultural vegetable food products; seafood; ham;
sausage; fish ham; fish sausage; fish paste; deep fried fish products; dried seafood products; frozen

food products; preserved seaweed; preserved meat; tobacco; medicinal products; and many others.

During the manufacturing of products such as foodstuffs, drinks, pharmaceuticals,
cosmetics, table top products, and chewing gum, the conventional methods such as mixing,
kneading, dissolution, pickling, permeation, percolation, sprinkling, atomizing, infusing and other
methods may be used.

[P EINTS

As used in this specification and the appended claims, the singular forms “a”, “an” and
“the” include plural referents unless the content clearly dictates otherwise. For example, reference

to “a cell” includes a combination of two or more cells, and the like.

As used herein, the term “about” in reference to a number is generally taken to include

numbers that fall within a range of 10% in either direction (greater than or less than) of the number.
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Any aspect or embodiment disclosed herein may be combined with any aspect or

embodiment disclosed herein.
EXAMPLES

FIG. 1A and FIG. 1B show an in vivo biosynthetic path to mogrol and to MogV that
comprises condensation of farnesyl pyrophosphate to squalene, which is catalyzed by a squalene
synthase (SQS); epoxidation of squalene to 2,3-oxidosqualene and 2,3;22,23-dioxidosqualene
which is catalyzed by a squalene epoxidase (SQE); cyclization of 2,3;22,23-dioxidosqualene to
24,25-epoxy cucurbitadienol, which is catalyzed by an epoxy cucurbitadienol synthase (ECDS),
hydration of 24,25-epoxy cucurbitadienol to 24,25-dihydroxy cucurbitadienol, which is catalyzed
by an epoxide hydrolase (EPH); hydroxylation of 24,25-dihydroxy cucurbitadienol to mogrol,
which are catalyzed by a cytochrome P450 and a cytochrome P450 reductase that are active on
C11 position of 24,25-dihydroxy cucurbitadienol; and C3 glycosylation, C24 glycosylation, 1,6-
glycosylation, and 1,2-glycosylation of mogrol, which are catalyzed by uridine diphosphate
dependent glycosyltransferases (UGTs, see FIG. 1A and FIG. 1B).

As illustrated in FIG. 1A, the enzymes such as CDS, EPH, and UGTs, in addition to
catalyzing the desired conversions, can divert the on pathway products to undesired off pathway
products such as cucurbitadienol, hydrolyzed 2,3;22,23-dioxidosqualene, and glycosides of 24,25
dihydroxy cucurbitadienol. A bacterial cell expressing unengineered SQS, a SQE, a CDS, and an
EPH generally produces about 90% or more of off pathway products, and relatively low amounts
of mogrol. Disclosed herein are engineered enzymes showing greater substrate specificity and/or

activity to shift production to on pathway products.

Lxample 1: Ingineering of Squalene Lpoxidase (SQOL) to Improve 2,3;22,23-dioxidosqualene

Production

Using an L. coli strain that produces high levels of the MEP pathway products IPP and
DMAPP (see US 2018/0245103 and US 2018/0216137, which are hereby incorporated by
reference), and with expression of ScFPPS and a squalene synthase (e.g., SEQ ID NO: 13),
downstream enzymes were screened for their ability to convert squalene to on-pathway products.

See FIGS. 1A and 1B.
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SQE 1 (SEQ ID NO: 2), which is a Methylomonas lenta SQE (SEQ ID NO: 1) derivative,
has the following mutations H36R, F164A, M284L, V381L, F396Y with respect to SEQ ID NO:
1. This derivative is disclosed in WO 2021/126960, the entire contents of which are hereby
incorporated by reference in their entirety. SQE 1 was further improved for the production of

2,3;22,23-dioxidosqualene.

E. coli strains producing squalene and expressing numerous SQE 1 mutant derivatives
were screened in Round 1. For screening, fermentations were carried out in a 96-well plate at 37°C
for 72 hrs. Data were quantified by gas chromatography coupled with flame ionization detection
(GC-FID) for 2,3-oxidosqualene, and 2,3;22,23-dioxidosqualene production. Effects of the amino
acid substitutions were evaluated by comparing the titers of 2,3-oxidosqualene, and 2,3;22,23-
dioxidosqualene produced in fermentations by bacterial strain expressing a given SQE derivative
with bacterial strain expressing SQE 1. Table 1 shows fifty sets of amino acid substitutions that
showed beneficial changes in the titers of 2,3-oxidosqualene and/or 2,3;22,23-dioxidosqualene

compared to SQE _1:

Table 1: Round 1 of SQE Engineering

Mutations 2,3-dioxidosqualene | 2,3;22,23-dioxidosqualene

titer titer
Al164N 1.37 074
AT69R 1.71 0.94
N3458 1.16 067
1145H 1.55 0.94
A169E 1.44 093
QI75E 161 1.06
A3488 121 050
S116E 1.36 102
N134G 1.32 0.99
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E114Q 1.37 1.03
H389P 1.17 0.95
L392V 1.18 0.97
Q410K 1.30 1.09
Q409R 1.17 0.98
H389P/K388N 1.24 1.06
K3838N 1.20 1.02
L3851 1.15 0.98
C405G 1.17 1.02
F390Y 1.26 1.10
F398G 1.33 1.17
L4081 1.23 1.09
K388R 1.19 1.06
1393M 1.25 1.12
R36Q 1.18 1.09
1393L 1.10 1.02
1393V 1.22 1.14
A350V 1.13 1.06
A400L 1.19 1.17
N349G 1.25 1.22
1346T 1.12 1.11
A288S 1.38 1.39
1259L 1.19 1.20
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K338Q 1.14 1.16
K321IN 1.10 1.13
T323P 1.17 1.20
V2781 1.15 1.19
S253N 1.14 1.19
1393A 1.09 1.14
R339H 1.06 1.11
E261A 1.11 1.18
Y255F 1.10 1.17
C250E 1.09 1.19
F2011 1.06 1.16
L392A 1.19 1.31
1393T 1.12 1.26
Q3958 0.98 1.12
N233G 0.98 1.13
L202V 1.00 1.30
V200M 0.95 1.35
Y367A 0.52 1.19

Based on the above results, combination mutations were generated. SQE 2 (SEQ ID NO:
3), having the mutations S116E, N134G, [145H, A169R, A400V, was further studied in
comparison with SQE 1. Fermentations using bacterial strains producing squalene and expressing
SQE 1 or SQE 2 were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by
GC-FID for 2,3;22,23-dioxidosqualene production and normalized to the level of 2,3;22,23-

dioxidosqualene production by bacterial strains expressing SQE 1. As shown in FIG. 2A, the
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bacterial strains expressing SQE 2 produced about 5-fold increased levels of 2,3;22,23-

dioxidosqualene compared to the bacterial strains expressing SQE 1.

E. coli strains expressing further SQE mutant derivatives were screened in Round 2. Some
of these mutant derivatives included clusters of mutations (see, e.g., multiple mutations as shown
in several rows of Table 2). For screening, fermentations were carried out in a 96-well plate at
37°C for 72 hrs using bacterial strains producing squalene and expressing various SQE 2
derivatives. Data were quantified by GC-FID for 2 3-oxidosqualene, and 2,3;2223-
dioxidosqualene production. Effects of the amino acid substitutions were evaluated by comparing
the titers of 2,3-oxidosqualene, and 2,3;22,23-dioxidosqualene produced in fermentations by
bacterial strain expressing a given SQE derivative with bacterial strain expressing SQE 2. Table
2 shows fourteen mutants that showed beneficial changes in the titers of 2,3-oxidosqualene and/or

2,3;22,23-dioxidosqualene compared to SQE 2:

Table 2: Round 2 of SQE Engineering

Mutations 2,3-dioxidosqualene | 2,3;22,23-dioxidosqualene

titer titer
E114Q/Q175E/F390Y/L4081 1.26 1.29
388N/F390Y 1.19 1.16
C405G 1.13 1.07
F390Y/1393M 1.12 0.97
1393L 1.11 0.87
R36Q/A164N/Q410K 1.10 1.12
F398G 1.07 1.22
Q175E/1393M/Q410K 1.06 1.10
A288S/F390Y/L4081 1.01 1.30
338Q/K388N/F390Y 1.00 1.22
H389P/K388N 091 1.10

53



10

15

WO 2025/101625 PCT/US2024/054747

H389P/K388N/F398G 0.87 1.22
F398G/Q410K 0.76 1.34
L392A 0.68 1.14

The SQE 2 sequence was recoded without making any further changes to amino acid
sequence. The resultant sequence was called SQE 3. Fermentations using bacterial strains
producing squalene and expressing SQE 2 or SQE 3 were carried out in a 96-well plate at 37°C
for 72 hrs. Data were quantified by GC-FID for 2,3;22,23-dioxidosqualene production and
normalized to the level of 2,3;22,23-dioxidosqualene production by bacterial strains expressing
SQE 2. As shown in FIG. 2B, the bacterial strains expressing SQE 3 produced more than 2-fold

increased levels of 2,3;22,23-dioxidosqualene compared to the bacterial strains expressing SQE 2.

E. coli strains expressing numerous SQE mutant derivatives were screened in Round 3.
Some of these mutant derivatives included clusters of mutations (see, e.g., multiple mutations as
shown in several rows of Table 3). For screening, fermentations were carried out in a 96-well plate
at 37°C for 72 hrs. Data were quantified by GC-FID for 2,3-oxidosqualene, and 2,3;22,23-
dioxidosqualene production. Effects of the amino acid substitutions were evaluated by comparing
the titers of 2,3-oxidosqualene, and 2,3;22,23-dioxidosqualene produced in fermentations by
bacterial strains expressing a given SQE derivative with a bacterial strain expressing SQE_3. Table

3 shows eight mutants that showed beneficial changes in the titers of 2,3-oxidosqualene and/or

2.3;22,23-dioxidosqualene compared to SQE_3:

Table 3: Round 3 of SQE Engineering

2,3-dioxidosqualene | 2,3;22,23-dioxidosqualene
Mutations
titer titer
SQE3 _A164N 1.47 1.06
SQE3 Q175E 1.30 1.09
SQE3_E114Q/A164N 1.46 1.11
SQE3_E114Q/Q175E 1.30 1.15
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SQE3_A164N/Q175E 1.47 1.02
SQE3_E114Q/A164N/Q175E 1.55 1.09
SQE2 E114Q Q175E 0.54 1.17
SQE2 E114Q/A164N/Q175E 0.75 1.25

Based on these results, SQE 4 (SEQ ID NO: 4), having the mutation A164N, in addition
to the mutations present in SQE_3, was further studied in comparison with SQE_3. Fermentations
using bacterial strains expressing SQE_3 or SQE_4 were carried out in a 96-well plate at 37°C for
72 hrs. Data were quantified by GC-FID for 2,3;22,23-dioxidosqualene production and normalized
to the level of 2,3;22,23-dioxidosqualene production by bacterial strains expressing SQE 3. As
shown in FIG. 2C, the bacterial strains expressing SQE 4 produced increased levels of 2,3;22,23-

dioxidosqualene compared to the bacterial strains expressing SQE 3.
Example 2: Engineering of McSQE to Improve ,3;22,23-Dioxidosqualene Production

E. coli strains producing squalene and expressing mutant derivatives of Methylococcus
capsulatus SQE (McSQE 0, SEQ ID NO: 77) were screened in Round 1. For screening,
fermentations were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by liquid
chromatography method with diode array detection (UPLC-DAD) for 2,3;22,23-dioxidosqualene
production. Effects of the amino acid substitutions were evaluated by comparing the titer of
2,3;22 23-dioxidosqualene produced in fermentations by bacterial strain expressing a given SQE
derivative with bacterial strain expressing McSQE 0. Table 4 shows 10 mutants that showed

beneficial changes in the titers of 2 2,3;22,23-dioxidosqualene compared to McSQE _0:

Table 4: Round 1 of McSQE Engineering

Mutations|2,3;22,23-dioxidosqualene titer
S366R 3.80
1394P 3.20
G17A 2.74
T389G 2.06
D41H 1.84
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I53L 1.21
M315L 1.20
M174N 1.15
G405A 1.15
G405V 1.11

McSQE 1 (SEQ ID NO: 78), having the mutation S366R with respect to SEQ ID NO: 77,
was further studied in comparison with McSQE 0. Fermentations using bacterial strains producing
squalene and expressing McSQE_0 or McSQE 1 were carried out in a 96-well plate at 37°C for
72 hrs. Data were quantified by UPLC-DAD for 2,3;22,23-dioxidosqualene production and
normalized to the level of 2,3;22,23-dioxidosqualene production by bacterial strains expressing
McSQE 0. As shown in FIG. 2D, the bacterial strains expressing McSQE 1 produced about 4-
fold increased levels of 2,3;22,23-dioxidosqualene compared to the bacterial strains expressing

McSQE 0.

E. coli strains producing squalene and expressing mutant derivatives of McSQE 1 were
screened in Round 2. McSQE 2 (SEQ ID NO: 79), having the mutation D41H and M315L with
respect to SEQ ID NO: 77, in addition to the mutation in McSQE 1 was further studied in
comparison with McSQE 1. Fermentations using bacterial strains producing squalene and
expressing McSQE 1 or McSQE 2 were carried out in a 96-well plate at 37°C for 72 hrs. Data
were quantified by UPLC-DAD for 2,3;22,23-dioxidosqualene production and normalized to the
level of 2,3;2223-dioxidosqualene production by bacterial strains expressing McSQE 0. As
shown in FIG. 2E, the bacterial strains expressing McSQE 1 produced about 1.4-fold increased

levels of 2,3;22,23-dioxidosqualene compared to the bacterial strains expressing McSQE 1.

E. coli strains producing squalene and expressing mutant derivatives of McSQE 2 were
screened in Round 3. For screening, fermentations were carried out in a 96-well plate at 37°C for
72 hrs. Data were quantified by UPLC-DAD for 2,3;22,23-dioxidosqualene production. Effects of
the amino acid substitutions were evaluated by comparing the titer of 2,3;22,23-dioxidosqualene
produced in fermentations by bacterial strain expressing a given SQE derivative with bacterial
strain expressing McSQE 2. Table 5 shows mutants that showed beneficial changes in the titers
of 2 2,3;22,23-dioxidosqualene compared to McSQE _2:
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Table 5: Round 1 of McSOE Engineering

Mutations | 2,3;22,23-dioxidosqualene titer
M232L 1.26
El12H 1.16
A273G 1.13
L4381 1.12
H68D 1.10
V38L 1.10

These results demonstrate that the above mutant derivatives provide a further improvement

in the titers of 2,3;22,23-dioxidosqualene compared to McSQE 2.

FExample 3: Engineering of FEpoxide Hydrolase (EPH) to Improve 24,25-Dihydroxy-

Cucurbitadienol Production

E. coli strains expressing amino acid substitution derivatives of Siraitia grosvenorii EPH3
(EPH_0; SEQ ID NO: 5) were screened. Siraitia grosvenorii EPH3 is disclosed in WO
2019169027, which is hereby incorporated by reference in its entirety. A bacterial strain that
produces 24,25-epoxycucurbitadienol and expresses variants of EPH_0 were used for screening,
Briefly, fermentations were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified
by gas chromatography coupled with flame ionization detection (GC-FID) for 24,25-dihydroxy-
cucurbitadienol production. Effects of the amino acid substitutions were evaluated by comparing
the titers of 24,25-dihydroxy-cucurbitadienol produced in fermentations by bacterial strain
expressing a given EPH O derivative with bacterial strain expressing EPH 0. Table 6 shows
twenty-two amino acid substitutions that showed beneficial changes in the titers of 24,25-

dihydroxy-cucurbitadienol compared to EPH O:

Table 6: EPH Engineering

Mutations | 24,25-dihydroxy-cucurbitadienol titer

S68A 1.52
L78F 1.46
VI2™™M 1.28
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QI28A 2.19
Q128P 1.46
1130M 1.61
1130L 1.29
P137S 1.14
G1418 1.59
T144Q 1.89
T144A 1.41
Al145V 1.43
E163A 1.59
E191G 1.70
F234M 1.42
S260L 1.26
L262M 1.40
F266M 1.13
V291L 1.34
D293G 1.28
C295G 2.25
N299Q 2.44

Based on these results, EPH 1 has the following mutations: S68A, Q128A, G1418, T144Q),
A145V,E163A, E191G, L262M, C295G, N299Q with respect to EPH_0 was constructed. EPH_1

(SEQ ID NO: 6), was further studied. Fermentations using bacterial strains that produce 24,25-

epoxycucurbitadienol and express EPH 0 or EPH 1 were carried out in a 96-well plate at 37°C

for 72 hrs. Data were quantified by GC-FID for 24,25-dihydroxy-cucurbitadienol production. As

shown in FIG. 3, the bacterial strains expressing EPH 1 produced about 3.5-fold increased levels

of 24,25-dihydroxy-cucurbitadienol compared to the bacterial strains expressing EPH 0.
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Fxample 4: Fngineering of 24, 25 Epoxy Cucurbitadienol Synthase (FFCDS) to Improve 24,25-

Epoxy Cucurbitadienol Production

E. coli strains expressing mutant derivatives of Citrullus colocynthis cucurbitadienol
synthase 2 (CcCDS 0 or ECDS 0; SEQ ID NO: 7) were screened. Citrullus colocynthis
cucurbitadienol synthase 2 is disclosed in WO 2021/126960, which is hereby incorporated by
reference in its entirety. Briefly, fermentations were carried out in a 96-well plate at 37°C for 72
hrs using bacterial strains that produce 2,3;22,23-dioxidosqualene and expresses ECDS 0 or
derivatives thereof. Data were quantified by GC-FID for 24,25-epoxy-cucurbitadienol production.
Effects of the amino acid substitutions were evaluated by comparing the titers of cucurbitadienol
and 24,25-epoxy-cucurbitadienol produced in fermentations by bacterial strain expressing a given
ECDS_0 derivative with bacterial strain expressing ECDS 0. Table 7 shows fourteen amino acid
substitutions that showed beneficial changes in the titers of 24,25-epoxy-cucurbitadienol
compared to ECDS_0:

Table 7: Round 1 of ECDS Engineering

Mutations Cucurbitadienol 24,25-epoxy-
titer cucurbitadienol titer
S24N 1.40 117
C35D 1.42 116
V105L 1.16 104
C267T 1.10 101
1334L 1.29 116
R415K 1.18 108
MS503L 1.13 106
C522Y 131 108
AS56S 2.05 144
TS558V 0.93 114
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G560A 1.00 1.14
TS75A 141 1.11
L6051 1.17 1.09
C618S 1.32 1.18

Based on these results, ECDS 1 (SEQ ID NO: 8), which harbors S24N, C35D and A556S
substitutions, was further generated and studied in comparison with ECDS 0. Fermentations using
bacterial strains that produce 2,3;22,23-dioxidosqualene and express ECDS 0 or ECDS 1 were
carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by GC-FID for 24,25-epoxy
cucurbitadienol production. As shown in FIG. 4A, the bacterial strains expressing ECDS 1
produced about 6-fold increased levels of 24,25-epoxy cucurbitadienol compared to the bacterial

strains expressing ECDS 0.

E. coli strains expressing further mutant derivatives of ECDS 1 were constructed and
screened as discussed above, using bacterial strains that produce 2,3;22,23-dioxidosqualene and
express mutant derivatives of ECDS 1. Based on these results, ECDS 2 (SEQ ID NO: 9), which
harbors 1490V and I553M substitutions in addition to the substitutions present in ECDS 1, was
further studied in comparison with ECDS 1. Fermentations were carried out in a 96-well plate at
37°C for 72 hrs using bacterial strains that produce 2,3;22,23-dioxidosqualene and express
ECDS 1 or ECDS 2. Data were quantified by GC-FID for cucurbitadienol and 24,25-epoxy-
cucurbitadienol production. As shown in FIG. 4B, the bacterial strains expressing ECDS 2
produced about 3.5-fold increased levels of 24,25-epoxy-cucurbitadienol, while producing less
than about 2-fold increased levels of cucurbitadienol, compared to the bacterial strains expressing
ECDS 1. These results demonstrate, inter alia, that ECDS_2 has increased activity or specificity

towards 2,3;22,23-dioxidosqualene substrate compared to 2,3-oxidosqualene substrate.

E. coli strains expressing further mutants of ECDS 2 were screened using bacterial strains
that produce 2,3;22,23-dioxidosqualene and express mutant derivatives of ECDS 2. Based on
these results, ECDS_3 (SEQ ID NO: 10), which harbors D50E, N121H, and Q401A substitutions
in addition to the substitutions present in ECDS 2, was constructed and further studied in
comparison with ECDS 2. Fermentations were carried out in a 96-well plate at 37°C for 72 hrs

bacterial strains that produce 2,3;22,23-dioxidosqualene and express ECDS 2 or ECDS 3. Data
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were quantified by GC-FID for 24,25-epoxy-cucurbitadienol production. As shown in FIG. 4C,
the bacterial strains expressing ECDS 3 produced over 2-fold increased levels of 24,25-epoxy-

cucurbitadienol compared to the bacterial strains expressing ECDS 2.

E. coli strains that produce 2,3;22,23-dioxidosqualene and express mutant derivatives of
ECDS 3 as well as a downstream EPH were screened. Briefly, fermentations were carried out in
a 96-well plate at 37°C for 72 hrs. Data were quantified using ultra-performance liquid
chromatography method with diode array detection (UPLC-DAD) for cucurbitadienol, 24,25-
epoxy-cucurbitadienol, and 24,25-dihydroxy cucurbitadienol production. Effects of the amino acid
substitutions were evaluated by comparing the titers of cucurbitadienol, 24,25-epoxy-
cucurbitadienol, and 24,25-dihydroxy cucurbitadienol produced in fermentations by bacterial
strain expressing a given ECDS 3 derivative with bacterial strain expressing ECDS 3. Table 8
shows sixteen amino acid substitutions that showed beneficial changes in the titers of 24,25-epoxy

cucurbitadienol and 24,25-dihydroxy-cucurbitadienol compared to ECDS 3:

Table 8: Round 4 of ECDS Engineering

Mutations Cucurbitadienol 24,25-epoxy- 24,25-dihydroxy-
titer cucurbitadienol titer | cucurbitadienol titer
H475T 1.30 1.81 1.34
w470Y 1.48 1.59 1.06
V469E 1.26 1.46 132
N468E 1.28 1.43 1.60
V469K 1.18 1.37 1.24
L2451 0.90 1.31 1.39
V469A 1.31 1.29 1.29
F471H 0.95 1.28 1.07
F258V 1.25 1.28 1.26
T224Pp 1.02 1.23 1.23
S556A 1.06 1.22 0.87
G261S 1.03 1.20 1.16
T4838 0.88 1.18 0.68
C373N 1.28 1.14 1.45
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F258L 1.14 1.13 1.15
H473Q 0.95 1.11 0.83

Based on these results, ECDS 4 (SEQ ID NO: 11), which harbors L2451 substitution in
addition to the substitutions present in ECDS 3, was constructed and further studied in comparison
with ECDS_3. Fermentations using bacterial strains that produce 2,3;22,23-dioxidosqualene and
express ECDS 3 or ECDS 4 (in addition to EPH) were carried out in a 96-well plate at 37°C for
72 hrs. Data were quantified by UPLC-DAD for 24,25-dihydroxy-cucurbitadienol production. As
shown in FIG. 4D, the bacterial strains expressing ECDS 4 produced about 1.4-fold increased
levels of 24,25-dihydroxy-cucurbitadienol compared to the bacterial strains expressing ECDS 3.

E. coli strains producing 2,3;22,23-dioxidosqualene and expressing mutant derivatives of
ECDS _4 (as well as EPH) were screened. Some of these mutant derivatives included double
mutants (e.g., double mutants as shown in several rows of Table 9). Briefly, fermentations were
carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by UPLC-DAD for
cucurbitadienol, 24,25-epoxy-cucurbitadienol, and 24,25-dihydroxy cucurbitadienol production.
Effects of the amino acid substitutions were evaluated by comparing the titers of cucurbitadienol,
24 25-epoxy-cucurbitadienol, and 24,25-dihydroxy cucurbitadienol produced in fermentations by
bacterial strain expressing a given ECDS_4 mutant with bacterial strain expressing ECDS 4. Table
9 shows twenty-three mutants that showed beneficial changes in the titers of 24,25-dihydroxy-

cucurbitadienol compared to ECDS_4:

Table 9: Round 5 of ECDS Engineering

Cucurbitadienol 24,25-epoxy- 24,25-dihydroxy-
Mutations
titer cucurbitadienol titer | cucurbitadienol titer
E729N 1.27 1.18 1.30
S670A 0.82 0.71 1.29
A745N 1.81 1.58 1.23
W331S 0.85 1.22 1.22
E729Q 1.01 1.29 1.22
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A745T 1.89 1.67 1.21
S670G 1.73 1.50 1.21
MS553T 1.30 1.23 1.20
E729K 2.00 1.48 1.20
G7331 3.10 1.31 1.19
F258T 1.01 1.25 1.17
KS06Q/L5851 1.16 1.36 1.17
S670T 1.75 1.58 1.17
V469A 0.54 0.44 1.15
T742D 2.98 1.28 1.14
C522F 0.42 0.99 1.14
A574S 0.53 0.86 1.13
V645E/K649R 1.81 1.48 1.13
A745L 1.56 1.55 1.13
1564T 0.71 1.42 1.12
ES0Q 1.23 1.00 1.12
Y254E 1.07 1.19 1.12
F249Y 0.81 1.12 1.12

Based on these results, ECDS 5 (SEQ ID NO: 12), which harbors W331S substitution in
addition to the substitutions present in ECDS 4, was further studied in comparison with ECDS 4.
Fermentations using bacterial strains expressing ECDS 4 or ECDS 5 (in addition to EPH) were
carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by UPLC-DAD for 24,25-
dihydroxy-cucurbitadienol production. As shown in FIG. 4E, the bacterial strains expressing
ECDS_5 produced about 1.25-fold increased levels of 24,25-dihydroxy-cucurbitadienol compared
to the bacterial strains expressing ECDS 4.
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A molecular model of Citrullus colocynthis cucurbitadienol synthase 2 was developed.
Without wishing to be bound by theory, the enzyme may comprise an access channel at the bottom
of the cucurbitadienol synthase structure near its surface that interacts with the cell membrane (on
the cytosolic side), where squalene substrate accesses the active site. Interestingly, the mutations
I553M, L2451, and W331S disclosed above, which were identified in rounds 2, 4 and 5 of ECDS
engineering, respectively, alter the topology of the access channel. To directly compare the effect
of those mutations on substrate specificity (and thus, product specificity), the production of 24,25-
dihydroxy-cucurbitadienol, and 24,25-epoxy-cucurbitadienol, both of which are derived through
cyclization of 2,3;22,23-dioxidosqualene by ECDS, was compared to production of
cucurbitadienol, which is derived from cyclization of 2,3-oxidosqualene by ECDS. ECDS variants
were compared over different generations of 24, 25 epoxy cucurbitadienol synthases (ECDS)
disclosed herein, compared to ECDS_0. Briefly, fermentations were carried out in a 96-well plate
at 37°C for 72 hrs using bacterial strains that produce 2,3;22,23-dioxidosqualene and express
ECDS 0 or its derivatives having I1553M, L2451, and W33 1S substitutions. Data were quantified
using UPLC-DAD for cucurbitadienol, 24,25-epoxy-cucurbitadienol, and 24,25-dihydroxy
cucurbitadienol production. Effects of the amino acid substitutions were evaluated by comparing
the titers of cucurbitadienol or a total of 24,25-epoxy-cucurbitadienol + 24,25-dihydroxy
cucurbitadienol produced in fermentations by bacterial strain expressing a given ECDS derivative

with bacterial strain expressing ECDS 0. Table 10 shows the results:

Table 10: Effect of mutations in substrate access channel of cucurbitadienol synthase.

Mutation | Cucurbitadienol 24,25-epoxy-cucurbitadienol +
titer 24,25-dihydroxy cucurbitadienol titer
I553M 0.97 2.08
L2451 0.81 1.28
W331S 0.90 1.30

As shown above, each of the mutations show an increase in the production of 24,25-
dihydroxy-cucurbitadienol + 24,25-epoxy-cucurbitadienol, both of which are derived from
2,3:22,23-dioxidosqualene, and/or a decrease in the production of cucurbitadienol, which is

derived from 2,3-oxidosqualene. These results illustrate, infer alia, that mutations of a squalene-
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access channel in cucurbitadienol synthase (CDS) provide improved substrate specificity that
increase the production of 24,25-dihydroxy-cucurbitadienol and 24,25-epoxy-cucurbitadienol
(which are intermediates of mogrol production) and decrease the production of undesirable off-

pathway side product cucurbitadienol.

FIG. 5 shows an alignment CcCDS (SEQ ID NO: 7) with homologues SgCDS (SEQ ID
NO: 68), CpCAS (SEQ ID NO: 69), PsCAS (SEQ ID NO: 70), and AsCAS (SEQ ID NO: 71).
Positions corresponding to D50, N121, L245, W331, Q401, 1490, I553, and A556 of SEQ ID NO:
7 are highlighted, which are useful positions for mutagenesis as impacting the putative substrate
access channel (e.g., due to proximity to the membrane), impacting the active site, or other

positions shown to impact activity or substrate specificity.

Table 11: ECDS, positions for mutagenesis to impact productivity or substrate specificity.

Mutation close to membrane Active | Non-active site

site

ECDS Key Mutations | L2451 | IS53M | A556S | W331S | 1490V | DSOE | N121H | Q401A
SgCDS L1240 | 1548 AS51 | W326 | 1485 H48 [ N119 | Q396
CpCAS L245 | M553 | A556 | W331 | 1490 Q51 | HI122 | P401
PsCAS M236 | 1544 A547 | W322 | 1481 E42 | H113 | P392
AaCAS L236 | I544 AS547 | W322 | 1481 E42 | H113 | P392

Table 12: Percent Identity of ECDS enzymes with each other.

Identitv(%) ECDS(CcCDS) | SgCDS | PsCAS mut | CpCAS mut | AaCAS mut
ECDS(CcCDS) 100 88 70.5 712 69
SgCDS 443 100 38.6 38 394
PsCAS mut 713 77.5 100 77.2 81.3
CpCAS mut 71.1 75.4 76.1 100 76.5
AaCAS mut 69.7 79 81.1 774 100

65



10

15

20

25

WO 2025/101625 PCT/US2024/054747

Fxample 5: Cooperation of Engineered Squalene Fpoxidase (SOFE) and 24,25 FEpoxy
Cucurbitadienol Synthase (ECDS)

Two E. coli strains expressing different engineered versions of squalene epoxidase (SQE)
and 24,25 epoxy cucurbitadienol synthase (ECDS) were constructed. These two strains expressed
(1) Artemisia annua squalene synthase (AaSQS; SEQ ID NO: 13), SQE 3, ECDS 4 and EPH _1;
and (2) AaSQS, SQE 2, ECDS 3 and EPH 1. The production of cucurbitadienol and 24,25-
dihydroxy-cucurbitadienol by these strains was analyzed. Briefly, fermentations were carried out
in a 96-well plate at 37°C for 72 hrs. Data were quantified using UPLC-DAD for cucurbitadienol
and 24,25-dihydroxy cucurbitadienol production. The ratios of cucurbitadienol to 24,25-dihydroxy
cucurbitadienol produced by these strains were determined and plotted. As shown in FIG. 6, the
strain expressing AaSQS, SQE 2, ECDS 3 and EPH 1 produced less than half as much 24,25-
dihydroxy-cucurbitadienol as cucurbitadienol. On the other hand the strain expressing AaSQS,
SQE 3, ECDS 4 and EPH 1 produced more than two times as much 24,25-dihydroxy-
cucurbitadienol as cucurbitadienol (FIG. 6). Thus, the latter strain was capable of producing over
4-times more 24,25-dihydroxy-cucurbitadienol with respect to cucurbitadienol, compared to the
former strain (FIG. 6). Given that a strain expressing SQE 3 produces about 2-fold more
2,3;22,23-dioxidosqualene compared to a strain expressing SQE 2 (See FIG. 2B); and a strain
expressing ECDS 4 alone produces about 1.4-fold more 24,25-dihydroxy-cucurbitadienol
compared to a strain expressing ECDS 3 (See FIG. 4D), these results show a synergistic effect of
the engineering of SQE and ECDS.

Example 6: Engineering of Cytochrome P450 Enzyme for C11-Specificity

A Cucurbita pepo subsp. pepo cytochrome P450 enzyme CYP87A3 (CppCYP87A3, SEQ
ID NO: 14) was engineered. As a first step, the native transmembrane domain of CppCYP87A3
was replaced with the transmembrane domain from £. coli sohB to generate sohB_CppCYP87A3
(SEQ ID NO: 15). See U.S. Patent 10,774,314, which is hereby incorporated by reference in its
entirety. Effect of these cytochrome P450 enzymes on the production of 11 hydroxy-
cucurbitadienol was compared in . coli strains producing cucurbitadienol. Briefly, fermentations
were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified UPLC-DAD for 11

hydroxy-cucurbitadienol production. As shown in FIG. 7A, the strain expressing
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sohB_CppCYP87A3 produced about 1.75-fold more 11 hydroxy-cucurbitadienol compared to the
strain expressing CppCYP87A3.

E. coli strains expressing mutant derivatives of sohB_CppCYP87A3 were screened in a
bacterial strain producing 24,25-dihydroxycucurbitadienol. Based on these results,
sohB_C11CYP_1 (SEQ ID NO: 16), which harbors a S193T substitution, was further studied in
comparison with sohB_CppCYP87A3. Briefly, fermentations using bacterial strains producing
24,25-dihydroxy-cucurbitadienol and expressing sohB_CppCYP87A3 or sohB_C11CYP_1 were
carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by GC-FID for mogrol
production. As shown in FIG. 7B, the bacterial strains expressing sohB C11CYP 1 produced
about 5-fold increased levels of mogrol compared to the bacterial strains expressing
sohB_CppCYP87A3. These results demonstrate, inter alia, that sohB_C11CYP 1 has improved

specificity or activity towards the hydroxylation of C-11 position.

E. coli strains expressing mutant derivatives of SohB_ C11CYP_1 were screened. Briefly,
fermentations using bacterial strains producing 24,25-dihydroxy-cucurbitadienol and expressing
sohB C11CYP_1 derivatives were carried out in a 96-well plate at 37°C for 72 hrs. Data were
quantified by GC-FID for mogrol production. Effects of the amino acid substitutions in
SohB_C11CYP_1 were evaluated by comparing the titers of mogrol produced by bacterial strain
expressing a given sohB_C11CYP_1 derivative with bacterial strain expressing sohnB_ C11CYP 1.
Table 13 shows sixty-four amino acid substitutions that showed beneficial changes in the titers of

mogrol compared to sohB_ C11CYP_1:

Table 13: Round 2 of C11CYP Engineering

Mutation Mogrol titer
W130N 4.16
1141L 3.02
WI130G 2.87
A468S 274
A468T 2.54
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K132S 242
W1308 237
N234H 227
A269V 2.23
1470G 2.06
L120F 1.99
S184A 1.97
G219Q 1.94
A468N 1.92
L120A 1.90
K246M 1.89
V2281 1.82
L131P 1.80
Y309F 1.78
L106Q 1.76
A330N 1.74
A466V 1.69
G253E 1.67
L255R 1.66
L2068 1.63
291 1.63
T207S 1.63
H469S 1.63
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1243A 1.62
F452V 1.61
H433F 1.58
F1231 1.57
L120M 1.57
S280T 1.56
F158L 1.54
T371L 1.49
R155K 1.43
S393A 1.43
A174S 1.38
L4601 1.37
A1S51P 1.34
K35R 1.34
T145V 1.34
N329K 1.30
AlllIL 1.29
Q4218 1.28
1418N 1.25
L1311 1.23
Q277T 1.22
A332E 1.22
R394V 1.21
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G209N 1.20
R467L 1.19
R191D 1.19
L3741 1.18
H469P 1.17
WI130L 1.17
D36N 1.16
1279L 1.15
Q286D 1.15
1450V 1.14
G216A 1.14
L117M 1.12
S292L 1.11

Based on these results, SohB_C11CYP_2 (SEQ ID NO: 17), which harbors W130N,
N234H, and A468T substitutions in addition to the substitution present in SohB_ C11CYP_1, was
further studied in comparison with sohB_CppCYP87A3. Fermentations using bacterial strains
producing  24,25-dihydroxy-cucurbitadienol —and  expressing sohB_CppCYP87A3 or
SohB_C11CYP_2 were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by
GC-FID for mogrol production. As shown in FIG. 7C, the bacterial strains expressing
SohB_C11CYP_2 produced about 2-fold increased levels of mogrol compared to the bacterial
strains expressing sohB_CppCYP87A3.

E. coli strains expressing mutant derivatives of SohB_C11CYP_2 were screened. Briefly,
fermentations using bacterial strains producing 24,25-dihydroxy-cucurbitadienol and expressing
sohB_C11CYP_2 or sohB_C11CYP_2 derivatives were carried out in a 96-well plate at 37°C for
72 hrs. Data were quantified by GC-FID for mogrol production. Effects of the amino acid

substitutions in SohB_C11CYP_2 were evaluated by comparing the titers of mogrol produced in
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fermentations by bacterial strain expressing a given sohB_C11CYP_2 derivative with bacterial
strain expressing sohB C11CYP 2. Table 14 shows fifty-three amino acid substitutions that
showed beneficial changes in the titers of mogrol compared to sohB C11CYP 2:

Table 14: Round 3 of C11CYP Engineering

Mutation Mogrol titer
H433F 2.20
T128G 2.15
L106Q 2.03
K132N 1.79
N329K 1.78
L131T 1.73
1291L 1.70
L310v 1.69
F452V 1.68
T468N 1.67
F214Y 1.62
AIl51P 1.56
G219Q 1.54
L477Y 1.54
D312N 1.53
V2281 1.50
V465M 1.49
A311S8 1.48
E325M 1.47
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E474G 143
A466] 136
L477F 1.36
G125A 1.34
A330N 134
A269V 133
T215D 133
L2068 132
Q5SE 131
L50F 128
D282E 1.28
T302V 1.28
F283M 1.28
T302A 1.27
V42K 1.27
G253E 1.25
SI84A 125
A98P 1.24
G216N 1.24
279M 123
G219R 122
L255R 1.22
L52F 1.22
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A311T 1.21
T223A 121
T304S 1.19
K38R 1.19
H469S 1.19
K33R 1.18
T119A 1.17
N130G 1.15
G476P 1.14
T301S 1.13
K132T 1.13

Based on these results, SohB_ C11CYP 3 (SEQ ID NO: 18), which harbors H433F
substitution in addition to the substitution present in SohB_C11CYP_2, was further studied in
comparison with SohB C11CYP_2. Fermentations using bacterial strains producing 24,25-
dihydroxy-cucurbitadienol and expressing SohB_ C11CYP_3 or SohB_C11CYP_2 were carried
out in a 96-well plate at 37°C for 72 hrs. Data were quantified by GC-FID for mogrol production.
As shown in FIG. 7D, the bacterial strains expressing SohB_C11CYP_3 produced over about 2-

fold increased levels of mogrol compared to the bacterial strains expressing SohB C11CYP 2.

L. coli strains expressing mutant derivatives of SohB_ C11CYP_3 were screened. Some of
the mutant derivatives included mutants having clusters of mutations (see, e.g., clusters of
mutations as shown in some of the rows of Table 15). Briefly, fermentations using bacterial strains
producing  24,25-dihydroxy-cucurbitadienol ~ and  expressing  SohB C11CYP 3  or
SohB C11CYP 3 derivatives were carried out in a 96-well plate at 37°C for 72 hrs. Data were
quantified by GC-FID for mogrol production. Effects of the amino acid substitutions in
SohB_C11CYP_3 were evaluated by comparing the titers of mogrol produced by bacterial strain

expressing a given SohB C11CYP 3 derivative with bacterial strain expressing

73



WO 2025/101625 PCT/US2024/054747

SohB_CT1CYP_3. Table 15 shows thirty-two mutants that showed beneficial changes in the titers
of mogrol compared to SohB_ C11CYP_3:

Table 15: Round 4 of C11CYP Engineering

Mutation Mogrol titer
T304S 1.76
G125A_T128G 1.61
F452V_T468N 1.53
T128S 1.51
L106Q K132N F452V | 1.49
V228F 1.48
F4521 1.46
A311T 1.42
A311S 1.40
L310V 1.39
G125A_K132T 1.36
K1328 1.33
T128P 1.33
V228A 1.31
A466S 1.30
A330N 1.29
F4731 1.24
K246M 1.23
T128G V2281 1.22
T128A 1.20

74



10

WO 2025/101625 PCT/US2024/054747

V228M 1.18
L134V 1.17
L477V 1.17
D475N 1.16
G253E_L255R 1.14
F452V 1.14
F452L 1.12

F452V_T468N_L477Y | 1.11

K464N 1.11
E325M 1.11
Al133S 1.11
T128V 1.10

Based on these results, SohB_C11CYP_4 (SEQ ID NO: 19), which harbors G125A and
T128G substitutions in addition to the substitutions present in SohB_C11CYP_3, was further
studied in comparison with SohB_C11CYP_3. Fermentations using bacterial strains producing
24,25-dihydroxy-cucurbitadienol and expressing SohB C11CYP 4 or SohB C11CYP_3 were
carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by GC-FID for mogrol
production. As shown in FIG. 7E, the bacterial strains expressing SohB_C11CYP_4 produced
over about 1.6-fold increased levels of mogrol compared to the bacterial strains expressing

SohB_C11CYP 3.

E. coli strains expressing mutant derivatives, recoded versions, or derivatives having
alternative N-terminal anchors of SohB C11CYP 4 were screened. Some of the mutant
derivatives included mutants having clusters of mutations (see, e.g., clusters of mutations as shown
in some of the rows of Table 16). Briefly, fermentations using bacterial strains producing 24,25-
dihydroxy-cucurbitadienol and expressing SohB C11CYP_4 or SohB C11CYP_4 derivatives
were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by GC-FID for mogrol
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production. Effects of the mutants of SohB_C11CYP_4 were evaluated by comparing the titers of
mogrol produced in fermentations by bacterial strain expressing a given SohB C11CYP 4
derivative with bacterial strain expressing SohB_ C11CYP_4. Table 16 shows fourteen derivatives

that showed beneficial changes in the titers of mogrol compared to SohB_C11CYP_4:

Table 16: Round 5 of C11CYP Engineering

Mutation Mogrol titer
L131V 1.44
1299T 1.34
V4651 1.24
K132N 1.20
K464R 1.20
L134T 1.17
T304S A330N 1.15
L2181 1.14
D127S 1.13
E325M_A330N 1.13
1299V 1.11
G253E 1.11
D127Q 1.11
anchor_swap n39 fliO | 1.10

Based on these results, SohB_C11CYP_5 (SEQ ID NO: 20), which harbors an L131V
substitution, in addition to the substitutions present in SohB_C11CYP_4, was further studied in
comparison with SohB C11CYP_4. Fermentations using bacterial strains producing 24,25-
dihydroxy-cucurbitadienol and expressing SohB_ C11CYP_5 or SohB_C11CYP_4 were carried
out in a 96-well plate at 37°C for 72 hrs. Data were quantified by GC-FID for mogrol production.
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As shown in FIG. 7F, the bacterial strains expressing SohB_C11CYP_5 produced over about 1.3-

fold increased levels of mogrol compared to the bacterial strains expressing SohB_ C11CYP_4.

E. coli strains expressing mutant derivatives of SohB C11CYP_5 were screened for
improved substrate specificity. Based on these data, SohB_C11CYP_6 (SEQ ID NO: 21), which
harbors V131L, K132N, and V4651 substitutions, in addition to the substitution present in
SohB_C11CYP_5, was further studied in comparison with SohB _C11CYP_5. Fermentations
using bacterial strains producing 24,25-dihydroxy-cucurbitadienol and  expressing
SohB_C11CYP_6 or SohB_C11CYP_5 were carried out in a 96-well plate at 37°C for 72 hrs.
Data were quantified by GC-FID for mogrol, 11-hydroxyl-cucurbitadienol, and oxo-mogrol
production. As shown in FIG. 7G, the bacterial strains expressing SohB_C11CYP_6 produced
decreased levels of 11-hydroxyl-cucurbitadienol and oxo-mogrol, without affecting the levels of
mogrol, compared to the bacterial strains expressing SohB C11CYP 5. These results indicated,
inter alia, that SohB_C11CYP_6 had an improved substrate specificity (e.g., discrimination of
cucurbitadienol over 24,25-dihydroxy-cucurbitadienol) compared to SohB_C11CYP_5.

E. coli strains expressing mutant derivatives of SohB_C11CYP_6 were screened. Briefly,
fermentations using bacterial strains producing mogrol through expression of SohB C11CYP _6
derivatives and expressing MogCPR2 0 or MogCPR2 2 were carried out in a 96-well plate at
37°C for 72 hrs. Data were quantified by GC-FID for mogrol production. Effects of the amino acid
substitutions in SohB_C11CYP_6 were evaluated by comparing the titers of mogrol produced.
Table 17 shows nine sets of amino acid substitutions that showed beneficial changes in the titers

of mogrol compared to SohB C11CYP 6:

Table 17: Round 6 of C11CYP Engineering

Mutation Mogrol titer
A25E _A26R 1.123
S63F 1.122
N102H 1.136
D183E 1.462
L2181 G219Q 1.733
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K238Q 1.548
G253E 1.778
S472Y 1.352
P483E 1.358

E. coli strains expressing additional mutant derivatives of SohB C11CYP 6 were
screened. Briefly, fermentations using bacterial strains producing mogrol through expression of
SohB C11CYP_6 derivatives and expressing MogCPR2 0 or MogCPR2 2 were carried out in a
96-well plate at 37°C for 72 hrs. Data were quantified by GC-FID for mogrol and 11-oxo mogrol

5  production. Effects of the amino acid substitutions in SohB_C11CYP_6 were evaluated by
comparing the titers of mogrol and 11-oxo mogrol produced. Table 18 shows eight sets of amino
acid substitutions that showed beneficial changes in the titers of mogrol compared to

SohB_C11CYP_6:

Table 18: Round 7 of C11CYP Engineering

Mutation Mogrol titer 11-ox0 mogrol titer
Ro611 1.319 0.000
A88V 1.095 0.000
Al125D 1.053 0.000
C236A 1.233 0.000
S290A 1.294 0.000
Al125N 1.043 0.370
L2881 S292L 1.379 0.471
K464E 1.108 0.661
10 Based on these and other results results, SohB_C11CYP_8 (SEQ ID NO: 45), which has

L2181 and G219A substitutions, was further studied in comparison with SohB C11CYP 6.
Fermentations using bacterial strains producing mogrol through expression of SohB_ C11CYP 6
or SohB_ C11CYP_8 and expressing MogCPR2 0 or MogCPR2 2 were carried out in a 96-well
plate at 37°C for 72 hrs. Data were quantified by GC-FID for mogrol and 11-oxo mogrol
15  production. As shown in FIG. 7H, the bacterial strains expressing SohB_C11CYP_8 produced
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about 1.2-fold increased levels of mogrol and about 2.3-fold increased levels of 11-oxo mogrol

compared to the bacterial strains expressing SohB_C11CYP_6.

E. coli strains expressing mutant derivatives of SohB_C11CYP_8 were screened. Briefly,

fermentations using bacterial strains producing mogrol through expression of SohB C11CYP_8

derivatives and expressing MogCPR2 1 or MogCPR2 1 were carried out in a 96-well plate at

37°C for 72 hrs. Data were quantified by GC-FID for mogrol production. Effects of the amino acid

substitutions in SohB_C11CYP_8 were evaluated by comparing the titers of mogrol produced.

Table 19 shows seventeen sets of amino acid substitutions that showed beneficial changes in the

titers of mogrol compared to SohB C11CYP_8:

Table 19: Round 8 of C11CYP Engineering

Mutation Mogrol titer
N102H_S63F 1.265
T446V 1.251
R611 N102H A25E A26R 1.222
K464D 1.202
A25E A26R _S63F 1.169
K464R 1.169
N102H_A25E A26R 1.161
K238Q DIS3E 1.155
F354Y 1.133
F433L 1.130
R611 N102H 1.127
E438D 1.125
K273M 1.109
S292L 1.106
S63Y 1.103
K238Q 1.102
G209N 1.102
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Based on these results, SohB_C11CYP_9 (SEQ ID NO: 46), which has N102H and S63F
substitutions, was further studied in comparison with SohB_C11CYP_8. Fermentations using
bacterial strains producing mogrol through expression of SohB C11CYP 8 or SohB C11CYP_9
and expressing MogCPR2 were carried out in a 96-well plate at 37°C for 72 hrs. Data were
quantified by UPLC-DAD for mogrol and 11-oxo mogrol production. As shown in FIG. 71, the
bacterial strains expressing SohB_C11CYP 9 produced about 1.25-fold increased levels of
mogrol and a 0.25-fold decrease in 11-oxo mogrol compared to the bacterial strains expressing

SohB_C11CYP 8.

E. coli strains expressing mutant derivatives of SohB_C11CYP_9 were screened. Briefly,
fermentations using bacterial strains producing mogrol through expression of SohB C11CYP_9
derivatives and expressing MogCPR2 were carried out in a 96-well plate at 37°C for 72 hrs. Data
were quantified by UPLC-DAD for mogrol production. Effects of the amino acid substitutions in
SohB_C11CYP_9 were evaluated by comparing the titers of mogrol produced. Table 20 shows
twenty-three sets of amino acid substitutions that showed beneficial changes in the titers of mogrol

compared to SohB_ C11CYP_9:

Table 20: Round 9 of C11CYP Engineering

Mutation Mogrol titer
F63N K75R F354Y 1.41
K35R_F63N_K75R_F158M_G208A_F354Y 1.37
F63N_K75R K238Q G253E 1.34
K35R F63N K75R K238Q G253E 1.34
K75R_K238Q G253E Q277K _F354Y 1.32
F63N K238Q G253E 132
Fo63N_K75R_F158M_Q277K 1.29
F63N_K75R 1.28
K75R_F158M_F354Y 1.26
K75R F158M 1.24
K75R_F354Y 1.24
K35R_F63N _K75R F158M K238Q G253E F354Y 1.23
F63N F158M K238Q G253E F354Y 1.22
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K238Q G253E _F354Y 122
K35R_F63N_K75R F158M G208A K238Q G253E Q277K _F354Y | 1.21
F63N_F158M 1.20
F354Y 1.18
K75R_K238Q G253E 1.15
F158M 1.14
K75R 1.13
E485D 1.12
H102Y 111
V53l 1.10

Based on these results, SohB_C11CYP_10 (SEQ ID NO: 47), which has F63N, K75R, and
F354Y substitutions, was further studied in comparison with SohB_C11CYP_9. Fermentations
using bacterial strains producing mogrol through expression of SohB C11CYP 9 or
SohB_C11CYP_10 and expressing MogCPR2 were carried out in a 96-well plate at 37°C for 72
hrs. Data were quantified by UPLC-DAD for mogrol production. As shown in FIG. 7J, the
bacterial strains expressing SohB_Cl11CYP 10 produced about 1.4-fold increased levels of

mogrol compared to the bacterial strains expressing SohB C11CYP_9.

E. coli strains expressing mutant derivatives of SohB_ C11CYP_10 were screened for the
increase in mogrol and mogrol derived mogrosides relative to 24,25 dihydroxycucurbitadienol and
deoxymogroside derived compounds. Briefly, fermentations using bacterial strains producing
mogrol through expression of SohB C11CYP_10 derivatives, expressing MogCPR2 and two
UGTs MogUGTc24 3 and MogUGTc3_2) were carried out in a 96-well plate at 37°C for 72 hrs.
Data were quantified by liquid chromatography—mass spectrometry (LC-MS) for the production
of mogrol and mogrol derived mogrosides. Effects of the amino acid substitutions in
SohB C11CYP_10 were evaluated by comparing the titers of mogrol and mogrol derived
mogrosides. Table 21 shows twelve sets of amino acid substitutions that showed beneficial

changes in the titers of mogrol compared to SohB_C11CYP_10:

Table 21: Round 10 of C11CYP Engineering

Mutation Mogrol titer
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K369R 1.55
1299V 138
T207S_G208A_G209N 134
D201Q S202E 133
VI87L 127
K35R_D36N_S37W_V42K | 1.27
R191D 1.22
M105L 1.19
S165Q 1.17
K77E 1.15
K74E 1.13
E438D 1.10

Based on these results, SohB CI11CYP_11 (SEQ ID NO: 80), which has K369R
substitution, in addition to the mutations in SohB_C11CYP 10, was further studied in comparison
with SohB C11CYP 10. Fermentations using bacterial strains producing mogrol through
expression of SohB_ CI11CYP_11 or SohB_C11CYP_11 and expressing MogCPR2 and the UGTs
MogUGTc24 3 and MogUGTc3 2 were carried out in a 96-well plate at 37°C for 72 hrs. Data
were quantified by LC-MS for mogroside and deoxymogroside production. As shown in FIG. 7K,
the bacterial strains expressing SohB_C11CYP_11 produced about 1.6-fold increased levels of

mogrol compared to the bacterial strains expressing SohB_ C11CYP_10.

E. coli strains expressing mutant derivatives of SohB_C11CYP_11 were screened for the
increase in mogrol and mogrol derived mogrosides relative to 24,25 dihydroxycucurbitadienol and
deoxymogroside derived compounds. Briefly, fermentations using bacterial strains producing
mogrol through expression of SohB C11CYP 11 derivatives, expressing MogCPR2 and the
UGTs MogUGTc24 3 and MogUGTc3_2 were carried out in a 96-well plate at 37°C for 72 hrs.
Data were quantified by liquid chromatography—mass spectrometry (LC-MS) for the production
of mogroside and deoxymogroside. Effects of the amino acid substitutions in SohB_C11CYP 11
were evaluated by comparing the titers of mogroside and deoxymogroside. Table 22 shows eleven
sets of amino acid substitutions that showed beneficial changes in the titers of mogrol compared
to SohB_C11CYP_10:
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Table 22: Round 11 of C11CYP Engineering

Mutation mogroside + deoxymogroside titer
A60L 1.30
T223S V2281 1.27
T482S 1.22
V300A 1.10
L52F 1.10
114A N32R S37P _T47S K167R 1.45
Al2W 1.36
114A N32R S37P_T47S 1.33
114F _A256K 1.31
T192L 1.23
K246V _T347K 1.14

Based on these results, SohB_ C11CYP_12 (SEQ ID NO: 81), which has T223S and V2281
substitutions, in addition to the mutations in SohB C11CYP 11, was further studied in
comparison with SohB C11CYP 11. Fermentations using bacterial strains producing mogrol
through expression of SohB C11CYP_11 or SohB_C11CYP 12 and expressing MogCPR2 and
the UGTs MogUGTc24 3 and MogUGTc3 2 were carried out in a 96-well plate at 37°C for 72
hrs. Data were quantified by LC-MS for mogroside and deoxymogroside production. As shown in
FIG. 7L, the bacterial strains expressing SohB C11CYP_12 produced about 1.3-fold increased

levels of mogrol compared to the bacterial strains expressing SohB_ C11CYP_11.

F. coli strains expressing mutant derivatives of SohB_C11CYP_12 were screened for the
increase in mogrol and mogrol derived mogrosides relative to 24,25 dihydroxycucurbitadienol and
deoxymogroside derived compounds. Briefly, fermentations using bacterial strains producing
mogrol through expression of SohB C11CYP 12 derivatives, expressing MogCPR2 and the
UGTs MogUGTc24 3 and MogUGTc3 2 were carried out in a 96-well plate at 37°C for 72 hrs.
Data were quantified by liquid chromatography—mass spectrometry (LC-MS) for the production
of mogroside and deoxymogroside. Effects of the amino acid substitutions in SohB_C11CYP_12

were evaluated by comparing the titers of mogrosides to deoxymogrosides. Table 23 shows six
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sets of amino acid substitutions that showed beneficial changes in the titers of mogrol compared

to SohB_C11CYP_10:

Table 23: Round 12 of C11CYP Engineering

Mutation mogroside titer|
R90Q 1.90
Al2W 1.28
T482S 1.14
Al2M 1.13
T145A 1.11
T231F _T232A Y233F 1.03

Based on these results, SohB_C11CYP_13 (SEQ ID NO: 82), which has T231F, T232A,
and Y233F substitutions, in addition to the mutations in SohB_C11CYP_12, was further studied
in comparison with SohB_C11CYP_12. Fermentations using bacterial strains producing mogrol
through expression of SohB_ C11CYP 12 or SohB_C11CYP_13 and expressing MogCPR2 and
the UGTs MogUGTc24 3 and MogUGT<c3_2 were carried out in a 96-well plate at 37°C for 72
hrs. Data were quantified by LC-MS for mogroside, deoxymogroside, and 11-oxo mogroside
production. As shown in FIG. 7M, the bacterial strains expressing SohB_C11CYP_13 produced
about 60% reduced levels of 11-oxomogrosides compared to the bacterial strains expressing

SohB_C11CYP_12.

L. coli strains expressing mutant derivatives of SohB C11CYP 13 were screened for the
increase in mogrol and mogrol derived mogrosides relative to 24,25 dihydroxycucurbitadienol and
deoxymogroside derived compounds. Briefly, fermentations using bacterial strains producing
mogrol through expression of SohB_C11CYP 13 derivatives, expressing MogCPR2 and the
UGTs MogUGTc24 3 and MogUGTc3_2 were carried out in a 96-well plate at 37°C for 72 hrs.
Data were quantified by liquid chromatography—mass spectrometry (LC-MS) for the production
of mogroside and deoxymogroside. Effects of the amino acid substitutions in SohB_C11CYP_13
were evaluated by comparing the titers of mogrosides to deoxymogrosides. Table 24 shows
twenty-three sets of amino acid substitutions that showed beneficial changes in the titers of mogrol

compared to SohB C11CYP 10:
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Table 24: Round 13 of C11CYP Engineering

Mutation Mogroside titer|
Al12W _F4521 T192L 1.64
A12W_F452V _T192L 1.64
A174S _T175S R191E T192L K246V _A330N T4060A 1.444M F452V 1.53
F4521 T192L _T482S 1.45
1228F S202E T482F 1.41
A174S T175S RIS1E TI192L K246V T406A 1444M F452V 1.37
F452V_R191D T446V 1.36
A26R K77E L4601 1.34
G209N_T47S_Y455F 1.27
A26R K77E_Q375H 1.26
F452V K246M T482S 1.24
K246l 1.20
[228F K77E S184A 1.19
V53L 1.18
A26R 14601 Q375H 1.16
G209N_R456N_T47S 1.16
K77D_K246V 1.14
RI91E 1.14
Al12W _R191D T446V 1.13
L266M_L3741 N32R 1.13
A322E 114F 1228M 1.13
G209N_T482F V187L 1.12
F4521 K246M T482S 1.12

Based on these results, SohB C11CYP_14 (SEQ ID NO: 83), which has A12W, F4521,
and T192L substitutions, in addition to the mutations in SohB_C11CYP_13, was further studied

in comparison with SohB_C11CYP_13. Fermentations using bacterial strains producing mogrol
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through expression of SohB_ C11CYP_13 or SohB_C11CYP_14 and expressing MogCPR2 and
the UGTs MogUGTc24 3 and MogUGTc¢3 2 were carried out in a 96-well plate at 37°C for 72
hrs. Data were quantified by LC-MS for mogrol production. As shown in FIG. 7N, the bacterial
strains expressing SohB_C11CYP_14 produced about 1.7-fold increased levels of mogrol

compared to the bacterial strains expressing SohB_ C11CYP_13.

E. coli strains expressing mutant derivatives of SohB_ C11CYP_14 were screened for the
increase in mogrol and mogrol derived mogrosides relative to 24,25 dihydroxycucurbitadienol and
deoxymogroside derived compounds. Briefly, fermentations using bacterial strains producing
mogrol through expression of SohB C11CYP 14 derivatives, expressing MogCPR2 and the
UGTs MogUGTc24 3 and MogUGTc3_2 were carried out in a 96-well plate at 37°C for 72 hrs.
Data were quantified by liquid chromatography—mass spectrometry (LC-MS) for the production
of mogroside and deoxymogroside. Effects of the amino acid substitutions in SohB C11CYP_14
were evaluated by comparing the titers of mogrosides to deoxymogrosides. Table 25 shows
twenty-four sets of amino acid substitutions that showed beneficial changes in the titers of mogrol

compared to SohB_C11CYP_10:

Table 25: Round 14 of C11CYP Engineering

Mutation Mogroside titer
127G K246V T482S V76M 1.37
LS7F _G209N 127G T482S 132
LS7F 127G T482S V76M 1.29
A26G_E342D 114F T482F 1.29
Q375H_A26G E342D H29V 1.28
N32R _E383A H29V I14F 127
G209N_A26R K246V _T482S 1.25
A221. Q375H_A26G_E342D 1.24
127G K246V _T446V_S202E 1.23
A221. Q375H_A26G T482F 1.23
L57F G209N_A26R_T482S 1.22
R191E_A26G_E342D S37P 1.21
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K246V T446V_S202E_V76M| 1.17
A22L R191E_N32R_T482F 1.17
K246V T446V S202E T47K 1.15
101_MB4773 P1G11_v87 1.15
127G T446V_T482S V76M 1.14
E383K_W30N_T169S T47K 1.13
L57F G209N_A26R_T446V 1.13
T478 R155K_A185T I228F 1.13
127G _T482S_S202E V76M 1.12
127G_T446V_S202E_V76M 1.11
E383K_W30N T169S_K2461 111
T47S L460V_R155K 1228F 1.10

Based on these results, SohB_C11CYP_15 (SEQ ID NO: 84), which has 127G, K246V,
T482S, and V76M substitutions, in addition to the mutations in SohB_C11CYP_14, was further
studied in comparison with SohB_C11CYP_14. Fermentations using bacterial strains producing
mogrol through expression of SohB CI1ICYP 14 or SohB C11CYP 15 and expressing
MogCPR2 and the UGTs MogUGTc24 3 and MogUGTc3 2 were carried out in a 96-well plate
at 37°C for 72 hrs. Data were quantified by LC-MS for mogrol production. As shown in FIG. 70,
the bacterial strains expressing SohB_C11CYP 15 produced about 1.4-fold increased levels of

mogrol compared to the bacterial strains expressing SohB_ C11CYP_14.

A version of SohB C1ICYP 15 having a deletion of amino acids L3 to H29
n20 C11CYP_15 (SEQ ID NO: 85) was constructed. This mutant beneficial for solubility
compared to SohB_C11CYP_15. Bacterial strains producing SohB_ C11CYP_15 mutant were
further studied in comparison with SohB_C11CYP_15. Fermentations using bacterial strains
producing mogrol through expression of SohB_ C11CYP 15 or n20 C11CYP_15 and expressing
MogCPR2 and the UGTs MogUGTc¢24 3 and MogUGTc3 2 were carried out in a 96-well plate
at 37°C for 72 hrs. Data were quantified by LC-MS for mogrol production. As shown in FIG. 7P,
the bacterial strains expressing n20_C11CYP_15 produced similar levels of mogrol compared to

the bacterial strains expressing SohB C11CYP_15.
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E. coli strains expressing mutant derivatives of n20_C11CYP_15 were screened for the
increase in mogrol and mogrol derived mogrosides relative to 24,25 dihydroxycucurbitadienol and
deoxymogroside derived compounds. Briefly, fermentations using bacterial strains producing
mogrol through expression of 120 C11CYP_15 derivatives, expressing MogCPR2 and the UGTs
MogUGTc24 3 and MogUGTc3_2 were carried out in a 96-well plate at 37°C for 72 hrs. Data
were quantified by liquid chromatography—mass spectrometry (LC-MS) for the production of
mogroside and deoxymogroside. Effects of the amino acid substitutions in n20 C11CYP_15 were
evaluated by comparing the titers of mogrosides to deoxymogrosides. Table 26 shows four amino
acid substitutions with respect to SEQ ID NO: 85 that showed beneficial changes in the titers of
mogrol compared to n20 C11CYP_15:

Table 26: Round 15 of C11CYP Engineering

Mutation Mogroside titer
K8R/DIN/S10R/N13K/V15K 226
Q31E/A33L/R34K 223
S390D 1.20
D235G/Q241T/A242L/G247E/S248K/Q249E/Q250E/S253T 1.10

Based on these results, n20 C11CYP_16 (SEQ ID NO: 86), which has K8R, DON, S10R,
N13K, and V15K substitutions with respect to SEQ ID NO: 85, in addition to the mutations in
n20 C11CYP_15, was further studied in comparison with n20_C11CYP_15. Fermentations using
bacterial strains producing mogrol through expression of n20 C11CYP_15 or n20 C11CYP_16
and expressing MogCPR2 and the UGTs MogUGTc24 3 and MogUGT<c3_2 were carried out in
a 96-well plate at 37°C for 72 hrs. Data were quantified by LC-MS for mogrol production. As
shown in FIG. 7Q, the bacterial strains expressing n20 C11CYP_16 produced about 2.25-fold

increased levels of mogrol compared to the bacterial strains expressing n20 C11CYP_15.

E. coli strains expressing mutant derivatives of n20 C11CYP 16 were screened for the
increase in mogrol and mogrol derived mogrosides relative to 24,25 dihydroxycucurbitadienol and
deoxymogroside derived compounds. Briefly, fermentations using bacterial strains producing
mogrol through expression of n20 C11CYP 16 derivatives, expressing MogCPR2 and the UGTs
MogUGTc24 3 and MogUGTc3_2 were carried out in a 96-well plate at 37°C for 72 hrs. Data

88



10

15

20

WO 2025/101625 PCT/US2024/054747

were quantified by liquid chromatography—mass spectrometry (LC-MS) for the production of
mogroside and deoxymogroside. Effects of the amino acid substitutions in n20 C11CYP_16 were
evaluated by comparing the titers of mogrosides to deoxymogrosides. Table 27 shows five sets of
amino acid substitutions that showed beneficial changes in the titers of mogrol compared to

n20 C11CYP_16.

Table 27: Round 16 of C11CYP Engineering

Mutation Mogroside titer

145V_K46R_K47E_M49V_K50E_R51K| 137

KS0E_RS1K_I55V_C59K 1.33
A33L_R34K 1.22
RSK_RI10K_R34K_R51K 1.21
L79Q 1.16

Based on these results, n20 C11CYP_17 (SEQ ID NO: 87), which has 145V, K46R, K47E,
M49V, K50E, and R51K substitutions with respect to SEQ ID NO: 85, in addition to the mutations
in n20 C11CYP_16, was further studied in comparison with n20 C11CYP_16. Fermentations
using bacterial strains producing mogrol through expression of n20 C11CYP 16 or
n20 C11CYP_17 and expressing MogCPR2 and the UGTs MogUGTc24 3 and MogUGTc3 2
were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by LC-MS for mogrol
production. As shown in FIG. 7R, the bacterial strains expressing n20 C11CYP 17 produced
about 1.4-fold increased levels of mogrol compared to the bacterial strains expressing
n20 C11CYP_16.

L. coli strains expressing mutant derivatives of n20 C11CYP_17 were screened for the
increase in mogrol and mogrol derived mogrosides relative to 24,25 dihydroxycucurbitadienol and
deoxymogroside derived compounds. Briefly, fermentations using bacterial strains producing
mogrol through expression of n20 C11CYP 17 derivatives, expressing MogCPR2 and the UGTs
MogUGTc24 3 and MogUGTc3 2 were carried out in a 96-well plate at 37°C for 72 hrs. Data
were quantified by liquid chromatography—mass spectrometry (LC-MS) for the production of
mogroside and deoxymogroside. Effects of the amino acid substitutions in n20 C11CYP_17 were

evaluated by comparing the titers of mogrosides to deoxymogrosides. Table 28 shows five sets of
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amino acid substitutions that showed beneficial changes in the titers of mogrol compared to

n20_C11CYP_16.

Table 28: Round 17 of C11CYP Engineering

Mutation Mogroside titer
R164D _V168R K169A 1.37
I191L_A192K 1.32
F163L L165T VI68E K169Q E173R DI174E
S175N_S176A L1791 G181P_G182E Mo
A33L R34K 1.17
A33L 1.17

Based on these results, n20 C11CYP_18 (SEQ ID NO: 88), which has I191L and A192K
substitutions with respect to SEQ ID NO: 85, in addition to the mutations in n20 C11CYP_17,
was further studied in comparison with n20 C11CYP 17. Fermentations using bacterial strains
producing mogrol through expression of n20 C11CYP 17 or n20 C11CYP 18 and expressing
MogCPR2 and the UGTs MogUGTc24 3 and MogUGTc3_2 were carried out in a 96-well plate
at 37°C for 72 hrs. Data were quantified by LC-MS for mogrol production. As shown in FIG. 78,
the bacterial strains expressing n20_ C11CYP_18 produced about 1.35-fold increased levels of

mogrol compared to the bacterial strains expressing n20 C11CYP 17.

E. coli strains expressing mutant derivatives of n20 C11CYP 18 were screened for the
increase in mogrol and mogrol derived mogrosides relative to 24,25 dihydroxycucurbitadienol and
deoxymogroside derived compounds. Briefly, fermentations using bacterial strains producing
mogrol through expression of n20 C11CYP_18 derivatives, expressing MogCPR2 and the UGTs
MogUGTc24 3 and MogUGTc3_2 were carried out in a 96-well plate at 37°C for 72 hrs. Data
were quantified by liquid chromatography—mass spectrometry (LC-MS) for the production of
mogroside and deoxymogroside. Effects of the amino acid substitutions in n20 C11CYP_18 were
evaluated by comparing the titers of mogrosides to deoxymogrosides. Table 29 shows twenty-
three sets of amino acid substitutions that showed beneficial changes in the titers of mogrol

compared to n20 C11CYP_16.

Table 29: Round 18 of C11CYP Engineering
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Mutation Mogroside titer
F406Y E411D_Y412F S413A 1.47
V261 Q31E _A33L R34K 1.37
G247E_S248D Q249N Q250D 1.32
G247E_S248E Q250D 1.31
L179M_G181A_GI182E 1.30
A33R _R34K 1.26
E411D_Y412L S413A 1.23
F109H 1.19
R144D_Y145S A147S 1.19
E225D G226E L228R_S230N 1.17
A303S _A305K P310A I311L 1.17
S175E 1.16
L79A 1.14
F238M_A242M 1.13
L25F V261 A33L R34K 1.13
F109N 1.13
S157A _A158S_V160H 1.13
K218Q G226A 1.228R 1.13
E236D A242M K244E 1.12
G247D 1.12
R164D_VI160L 1.12
R144N Y145H A147S P150D 1.11

Based on these results, n20 C11CYP_19 (SEQ ID NO

. 89), which has F400Y, E411D,

Y412F, and S413A substitutions with respect to SEQ ID NO: 85, in addition to the mutations in

n20 C11CYP_17, was further studied in comparison with n20 C11CYP_17. Fermentations using

bacterial strains producing mogrol through expression of n20 C11CYP 17 or n20 C11CYP_18
and expressing MogCPR2 and the UGTs MogUGTc24 3 and MogUGT<c3_2 were carried out in

91



10

15

WO 2025/101625 PCT/US2024/054747

a 96-well plate at 37°C for 72 hrs. Data were quantified by LC-MS for mogrol production. As
shown in FIG. 7T, the bacterial strains expressing n20_C11CYP_18 produced about 1.5-fold

Example 7: Engineering of Cytochrome P450 Reductase Enzyme

A Cucurbita pepo subsp. pepo cytochrome P450 reductase enzyme (CppCPR4, also
referred to herein as MogCPR1_0, SEQ ID NO: 22) was engineered. As a first step, the native
transmembrane domain of CppCPR4 was replaced with the transmembrane domains from various
E. coli membrane proteins. In the process, CpopCPR4 was truncated removing the N-terminal 67
amino acids. Effect of these transmembrane domains on the production of mogrol was compared
in E. coli strains producing mogrol through expression of SohB C11CYP 4. Briefly,
fermentations were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified UPLC-
DAD for mogrol production. As shown in Table 30, the strains expressing CppCPR4 having the
transmembrane domains from various £. coli membrane proteins produced more mogrol compared
to the strain expressing CppCPR4. £. coli membrane proteins and the use of their N-terminal
transmembrane domains or portions thereof as membrane anchors for cytochrome P450 enzymes
and reductases is described in U.S. Patent No. 10,774,314, which is hereby incorporated by

reference in its entirety.

Table 30: Round 1 of C11CPR Engineering

Transmembrane domain | Mogrol titer
yegG 6.87
vhcB 434
ZipA 3.51
waaA 3.11
sohB 3.03
djlA 235
1pxK 2.35
ypfN 1.93
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E. coli strains expressing mutant derivatives of CppCPR4 were screened. Briefly,

fermentations using bacterial strains producing mogrol expressing CppCPR4 or CppCPR4

derivatives were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by UPLC-

DAD for mogrol production. Effects of the amino acid substitutions in CppCPR4 were evaluated

by comparing the titers of mogrol produced in fermentations by bacterial strain expressing a given

CppCPR4 derivative with bacterial strain expressing CpopCPR4. Table 31 shows eighteen mutants

that showed beneficial changes in the titers of mogrol compared to CppCPR4:

Table 31: Round 2 of C11CPR Engineering

Mutation Mogrol titer

N601T 3.66
Q2181 2.02
F48L 1.23
D171P 1.23
Q74R 1.20
L66F 1.17
S634T 1.16
T701D 1.15
186V 1.14
L4418 1.14
R706K 1.12
S370P 1.12
L6531 _A657G 1.16
A397P 111
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V5041 1.11
S440A 1.10
K69R 1.10

Based these results from Tables 30 and 31, MogCPR1 1 (SEQ ID NO: 23), which has a
N-terminal deletion of 67 amino acids and a transmembrane domain based on the 25 N-terminal
amino acids of £. coli ycg(G (i.e., n25 ycg(), was further studied in comparison with MogCPR1 0
(CppCPR4). Fermentations using bacterial strains producing mogrol and expressing MogCPR1 0
or MogCPR1 1 were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by
UPLC-DAD for mogrol production. As shown in FIG. 8A, the bacterial strains expressing
MogCPR1 1 produced over about 1.25-fold increased levels of mogrol compared to the bacterial

strains expressing MogCPR1 0.

A Phaseolus vulgaris cytochrome P450 reductase enzyme (PvCPR, also referred to herein
as MogCPR2 0, SEQ ID NO: 24) was compared with MogCPR1 0. Fermentations using bacterial
strains producing mogrol and expressing MogCPR1 0 or MogCPR2 0 were carried out in a 96-
well plate at 37°C for 72 hrs. Data were quantified by UPLC-DAD for mogrol production. As
shown in FI1G. 8B, the bacterial strains expressing MogCPR2 0 produced over about 1.4-fold

increased levels of mogrol compared to the bacterial strains expressing MogCPR1 0.

The native transmembrane domain of MogCPR2 0 was replaced with the transmembrane
domains from £. coli ycgG. In the process, MogCPR2 0 was truncated removing the N-terminal
75 amino acids. Effect of these transmembrane domains with various point mutations on the
production of mogrol was compared in E. coli strains producing mogrol through expression of
SohB_C11CYP_6. Briefly, fermentations were carried out in a 96-well plate at 37°C for 72 hrs.
Data were quantified UPLC-DAD for mogrol production. As shown in Table 32, the strains
expressing MogCPR2 0 having the transmembrane domains from £. coli ycgG and various point

mutations produced more mogrol compared to the strain expressing MogCPR2 0.

Table 32: Round 3 of C11CPR Engineering

Transmembrane domain | Mogrol titer
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yegG V2191 1.35
ycgG L166F 1.33
yegG Q107K 1.26
yegG S163T 1.25
yegG _K202Q 1.23
yegG D22SE 1.20
ycgG M257L 1.19
yegG_DI129E 1.19
yegG_T2261 1.18
yegG Q82R 1.17
yvegG AT273 1.15
yegG AK139 1.15
yegG S272A 1.14
yegG 1228A 1.10

Based on these results, MogCPR2 1 (SEQ ID NO: 25), which has a N-terminal deletion
of 75 amino acids and a transmembrane domain based on the N-terminal 25 amino acids of £. coli
yegG (i.e., n25 ycg(), was further studied in comparison with MogCPR2 0. Fermentations using
bacterial strains producing mogrol through expression of SohB C11CYP 6 and expressing
MogCPR2 0 or MogCPR2 1 were carried out in a 96-well plate at 37°C for 72 hrs. Data were
quantified by UPLC-DAD for mogrol production. As shown in FIG. 8C, the bacterial strains
expressing MogCPR2 1 produced increased levels of mogrol compared to the bacterial strains

expressing MogCPR2 0.

E. coli strains expressing mutant derivatives of MogCPR2 1 were screened. Briefly,
fermentations using bacterial strains producing mogrol through expression of SohB_C11CYP_6
and expressing MogCPR2 1 or MogCPR2 1 derivatives were carried out in a 96-well plate at
37°C for 72 hrs. Data were quantified by UPLC-DAD for mogrol production. Effects of the amino
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acid substitutions in MogCPR2 1 were evaluated by comparing the titers of mogrol produced.
Table 33 shows nine amino acid substitutions that showed beneficial changes in the titers of mogrol

compared to MogCPR2 1:

Table 33: Round 4 of C11CPR Engineering

Mutation Mogrol titer
D129E 1.23
T94V 1.18
1228A 1.17
L90P 1.17
Q82R 1.15
S163T 1.14
T2261 1.13
Q107K 1.12
M257L 1.11

Based on these results, MogCPR2 2 (SEQ ID NO: 26), which has a L90P substitution, was
further studied in comparison with MogCPR2 0. Fermentations using bacterial strains producing
mogrol through expression of SohB_C11CYP_6 and expressing MogCPR2 0 or MogCPR2 2
were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by UPLC-DAD for
mogrol production. As shown in FIG. 8D, the bacterial strains expressing MogCPR2_2 produced
about 1.25-fold increased levels of mogrol compared to the bacterial strains expressing

MogCPR2 0.

Example 8: Engineering of Uridine Diphosphate Dependent Glycosyltransferase Enzymes (UGT)
Jor C3-Specificity

Various UGT homologs were screened for their o-glycosylation activity on ¢3 or c24
positions of mogrol. Briefly, enzyme assays for conversion of mogrol to MoglE or MogIA were

carried out in a 96-well plate at 37°C for 48 hrs. Data were quantified by ultra-high performance
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liquid chromatography coupled with triple quadrupole mass spectrometry (UPLC-QQQ) for
MoglE or MoglE production. Table 34 shows the results:

Table 34: Screening of various UGT homologs for their o-glycosylation activity on ¢3 or ¢24 of

mogrol
Name C3 Activity | C24 Activity
AtUGT73C3 (SEQ ID NO: 50) No Yes
SgUGT720 269 1 _E (SEQ ID NO: 51) No Yes
CmOUGT (SEQ ID NO: 52) Yes No
SgUGT720 269 4 Manus (SEQ ID NO: 53) | Yes No
SgUGT720 269 4 E (SEQ ID NO: 54) Yes No
SgUGT74 345 2 1(SEQ ID NO: 55) Yes No
XP 023543158.1 (SEQ ID NO: 56) Yes No
XP_022151514.1 (SEQ ID NO: 57) Yes No
XP 023764969.1 (SEQ ID NO: 58) Yes No
XP_043637218.1 (SEQ ID NO: 59) Yes No
XP_008445481.1 (SEQ ID NO: 60) Yes No
XP_022132196.1 (SEQ ID NO: 61) Yes No
XP_023538293.1 (SEQ ID NO: 62) Yes No
UGT74ACI1 (SEQ ID NO: 63) Yes Yes
UGT74AC1_M7 (SEQ ID NO: 64) Yes Yes

Stevia rebaudiana UGT85C1 (MogUGTc3 0, SEQ ID NO: 27) was engineered. Mutant
derivatives of MogUGTc3 O were screened in an enzyme assay for conversion of MoglA to
MoglIE. Assays were carried out in a 96-well plate at 37°C for 48 hrs. Data were quantified by
ultra-high performance liquid chromatography coupled with triple quadrupole mass spectrometry
(UPLC-QQQ) for MoglIE production. Effects of the amino acid substitutions were evaluated by
comparing the production of MoglIIE by a given MogUGTc¢3 0 amino acid substitution with that
produced by MogUGTc3 0. Table 35 shows three amino acid substitutions that showed beneficial
changes in conversion of MoglIA to MoglIE compared to MogUGTc¢3_0:

Table 35: Round 1 of MogUGTc3 Engineering
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Mutation MoglIE titer
LA41F 1.35
D49E 1.1
C127F 1.27

Based on these results, MogUGTc3 1 (SEQ ID NO: 28), which has L41F, D49E, and
C127F substitutions, was further studied in comparison with MogUGTc3_0. Enzyme assays with
MogUGTc3 0 or MogUGTc3 1 and MoglA substrate were carried out in a 96-well plate at 37°C
for 48 hrs. Data were quantified by UPLC-QQQ for MoglIE production. As shown in FIG. 9A,
MogUGTc3 1 enzyme produced about 2-fold increased levels of MoglIE compared to the
MogUGTc3 0 enzyme.

E. coli strains producing mogrol and expressing mutant derivatives of MogUGTc3 1 were
screened. Briefly, fermentations were carried out in a 96-well plate at 37°C for 72 hrs. Data were
quantified by ultra-high performance liquid chromatography coupled with triple quadrupole mass
spectrometry (UPLC-QQQ) for MoglE production. Effects of the amino acid substitutions were
evaluated by comparing the titers of MoglE produced in fermentations by bacterial strain
expressing a given MogUGTc3 1 derivative with bacterial strain producing mogrol and expressing
MogUGTc3 1. Table 36 shows thirty-three amino acid substitutions that showed beneficial
changes in the titers of MogIE compared to MogUGT¢3 _1:

Table 36: Round 2 of MogUGTc3 Engineering

Mutation MoglE titer
A3071 1.65
F2191 1.40
N3028 1.36
F215L 1.34
Y212N 133
F303Y 1.32
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A2228 132
Y212D 131
F215V 1.27
E220D 1.26
E220S 123
F219Q 121
S400T 1.20
A2141 1.18
Q223H 1.18
RO4V 1.17
Lo6I 1.17
A214V 1.17
Y212D 1.16
T2218 1.16
N211K 1.16
A2221 1.16
E220Q 1.16
L218V 1.15
BO7V 1.12
Q223K 1.12
1205M 1.11
T102K 1.11
S400V 1.10
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Y212F 1.10
E216D 1.10
E220G 1.10
R94A 1.10

Based on these results, MogUGTc3 2 (SEQ ID NO: 29), which has an A307I1 substitution,
was further studied in comparison with MogUGTc3 1. Fermentations using bacterial strains
expressing MogUGTc3 1 or MogUGTc3_2 were carried out in a 96-well plate at 37°C for 72 hrs.
Data were quantified by UPLC-QQQ for MoglIE production. As shown in FIG. 9B, the bacterial
strains expressing MogUGTc3_2 produced about 1.6-fold increased levels of MoglE compared to
the bacterial strains expressing MogUGTc3 1.

E. coli strains expressing mutant derivatives of MogUGTc3_2 were screened for improved
substrate selectivity. These efforts generated MogUGTc3 3 (SEQ ID NO: 30), which has T74M
and F303Y substitutions. MogUGTc3 3 was further studied in comparison with MogUGTc3 2.
Fermentations using bacterial strains producing mogrol and expressing MogUGTc3 2 or
MogUGTc3 3 were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by
UPLC-QQQ for the production of MogIE and two glucosylated 24,25-dihydroxy cucurbitadienol
derivatives, which are undesired side products. As shown in FIG. 9C, the bacterial strains
expressing MogUGTc3 3 produced decreased levels of glucosylated 24,25-dihydroxy
cucurbitadienol derivatives and about 1.25-fold increased levels of MoglE compared to the
bacterial strains expressing MogUGTc3 2. These results suggest, inter alia, that MogUGTc3 3
exhibits improved substrate specificity (e.g., discrimination of mogrol over 24,25-dihydroxy-

cucurbitadienol) compared to MogUGTc3 2.

Cucumis melo UGTc3 (XP_008445481.1, SEQ ID NO: 60, “CmUGTc3 07) was
engineered. Mutant derivatives of CmUGTc3 0 were screened in an enzyme assay for conversion
of Mogrol to MoglE. Assays were carried out in a 96-well plate at 37°C for 72 hrs. Data were
quantified by ultra-high performance liquid chromatography coupled with triple quadrupole mass
spectrometry (UPLC-QQQ) for MoglE production. Effects of the amino acid substitutions were
evaluated by comparing the production of MoglE by a given CmUGTc3 0 variant with that
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produced by CmUGTc3 0. Table 37 shows thirty-four amino acid substitutions and a circular

permutant (CP16) that showed beneficial changes in conversion of Mogrol to MogIE compared

to CmUGTc3 0:

Table 37: Round 1 of CmUGTc3 0 Engineering

Mutation MoglE titer
S408G 1.93
H207N 1.86
S17A 1.74
L47v 1.69
K225E 1.66
G161K 1.57
L46K 1.56
CP8 1.54
CP9 1.53
F71Vv 1.52
R450G 1.50
1422V 1.50
V173P 1.47
S178G 1.45
S224E 1.44
AV423 1.43
Ql6K 1.42
CP10 1.37
CP7 1.36
Q347E 1.33
V211A 1.32
L5o9M 1.32
R397K 1.32
K254D 1.29
141A 1.27
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A257D 1.25
T303A 1.23
AT110 1.22
CP16 1.22
RI138F 1.21
S350A 1.21
L1551 1.18
S418C 1.16
N228D 1.15
QI83E 1.10

Table 38: Circular Permutant Constructs

PCT/US2024/054747

CP Cut Site Linker SEQ ID NO
(Lower)
7 P169 VEMTAANGGGERIK SEQ ID NO: 73
8 P169 VAANGGGERGK SEQ ID NO: 65
9 P177 VEMTAANGGGERIK SEQ ID NO: 74
10 P177 VAANGGGERGK ( SEQ ID NO: 75
16 G250 VAANGGGERGK SEQ ID NO: 76

CmUGTc3_1 (SEQ ID NO: 65), which is a circular permutation of CmUGTc¢3_0 having a

cut-site at position 169, was further studied in comparison with CmUGTc3_0. A circular permutant

retains the same basic fold of the parent enzyme, but has a different position of the N-terminus

(e.g., “cut-site”), with the original N- and C-termini connected, optionally with an additional linker

sequence, with respect to the wild type enzyme, optionally by a linking sequence. For example, in

the circular permutants, the N-terminal Methionine is positioned at a site in the protein other than

the natural N-terminus. Enzyme assays with CmUGTc3_0 or CmUGTc3 1 and mogrol substrate

were carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by UPLC-QQQ for

MoglE production. As shown in FIG. 9D, CmUGTc3 1 enzyme produced over 1.5-fold increased

levels of MoglE compared to the CmUGTc3 0 enzyme.
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Mutant derivatives of CmUGTc3_1 were screened in an enzyme assay for conversion of
Mogrol to MoglE. Assays were carried out in a 96-well plate at 37°C for 72 hrs. Data were
quantified by ultra-high performance liquid chromatography coupled with triple quadrupole mass
spectrometry (UPLC-QQQ) for MoglE production. Effects of the amino acid substitutions were
evaluated by comparing the production of MoglIE by a given CmUGTc3_1 variant with that
produced by CmUGTc3 1. Table 39 shows thirty-seven variants that showed beneficial changes
in conversion of Mogrol to MoglE compared to CmUGTc3_1:

Table 39: Round 2 of CmUGTc3_0 Engineering

Mutation MoglE titer
S11G 1.71
H40N_S310A_S241G_K58E 1.70
$241G L352M S11G _S57E 1.65
L352M _S11G 1.58
H40N KS58E 1.55
L4481 1.54
E441Q 1.54
H40N_G454K 1.53
H40N S310A KS8E S241G L340V | 1.52
$241G S11G K58E 1.51
H40N_S241G 1.50
H40N_S310A 1.49
H40N_S310A_S241G 1.47
H40N _1L352M_G454K _S241G 1.46
H40N L352M G454K 1.45
K58E L352M S11G 1.44
H40N 1.42
1448V 1.32
H40N L340V _S11G S57E 1.29
G454K 1.27
L340V 1.22

103



10

WO 2025/101625 PCT/US2024/054747

L3401 1.22
1255V 1.21
H40G 1.19
S310P 1.17
H450Y 1.15
L352M 1.15
S57E 1.15
S310V 1.15
F364V 1.14
L339Q 1.12
S310A_S241G 1.11
A377E 1.11
S241G 1.10
R283G 1.10
L339K 1.10
A377D 1.10

Based on these results, CmUGTc3 2 (SEQ ID NO: 66), which has an L352M substitution
with respect to CmUGTc3_1, was further studied in comparison with CmUGTc3 1 and another
CmUGTc3 1 derivative having a L448V substitution. Enzyme assays with CmUGTc3_2, the
L448V derivative of CmUGTc3 1, or CmUGTc3 1 and mogrol substrate were carried out in a
96-well plate at 37°C for 72 hrs. Data were quantified by UPLC-QQQ for MoglE and deoxy-
MoglE production. As shown in FIG. 9E, CmUGTc3 2 enzyme produced about 1.2-fold
increased levels of MoglE and reduced levels of deoxy-MogIE to about 0.9 fold compared to the
CmUGTc3 1 enzyme. The L448V derivative of CmUGTc3 1 produced about 1.3-fold increased
levels of MoglE and about 1.2-fold increased levels of levels of deoxy-MoglE compared to the
CmUGTc3_1 enzyme.

Based on the above results, CmUGTc3_3 (SEQ ID NO: 67), which has H40N, 1216A,
S241G, and M352L substitutions with respect to CmUGTc3 1 was further studied in comparison
with CmUGTc3_2. Enzyme assays with CmUGTc3 3 or CmUGTc3_2 and mogrol substrate were
carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified by UPLC-QQQ for MogIE
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and deoxy-MogIE production. As shown in FIG. 9F, CmUGTc3 3 enzyme produced about 1.6-
fold increased levels of MoglE and about 1.1-fold increased levels of levels of deoxy-MogIE
compared to the CmUGTc3 2 enzyme.

Example 9: Engineering of Uridine Diphosphate Dependent Glycosyltransferase Fnzyme (UGT)
Jor C24-Specificity

Mutant derivatives of Glycyrrhiza uralensis (UGT73F24) (MogUGTc24 0, SEQ ID NO:
31) were screened. Briefly, enzyme assays for conversion of MoglIE to MoglIE were carried out
in a 96-well plate at 37°C for 48 hrs. Data were quantified by ultra-high performance liquid
chromatography coupled with triple quadrupole mass spectrometry (UPLC-QQQ) for MoglIE
production. Effects of the amino acid substitutions were evaluated by comparing the production of
MoglIE produced by a given MogUGTc24 0 derivative with that produced by MogUGTc24 0.
Table 40 shows five amino acid substitutions that showed beneficial changes in the titers of

MoglIE compared to MogUGTc24 0:

Table 40: Round 1 of MogUGTc24 Engineering

Mutation MoglIE titer
HI101P 221
A74E 2.14
I91F 1.87
1436L 1.67
Q241E 1.54

Based on these results, MogUGTc24 1 (SEQ ID NO: 32), which has A74E, I91F, and
HI101P substitutions, was further studied in comparison with MogUGTc24 1. Enzyme assays for
conversion of MogIE to MoglIE by MogUGTc24 1 or MogUGTc24 0 were carried out in a 96-
well plate at 37°C for 48 hrs. Data were quantified by UPLC-QQQ for MoglIE production. As
shown in FIG. 10A, MogUGTc24 1 enzyme produced about 3.5-fold increased levels of MoglIE
compared to MogUGTc24 0 enzyme.
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Mutant derivatives of MogUGTc24 1 were screened. Briefly, enzyme assays for

conversion of MoglIE to MoglIE were carried out in a 96-well plate at 37°C for 48 hrs. Data were

quantified by ultra-high performance liquid chromatography coupled with triple quadrupole mass

spectrometry (UPLC-QQQ) for MoglIE production. Effects of the amino acid substitutions were

evaluated by comparing the conversion of MogIE to to MoglIE by a given MogUGTc24 1

derivative with that converted by MogUGTc24 1. Table 41 shows ninety-seven amino acid

substitutions that showed beneficial changes in the titers of MoglIIE compared to MogUGTc24 0:

Table 41: Round 2 of MogUGT<c24 Engineering

Mutation MoglIE titer
S88A 242
T184F 2.16
Y381F 2.09
S164P 2.09
HS57N 2.05
HIS1V 1.97
D86E 1.96
1403V 1.94
H237N 1.90
T95A 1.86
P190E 1.86
F382Y 1.82
Q61H 1.80
H93Q 1.80
D379E 1.79
MOo6T 1.79
S256K 1.78
D109H 1.78
F196L 1.74
L18M 1.72
N306K 1.72
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F105L 1.72
V1741 1.71
Al161D 1.70
E219R 1.69
A240T 1.67
S287C 1.66
HO93K 1.65
12301 1.63
T273S 1.60
N78S 1.60
T80S 1.58
A160S 1.58
RI108E 1.58
Q449R 1.58
M332L 1.58
H38V 1.56
L267V 1.53
Q452E 1.53
K100Q 1.53
S250D 1.53
Vo0l 1.52
H458Y 1.52
R441K 1.51
R421K 1.50
C214Y 1.49
R418A 1.47
E107Q 1.45
N327- 1.45
L97TM 1.45
R220K 1.44
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K100E 1.43
T459S 1.43
K329G 1.43
E74D 1.42
E400Q 1.42
E295Q 1.42
GI63E 1.41
T83S 141
T179K 1.40
D417E 1.39
K182T 1.39
V76l 1.35
W471L 1.34
P157H 1.34
V188L 1.34
C27v 1.34
D104Q 1.33
K280S 1.32
G415K 1.32
N466E 1.32
1176L 131
D431E 1.30
Q241E 1.29
VI106L 1.28
D467E 1.28
V434E 1.25
1221V 1.25
N326M 1.24
R99Q 1.24
Q435E 1.24
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R438S 1.23
V426L 1.23
V236C 1.20
1114L 1.20
S47L 1.18
T51L 1.18
1387V 1.17
G345D 1.16
E212P 1.15
K185T 1.14
DI169N 1.14
E216D 1.14
HS56F 1.13
D104K 1.12
L2021 1.10
HI173E 1.10

Based on these results, MogUGTc24 2 (SEQ ID NO: 33), which has T184F, Y381F,
T95A, P190E, and L18M substitutions, in addition to the substitutions present in MogUGTc24 1,
was further studied in comparison with MogUGTc24 1. Enzyme assays for conversion of MogIE
to MoglIE by MogUGTc24 2 or MogUGTc24 1 were carried out in a 96-well plate at 37°C for
48 hrs. Data were quantified by UPLC-QQQ for MoglIE production. As shown in FIG. 10B,
MogUGTc24 2 enzyme produced about 4.5-fold increased levels of MoglIE compared to
MogUGTc24 1 enzyme.

E. coli strains expressing mutant derivatives of MogUGTc24 2 were screened. Briefly,
fermentations of mogrol producing strains were carried out in a 96-well plate at 37°C for 72 hrs.
Data were quantified by ultra-high performance liquid chromatography coupled with triple
quadrupole mass spectrometry (UPLC-QQQ) for MogIA production. Effects of the amino acid
substitutions were evaluated by comparing the titers of MoglA produced in fermentations by

bacterial strain expressing a given MogUGTc24 2 derivative with bacterial strain expressing
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MogUGTc24 2. Table 42 shows twenty-nine mutants that showed beneficial changes in the titers
of MoglA compared to MogUGTc24 2:

Table 42: Round 3 of MogUGTc24 Engineering

Mutation MoglA titer
D379E 275
T83S/S88A 2.70
S88A 2.61
HS57N/S88A 2.52

1403V/R421K/Q449R | 2.37

1403V 234

T273S/N306K/M332L | 2.34

T273S/S287C/N306K | 2.24

T80S_S88A H93Q |2.13

D379E/F382Y 2.10

D86E/D87D 1.98

L230/H237N/A240T | 1.87

H38V/N78S/D10SH 1.83

N306K 1.77

H38V/S88A 1.75

S88A/MO6T/K100Q 1.72

S250D/T273S/N306K | 1.69

Q449R 1.62

L2301 1.59

H38V/HS7TN/Q61H 1.59
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Q452E 1.54
L267V 1.49
H237N 1.48
F196L/E219R 1.48
E219R 1.47
S250D/S256K 1.43
HS7N 1.41
1145L 1.38
H38V 1.37

Based on these results, MogUGTc24 3 (SEQ ID NO: 34), which has S88A, T273S,
N306K, and M332L substitutions, in addition to the substitutions present in MogUGTc24 2, was
further studied in comparison with MogUGTc24 2. Fermentations using bacterial strains
producing mogrol and expressing MogUGTc24 3 or MogUGTc24 2 were carried outin a 96-well
plate at 37°C for 72 hrs. Data were quantified by UPLC-QQQ for MoglA production. As shown
in FIG. 10C, the bacterial strains expressing MogUGTc24 3 produced about 4-fold increased
levels of MogIA compared to the bacterial strains expressing MogUGTc24 2.

E. coli strains expressing mutant derivatives of MogUGTc24 3 were screened. Briefly,
fermentations of mogrol producing strains were carried out in a 96-well plate at 37°C for 72 hrs.
Data were quantified by ultra-high performance liquid chromatography coupled with triple
quadrupole mass spectrometry (UPLC-QQQ) for MoglA production. Effects of the amino acid
substitutions were evaluated by comparing the titers of MoglA produced in fermentations by
bacterial strain expressing a given MogUGTc24 3 derivative with bacterial strain expressing
MogUGTc24 3. Table 43 shows ten mutants that showed beneficial changes in the titers of MogIA
compared to MogUGTc24 3:

Table 43: Round 4 of MogUGT<c24 Engineering

Mutation MoglA titer
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C270S 1.251
S250D 1.207
F581 1.180
HS57N 1.155
H237N 1.150
1403V_R421K Q449R 1.145
F196L E219R 1.137
T4058 1.129
YOo2L 1.115
Y92S 1.114

Based on these and other results, MogUGTc24 4 (SEQ ID NO: 48), which has F187Y

substitution, in addition to the substitutions present in MogUGTc24 3, was further studied in

comparison with MogUGTc24 3. Fermentations using bacterial strains producing mogrol and
expressing MogUGTc24 3 or MogUGTc24 4 were carried out in a 96-well plate at 37°C for 72
hrs. Data were quantified by UPLC-QQQ for MoglA production. As shown in FIG. 10D, the
bacterial strains expressing MogUGTc24 4 produced about 1.2-fold increased levels of MoglA

compared to the bacterial strains expressing MogUGTc24 3.

E. coli strains expressing mutant derivatives of MogUGTc24 4 were screened. Briefly,
fermentations of mogrol producing strains were carried out in a 96-well plate at 37°C for 72 hrs.
Data were quantified by ultra-high performance liquid chromatography coupled with triple
quadrupole mass spectrometry (UPLC-QQQ) for MoglIA and deoxy-MoglA production. Effects
of the amino acid substitutions were evaluated by comparing the titers of MoglIA and deoxy-
MoglA produced in fermentations, and by calculating the improvement in the specificity to MogIA
conversion by bacterial strain expressing a given MogUGTc24 4 derivative with bacterial strain
expressing MogUGTc24 4. Table 44 shows twenty-three mutants that showed beneficial changes
in the titers of MoglA compared to MogUGTc24 4, with several also showing improved
specificity:

Table 44: Round 5 of MogUGT<c24 Engineering

Mutation | MoglIA titer | Deoxy MoglA titer Specificity Improvement
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S67A 1.40 1.33 Yes
163V 1.39 1.08 Yes
T62Q 138 1.20 Yes
Q68K 1.24 1.16 Yes
Q50A 121 1.36 No
S247A 121 1.29 No
S162T 1.20 1.17 Yes
1132V 1.19 1.01 Yes
L2301 1.19 0.90 Yes

R108K 1.18 1.00 Yes
$35Q 1.16 1.35 No
S256K 1.14 1.22 No
T239N 1.14 1.08 No
Y2831 1.13 1.24 No
E253Q 1.12 1.30 No
V4141 1.12 133 No
L521 1.12 1.23 No
V188M 1.12 1.40 No
M23L 1.11 1.06 No
S198A 1.11 1.08 No
H237N 1.10 1.10 No
D124S 1.10 1.02 No
D379E 0.95 0.59 Yes

Based on these results, MogUGTc24 5 (SEQ ID NO: 49), which has 163V substitution, in

addition to the substitutions present in MogUGTc24 4, was further studied in comparison with

MogUGTc24 4. Fermentations using bacterial strains producing mogrol and expressing
MogUGTc24 5 or MogUGTc24 4 were carried out in a 96-well plate at 37°C for 72 hrs. Data
were quantified by UPLC-QQQ for MogIA and Deoxy MogA production. As shown in FIG. 10E,

the bacterial strains expressing MogUGTc24 5 produced about 1.4-fold increased levels of

113



WO 2025/101625 PCT/US2024/054747

MoglA and only about 1.1 increased levels of Deoxy MogA compared to the bacterial strains

expressing MogUGTc24 4.

E. coli strains expressing mutant derivatives of MogUGTc24 5 were screened. Briefly,
fermentations of mogrol producing strains were carried out in a 96-well plate at 37°C for 72 hrs.
Data were quantified by ultra-high performance liquid chromatography coupled with triple
quadrupole mass spectrometry (UPLC-QQQ) for MoglIA and deoxy-MoglA production. Effects
of mutations were evaluated by comparing the titers of MoglA and deoxy-MoglA produced in
fermentations, and by calculating the improvement in the specificity to MogIA conversion by
bacterial strain expressing a given MogUGTc24 5 derivative with bacterial strain expressing
MogUGTc24 5. Table 45 shows mutants that showed beneficial changes in the titers of MogIA
compared to MogUGTc24 5:

Table 45: Round 6 of MogUGTc24 Engineering

Deoxy Specificity
Mutation MoglA titer | MogIA |Improvement
titer
ET90A 1.34 1.83 No
V4041 1.28 233 No
E190H 1.23 2.38 No
M371V 1.20 2.30 No
M23L 1.19 1.50 No
K306N 1.19 1.96 No
S247G 1.19 2.49 No
T239N 1.16 1.94 No
S35Q 1.16 1.38 No
V76C 1.15 1.95 No
H237A 1.15 1.98 No
F58V 1.13 1.20 No
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F58I 1.10 1.17 No
T62Q/S67A/Q68K/R108K/I132V/S162T/L230I/D379E | 1.10 0.79 Yes
S67A/L230I/D379E 1.04 0.68 Yes

RI108A 0.95 0.70 Yes

M371L 0.95 0.75 Yes

VI188L 0.88 0.54 Yes

1132V/S162T/1.2301 0.85 0.43 Yes
Q68K/1132V/S162T/L230I/D379E 0.77 0.34 Yes

Example 10: Engineering of Uridine Diphosphate Dependent Glycosyltransferase Enzyme (UGT)

Jor 1,6 and 1,2 Branched Glycosylations

Derivatives of Siraitia grosvenorii UGT94-289 (SEQ ID NO: 35) including a circular
permutant thereof with cut-site at V187 (MogUGT1216 0, SEQ ID NO: 36) were screened. A
circular permutant strategy for derivatizing UGT enzymes is disclosed in U.S. Patent No.
10,463,062, which is hereby incorporated by reference in its entirety. Enzymatic assays for
conversion of MoglIE to MogV were carried out using MogUGT1216_0 and its variants, in a 96-
well plate at 37°C for 48 hrs. Data were quantified by UPLC-QQQ for MogV. Table 46 shows
numerous derivatives that showed beneficial changes in the titers of MogV compared to
MogUGT1216_0:

Table 46: Round 1 of Uridine Diphosphate Dependent Glycosyltransferase Enzyme (UGT)

Engineering for 1,6 and 1.2 Branched Glycosylations

Mutation MogV titer
L14V 3.71
H390D 3.06
1270K 2.89
AS332 2.86
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M2571 273
A458S 2.68
L2951 2.63
E254D 2.57
M179K 2.53
A420L 235
QI21K 235
G279Q 227
G457E 2.20
N414E 2.18
D322S 2.18
L266Q 2.17
AG271-8274 2.17
L285V 2.12
A455L 2.12
AA127 2.02
N28K 1.98
V491 1.97
D335S 1.91
AD349 1.90
M451K 1.88
S318P 1.86
S330E 1.84
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A377S 1.83
F397L 1.81
T283R 1.80
S421A 1.80
Ins275_GS 1.80
S29T 1.71
AV3 1.66
K721 1.65
T4A 1.64
W160S 1.63
A108L 1.63
A450K 1.62
H112N 1.61
T281S 1.60
K6G 1.59
L355Y 1.57
AG457/AA458 1.56
S453R 1.55
Q61D 1.55
AE64 1.54
AD7 1.53
$23D 1.53
S251K 1.53
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S374D 1.52
A388K 1.51
P326K 1.50
T430F 1.50
Ins3 GA 1.49
Go63D 1.47
AG271 1.46
Ins459_V 1.46
S440P 1.44
S435E 1.42
Ins459 VT 1.37
AV3-K5 1.37
L423T 1.36
Q403E 1.33
S265V 1.33
Po4L 1.30
T418S 1.29
G186A 1.28
P213E 127
AD275 1.26
F267L 1.24
H431K 1.23
S126K 1.23
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V422M 1.21
N73E 1.18
V443Y 1.18
L427F 1.18
V241 1.16
A297P 1.16
V3S 1.15
K148E 1.14
D214N 1.12
1248K 1.11

Based on these results, MogUGT1216 1 (SEQ ID NO: 37), which has L14V and L266Q
substitutions, in addition to the circular permutation at V187 of SgUGT94 289 1, was further
studied in comparison with SgUGT94 289 1 and MogUGTI1216 0. Enzymatic assays for
conversion of MoglIE to MogV were carried out using MogUGT1216_0, SgUGT94 289 1, and
MogUGT1216 1 in a 96-well plate at 37°C for 48 hrs. Data were quantified by UPLC-QQQ for
MogV. As shown in FIG. 11A, SgUGT94 289 1 produced about 10-fold increased levels of
MogV compared to the circular permutant MogUGT1216 0. Interestingly, MogUGT1216 1
produced about 1.4-fold increased levels of MogV compared to SgUGT94 289 1 (FIG. 11A).

The effects of L14V and L266Q mutations present in MogUGT1216_1 were separately
explored. Towards that, MogUGT1216 0 derivatives having L14V and L266Q single mutants
were created and studied in comparison with MogUGT1216 0 (having no mutation). Enzymatic
assays for conversion of MoglIE to various mogrosides were carried out using in a 96-well plate
at 37°C for 48 hrs. Data were quantified by UPLC-QQQ for different mogrosides and plotted,
normalizing the amounts of Moglll, MoglV-A, Siamenoside, and MogV produced to the
productivity of MogUGT1216 0. L14V (Mutl) and L266Q (Mut16) single mutants produced an
about 2 fold and about 5 fold increased amount of MogV, respectively (FIG. 11B). In contrast, as
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shown in FIG. 11B, the 1.14V/1.266Q double mutant produced about 18-fold increased levels of
MogV compared to MogUGT1216 0. L14V single mutant and L266Q single mutant also

produced substantially higher amounts of siamenoside (FIG. 11B).

Derivatives of MogUGT1216_1 were screened using enzymatic assays for conversion of

MogIVA to MogV. The enzymatic assays were carried out using MogUGT 1216 _1 and its variants,
in a 96-well plate at 37°C for 48 hrs. Data were quantified by UPLC-QQQ for MogV. Table 47

shows derivatives that showed beneficial changes in the titers of MogV compared to

MogUGT1216 _1:

Table 47: Round 2 of Uridine Diphosphate Dependent Glycosyltransferase Enzyme (UGT)

Engineering for 1,6 and 1,2 Branched Glycosylation

Mutation MogV titer
W160P 2.93
AD349 228
AG271-G273 222
G419S 2.16
G457E 2.06
NI16E 1.99
Al5L 1.97
H390D 1.97
P329S 1.81
L249M 1.71
25V 1.69
Q338E 1.68
AS332 1.68
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P326H 1.65
M260A 1.63
I10L 1.49
P329N 1.49
L295V 1.48
H370L 1.48
K269G 1.47
C228 1.47
P329G 1.47
E254D 1.47
C17S 1.44
T368A 1.44
P329A 1.44
K256D 1.41
S333Y 1.41
K227R 1.36
D335S 1.36
M2571 1.34
Q350E 1.31
A458S 1.31
A263E 1.31
L392V 1.28
S330E 1.28
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K9S 1.25
K327R 1.22
Q121K 1.22
M145L 1.20
L2951 1.16
E58D 1.15
M38I 1.12
H19K 1.12
V2221 1.12
8374Q 1.10
P326S 1.10

PCT/US2024/054747

Based on these results, MogUGT1216_2 (SEQ ID NO: 38), which has W160P and H390D

substitutions, in addition to the mutations present in MogUGT1216 1, was further studied in

comparison with MogUGT1216_1. Enzymatic assays for conversion of MoglIIE to MogV were
carried out using MogUGT1216_0, and MogUGT1216 1 in a 96-well plate at 37°C for 48 hrs.
Data were quantified by UPLC-QQQ for MogV. As shown in FIG. 11C, MogUGT1216 2 (SEQ
ID NO: 38) produced about 19-fold increased levels of MogV compared to MogUGT1216 1.

Derivatives of MogUGT1216_2 were screened in a Mog IIE production strain. Production

of downstream mogrosides including MogV were quantified and the total UDP-glucose

consumption was determined by the quantity of product produced and the number of total

glycosylations catalyzed by the enzyme. The assay was carried out in a 96-well plate at 37°C for
72 hrs. Data were quantified by UPLC-QQQ for conversion of MoglIIE to MogV. Table 48 shows
derivatives that showed beneficial changes in the titers of MogV compared to MogUGT1216 2:

Table 48: Round 3 of Uridine Diphosphate Dependent Glycosyltransferase Enzyme (UGT)

Engineering for 1.6 and 1.2 Branched Glycosylation
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Mutation|MogV titer
1216 2 [1.03
C17S 1.42
H19E 1.66
HI19K |1.14
C22S 1.29
T281S [1.49
S318K  |1.97
Q338E [1.43
C343P |1.31
S421A  |1.40
A450K |1.30
GASTE |1.42

PCT/US2024/054747

Based on these results, MogUGT1216_3 (SEQ ID NO: 90), which has HI9E, T2818S, and

S318K substitutions, in addition to the mutations present in MogUGT1216_2, was further studied

in comparison with MogUGT1216 2. Enzymatic assays for conversion of MoglIE to MogV were
carried out using MogUGT1216_0, and MogUGT1216 1 in a 96-well plate at 37°C for 48 hrs.
Data were quantified by UPLC-QQQ for MogV. As shown in FIG. 11D, MogUGT1216_3 (SEQ
ID NO: 90) produced about 1.6-fold increased levels of MogV compared to MogUGT1216 2.

Derivatives of MogUGT1216 3 were screened in a Mog IIE production strain. Production

of downstream mogrosides including MogV were quantified and the total UDP-glucose

consumption was determined by the quantity of product produced and the number of total

glycosylations catalyzed by the enzyme. The assay was carried out in a 96-well plate at 37°C for

72 hrs. Data were quantified by UPLC-QQQ for conversion of MoglIIE to MogV. Table 49 shows

derivatives that showed beneficial changes in the titers of MogV compared to MogUGT1216 2:
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Table 49: Round 4 of Uridine Diphosphate Dependent Glycosyltransferase Enzyme (UGT)

Engineering for 1.6 and 1.2 Branched Glycosylation

Mutation MogV titer|
A203V_A209V 1.21
P94M 1.20
YS7R 1.20
YSTL 1.17
Q218S 1.16
Y432D 1.16
F267E 1.13
A108L 1.12
S333Y _D335Q 1.12
S435V_K436E _S440P(1.11
C17S 1.11
V43S 1.10

These results demonstrate that the above mutant derivatives provide a further improvement

in the titers of MogV compared to MogUGT1216 2.
Example 11: Engineering of Coffea arabica Uridine Diphosphate Dependent Glycosyltransferase

Derivatives of Coffea arabica uridine diphosphate dependent glycosyltransferase 1,6
(MogUGT16_0, SEQ ID NO: 39) were constructed and screened using enzymatic assays for
conversion of MoglIE to MogV. The enzymatic assays were carried out using MogUGT16_0 and
its variants, in a 96-well plate at 37°C for 48 hrs. Data were quantified by UPLC-QQQ for MogV.
Table 50 shows derivatives that showed beneficial changes in the titers of MogV compared to

MogUGT16 0:

Table 50: Round 1 of Coffea arabica Uridine Diphosphate Dependent Glycosyltransferase

Engineering

Mutation MogV titer
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G150F 64.02
T147L 54.17
N207K 37.82
K270E 30.96
L354V 24.03
V281L 22.90
L13F 15.37
M394V 9.76
T32A 9.63
V281Q 7.81
K101A 7.80
T256V 7.30
C219E 6.60
V175K 6.38
K270P 6.01
S43T 5.97
D285P 5.65
A377TV 527
E74G 525
T303A 4.87
N283G 4.84
D95K 3.75
Y452N 1.75
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F217L 1.06

Based on these results, MogUGT16 1 (SEQ ID NO: 40), which has T147L and N207K
substitutions was further studied in comparison with MogUGT16 0. Enzymatic assays for
conversion of MoglIIE to MogV were carried out using MogUGT16_0 and MogUGT16_1 in a 96-
well plate at 37°C for 48 hrs. Data were quantified by UPLC-QQQ for MogV. As shown in FIG.
12, MogUGT16 1 produced more than about 40-fold increased levels of MogV compared to
MogUGT16 0.

Example 12: Strategies to Increase the Production of 2,3, 22,23-Dioxidosqualene Precursor

PntAB is a membrane-bound transhydrogenase that generates NADPH in F. coli. Since
NADPH is required as a cofactor for each of the two oxygenation reactions catalysed by the
squalene epoxidase (FIG. 1), to provide additional NADPH for the two oxygenation reactions
catalysed by the squalene epoxidase, a strain that overexpresses native . coli pnt4-pntB genes (by
gene complementation) was constructed and the levels of 2,3;22,23-dioxidosqualene produced by
this strain were analysed. Briefly, fermentation was carried out in a 96-well plate at 37°C for 72
hrs. Data were quantified by GC-FID for 2,3:22,23-dioxidosqualene production. As shown in FIG.
13A, the strain overexpressing pntAB (SEQ ID NOs: 41 and 42) produced about 1.4-fold more
2,3;22 23-dioxidosqualene, compared to a strain that does not overexpress pntAB. There results
indicate, inter alia, that extra NADPH produced by PntAB enabled more squalene to be converted

into 2,3-oxidosqualene and then subsequently to 2,3;22,23-dioxidosqualene.

The next question addressed was whether the overexpression of native £.coli pntA-pntB
genes would increase 24,25-epoxy cucurbitadienol production if enzymes that catalyze
epoxidation of squalene to 2,3;22,23-dioxidosqualene and cyclization of 2,3;2223-
dioxidosqualene to 24,25-epoxy cucurbitadienol were coexpressed. Therefore, F. coli strains
expressing SQS, SQE, ECDS, and EPH with or without the overexpression of native F.coli pntA-
pntB were constructed and studied. Briefly, fermentation was carried out in a 96-well plate at 37°C
for 72 hrs. Data were quantified by GC-FID for 24,25-epoxy cucurbitadienol production (24,25
dihydroxy cucurbitadienol measured as a proxy). As shown in FIG. 13B, shows the strain
expressing pntAB produced about 1.9-fold more 24,25-epoxy cucurbitadienol, compared to a strain

that does not overexpress pntAB. There results indicate, infer alia, that extra NADPH produced by
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PntAB enabled more squalene to be converted into 2,3-oxidosqualene and then subsequently to

2,3;22,23-dioxidosqualene.

To further explore the role of supplementation of reduction power, strain having
genomically integrated cassettes overexpressing native F.coli fldA (SEQ ID NO: 43) or
heterologous Cv.fdx (an fdx homolog from Allochromatium vinosum ,SEQ ID NO: 44) were
constructed in strains that express SQS and SQE. These strains were studied in comparison with a
wild type strain that overexpresses SQS and SQE without overexpression of E.coli fld4 or Cy.fdx.
Briefly, fermentation was carried out in a 96-well plate at 37°C for 72 hrs. Data were quantified
by GC-FID for squalene, 2,3-oxidosqualene, and 2,3:22,23-dioxidosqualene production. As shown
in FIG. 13C, the strain overexpressing native F.coli fldA produced about 4-fold increased levels
of 2,3:22,23-dioxidosqualene compared to the strain that only overexpresses SQS and SQE.
Similarly, the strain overexpressing heterologous Cv.fdx also produced more 2,3-oxidosqualene,
and 2,3:22 23-dioxidosqualene compared to the strain that only that overexpresses SQS and SQE.
There results indicate, infer alia, that provision of extra electron carrier such as ferrodoxin or
flavodoxin, may results in availability of extra NADPH, which enabled more squalene to be

converted into 2,3-oxidosqualene and then subsequently to 2,3;22,23-dioxidosqualene.

Example 13: Increased Production of Mogrol and 24,24-Dihydroxycucurbitadienol in a Strain
having Reduced Expression of the YbhGFSR ABC Type Transporter

Overexpression of the ABC pumps, such as that encoded by the ybhGI'SR operon, can be
exploited for increasing the production of compounds in microbial cells. Accordingly, derivatives
of a strain expressing the entire metabolic pathway for producing mogrol were constructed and

tested.

For these experiments, a parental strain that expresses the entire metabolic pathway for
producing mogrol was modified and evaluated. To evaluate the role of the ybAGFSR operon, a
strain having the ybhGFSR operon deleted from the chromosome was constructed and evaluated
in comparison with the parental ybhGESR™ strain. The strains were grown in a 96-well plate at
37°C for 72 hrs. Samples of the entire cultures, including cell and culture supernatant, were
extracted and analyzed. Data were quantified by LC-DAD for 2,3:22,23-dioxidosqualene, 24,25-
dihydroxy cucurbitadienol, and mogrol production and normalized with the production by the

parental strain. Surprisingly, as shown in FIG. 14A, the ybhGFSR operon deletant strain exhibited
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increased 24,25-dihydroxy cucurbitadienol + mogrol production compared to the parental strain.
The ybhGEFSR operon deletant strain exhibited decreased production of 2,3;22,23-dioxidosqualene
compared to the parental strain (FIG. 14A).

To further evaluate this phenomenon, the parental strain that expresses the entire metabolic
pathway for producing mogrol was modified to create an hypomorphic ybhG allele. Briefly, the
ybhG ribosome binding site in the chromosome was replaced with a weaker version than the native
sequence to create the ybhG hypomorphic allele. The strain having the hypomorphic ybhG allele
was evaluated in comparison with the parental ybAGFSR" strain. The strains were grown in a 96-
well plate at 37°C for 72 hrs. Samples of the entire cultures, including cell and culture supernatant,
were extracted and analyzed. Data were quantified by LC-DAD for 2,3:22,23-dioxidosqualene,
24,25-dihydroxy cucurbitadienol, and mogrol production and normalized with the production by
the parental strain. As shown in FIG. 14B, the strain harboring the ybh2G hypomorphic allele
exhibited increased 24,25-dihydroxy cucurbitadienol + mogrol production compared to the
parental strain. The strain harboring the ybhG hypomorphic allele also exhibited decreased
production of 2,3:22 23-dioxidosqualene compared to the parental strain (FIG. 14B).

To understand the effect of overexpression of the ypAGESR operon, the parental strain that
expresses the entire metabolic pathway for producing mogrol was modified to overexpress the
ybhGFSR operon. Briefly, the ybhF gene deleted from the chromosome and the ybhGFSR operon
was overexpressed from a plasmid. The strain overexpressing the ybh(GF SR operon was evaluated
in comparison with the parental ybAGFSR" strain. The strains were grown in a 96-well plate at
37°C for 72 hrs. Samples of the entire cultures, including cell and culture supernatant, were
extracted and analyzed. Data were quantified by LC-DAD for 2,3:22,23-dioxidosqualene, 24,25-
dihydroxy cucurbitadienol, and mogrol production and normalized with the production by the
parental strain. As shown in FIG. 14C (top panel), the strain that overexpresses of the ybhGFSR
operon exhibited decreased 24,25-dihydroxy cucurbitadienol + mogrol production compared to
the parental strain, with an increase in 2,3:2223-dioxidosqualene, 24,25-dihydroxy
cucurbitadienol, and mogrol collectively. The strain that overexpresses of the ybhGFSR operon is
confirmed to exhibit a substantial increased production of 2,3;22,23-dioxidosqualene compared to

the parental strain (FIG. 14C (bottom panel)).
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These results demonstrate that hypomorphic or null mutations in the yba(GFSR operon
increase the production of mogrol and/or its immediate precursor 24,25-dihydroxy
cucurbitadienol, while decreasing the production of 2,3;22,23-dioxidosqualene. These results also
demonstrate that the overexpression of the ybhGFSR operon decreases the production of mogrol
and/or its immediate precursor 24,25-dihydroxy cucurbitadienol, while increasing the production
of 2,3;22,23-dioxidosqualene. Without wishing to be bound by theory, it is believed that the
YbhGFSR ABC type transporter increases efflux of 2,3;22,23-dioxidosqualene, preventing it’s
conversion to downstream products. Reduced expression of the ybAGFSR transporter increases
intracellular (int.) 2,3;22,23-dioxidosqualene, and improves conversion to downstream products

24,25-dihydroxy cucurbitadienol and mogrol.
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SEQUENCES

Squalene Epoxidase

Methylomonas lenta SQF (SEQ ID NO: 1)

MAKEEFDICIIGAGMAGATISAYLAPKGIKIALIDHCYKEKKRIVGELLOPGAVLSLEQMGLSH
LLDGFEAQTVKGYALLOGNEKTTIPYPSQHEGIGLHNGRFLQOIRASALENSSVTQIHGKALQL
LENERNEIIGVSYRESITSQIKSIYAPLTITSDGFFSNFRAHLSNNOQKTVTSYFIGLILKDCEM
PFPKHGHVFLSGPTPFICYPISDNEVRLLIDFPGEQLPRKNLLOQEHLDTNVTPYIPECMRSSYA
QATQEGGEFKVMPNHYMAAKPIVRKGAVMLGDALNMRHPLTGGGLTAVESDIQILSAHLLAMPDF
KNTDLIHEKIEAYYRDRKRANANLNILANALYAVMSNDLLKTAVFKYLOCGGANAQESIAVLAG
LNRKHESLIKQFCFLAVEGACNLLQQSISNIPKALKLLKDAEFVIIKPLIKNELS

SQE 1 (SEQ ID NO: 2)

MAKEEFDICIIGAGMAGATISAYLAPKGIKIALIDRCYKEKKRIVGELLQPGAVLSLEQMGLSH
LLDGFEAQTVKGYALLQGNEKTTIPYPSQHEGIGLHNGRFLOOIRASALENSSVTQIHGKALQL
LENERNEIIGVSYRESITSQIKSIYAPLTITSDGFASNFRAHLSNNOQKTVTSYFIGLILKDCEM
PFPKHGHVFLSGPTPFICYPISDNEVRLLIDFPGEQLPRKNLLOEHLDTNVTPYIPECMRSSYA
OATIQEGGEFKVMPNHYMAAKPIVRKGAVLLGDALNMRHPLTGGGLTAVESDIQILSAHLLAMPDFE
KNTDLTHEKIEAYYRDRKRANANLNITANALYAVMSNDLLKTAVFKYLQCGGANAQESIALLAG
LNRKHEFSLIKQYCFLAVEFGACNLLQOSISNIPKALKLLKDAFVIIKPLIKNELS

SQE 2 (SEQ ID NO: 3)

MAKEEFDICIIGAGMAGATISAYLAPKGIKIALIDRCYKEKKRIVGELLOPGAVLSLEQMGLSH
LLDGFEAQTVKGYALLOQGNEKTTIPYPSQHEGIGLHNGRFLOQIRASALENESVTQIHGKALQL
LENERGEIIGVSYRESHTSQIKSIYAPLTITSDGFASNFRRHLSNNQKTVTSYFIGLILKDCEM
PFPKHGHVFLSGPTPFICYPISDNEVRLLIDFPGEQLPRKNLLOEHLDTNVTPYIPECMRSSYA
QOATQEGGFKVMPNHYMAAKPIVRKGAVLLGDALNMRHPLTGGGLTAVESDIQILSAHLLAMPDF
KNTDLIHEKIEAYYRDRKRANANLNITLANALYAVMSNDLLKTAVEFKYLQCGGANAQESIALLAG
LNRKHESLIKQYCEFLVVEGACNLLQOSISNIPKALKLLKDAFVIIKPLIKNELS

SQE 4 (SEQ ID NO: 4)

MAKEEFDICIIGAGMAGATISAYLAPKGIKIALIDRCYKEKKRIVGELLOQPGAVLSLEQMGLSH
LLDGFEAQTVKGYALLOGNEKTTIPYPSQHEGIGLHNGRFLQQIRASALENESVTQIHGKALQL
LENERGEIIGVSYRESHTSQIKSIYAPLTITSDGFNSNFRRHLSNNQKTVTSYFIGLILKDCEM
PFPKHGHVFLSGPTPFICYPISDNEVRLLIDFPGEQLPRKNLLOEHLDTNVTPYIPECMRSSYA
QATQEGGEFKVMPNHYMAAKPIVRKGAVLLGDALNMRHPLTGGGLTAVEFSDIQILSAHLLAMPDF
KNTDLIHEKIEAYYRDRKRANANLNITLANALYAVMSNDLLKTAVEKYLOCGGANAQES IALLAG
LNRKHESLIKQYCFLVVEGACNLLQQSISNIPKALKLLKDAFVIIKPLIKNELS

Methylococcus capsulatus SQE (McSQE 0) (SEQ ID NO: 77)
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MASSIELGEWDVLIAGGSVAGSAAAAALSGLGLRVLIVEPDPDPGRRLAGELIHPPGIDGLLEL
GLIHDDVPQGSVVNGFAIFPENDGEGAPATLLPYGETHGROQRCGRVIEHTLLKSHLLETVRGEFE
RVSVWLGARVTGMEHEDGKGYVATVTHEGTETRMEVRLI IGADGPMSQLRKMVGISHETQRYSG
MIGLEVEDTHLPNPGYGNIFLNPAGVSYAYGIGGGRARVMFEVLKGADSKESIRDHLRLFPAPF
RGDIEAVLAQGKPLAAANYCIVPEASVKANVALVGDARGCCHPLTASGITAAVKDAFVMRDALQ
ATGLNFEAALKRYSVQCGRLOLTRRTLAEELREAFLAQTPEAELLSQCIEFSYWRNSPKGRQOASM
ALLSTLDSSIFSLASQYTLVGLOQAFRLLPQWLGAKMGGDWFRGVAQLVSKSLKFQODALNQALR
AK

McSQFE 1 (SEQ ID NO: 78)

MASSIELGEWDVLIAGGSVAGSAAAAALSGLGLRVLIVEPDPDPGRRLAGELIHPPGIDGLLEL
GLIHDDVPQGSVVNGFAIFPFNDGEGAPATLLPYGETHGRQRCGRVIEHTLLKSHLLETVRGEE
RVSVWLGARVTGMEHEDGKGYVATVTHEGTETRMEVRLIIGADGPMSQLRKMVGISHETQRYSG
MIGLEVEDTHLPNPGYGNIFLNPAGVSYAYGIGGGRARVMFEVLKGADSKESIRDHLRLFPAPFE
RGDIEAVLAQGKPLAAANYCIVPEASVKANVALVGDARGCCHPLTASGITAAVKDAFVMRDALQ
ATGLNFEAALKRYSVQCGRLOLTRRTLAEELREAFLAQTPEAELLRQCIFSYWRNSPKGRQASM
ALLSTLDSSIFSLASQYTLVGLOAFRLLPOWLGAKMGGDWFRGVAQLVSKSLKFQODALNQALR
AK

McSQE 2 (SEQ ID NO: 79)

MASSIELGEWDVLIAGGSVAGSAAAAALSGLGLRVLIVEPHPDPGRRLAGELIHPPGIDGLLEL
GLIHDDVPOQGSVVNGFAIFPENDGEGAPATLLPYGEITHGROQRCGRVIEHTLLKSHLLETVRGEE
RVSVWLGARVTGMEHEDGKGYVATVTHEGTETRMEVRLIIGADGPMSQLRKMVGISHETQRYSG
MIGLEVEDTHLPNPGYGNIFLNPAGVSYAYGIGGGRARVMFEVLKGADSKESIRDHLRLFPAPFE
RGDIEAVLAQGKPLAAANYCIVPEASVKANVALVGDARGCCHPLTASGITAAVKDAFVLRDALQ
ATGLNFEAALKRYSVQCGRLOLTRRTLAEELREAFLAQTPEAELLRQCIFSYWRNSPKGRQASM
ALLSTLDSSIFSLASQYTLVGLOAFRLLPOWLGAKMGGDWEFRGVAQLVSKSLKFQODALNQALR
AK

Epoxide Hydrolases

Siraitia grosvenorii EPH3 (EPH 0) (SEQ ID NO: 5)

MADQIEHITINTNGIKMHIASVGTGPVVLLLHGFPELWYSWRHQOLLYLSSVGYRAIAPDLRGYG
DTDSPASPTSYTALHIVGDLVGALDELGIEKVFLVGHDWGAITAWYFCLFRPDRIKALVNLSVQ
FIPRNPAIPFIEGFRTAFGDDEFYMCRFQVPGEAEEDFASIDTAQLFKTSLCNRSSAPPCLPKET
GFRAIPPPENLPSWLTEEDINYYAAKFKOQTGEFTGALNYYRAFDLTWELTAPWTGAQIQVPVKET
VGDSDLTYHFPGAKEY IHNGGFKKDVPLLEEVVVVKDACHFINQERPOQEINAHTIHDEINKE
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EPH 1 (SEQ ID NO: ©6)

MADQIEHITINTNGIKMHIASVGTGPVVLLLHGFPELWYSWRHOLLYLSSVGYRAIAPDLRGYG
DTDAPASPTSYTALHIVGDLVGALDELGIEKVFLVGHDWGAI TAWY FCLFRPDRIKALVNLSVA
FIPRNPAIPFIESFRQVEFGDDEYMCRFQVPGEAEADFASIDTAQLFKTSLCNRSSAPPCLPKGI
GFRAIPPPENLPSWLTEEDINYYAAKFKQTGEFTGALNYYRAFDLTWELTAPWTGAQIQVPVKET
VGDSDMTYHFPGAKEYTHNGGFKKDVPLLEEVVVVKDAGHFIQQOERPOQEINAHTHDEFINKE

Cucurbitadienol Synthases (CDS)

Citrullus colocynthis (CcCDS2; ECDS 0) (SEQ ID NO: 7)

MAWRLKVGAESVGEKEEKWLKS ISNHLGROVWEEFCAHQPTASPNHLQOIDNARNHERNNREHRK
QSSDLELAIONEKEIANVTKGGGIKVKEEEDVRKETVKNTVERALSFYSATQTNDGNWASDLGG
PMFLLPGLVIALYVTGVLNSVLSKHHRQEMCRYLYNHONEDGGWGLHIEGTSTMFGSALNYVAL
RLLGEDADGGEGGAMTKARSWILDRGGATAITSWGKLWLSVLGVYEWSGNNPLPPEFWLLPYCL
PFHPGRMWCHCRMVYLPMSYLYGKREFVGPITPIVLSLRKELYTIPYHE IDWNRSRNTCAKEDLY
YPHPKMODILWGS IYHLYEPLFTRWPGKRLREKALOMAMKHIHYEDENSRYICLGPVNKVLNML
CCWVEDPYSDAFKFHLORVPDYLWVAEDGMRMOGYNGSQLWDTAFSVQATIISTKLIDSFGTTLK
KAHDEVKDSQIQQODCPGDPNVWFRHIHKGAWPESTRDHGWLISDCTAEGLKASTIMLSKLPSKIV
GEPLEKSRLCDAVNVLLSLONENGGFASYELTRSYPWLELINPAETFGDIVIDYPYVECTSATM
FALTLFKKLHPGHRTKEIDIAVARAANFLENMORTDGSWYGCWGVCFTYAGWFGIKGLVAAGRT
YNSCVAIRKACDFLLSKELPGGGWGESYLSCONKVYTNLEGNRPHLVNTAWVLMALIEAGOAER
DPAPLHRAARLLINSQLENGDFPOQEEIMGVENKNCMITYAAYRNIFPIWALGEYFHRVLTE

ECDS 1 (SEQ ID NO: 8)

MAWRLKVGAESVGEKEEKWLKS INNHLGRQVWEFDAHQPTASPNHLQQIDNARNHEFRNNRFHRK
QOSSDLEFLATIONEKETIANVTKGGGIKVKEEEDVRKETVKNTVERALSFYSATQTNDGNWASDLGG
PMFLLPGLVIALYVTGVLNSVLSKHHRQEMCRYLYNHONEDGGWGLHIEGTSTMEFGSALNYVAL
RLLGEDADGGEGGAMTKARSWILDRGGATAITSWGKLWLSVLGVYEWSGNNPLPPEFWLLPYCL
PFHPGRMWCHCRMVYLPMSYLYGKREFVGPITPIVLSLRKELYTIPYHEIDWNRSRNTCAKEDLY
YPHPKMODILWGS IYHLYEPLFTRWPGKRLREKALOMAMKHIHYEDENSRYICLGPVNKVLNML
CCWVEDPYSDAFKFHLORVPDYLWVAEDGMRMOGYNGSQLWDTAFSVQATISTKLIDSFGTTLK
KAHDEVKDSQIQQODCPGDPNVWFRHIHKGAWPEFSTRDHGWLISDCTAEGLKASIMLSKLPSKIV
GEPLEKSRLCDAVNVLLSLONENGGFASYELTRSYPWLELINPSETFGDIVIDYPYVECTSATM
FALTLFKKLHPGHRTKEIDIAVARAANFLENMORTDGSWYGCWGVCEFTYAGWFGIKGLVAAGRT
YNSCVAIRKACDFLLSKELPGGGWGESYLSCONKVYTNLEGNRPHLVNTAWVLMALIEAGQAER
DPAPLHRAARLLINSQLENGDFPQEEIMGVENKNCMITYAAYRNIFPIWALGEYFHRVLTE

ECDS 2 (SEQ ID NO: 9)
MAWRLKVGAESVGEKEEKWLKS INNHLGROVWEFDAHQPTASPNHLQQOIDNARNHEFRNNRFHRK
QSSDLEFLATONEKETIANVTKGGGIKVKEEEDVRKETVKNTVERALSFYSATQTNDGNWASDLGG

PMFLLPGLVIALYVTGVLNSVLSKHHRQEMCRYLYNHONEDGGWGLHIEGTSTMEFGSALNYVAL
RLLGEDADGGEGGAMTKARSWILDRGGATAITSWGKLWLSVLGVYEWSGNNPLPPEFWLLPYCL
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PFHPGRMWCHCRMVYLPMSYLYGKREFVGPITPIVLSLRKELYTIPYHEIDWNRSRNTCAKEDLY
YPHPKMODILWGS IYHLYEPLFTRWPGKRLREKALOMAMKHIHNYEDENSRY ICLGPVNKVLNML
CCWVEDPYSDAFKFHLORVPDYLWVAEDGMRMOGYNGSQLWDTAFSVQAITISTKLIDSFGTTLK
KAHDEVKDSQIQQODCPGDPNVWFRHIHKGAWPEFSTRDHGWLVSDCTAEGLKASIMLSKLPSKIV
GEPLEKSRLCDAVNVLLSLONENGGFASYELTRSYPWLELMNPSETFGDIVIDYPYVECTSATM
FALTLFKKLHPGHRTKEIDIAVARAANFLENMORTDGSWYGCWGVCFTYAGWFGIKGLVAAGRT
YNSCVAIRKACDFLLSKELPGGGWGESYLSCONKVYTNLEGNRPHLVNTAWVLMALIEAGQAER
DPAPLHRAARLLINSQLENGDFPOQEEIMGVENKNCMITYAAYRNIFPIWALGEYFHRVLTE

ECDS_3 (SEQ ID NO: 10)

MAWRLKVGAESVGEKEEKWLKS INNHLGROVWEEFDAHQPTASPNHLOQOIENARNHERNNRFHRK
QSSDLEFLATIONEKETIANVTKGGGIKVKEEEDVRKETVKNTVERALSFYSATIQTNDGHWASDLGG
PMFLLPGLVIALYVTGVLNSVLSKHHRQEMCRYLYNHONEDGGWGLHIEGTSTMFGSALNYVAL
RLLGEDADGGEGGAMTKARSWILDRGGATAITSWGKLWLSVLGVYEWSGNNPLPPEFWLLPYCL
PFHPGRMWCHCRMVYLPMSYLYGKRFVGPITPIVLSLRKELYTIPYHE IDWNRSRNTCAKEDLY
YPHPKMODILWGS IYHLYEPLFTRWPGKRLREKALOMAMKHIHYEDENSRY ICLGPVNKVLNML
CCWVEDPYSDAFKFHLARVPDYLWVAEDGMRMQOGYNGSQLWDTAFSVQAITISTKLIDSFGTTLK
KAHDEVKDSQIQQDCPGDPNVWFRHIHKGAWPEFSTRDHGWLVSDCTAEGLKASIMLSKLPSKIV
GEPLEKSRLCDAVNVLLSLONENGGFASYELTRSYPWLELMNPSETFGDIVIDYPYVECTSATM
FALTLFKKLHPGHRTKEIDIAVARAANFLENMORTDGSWYGCWGVCFTYAGWFGIKGLVAAGRT
YNSCVAIRKACDFLLSKELPGGGWGESYLSCONKVYTNLEGNRPHLVNTAWVLMALIEAGQAER
DPAPLHRAARLLINSQLENGDFPQEEIMGVENKNCMITYAAYRNIFPIWALGEYFHRVLTE

ECDS 4 (SEQ ID NO: 11)

MAWRLKVGAESVGEKEEKWLKS INNHLGROVWEFDAHQPTASPNHLQOIENARNHERNNREFHRK
QSSDLEFLAIONEKEIANVTKGGGIKVKEEEDVRKETVKNTVERALSFYSATQTNDGHWASDLGG
PMFLLPGLVIALYVTGVLNSVLSKHHRQEMCRYLYNHONEDGGWGLHIEGTSTMEFGSALNYVAL
RLLGEDADGGEGGAMTKARSWILDRGGATAITSWGKLWLSVLGVYEWSGNNPIPPEFWLLPYCL
PFHPGRMWCHCRMVYLPMSYLYGKRFVGPITPIVLSLRKELYTIPYHE IDWNRSRNTCAKEDLY
YPHPKMODILWGS IYHLYEPLFTRWPGKRLREKALOMAMKHIHYEDENSRY ICLGPVNKVLNML
CCWVEDPYSDAFKFHLARVPDYLWVAEDGMRMOGYNGSQLWDTAEFSVOAIISTKLIDSEFGTTLK
KAHDEVKDSQIQQODCPGDPNVWFRHIHKGAWPEFSTRDHGWLVSDCTAEGLKASIMLSKLPSKIV
GEPLEKSRLCDAVNVLLSLONENGGFASYELTRSYPWLELMNPSETFGDIVIDYPYVECTSATM
FALTLFKKLHPGHRTKEIDIAVARAANFLENMQORTDGSWYGCWGVCFTYAGWFGIKGLVAAGRT
YNSCVAIRKACDFLLSKELPGGGWGESYLSCONKVYTNLEGNRPHLVNTAWVLMALIEAGQAER
DPAPLHRAARLLINSQLENGDFPOEEIMGVENKNCMITYAAYRNIFPIWALGEYFHRVLTE

ECDS 5 (SEQ ID NO: 12)

MAWRLKVGAESVGEKEEKWLKS INNHLGROQVWEFDAHQPTASPNHLQOQIENARNHERNNREFHRK
QSSDLEFLAIONEKEIANVTKGGGIKVKEEEDVRKETVKNTVERALSFYSATQTNDGHWASDLGG
PMFLLPGLVIALYVTGVLNSVLSKHHRQEMCRYLYNHONEDGGWGLHIEGTSTMEGSALNYVAL
RLLGEDADGGEGGAMTKARSWILDRGGATAITSWGKLWLSVLGVYEWSGNNPIPPEFWLLPYCL
PFHPGRMWCHCRMVYLPMSYLYGKREFVGPITPIVLSLRKELYTIPYHE IDWNRSRNTCAKEDLY
YPHPKMQODILSGSIYHLYEPLFTRWPGKRLREKALOMAMKHIHYEDENSRYICLGPVNKVLNML
CCWVEDPYSDAFKFHLARVPDYLWVAEDGMRMOGYNGSQLWDTAEFSVOAIISTKLIDSEFGTTLK

133



10

15

20

25

35

40

WO 2025/101625 PCT/US2024/054747

KAHDEFVKDSQOIQQODCPGDPNVWEFRHIHKGAWPESTRDHGWLVSDCTAEGLKASLMLSKLPSKIV
GEPLEKSRLCDAVNVLLSLONENGGFASYELTRSYPWLELMNPSETFGDIVIDYPYVECTSATM
EALTLFKKLHPGHRTKEIDIAVARAANFLENMORTDGSWYGCWGVCFTYAGWFGIKGLVAAGRT
YNSCVAIRKACDFLLSKELPGGGWGESYLSCONKVYTNLEGNRPHLVNTAWVLMALTIEAGQAER
DPAPLHRAARLLINSQLENGDFPQEEIMGVENKNCMITYAAYRNIFPIWALGEYFHRVLTE

SgCDS (SEQ ID NO: 68)

MAWRLKVGAESVGENDEKWLKSISNHLGRQVWEEFCPDAGTQQQLLQVHKARKAFHDDREFHRKQS
SDLEFITIQYGKEVENGGKTAGVKLKEGEEVRKEAVESSLERALSFYSSIQTSDGNWASDLGGPM
FLLPGLVIALYVTGVLNSVLSKHHRQEMCRYVYNHONEDGGWGLHIEGPSTMFGSALNYVALRL
LGEDANAGAMPKARAWILDHGGATGITSWGKLWLSVLGVYEWSGNNPLPPEFWLEFPYFLPFHPG
RMWCHCRMVYLPMSYLYGKREFVGPITPIVLSLRKELYAVPYHEIDWNKSRNTCAKEDLYYPHPK
MODILWGSLHHVYEPLFTRWPAKRLREKALQTAMOQHIHYEDENTRYICLGPVNKVLNLLCCWVE
DPYSDAFKLHLQRVHDYLWVAEDGMKMOGYNGSQLWDTAFSIQATIVSTKLVDNYGPTLRKAHDF
VKSSQIQODCPGDPNVWYRHIHKGAWPESTRDHGWLISDCTAEGLKAALMLSKLPSETVGESLE
RNRLCDAVNVLLSLONDNGGFASYELTRSYPWLELINPAETEFGDIVIDYPYVECTSATMEALTL
FKKLHPGHRTKEIDTAIVRAANFLENMORTDGSWYGCWGVCFTYAGWFGIKGLVAAGRTYNNCL
AIRKACDFLLSKELPGGGWGESYLSCONKVY TNLEGNRPHLVNTAWVLMALIEAGOAERDPTPL
HRAARLLINSQLENGDFPQOEIMGVENKNCMITYAAYRNIFPIWALGEYCHRVLTE

PsCAS mut (SEQ ID NO: 69)

MWKLKVAEGGTPWLRTLNNHVGRQVWEFDPHSGSPOQDLDDIETARRNEFHDNREFTHKHSDDLLMR
LOFAKENPMNEVLPKVKVKDVEDVTEEAVATTLRRGLNEFYSTIQSHDGHWPGDLGGPMFLMPGL
VITLSVTGALNAVLTDEHRKEMRRYLYNHONKDGGWGLHIEGPSTMFGSVLCYVTLRLLGEGPN
DGEGDMERGRDWILEHGGATYITSWGKMWLSVLGVFEWSGNNPMPPEIWLLPYALPVHPGRMWC
HCRMVYLPMSYLYGKREVGPITPTVLSLRKELFTVPYHDIDWNOARNLCAKEDLYYPHPLVQODI
LWATLHKFVEPVFMNWPGKKLREKAIKTAIEHIHYEDENTRYICIGPVNKVLNMLCCWVEDPNS
FAFKLHLPRIYDYLWVAEDGMKMQGYNGSQLWDTAFAAQATIISTNLIDEFGPTLKKAHAFTIKNS
QVSEDCPGDLSKWYRHISKGAWPESTADHGWPISDCTAEGLKAVLLLSKIAPEIVGEPLDSKRL
YDAVNVILSLONENGGLATYELTRSYTWLEIINPAETFGDIVIDCPYVECTSAATQOALATEGKL
YPGHRREEIQCCIEKAVAFIEKIQASDGSWYGSWGVCEFTYGTWEFGIKGLIAAGKNESNCLSIRK
ACEFLLSKQLPSGGWAESYLSCONKVYSNLEGNRSHVVNTGWAMLALIEAEQAKRDPTPLHRAA
VCLINSQLENGDFPOQEEIMGVENKNCMITYAAYRCIFPIWALGEYRRVLOAC

CpCAS mut (SEQ ID NO: 70)

MAWQLKIGADTVPSDPSNAGGWLSTLNNHVGROVWHFHPELGSPEDLOQIQQARQHESDHRFEFEK
KHSADLLMRMQFAKENS SEVNLPQVKVKDKEDVTEEAVTRTLRRAINEYSTIQADDGHWPGDLG
GPMFLIPGLVITLSITGALNAVLSTEHQREICRYLYNHONKDGGWGLHIEGPSTMEGSVLNYVT
LRLLGEEAEDGQGAVDKARKWILDHGGAAATITSWGKMWLSVLGVYEWAGNNPLPPELWLLPYLL
PCHPGRMWCHCRMVYLPMCYLYGKRFVGPITPIIRSLRKELYLVPYHEVDWNKARNQCAKEDLY
YPHPLVODILWATLHHVYEPLFMHWPAKRLREKALOSVMOHIHYEDENTRYICIGPVNKVLNML
CCWAEDPHSEAFKLHIPRIYDYLWIAEDGMKMQOGYNGSQLWDTAFAVQAIISTELAEEYETTLR
KAHKYIKDSQVLEDCPGDLOSWYRHISKGAWPESTADHGWPISDCTAEGLKAVLLLSKLPSEIV
GKSIDEQQLYNAVNVILSLONTDGGFATYELTRSYRWLELMNPAETFGDIVIDYPYVECSSAAT
OALAAFKKLYPGHRRDEIDNCIAEAADFIESIQATDGSWYGSWGVCFTYGGWFGIRGLVAAGRR
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YNNCSSLRKACDFLLSKELAAGGWGESYLSCONKVYTNIKDDRPHIVNTGWAMLSLIDAGOSER
DPTPLHRAARVLINSOQMEDGDEFPQEEIMGVENKNCMISYSAYRNIFPIWALGEYRSRVLKPLK

AaCAS mut (SEQ ID NO: 71)

MWKLKIAEGGDPWLRTTNDHIGRQIWEFDPTLGSVEELAETIEKLRKTFRDNRFEKKHSADLLMR
SQFAKENSVSVEPPKVNIKDVEDITEDKVINVLRRAIGEFHSTLOADDGHWPGDLGGPMFLLPGL
VITLSITGALNAVLSKEHKREMCRYLYNHONIDGGWGLHIEGHSTMEFGSALNYVTLRLLGEGAN
DGEGAMEKGRKWILDHGGATAITSWGKEWLSVLGVFEWPGNNPLPPEMWLLPYFLPVHPGRMWC
HCRMVYLPMSYLYGKREVGPITSTVLALRKELFTVPYHDIDWNEARNLCAKEDLYYPHPLIQDV
LWATLDKEVEPVIMSWPGKKLREKALRTAMEHIHYEDENTRYICIGPVNKVLNMLCCWVEDPNS
FAFKLHLPRIQDYLWIAEDGMKMQOGYNGSQLWDAAFTVOQAIMSTNLIEEFGPTLKKGHIFIKKS
QVLDNCYGDLDYWYRHISKGAWPEFSTADHGWPISDCTAEGLKAALLLSKLPSEIVDEPLDAKRF
YDAVNVILSLMNADGSFATYELTRSYSWLELINPAETFGDIVIDYPYVECTSAATQALVAFKRL
YPGHRRDEVOGCIDKAAAFLEKIQEADGSWYGSWAVCFTYGTWFGVKGLVAAGKNYSNCSSIRK
ACNFLLSKOLASGGWGESYLSCVDKVYTNLEGNRSHVVNTGWAMLALIDAEQAKRDPTPLHRAA
RVLINSQOMENGEFPQOEIMGVENRNCMITYAAYRNIFPIWALGEYRCRVLKVET

Squalene Synthase (SQS)

Artemisia annua SQS(SEQ ID NO: 13)

MASSLKAVLKHPDDEFYPLLKLKMAAKKAEKQIPSQPHWAEFSYSMLHKVSRSFALVIQOLNPQLR
DAVCIFYLVLRALDTVEDDTSIAADIKVPILIAFHKHIYNRDWHFACGTKEYKVLMDQFHHVST
AFLELKRGYQEAIEDITMRMGAGMAKFICKEVETVDDYDEYCHYVAGLVGIGLSKLFHSSGTEI
LEFSDSISNSMGLFLOKTNIIRDYLEDINEIPKSRMEFWPREIWSKYVNKLEDLKYEENSEKAVQC
LNDMVTNALIHIEDCLKYMSQLKDPATFRFCAIPQIMAIGTLALCYNNIEVFRGVVKLRRGLTA
KVIDRTKTMADVYQAFSDFSDMLKSKVDMHDPNAQTTITRLEAAQKICKDSGTLSNRKSYIVKR
ESSYSAALLALLFTILAILYAYLSANRPNKIKFETL

Cytochrome P450

Cucurbita pepo subsp. pepo cytochrome P450 enzyme CYP87A3 (SEQ ID
NO: 14)

MAWATIVVGLATLAVAYYITHWINKWKDSKEFNGVLPPGTMGLPLVGETLOQLARPSDSLDVHPFEFIKK
KVKRYGPIFKTCLAGRPVVVSTDAEEFNNY IMLOEGRAVEMWYLDTLSKEFFGLDTEWLKALGFIH
KYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVFRTSMVKMVSEDS
SKLLTGGLTKKFTGLLGGFLTLPINVPGTTYNKCMKDMKE IQKKLREILEGRLASGGGSDEDEFL
GOAIKDKGSQQFISDDFIIQLLEFSISFASFESISTTLTLVLNYLADHPDVVKELEAEHEATRNA
RADPDGPITWEEYKSMTEFTLHVIFETLRLGSVIPALLRKTTKELQINGYTIPEGWTVMLVTASR
HRDPAVYKDPHTFNPWRWKELDSITIQKNFMPEFGGGLRHCAGAEYSKVYLCTFLHILFTKYRWT
KLKGGKVARAHILSFEDGLHVKETPKE

sohB CppCYP87A3 (SEQ ID NO: 195)

MALLSEYGLFLAKIVTVVLAIAATAATITHWINKWKDSKENGVLPPGTMGLPLVGETLQLARPSD
SLDVHPFIKKKVKRYGPIFKTCLAGRPVVVSTDAEFNNY IMLOEGRAVEMWYLDTLSKEFFGLDT
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EWLKALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
SMVKMVSEDSSKLLTGGLTKKEFTGLLGGEFLTLPINVPGTTYNKCMKDMKEIQKKLREILEGRLA
SGGGSDEDFLGQATIKDKGSQQFISDDFIIQLLEFSISFASFESISTTLTLVLNYLADHPDVVKEL
FAEHEATRNARADPDGPITWEEYKSMTFTLHVIFETLRLGSVTPALLRKTTKELQINGYTIPEG
WITVMLVTASRHRDPAVYKDPHTEFNPWRWKELDSITIQKNFMPFGGGLRHCAGAEYSKVYLCTFEL
HILFTKYRWTKLKGGKVARAHILSFEDGLHVKETPKE

sohB C11CYP 1 (SEQ ID NO: 16)

MALLSEYGLFLAKIVIVVLAIAATAATTHWINKWKDSKENGVLPPGTMGLPLVGETLOLARPSD
SLDVHPFIKKKVKRYGPIFKTCLAGRPVVVSTDAEFNNY IMLOEGRAVEMWYLDTLSKEFFGLDT
EWLKALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
TMVKMVSEDSSKLLTGGLTKKFTGLLGGFLTLPINVPGTTYNKCMKDMKEIQKKLREILEGRLA
SGGGSDEDFLGOAIKDKGSQQFISDDFITQLLFSISFASFESISTTLTLVLNYLADHPDVVKEL
EAEHEATRNARADPDGPITWEEYKSMTFTLHVIFETLRLGSVTPALLRKTTKELQINGYTIPEG
WITVMLVTASRHRDPAVYKDPHTEFNPWRWKELDSITIQKNFMPFGGGLRHCAGAEYSKVYLCTEL
HILFTKYRWTKLKGGKVARAHILSFEDGLHVKETPKE

SohB C11CYP 2 (SEQ ID NO: 17)

MALLSEYGLFLAKIVIVVLAIAATAATTHWINKWKDSKENGVLPPGTMGLPLVGETLQLARPSD
SLDVHPFIKKKVKRYGPIFKTCLAGRPVVVSTDAEFNNY IMLOEGRAVEMWYLDTLSKFFGLDT
ENLKALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
TMVKMVSEDSSKLLTGGLTKKFTGLLGGFLTLPINVPGTTYHKCMKDMKEIQKKLREILEGRLA
SGGGSDEDFLGQAIKDKGSQQFISDDFITIQLLEFSISFASFESISTTLTLVLNYLADHPDVVKEL
FAEHEATRNARADPDGPITWEEYKSMTFTLHVIFETLRLGSVTPALLRKTTKELQINGYTIPEG
WIVMLVTASRHRDPAVYKDPHTEFNPWRWKELDSITIQKNFMPFGGGLRHCAGAEYSKVYLCTEL
HILFTKYRWTKLKGGKVARTHILSFEDGLHVKETPKE

sohB C11CYP 3 (SEQ ID NO: 18)

MALLSEYGLFLAKIVTVVLAIAATAATTHWINKWKDSKENGVLPPGTMGLPLVGETLQLARPSD
SLDVHPFIKKKVKRYGPIFKTCLAGRPVVVSTDAEFNNY IMLOEGRAVEMWYLDTLSKEFGLDT
ENLKALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
TMVKMVSEDSSKLLTGGLTKKFTGLLGGFLTLPINVPGTTYHKCMKDMKEIQKKLREILEGRLA
SGGGSDEDFLGOQAIKDKGSQQFISDDFIIQLLFSISFASFESISTTLTLVLNYLADHPDVVKEL
FEAEHEATIRNARADPDGPITWEEYKSMTEFTLHVIFETLRLGSVTPALLRKTTKELQINGYTIPEG
WITVMLVTASRHRDPAVYKDPHTEFNPWRWKELDSITIQKNFMPFGGGLREFCAGAEYSKVYLCTEL
HILFTKYRWTKLKGGKVARTHILSFEDGLHVKETPKE-

sohB C11CYP_4 (SEQ ID NO: 19)

MALLSEYGLFLAKIVIVVLAIAATIAATTHWINKWKDSKENGVLPPGTMGLPLVGETLOLARPSD
SLDVHPFIKKKVKRYGPIFKTCLAGRPVVVSTDAEFNNY IMLOEGRAVEMWYLDTLSKEFALDG
ENLKALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
TMVKMVSEDSSKLLTGGLTKKFTGLLGGFLTLPINVPGTTYHKCMKDMKEIQKKLREILEGRLA
SGGGSDEDFLGQAIKDKGSQQFISDDFIIQLLESISFASFESISTTLTLVLNYLADHPDVVKEL
FAEHEATRNARADPDGPITWEEYKSMTFTLHVIFETLRLGSVTPALLRKTTKELQINGYTIPEG
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WIVMLVTASRHRDPAVYKDPHTFNPWRWKELDSITIQKNFMPFGGGLRFCAGAEYSKVYLCTEL
HILFTKYRWTKLKGGKVARTHILSFEDGLHVKETPKE

sohB C11CYP 5 (SEQ ID NO: 20)

MALLSEYGLFLAKIVIVVLAIAAIAATTHWINKWKDSKENGVLPPGTMGLPLVGETLQLARPSD
SLDVHPFIKKKVKRYGPIFKTCLAGRPVVVSTDAEFNNY IMLOEGRAVEMWYLDTLSKEFFALDG
ENVKALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
TMVKMVSEDSSKLLTGGLTKKFTGLLGGFLTLPINVPGTTYHKCMKDMKE IQKKLREILEGRLA
SGGGSDEDEFLGOAIKDKGSQQFISDDFITIQLLEFSISFASFESISTTLTLVLNYLADHPDVVKEL
FEAEHEATIRNARADPDGPITWEEYKSMTFTLHVIFETLRLGSVTPALLRKTTKELQINGYTIPEG
WIVMLVTASRHRDPAVYKDPHTENPWRWKELDSITIQKNFMPFGGGLRFCAGAEYSKVYLCTEL
HILFTKYRWTKLKGGKVARTHILSFEDGLHVKETPKE

sohB C11CYP 6 (SEQ ID NO: 21)

MALLSEYGLFLAKIVTVVLAIAATAATTHWINKWKDSKENGVLPPGTMGLPLVGETLQLARPSD
SLDVHPFIKKKVKRYGPIFKTCLAGRPVVVSTDAEFNNY IMLOEGRAVEMWYLDTLSKEFALDG
ENLNALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
TMVKMVSEDSSKLLTGGLTKKFTGLLGGFLTLPINVPGTTYHKCMKDMKE IQKKLREILEGRLA
SGGGSDEDFLGOAIKDKGSQQFISDDEFITIQLLFSISFASFESISTTLTLVLNYLADHPDVVKEL
EAEHEATRNARADPDGPITWEEYKSMTFTLHVIFETLRLGSVTPALLRKTTKELQINGYTIPEG
WIVMLVTASRHRDPAVYKDPHTEFNPWRWKELDSITIQKNFMPFGGGLRFCAGAEYSKVYLCTEL
HILFTKYRWTKLKGGKIARTHILSFEDGLHVKETPKE

sohB C11CYP 8 (SEQ ID NO: 45)

MALLSEYGLFLAKIVTVVLAIAATIAATTHWINKWKDSKENGVLPPGTMGLPLVGETLOLARPSD
SLDVHPFIKKKVKRYGPIFKTCLAGRPVVVSTDAEFNNY IMLOEGRAVEMWYLDTLSKEFFALDG
ENLNALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
TMVKMVSEDSSKLLTGGLTKKFTGLIAGFLTLPINVPGTTYHKCMKDMKEIQKKLREILEGRLA
SGGGSDEDFLGQAIKDKGSQQFISDDFIIQLLEFSISFASFESISTTLTLVLNYLADHPDVVKEL
FAEHEATRNARADPDGPITWEEYKSMTFTLHVIFETLRLGSVTPALLRKTTKELQINGYTIPEG
WITVMLVTASRHRDPAVYKDPHTFNPWRWKELDSITIQKNFMPFGGGLRFCAGAEYSKVYLCTFEL
HILFTKYRWTKLKGGKIARTHILSFEDGLHVKETPKE

sohB C11CYP 9 (SEQ ID NO: 46)

MALLSEYGLFLAKIVIVVLAIAATIAATTHWINKWKDSKENGVLPPGTMGLPLVGETLOLARPEFD
SLDVHPFIKKKVKRYGPIFKTCLAGRPVVVSTDAEFNHY IMLOEGRAVEMWYLDTLSKEFFALDG
ENLNALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
TMVKMVSEDSSKLLTGGLTKKFTGLIAGFLTLPINVPGTTYHKCMKDMKEIQKKLREILEGRLA
SGGGSDEDEFLGOQAIKDKGSQQFISDDEFITIQLLEFSISFASFESISTTLTLVLNYLADHPDVVKEL
EAEHEATIRNARADPDGPITWEEYKSMTFTLHVIFETLRLGSVTPALLRKTTKELQINGYTIPEG
WIVMLVTASRHRDPAVYKDPHTFNPWRWKELDSITIQKNFMPFGGGLRFCAGAEYSKVYLCTEL
HILFTKYRWTKLKGGKIARTHILSFEDGLHVKEFTPKE

sohB C11CYP 10 (SEQ ID NO: 47)
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MALLSEYGLFLAKIVTVVLAIAATIAATITHWINKWKDSKENGVLPPGTMGLPLVGETLQOLARPND
SLDVHPFIKKRVKRYGPIFKTCLAGRPVVVSTDAEFNHY IMLOEGRAVEMWYLDTLSKEFALDG
ENLNALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
TMVKMVSEDSSKLLTGGLTKKFTGLIAGFLTLPINVPGTTYHKCMKDMKEIQKKLREILEGRLA
SGGGSDEDFLGQAIKDKGSQQFISDDFITIQLLEFSISFASFESISTTLTLVLNYLADHPDVVKEL
FAEHEATRNARADPDGPITWEEYKSMTFTLHVIYETLRLGSVTPALLRKTTKELQINGYTIPEG
WIVMLVTASRHRDPAVYKDPHTFNPWRWKELDSITIQKNFMPFGGGLREFCAGAEYSKVYLCTFEL
HILFTKYRWTKLKGGKIARTHILSFEDGLHVKETPKE

sohB Cl1I1CYP 11 (SEQ ID NO: 80)

MALLSEYGLFLAKIVIVVLAIAATIAATITHWINKWKDSKENGVLPPGTMGLPLVGETLQLARPND
SLDVHPFIKKRVKRYGPIFKTCLAGRPVVVSTDAEFNHY IMLOEGRAVEMWYLDTLSKEFFALDG
ENLNALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
TMVKMVSEDSSKLLTGGLTKKEFTGLIAGFLTLPINVPGTTYHKCMKDMKEIQKKLREILEGRLA
SGGGSDEDEFLGOAIKDKGSQQFISDDEFITIQLLEFSISFASFESISTTLTLVLNYLADHPDVVKEL
EAEHEATRNARADPDGPITWEEYKSMTFTLHVIYETLRLGSVTPALLRRTTKELQINGYTIPEG
WIVMLVTASRHRDPAVYKDPHTFNPWRWKELDSITIQKNFMPFGGGLRFCAGAEYSKVYLCTFEL
HILFTKYRWTKLKGGKIARTHILSFEDGLHVKETPKE

sohB C11CYP 12 (SEQ ID NO: 81)

MALLSEYGLFLAKIVIVVLAIAATIAATTHWINKWKDSKENGVLPPGTMGLPLVGETLOQLARPND
SLDVHPFIKKRVKRYGPIFKTCLAGRPVVVSTDAEFNHY IMLOEGRAVEMWYLDTLSKEFALDG
ENLNALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
TMVKMVSEDSSKLLTGGLTKKETGLIAGFLSLPINIPGTTYHKCMKDMKEIQKKLREILEGRLA
SGGGSDEDFLGOAIKDKGSQQFISDDFITQLLEFSISFASFESISTTLTLVLNYLADHPDVVKEL
EAEHEATRNARADPDGPITWEEYKSMTFTLHVIYETLRLGSVTPALLRRTTKELQINGYTIPEG
WIVMLVTASRHRDPAVYKDPHTFNPWRWKELDSITIQKNFMPFGGGLREFCAGAEYSKVYLCTEL
HILFTKYRWTKLKGGKIARTHILSFEDGLHVKETPKE

sohB CI11CYP 13 (SEQ ID NO: 82)

MALLSEYGLFLAKIVTVVLAIAATAATTHWINKWKDSKENGVLPPGTMGLPLVGETLOLARPND
SLDVHPFIKKRVKRYGPIFKTCLAGRPVVVSTDAEFNHY IMLOEGRAVEMWYLDTLSKEFALDG
ENLNALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERT
TMVKMVSEDSSKLLTGGLTKKEFTGLIAGFLSLPINIPGFAFHKCMKDMKEIQKKLREILEGRLA
SGGGSDEDFLGQAIKDKGSQQFISDDFIIQLLESISFASFESISTTLTLVLNYLADHPDVVKEL
EAEHEATIRNARADPDGPITWEEYKSMTFTLHVIYETLRLGSVTPALLRRTTKELQINGYTIPEG
WIVMLVTASRHRDPAVYKDPHT FNPWRWKELDSITIQKNFMPFGGGLRFCAGAEYSKVYLCTEL
HILFTKYRWTKLKGGKIARTHILSFEDGLHVKETPKE

sohB Cl11CYP 14 (SEQ ID NO: 83)

MALLSEYGLFLWKIVTVVLAIAATIAATTHWINKWKDSKENGVLPPGTMGLPLVGETLQLARPND
SLDVHPFIKKRVKRYGPIFKTCLAGRPVVVSTDAEFNHY IMLOEGRAVEMWYLDTLSKEFALDG
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ENLNALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERL
TMVKMVSEDSSKLLTGGLTKKEFTGLIAGFLSLPINIPGFAFHKCMKDMKEIQKKLREILEGRLA
SGGGSDEDFLGQATIKDKGSQQFISDDFIIQLLEFSISFASFESISTTLTLVLNYLADHPDVVKEL
FAEHEATRNARADPDGPITWEEYKSMTFTLHVIYETLRLGSVTPALLRRTTKELQINGYTIPEG
WITVMLVTASRHRDPAVYKDPHTEFNPWRWKELDSITIQKNFMPFGGGLRFCAGAEYSKVYLCTFEL
HILITKYRWTKLKGGKIARTHILSFEDGLHVKETPKE

sohB C11CYP 15 (SEQ ID NO: 84)

MALLSEYGLFLWKIVIVVLAIAATAAGIHWINKWKDSKENGVLPPGTMGLPLVGETLOLARPND
SLDVHPFIKKRMKRYGPIFKTCLAGRPVVVSTDAEFNHY IMLOEGRAVEMWYLDTLSKEFFALDG
ENLNALGFIHKYIRSITLNHFGAESLRERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERL
TMVKMVSEDSSKLLTGGLTKKFTGLIAGFLSLPINIPGFAFHKCMKDMKEIQKVLREILEGRLA
SGGGSDEDFLGOAIKDKGSQQFISDDFITQLLFSISFASFESISTTLTLVLNYLADHPDVVKEL
FEAEHEATRNARADPDGPITWEEYKSMTFTLHVIYETLRLGSVTPALLRRTTKELQINGYTIPEG
WITVMLVTASRHRDPAVYKDPHTEFNPWRWKELDSITIQKNFMPFGGGLRFCAGAEYSKVYLCTEL
HILITKYRWTKLKGGKIARTHILSFEDGLHVKESPKE

n20 C11CYP 15 (SEQ ID NO: 85)

MAWINKWKDSKENGVLPPGTMGLPLVGETLQLARPNDSLDVHPFIKKRMKRYGPIFKTCLAGRP
VVVSTDAEFNHY IMLOEGRAVEMWYLDTLSKFFALDGENLNALGFIHKYIRSITLNHFGAESLR
FERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVEFRLTMVKMVSEDSSKLLTGGLTKKETGLIA
GFLSLPINIPGFAFHKCMKDMKEIQKVLREILEGRLASGGGSDEDFLGOQATIKDKGSQQFISDDF
ITQLLFSISFASFESISTTLTLVLNYLADHPDVVKELEAEHEAIRNARADPDGPITWEEYKSMT
FTLHVIYETLRLGSVTPALLRRTTKELOQINGYTIPEGWTVMLVTASRHRDPAVYKDPHTFNPWR
WKELDSITIQKNFMPFGGGLRFCAGAEYSKVYLCTFLHILITKYRWTKLKGGKIARTHILSFED
GLHVKFEFSPKE

n20 C11CYP 16 (SEQ ID NO: 86)

MAWINKWRNRKEKGKLPPGTMGLPLVGETLQLARPNDSLDVHPFIKKRMKRYGPIFKTCLAGRP
VVVSTDAEFNHY IMLOEGRAVEMWYLDTLSKEFFALDGENLNALGFIHKYIRSITLNHFGAESLR
ERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVEFRLTMVKMVSEDSSKLLTGGLTKKEFTGLIA
GFLSLPINIPGFAFHKCMKDMKE IQKVLREILEGRLASGGGSDEDFLGOAIKDKGSQQFISDDF
ITQLLFSISFASFESISTTLTLVLNYLADHPDVVKELEAEHEATRNARADPDGPITWEEYKSMT
FILHVIYETLRLGSVTPALLRRTTKELQINGYTIPEGWTVMLVTASRHRDPAVYKDPHTEFNPWR
WKELDSITIQKNFMPFGGGLREFCAGAEYSKVYLCTFLHILITKYRWTKLKGGKIARTHILSEED
GLHVKFSPKE

n20 Cl11CYP 17 (SEQ ID NO: 87)

MAWINKWRNRKEFKGKLPPGTMGLPLVGETLQLARPNDSLDVHPEFVRERVEKYGPIFKTCLAGRP
VVVSTDAEFNHY IMLOEGRAVEMWYLDTLSKEFFALDGENLNALGFIHKYIRSITLNHFGAESLR
ERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVERLTMVKMVSEDSSKLLTGGLTKKETGLIA
GFLSLPINIPGFAFHKCMKDMKEIQKVLREILEGRLASGGGSDEDFLGQAIKDKGSQQFISDDF
ITIQLLFSISFASFESISTTLTLVLNYLADHPDVVKELEAEHEATRNARADPDGPITWEEYKSMT
FTLHVIYETLRLGSVTPALLRRTTKELOINGYTIPEGWTVMLVTASRHRDPAVYKDPHTEFNPWR
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WKELDSITIOKNFMPEFGGGLRFCAGAEYSKVYLCTFLHILITKYRWTKLKGGKIARTHILSFED
GLHVKFESPKE

n20 C11CYP 18 (SEQ ID NO: 88)

MAWINKWRNRKEFKGKLPPGTMGLPLVGETLQLARPNDSLDVHPEFVRERVEKYGPIFKTCLAGRP
VVVSTDAEFNHY IMLOEGRAVEMWYLDTLSKFFALDGENLNALGFIHKYIRSITLNHFGAESLR
ERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVEFRLTMVKMVSEDSSKLLTGGLTKKETGLLK
GFLSLPINIPGFAFHKCMKDMKEIQKVLREILEGRLASGGGSDEDFLGQATIKDKGSQQFISDDF
ITQLLFSISFASFESISTTLTLVLNYLADHPDVVKELEAEHEAIRNARADPDGPITWEEYKSMT
FTLHVIYETLRLGSVTPALLRRTTKELQINGYTIPEGWTVMLVTASRHERDPAVYKDPHTFNPWR
WKELDSITIQKNFMPFGGGLRFCAGAEYSKVYLCTFLHILITKYRWTKLKGGKIARTHILSFED
GLHVKFESPKE

n20 C11CYP 19 (SEQ ID NO: 89)

MAWINKWRNRKFKGKLPPGTMGLPLVGETLQLARPNDSLDVHPFVRERVEKYGPTFKTCLAGRP
VVVSTDAEFNHY IMLOEGRAVEMWYLDTLSKFFALDGENLNALGFIHKYIRSITLNHFGAESLR
ERFLPRIEESAKETLRYWATQPSVEVKDSAAVMVFRLTMVKMVSEDSSKLLTGGLTKKFTGLLK
GFLSLPINIPGFAFHKCMKDMKEIQKVLREILEGRLASGGGSDEDFLGQAIKDKGSQQFISDDF
ITQLLFSISFASFESISTTLTLVLNYLADHPDVVKELEAEHEATIRNARADPDGPITWEEYKSMT
FTLHVIYETLRLGSVTPALLRRTTKELQINGYTIPEGWTVMLVTASRHRDPAVYKDPHT FNPWR
WKELDSITIQKNFMPFGGGLRYCAGADFAKVYLCTFLHILITKYRWTKLKGGKIARTHILSEFED
GLHVKFSPKE

Cytochrome P450 Reductases

Cucurbita pepo subsp. pepo cytochrome P450 reductase enzyme
CppCPR4 or MogCPR1 0 (SEQ ID NO: 22)

MAQSESRSMKVSPLELMSAIIRKAMDPSQDSSESVREVATLILENREFVMILTTSIAVLIGCVV
VLVWKRSSDOKAKSFEPPKQLIVKKPEPEVDDGKKKVIVEFFGTOQTGTAEGFAKALAEEAKARYE
KATFRVVDLDDYAADDDEYEEKLKKETLAIFFLATYGDGEPTDNAAREFYKWESEGKEKGEWISN
LOYAVEGLGNRQYEHFNKIAKVVDEQLAEQGGKRLVPVGLGDDDQCIEDDFSAWREALWPELDK
LLREEDEFTTVSTPYTAAVLEYRVVFYDAADVSGGDKKWAFANGHAVYDIQHPCRANVAVRKEL
HTSASDRSCTHLEFDISGTGLTYETGDHVGVECENLDEVVEEAIRLIGLSPETYFSIHTDKEDG
TPLSGSSLPPPFAPCTLRTALTQYADLLSSPKKSALVALAAHASDPAEADRLRHLSLPAGKDEY
SOQWIVASQRSLLEVMAEFPSARPPLGVEFFAAVAPRLOPRYYSISSSPRMAPSRIHVTCALVYDK
TPTGRIHKGLCSTWMKNAIPLEESQACSWAPIYVROQSNFKLPTDSKLPIIMIGPGTGLAPEFRGE
LOERLALKESGVELGHSILFFGCRNRKMDY IYEDELNNEVETGALSELIVAFSREGPSKEYVQH
KMVEKASDIWNLLSQGAYIYVCGDAKGMARDVHRTLHNIVQEQGSLDSSKAESMVKNLOMTGRY
LRDVW

MogCPR1 1 (SEQ ID NO: 23)
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MANTLIPILVAICLFITGVAILNIQWKRSSDOKAKSFEPPKOLIVKKPEPEVDDGKKKVTVEEG
TOQTGTAEGFAKALAEEAKARYEKATFRVVDLDDYAADDDEYEEKLKKETLAIFFLATYGDGEPT
DNAARFYKWESEGKEKGEWISNLQYAVEFGLGNRQYEHFNKIAKVVDEQLAEQGGKRLVPVGLGD
DDQCIEDDFSAWREALWPELDKLLREEDEFTTVSTPYTAAVLEYRVVEYDAADVSGGDKKWAFA
NGEAVYDIQHPCRANVAVRKELHTSASDRSCTHLEFDISGTGLTYETGDHVGVEFCENLDEVVEE
AIRLIGLSPETYFSIHTDKEDGTPLSGSSLPPPFAPCTLRTALTQYADLLSSPKKSALVALAAH
ASDPAEADRLRHLSLPAGKDEYSQWIVASQRSLLEVMAEFPSARPPLGVFFAAVAPRLQPRYYS
ISSSPRMAPSRIHVTCALVYDKTPTGRIHKGLCSTWMKNAIPLEESQACSWAPIYVROSNEKLP
TDSKLPIIMIGPGTGLAPFRGFLOQERLALKESGVELGHSILFFGCRNRKMDYIYEDELNNEVET
GALSELIVAFSREGPSKEYVOHKMVEKASDIWNLLSQGAY IYVCGDAKGMARDVHRTLHNIVQE
QOGSLDSSKAESMVKNLOMTGRYLRDVW

Phaseolus vulgaris cytochrome P450 reductase enzyme (PvCPR or
MogCPR2 0) (SEQ ID NO: 24)

MAQSSSSSSSSSSSSMSPEFDIMAATIIKGKKVLDPSNVSSDSSVSEVANITFENREFVMILTTSI
AVLIGCVVVLIWRRSSGOKVKPVEPLKPLTVKEPEVEVDDGKOKVTIFFGTQTGTAEGEFAKALA
DEAKARYEKAKFRVVDLDDYAADDDEYEEKLKKESLALFFLATYGDGEPTDNAARFYKWETEGK
FRGEWLONLKYGVEFGLGNRQYEHFNKVAKVVDDTLIEQGAKRLVPVGLGDDDQCIEDDEFTAWRE
MLWPELDQLLRDEDDSTTVSTPYTAAISEYRVVEYDPADAPLEDKSWGNANGHAVHDAQHPCRS
NVAVRKELHTPQSDRSCTHLEFDIAGTGLSYETGDHVGVYCENLIETVEEALKLLGLSPDTYEFES
IHSDKEDGTPLGGSSLPPTFPPCTLRTALTKYADLLSSPKKSALLALAAHASDPTEADRLRYLA
SPAGKDEYAQWIVASQRSLLEVMAEFPSAKPPLGVFFAAVVPRLOPRYYSISSSPRMAPSRIHV
TCALVYEKTPAGRIHKGLCSTWMKNCVPLEKSSDCSWAPIFVROSNFKLPTDPEVPVIMIGPGT
GLAPFRGFLOERFAMKEDGVELGPSILFEFGCRNRQMDY IYEDELNNFVOSGALSELVVAFSREG
PTKEYVOHKMMEKASDIWNMISQOGGYLYVCGDAKGMARDVHRTLHT IVOEQGSLDSSKAESMVK
NLOMTGRYLRDVW

MogCPRZ 1 (SEQ ID NO: 25)

MANTLIPILVAICLFITGVAILNIQWRRSSGOKVKPVEPLKPLTVKEPEVEVDDGKQOKVTIFEFG
TOTGTAEGFAKALADEAKARYEKAKFRVVDLDDYAADDDEYEEKLKKESLALFFLATYGDGEPT
DNAARFYKWFTEGKERGEWLONLKYGVEGLGNROQYEHFNKVAKVVDDTLIEQGAKRLYPVGLGD
DDOQCIEDDFTAWREMLWPELDOQLLRDEDDSTTVSTPYTAAISEYRVVEYDPADAPLEDKSWGNA
NGHEAVHDAQHPCRSNVAVRKELHTPQSDRSCTHLEFDIAGTGLSYETGDHVGVYCENLIETVEE
ALKLLGLSPDTYFSIHSDKEDGTPLGGSSLPPTFPPCTLRTALTKYADLLSSPKKSALLALAAH
ASDPTEADRLRYLASPAGKDEYAQWIVASQRSLLEVMAEFPSAKPPLGVFFAAVVPRLQOPRYYS
ISSSPRMAPSRIHVTICALVYEKTPAGRIHKGLCSTWMKNCVPLEKSSDCSWAPIEFVROSNEKLP
TDPEVPVIMIGPGTGLAPFRGFLQERFAMKEDGVELGPSILFFGCRNROQMDY IYEDELNNEVQS
GALSELVVAFSREGPTKEYVOHKMMEKASDIWNMISQOGGYLYVCGDAKGMARDVHRTLHTIVQE
QGSLDSSKAESMVKNLOMTGRYLRDVW

MogCPR2 2 (SEQ ID NO: 26)

MAQSSSSSSSSSSSSMSPFDIMAATIIKGKKVLDPSNVSSDSSVSEVANITFENREFVMILTTSI
AVLIGCVVVLIWRRSSGOKVKPVEPPKPLTVKEPEVEVDDGKOKVTIFFGTQTGTAEGFAKALA
DEAKARYEKAKFRVVDLDDYAADDDEYEEKLKKESLALFFLATYGDGEPTDNAARFYKWEFTEGK
FERGEWLONLKYGVEGLGNRQYEHFNKVAKVVDDTLIEQGAKRLVPVGLGDDDQCIEDDEFTAWRE
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MLWPELDQLLRDEDDSTTVSTPYTAAISEYRVVEYDPADAPLEDKSWGNANGHAVHDAQHPCRS
NVAVRKELHTPOQSDRSCTHLEFDIAGTGLSYETGDHVGVYCENLIETVEEALKLLGLSPDTYES
IHSDKEDGTPLGGSSLPPTFPPCTLRTALTKYADLLSSPKKSALLALAAHASDPTEADRLRYLA
SPAGKDEYAQWIVASQRSLLEVMAEFPSAKPPLGVFFAAVVPRLOPRYYSISSSPRMAPSRIHV
TCALVYEKTPAGRIHKGLCSTWMKNCVPLEKSSDCSWAPIFVROSNFKLPTDPEVPVIMIGPGT
GLAPFRGFLOERFAMKEDGVELGPSILFFGCRNROMDY IYEDELNNFVOSGALSELVVAEFSREG
PTKEYVOHKMMEKASDIWNMISQGGYLYVCGDAKGMARDVHRTLHT IVOQEQGSLDSSKAESMVK
NLOMTGRYLRDVW

Uridine diphosphate dependent glycosyltransferases (UGT)

AtUGT73C3 (SEQ ID NO: 50)

MATEKTHQFHPSLHEVLEFPFMAQGHMIPMIDIARLLAQRGVTITIVTTPHNAARFKNVLNRAIE
SGLAINILHVKFPYQEFGLPEGKENIDSLDSTELMVPFFKAVNLLEDPVMKLMEEMKPRPSCLI
SDWCLPYTSITIAKNENIPKIVFHGMGCENLLCMHVLRRNLEILENVKSDEEYFLVPSFPDRVEF
TKLOLPVKANASGDWKE IMDEMVKAEYTSYGVIVNTFOQELEPPYVKDYKEAMDGKVWSIGPVSL
CNKAGADKAERGSKAAIDQDECLOWLDSKEEGSVLYVCLGSICNLPLSQLKELGLGLEESRRSF
IWVIRGSEKYKELFEWMLESGFEERIKERGLLIKGWAPQVLILSHPSVGGFLTHCGWNSTLEGI
TSGIPLITWPLEFGDQFCNQKLVVQVLKAGVSAGVEEVMKWGEEDKIGVLVDKEGVKKAVEELMG
DSDDAKERRRRVKELGELAHKAVEKGGSSHSNITLLLODIMQLAQEKN

SgUGT720 269 1 E (SEQ ID NO: 51)

MAVOPRVLLEFPFPALGHVKPFLSLAELLSDAGIDVVEFLSTEYNHRRISNTEALASREPTLHFET
IPDGLPPNESRALADGPLYFSMREGTKPRFROLIQSLNDGRWPITCIITDIMLSSPIEVAEEEG
IPVIAFCPCSARYLSIHFFIPKLVEEGQIPYADDDPIGEIQGVPLFEGLLRRNHLPGSWSDKSA
DISEFSHGLINQTLAAGRASALILNTFDELEAPFLTHLSSIFNKIYTIGPLHALSKSRLGDSSSS
ASALSGFWKEDRACMSWLDCQPPRSVVEVSEFGSTMKMKADELREFWYGLVSSGKPFLCVLRSDV
VSGGEAAELIEQMAEEEGAGGKLGMVVEWAAQEKVLSHPAVGGFLTHCGWNSTVES TAAGVPMM
CWPILGDQPSNATWIDRVWKIGVERNNREWDRLTVEKMVRALMEGOKRVEIQRSMEKLSKLANE
KVVRGGLSFDNLEVLVEDIKKLKPYKEF

CmOUGT (SEQ ID NO: 52)

MAELSHTHHVLLFPFPAKGHIKPFFSLAQLLCNAGLRVTFLNTDHHHRRIHDLNRLAAQLPTLH
FDSVSDGLPPDEPRNVEDGKLYESIRQVTSSLEFRELLVSYNNGTSSGRPPITCVITDVMEREPI
DIAEELGIPVFTFSTFSARFLFLIFWIPKLLEDGOQLRYPEQELHGVPGAEGLIRWKDLPGEWSV
EDVADWDPMNEVNQTLATSRSSGLILNTFDELEAPFLTSLSKIYKKIYSLGPINSLLKNEFQSQP
QYNLWKEDHSCMAWLDSQPRKSVVEFVSFGSVVKLT SROLMEFWNGLVNSGMPFLLVLRSDVIEA
GEEVVRE IMERKAEGRWVIVSWAPQEEVLAHDAVGGFLTHSGWNSTLESLAAGVPMISWPQIGD
QTSNSTWISKVWRIGLOLEDGEFDSSTIETMVRSIMDQTMEKTVAELAERAKNRASKNGTSYRNF
QTLIODITNIIETHI

SgUGT720 269 4 Manus (SEQ ID NO: 53)
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MAEQAHDLLHVLLFPFPAEGHIKPFLCLAELLCNAGFHVTFLNTDYNHRRLENLHLLAARFPSL
HFESISDGLPPDQPRDILDPKFFISICOVTKPLFRELLLSYKRISSVQTGRPPITCVITDVIER
FPIDVAEELDIPVESEFCTEFSARFMFLYFWIPKLIEDGOLPYPNGNINQKLYGVAPEAEGLLRCK
DLPGHWAFADELKDDQLNFVDQTTASSRSSGLILNTFDDLEAPFLGRLSTIFKKIYAVGPIHSL
LNSHHCGLWKEDHSCLAWLDSRAAKSVVEVSEFGSLVKITSRQLMEFWHGLLNSGKSFLEVLRSD
VVEGDDEKQVVKEIYETKAEGKWLVVGWAPQEKVLAHEAVGGFLTHSGWNSILESIAAGVPMIS
CPKIGDQSSNCTWISKVWKIGLEMEDRYDRVSVETMVRSIMEQEGEKMOKTIAELAKQAKYKVS
KDGTSYONLECLIQDIKKLNQIEGFINNPNFSDLLRV

SgUGT720_269 4 E (SEQ ID NO: 54)

MAEQAHDLLHVLLFPYPAKGHIKPFLCLAELLCNAGLNVTFLNTDYNHRRLHNLHLLAACEPSL
HFESISDGLOPDQPRDILDPKEYISICQVTKPLFRELLLSYKRTSSVQTGRPPITCVITDVIER
FPIDVAEELDIPVESFCTFSARFMFLYFWIPKLIEDGQLPYPNGNINQKLYGVAPEAEGLLRCK
DLPGHWAFADELKDDQLNFVDQTTASTLRSSGLILNTFDDLEAPFLGRLSTIFKKIYAVGPIHAL
LNSHHCGLWKEDHSCLAWLDSRAARSVVEVSEFGSLVKITSROLMEFWHGLLNSGTSEFLEVLRSD
VVEGDGEKQVVKEIYETKAEGKWLVVGWAPQEKVLAHEAVGGEFLTHSGWNSILESTIAAGVPMIS
CPKIGDQSSNCTWISKVWKIGLEMEDQYDRATVEAMVRS IMKHEGEKIQKTIAELAKRAKYKVS
KDGTSYRNLEILIEDIKKIKPN

SgUGT74 345 2 I (SEQ ID NO: 55)

MADETTVNGGRRASDVVVFAFPRHGHMSPMLOFSKRLVSKGLRVTFLITTSATESLRLNLPPSS
SLDLOVISDVPESNDIATLEGYLRSFKATVSKTLADFIDGIGNPPKFIVYDSVMPWVQOEVARGR
GLDAAPFFTQSSAVNHILNHVYGGSLSIPAPENTAVSLPSMPVLQAEDLPAFPDDPEVVMNEMT
SQFSNFODAKWIFFNTFDOQLECKVVNWMADRWPIKTVGPTIPSAYLDDGRLEDDRAFGLNLLKP
EDGKNTROWOWLDSKDTASVLYISFGSLAILOEEQVKELAY FLKDTNLSFLWVLRDSELQKLPH
NEFVOQETSHRGLVVNWCSQLQVLSHRAVSCFVTHCGWNSTLEALSLGVPMVAIPQWVDQTTNAKE
VADVWRVGVRVKKKDERIVTKEELEASIROVVQGEGRNE FKHNATKWKKLAKEAVDEGGS SDKN
IEEFVKTIA

XP 023543158.1 (SEQ ID NO: 56)

MAELSHTHHVLLFPFPAKGHIKPFFSLAQLLCNAGLRVTFLNTDHHHRRIHDLDRLAAQLPTLH
FDSVSDGLPPDEPRNVEDGKLYESIRQVTSSLEFRDLLVSYNNGTSSGRPPITCVITDCMEFREPI
DIAEELGIPVFTFSTFSARFLFLFFWIPKLLEDGOQLRYPEQELHGVPGAEGLIRCKDLPGEFLSD
EDVAHWKPMNEVNQILATSRSSGLILNTEFDELEAPFLTSLSKIYKKIYSLGPINSLLKNEQSQP
QYNLWKEDHSCMAWLDSQPRKSVVEVSFGSVVKLTSROLMEFWNGLVNSGKPFLLVLRSDVTEA
GEEVVREIMERKAEGRWVIVNWAPQEEVLAHDAVGGFLTHSGWNSTLESLAAGVPMISWPQIGD
QTSNSTWVSKVWRIGLOLEDGEFDSSTIETMVRSIMDOKMEKTVAELAERAKNRASKNGTSYRNE
QTLIQDITNIIETHI

XP 022151514.1 (SEQ ID NO: 57)

MANSDDHOHHVLLFPFPAKGHIKPFLCLAQLLCGAGLOVTFLNTDHNHRRIDDRHRRLLATQEP
MLHFKSISDGLPPDHPRDLLDGKLIASMRRVTESLEFRQLLLSYNGYGNGTNNVSNSGRRPPISC
VITDVIFSFPVEVAEELGIPVESFATFSARFLEFLYFWIPKLIQEGQLPFPDGKTNQELYGVPGA
EGIIRCKDLPGSWSVEAVAKNDPMNEVKQTLASSRSSGLILNTFEDLEAPFVTHLSNTFDKIYT
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IGPIHSLLGTSHCGLWKEDYACLAWLDARPRKSVVEVSEFGSLVKTTSRELMELWHGLVSSGKSF
LLVLRSDVVEGEDEEQVVKEILESNGEGKWLVVGWAPQEEVLAHEAIGGFLTHSGWNSTMESTA
AGVPMVCWPKIGDQPSNCTWVSRVWKVGLEMEERYDRSTVARMARSMMEQEGKEMERRIAELAK
RVKYRVGKDGESYRNLESLIRDIKITKSSN

XP 023764969.1 (SEQ ID NO: 58)

MAGDAVPIIGOKQPHVVEVPFPAQSHIKCMLKLARILHHNGLHVTEFINTHSNQKRLVKSNGILG
LDKAPGFQFKTVPDGLSSATDDGVEHTQTMAELWTYLGANFLGSFLDVVSGLEIPVTCIICDGE
MTYTNTIHAAEKLNIPIILFWTMAASGFMGEFYQVKVLAEKGILPLKDEIYLTNGYLDMEIDWIP
GMEGIRLKELPEIKLFTKHDNPAFKFLLETAQLAHKVSHMIIHTFEELEASLIKELKSIFPNVY
SVGPLELLLNQITEKETNKSLCNGYSLWKEEPECVOWLOSKEPNSVVYVNEFGS IAVMSLODLLE
FGWGLVNSKHEFLWIIRTDLVDGKPVVLPQELEDAMKGKGEFVASWCSQEEVLNHSSVGGFLTHG
GWGSIIESLSAGVPMICWPVSGDQQTNCROMCKEWGVGME ISRNVKRDEVEKLVKELMEGMEGK
RMRKKALEWKKVAEKATGSNGSSWIDAEKLANQIVKLSTKEFPTV

XP 043637218.1 (SEQ ID NO: 59)

MANTMTRVDEKQPHVVFIPFPAQSHIKCMLKLAELLHHKGIHITFINTRSNHKKLVESGGTHDF
KDIPSFQFRTVSDCPSGAEDDGVEPVTPTLVEVWMYLADNFEFDSFLDIVSGLESTPATCIICDG
IMTYTNMITAAEKLKIPIILFWIMAACGEMGEYQAKVLTDKGLLPLODESYLTNGYLEMEIDWI
PGMEGCRLKDLPEDMLVTKVDDPGYRYLLETAQAAHNVSYIIMHTFEELEARLVNEIKSIFPNV
YTVGPLOLLLNQIKEKENKKTAFNCYSLWNEEPECIQWLESKEPSSVVYVNEFGSLAVMSLEDLI
EFGWGLVNSDYEFLWIIRADLVKGNPVVLPKELEEEIGKKGFLAKWCSQEEVLNHPSVGGELTH
GGWGSTIESLSAGLPMICWPSIGDQRANCROMCKOWQVGME IGKNVKRDEVEKLVKLLMDGLEG
KRMKEKARHWKKMAEKATSSNGSSSIDVEKLANQIINFP

XP 008445481.1 (CmUGTc3 0) (SEQ ID NO: 60)

MAEMTAANGGGERIKQSHVIVFPFPRHGHMSPMLOFSKRLISKGLLLTFLITSSASQSLTINIP
PSPSFHFKIISDLPESDDVATLDAYLRSFRAAVTKSLSNEIDEVLTSSSNEEVPPTLIVYDSVM
PWVOSVAAERGLDSAPFFTESAAVNHLLHLVYGGSLSIPPPDNVVVSLPSEIVLQPEDLPSEFPD
DPEVVLDEMTSQFSHLENVKWIFINTEFDRLESKVVNWMAKTLPIKTVGPTIPSAYLDGRLEKDK
AYGLNVSKSNNGKCPIKWLDSKETASVIYISFGSLVILSEEQVKELTNLLRDTDEFSFLWVLRES
EMVKLPKNFVQODTSDRGLIVNWCCQLOVLSHKAVSCEVTHCGWNSTLEALSLGVPMVAIPQWID
QTTNAKFVADVWRVGVRVKKNEKSVATKEELEASTRKIVVQOGNGTNE FKONAIKWKNLAKEAVD
ERGSSDKNIEEEFVQALV

XP 022132196.1 (SEQ ID NO: 72)

MADNVVVSLPSEIVLQPEDLPSFPDDPEVVLDEMTSQFSHLENVKWIFINTFDRLESKVVNWMA
KTLPIKTVGPTIPSAYLDGRLEKDKAYGLNVSKSNNGKCPIKWLDSKETASVIYISEFGSLVILS
FEQVKELTNLLRDTDFSFLWVLRESEMVKLPKNEVODTSDRGLIVNWCCOLOVLSHKAVSCEVT
HCGWNSTLEALSLGVPMVAIPOWIDQTTNAKEVADVWRVGVRVKKNEKSVAIKEELEASTIRKIV
VOGNGTNEFKONAIKWKNLAKEAVDERGSSDKNIEEFVOALVAANGGGERGKQSHVIVEFPFPRH
GHMSPMLQFSKRLISKGLLLTFLITSSASQSLTINIPPSPSFHFKIISDLPESDDVATLDAYLR
SFRAAVTKSLSNFIDEVLTSSSNEEVPPTLIVYDSVMPWVQSVAAERGLDSAPFFTESAAVNHL
LHLVYGGSLSIPPP
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XP 022132196.1 (SEQ ID NO: ol)

MAEKATANGGRRSSHVLLFAYPMHGHMSPMLOFAKRLASKGLLVTFLTTSSVTESLQIDLPPSY
PIHLRFISDFHTEVIETLKQRHEAFAAAVSRSLGEFLDGALINGDHPPRLMVEDSVMPWAMEVA
RSRGLEAAPFFTESAAVNHILNQVYEGSLSIPAPENAAVSIPSLPNLEAEDLPYFPSVIREVTL
EFMTROFSSFKDAKWIFINTEFDOQLEPQIVNWMGERWPIKTVGPTVPSAYLDGRLEKDKTYGLKR
QKPEDGRAVEWLDSKETASVVYISFGSLVMLAEKQVKELTNFLTESGLPFLWVLRESEMEKLPE
NFIQETSGKGLVVNWCSQLEVLSHKAVGCFVTHGGWNSTLEALSSGVPMVAVPOQWIDQTTNAKE
IADVWEIGVRVKLNEKHEIATKDELEASIRQVIEGREKKNS IKWRKLAKEAVDEGGSSDKNIED
FAKTIM

XP 023538293.1 (SEQ ID NO: 62)

MASNTTLNGGRRSSHVVLFAYPKOGHLSPMLOQFAKRLASKGLRITFLTTTSTTKSLEIDLPASY
QIDLRFISDVRTEPILSLKDEHESFEAVVSKSEFGDFIDGTLRSSGEFDPPREVIFDSVMPWAMDV
ARVRGIDSAPFFTESCVVNHILNQVYEGSFSIPPVENVAAGISIPPLPVLOTEDLPYFSYEPEL
VLKEMTDQFSSEFKNAKWIFVNTEFDQLEMKVVNWMT QKWPIKTIGPNIPSAYLDGRLKDDKTYGL
NHONLNNCKIFQWLDSKEIASVIYLSFGSLVILPEEQVNELARFEFKDTNESFLWVLRESEQEKL
PNNEFVQQOTSHKGLVVKWCCQLQOVLSHKAVSCEVTHCGWNSTIEALSLGVPMVAVPOWIDQTTNA
KFVADVWKVGARVKMNDKGIATKLELEASTRHVSQGYRONE IKONS IKLRNLAKEAMDEGGSSD
KNIEQFVKELD

UGT74AC1 (SEQ ID NO: 63)

MAEKGDTHILVEPFPSOQGHINPLLOLSKRLIAKGIKVSLVTTLHVSNHLOLOGAYSNSVKIEVI
SDGSEDRLETDTMROQTLDRFROKMTKNLEDFLOKAMVSSNPPKEFILYDSTMPWVLEVAKEEFGLD
RAPFYTQSCALNSINYHVLHGOQLKLPPETPTISLPSMPLLRPSDLPAYDFDPASTDTIIDLLTS
QYSNIQDANLLECNTFDKLEGEIIQWMETLGRPVKTVGPTVPSAYLDKRVENDKHYGLSLEKPN
EDVCLKWLDSKPSGSVLYVSYGSLVEMGEEQLKELALGIKETGKFFLWVVRDTEAEKLPPNEVE
SVAEKGLVVSWCSQLEVLAHPSVGCFFTHCGWNSTLEALCLGVPVVAFPOWADQVTNAKFLEDV
WKVGKRVKRNEQRLASKEEVRSCIWEVMEGERASEFKSNSMEWKKWAKEAVDEGGSSDKNIEEF
VAMLKOQT

UGT74AC1 M7 (SEQ ID NO: 64)

MAEKGDTHILVEFPFPAQGHINPLLOLSKHLIAKGIKVSLVTTLHVSNRMOLOGAYSNSVKIEVI
SDGSEDRLETDTLRQYLDRFROKMTKNLEDFLOKAMVSSNPPKFIIYDSTMPWVLEVAKEFGLD
RAPFYTQSCALNSINYHVLHGOQLKLPPETPTISLPSMPLLRPSDLPAYDFDPASTDTIIDLLTS
QYSNIQODANLLECNTFDKLEGEIIQWMETLGRPVKTVGPTVPSAYLDKRVENDKHYGLSLEKPN
EDVCLKWLDSKPSGSVLYVSYGSLVEMGEEQLKELALGIKETGKFFLWVVRDTEAEKLPPNEVE
SVAEKGLVVSWCSQLEVLAHPSVGCFFTHCGWNSTLEALCLGVPVVAFPOQWADQVTNAKFLEDV
WKVGKRVKRNEQRLASKEEVRSCIWEVMEGERASEFKSNSMEWKKWAKEAVDEGGSSDKNIEEF
VAMLKQT

Stevia rebaudiana UGT85C1 MogUGTc3 0 (SEQ ID NO: 27)

MADOMAKIDEKKPHVVEFIPFPAQSHIKCMLKLARILHOKGLY ITFINTDTNHERLVASGGTOWL
ENAPGEFWEFKTVPDGFGSAKDDGVKPTDALRELMDYLKTNFFDLFLDLVLKLEVPATCI ICDGCM
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TFANTIRAAEKLNIPVILFWTMAACGFMAFYQAKVLKEKEIVPVKDETYLTNGYLDMEIDWIPG
MKRIRLRDLPEFILATKONYFAFEFLFETAQLADKVSHMITHTFEELEASLVSEIKSIFPNVYT
IGPLOLLLNKITQKETNNDSYSLWKEEPECVEWLNSKEPNSVVYVNEFGSLAVMSLODLVEEFGWG
LVNSNHYFLWIIRANLIDGKPAVMPQELKEAMNEKGEVGSWCSQEEVLNHPAVGGFLTHCGWGS
ITESLSAGVPMLGWPSIGDOQRANCROMCKEWEVGME IGKNVKRDEVEKLVRMLMEGLEGERMRK
KALEWKKSATLATCCNGSSSLDVEKLANE IKKLSRN

MogUGTC3 1 (SEQ ID NO: 28)

MADOMAKIDEKKPHVVFIPFPAQSHIKCMLKLARILHOKGEFYITFINTETNHERLVASGGTOWL
ENAPGFWEFKTVPDGFGSAKDDGVKPTDALRELMDYLKTNFFDLFLDLVLKLEVPATCIICDGEM
TFANTIRAAEKLNIPVILFWTMAACGEMAFYQAKVLKEKEIVPVKDETYLTNGYLDMEIDWIPG
MKRIRLRDLPEFILATKONYFAFEFLFETAQLADKVSHMITHTFEELEASLVSEIKSIFPNVYT
IGPLOLLLNKITQKETNNDSYSLWKEEPECVEWLNSKEPNSVVYVNFGSLAVMSLODLVEFGWG
LVNSNHYFLWIIRANLIDGKPAVMPQELKEAMNEKGEVGSWCSQEEVLNHPAVGGFLTHCGWGS
ITESLSAGVPMLGWPSIGDOQRANCROMCKEWEVGME IGKNVKRDEVEKLVRMLMEGLEGERMRK
KALEWKKSATLATCCNGSSSLDVEKLANE IKKLSRN

MogUGTc3 2 (SEQ ID NO: 29)

MADOMAKIDEKKPHVVFIPFPAQSHIKCMLKLARILHOKGFYITFINTETNHERLVASGGTOWL
ENAPGFWFKTVPDGFGSAKDDGVKPTDALREILMDYLKTNFFDLFLDLVLKLEVPATCIICDGEM
TFANTIRAAEKLNIPVILFWTMAACGEMAFYQAKVLKEKEIVPVKDETYLTNGYLDMEIDWIPG
MKRIRLRDLPEFILATKONYFAFEFLFETAQLADKVSHMITHTFEELEASLVSEIKSIFPNVYT
IGPLOLLLNKITQKETNNDSYSLWKEEPECVEWLNSKEPNSVVYVNEFGSLIVMSLODLVEFGWG
LVNSNHYFLWITRANLIDGKPAVMPQELKEAMNEKGEVGSWCSQEEVLNHPAVGGFLTHCGWGS
ITESLSAGVPMLGWPS IGDOQRANCROMCKEWEVGME IGKNVKRDEVEKLVRMLMEGLEGERMRK
KALEWKKSATLATCCNGSSSLDVEKLANEIKKLSRN

MogUGTc3 3 (SEQ ID NO: 30)

MADOMAKIDEKKPHVVFIPFPAQSHIKCMLKLARILHOKGFYITFINTETNHERLVASGGTQWL
ENAPGEFWEFKMVPDGEFGSAKDDGVKPTDALRELMDYLKTNFFDLFLDLVLKLEVPATCIICDGEM
TFANTIRAAEKLNIPVILFWTMAACGEFMAFYQAKVLKEKEIVPVKDETYLTNGYLDMEIDWIPG
MKRIRLRDLPEFILATKONYFAFEFLFETAQLADKVSHMITHTFEELEASLVSEIKSIFPNVYT
IGPLOLLLNKITQKETNNDSYSLWKEEPECVEWLNSKEPNSVVYVNYGSLIVMSLODLVEFGWG
LVNSNHYFLWIIRANLIDGKPAVMPQELKEAMNEKGEVGSWCSQEEVLNHPAVGGEFLTHCGWGS
ITESLSAGVPMLGWPSIGDOQRANCROMCKEWEVGME IGKNVKRDEVEKLVRMLMEGLEGERMRK
KALEWKKSATLATCCNGSSSLDVEKLANEIKKLSRN

MogUGTC24 0 (SEQ ID NO: 31)

MADVAEEQPLKIYFIPYLAAGHMIPLCDIATLFASRGHHVTIITTPSNAQTLRESHHFRVQTIOQ
FPSQEVGLPAGVONLTAVTNLDDSYKIYHATMLLRKHIEDFVERDPPDCIVADFLEPWVDDVAT
KLHIPRLVENGFTLFTICAMESHKAHPLPVDAASGSEVIPDEFPHHVTINSTPPKRTKEFVDPLL
TEAFKSHGFLINSFVELDGEECVEHYERITGGHKAWHLGPAFLVHRTAQDRGEKSVVSTQECLS
WLDSKRDNSVLYICEFGTICYFPDKQLYEIASATIEASGHEFIWVVPEKRGNADESEEEKEKWLPK
GFEERNNGKKGMI IRGWAPQVAILGHPAVGGEFLTHCGWNSTVEAVSAGVPMITWPVHSDOYEFNE
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KLITOVRGIGVEVGAEEWIVTAFRETEKLVGRDRIERAVRRVMDGGDEAVQIRRRARELGEMAR
QAVQEGGSSHTNLTALINDLKRWRDSKQLN

MogUGTC24 1 (SEQ ID NO: 32)

MADVAEEQPLKIYFIPYLAAGHMIPLCDIATLFASRGHHVTIITTPSNAQTLRESHHEFRVQTIQ
FPSQEVGLPEGVONLTAVTNLDDSYKFYHATMLLRKPIEDFVERDPPDCIVADFLEFPWVDDVAT
KLHIPRLVENGFTLFTICAMESHKAHPLPVDAASGSEFVIPDEFPHHVTINSTPPKRTKEFVDPLL
TEAFKSHGFLINSFVELDGEECVEHYERITGGHKAWHLGPAFLVHRTAQDRGEKSVVSTQECLS
WLDSKRDNSVLYICFGTICYFPDKQLYEIASATEASGHEFIWVVPEKRGNADESEEEKEKWLPK
GFEERNNGKKGMIIRGWAPQVAILGHPAVGGFLTHCGWNSTVEAVSAGVPMITWPVHSDQYFNE
KLITOVRGIGVEVGAEEWIVTAFRETEKLVGRDRIERAVRRVMDGGDEAVQIRRRARELGEMAR
QAVQEGGSSHTNLTALINDLKRWRDSKQLN

MogUGTC24 2 (SEQ ID NO: 33)

MADVAEEQPLKIYFIPYMAAGHMIPLCDIATLFASRGHHVTIITTPSNAQTLRESHHFRVQTIQ
FPSQEVGLPEGVONLTAVTNLDDSYKFYHAAMLLRKPIEDFVERDPPDCIVADFLEPWVDDVAT
KLHIPRLVENGFTLFTICAMESHKAHPLPVDAASGSEFVIPDFPHHVTINSTPPKRFKEFVDELL
TEAFKSHGFLINSFVELDGEECVEHYERITGGHKAWHLGPAFLVHRTAQDRGEKSVVSTQECLS
WLDSKRDNSVLYICFGTICYFPDKQLYEIASATEASGHEFIWVVPEKRGNADESEEEKEKWLPK
GFEERNNGKKGMIIRGWAPQVAILGHPAVGGFLTHCGWNSTVEAVSAGVPMITWPVHSDQFENE
KLITQVRGIGVEVGAEEWIVTAFRETEKLVGRDRIERAVRRVMDGGDEAVQIRRRARELGEMAR
QAVOEGGSSHTNLTALINDLKRWRDSKQLN

MogUGTC24 3 (SEQ ID NO: 34)

MADVAEEQPLKIYFIPYMAAGHMIPLCDIATLFASRGHHVTIITTPSNAQTLRESHHEFRVQTIO
FPSQEVGLPEGVONLTAVTNLDDAYKFYHAAMLLRKPIEDFVERDPPDCIVADFLEFPWVDDVAT
KLHIPRLVENGFTLFTICAMESHKAHPLPVDAASGSEFVIPDEFPHHVTINSTPPKRFKEFVDELL
TEAFKSHGEFLINSFVELDGEECVEHYERITGGHKAWHLGPAFLVHRTAQDRGEKSVVSTQECLS
WLDSKRDNSVLYICFGSICYFPDKQLYEIASATEASGHEFIWVVPEKRGKADESEEEKEKWLPK
GFEERNNGKKGLIIRGWAPQVAILGHPAVGGEFLTHCGWNSTVEAVSAGVPMITWPVHSDOEFEFNE
KLITQVRGIGVEVGAEEWIVTAFRETEKLVGRDRIERAVRRVMDGGDEAVQIRRRARELGEMAR
QAVQEGGSSHTNLTALINDLKRWRDSKQLN

MogUGTC24 4 (SEQ ID NO: 48)

MADVAEEQPLKIYFIPYMAAGHMIPLCDIATLFASRGHHVTIITTPSNAQTLRESHHEFRVQTIOQ
FPSQEVGLPEGVONLTAVTNLDDAYKFYHAAMLLRKPIEDFVERDPPDCIVADFLEPWVDDVAT
KLHIPRLVENGFTLFTICAMESHKAHPLPVDAASGSEFVIPDFPHHVTINSTPPKRFKEYVDELL
TEAFKSHGFLINSFVELDGEECVEHYERITGGHKAWHLGPAFLVHRTAQDRGEKSVVSTQECLS
WLDSKRDNSVLYICEFGSICYFPDKOQLYEIASATEASGHEFIWVVPEKRGKADESEEEKEKWLPK
GFEERNNGKKGLIIRGWAPQVAILGHPAVGGEFLTHCGWNSTVEAVSAGVPMITWPVHSDQFEFNE
KLITOVRGIGVEVGAEEWIVTAFRETEKLVGRDRIERAVRRVMDGGDEAVQIRRRARELGEMAR
QAVQEGGSSHTNLTALINDLKRWRDSKQLN

MogUGTC24 5 (SEQ ID NO: 49)
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MADVAEEQPLKIYFIPYMAAGHMIPLCDIATLFASRGHHVTIITTPSNAQTLRESHHFRVQTVQ
FPSQEVGLPEGVONLTAVTNLDDAYKFYHAAMLLRKPIEDFVERDPPDCIVADEFLEPWVDDVAT
KLHIPRLVENGFTLFTICAMESHKAHPLPVDAASGSEFVIPDEFPHHVTINSTPPKRFKEYVDELL
TEAFKSHGFLINSFVELDGEECVEHYERITGGHKAWHLGPAFLVHRTAQDRGEKSVVSTQECLS
WLDSKRDNSVLYICFGSICYFPDKQLYEIASATEASGHEFIWVVPEKRGKADESEEEKEKWLPK
GFEERNNGKKGLIIRGWAPQVAILGHPAVGGEFLTHCGWNSTVEAVSAGVPMITWPVHSDOEFEFNE
KLITQVRGIGVEVGAEEWIVTAFRETEKLVGRDRIERAVRRVMDGGDEAVQIRRRARELGEMAR
QAVOEGGSSHTNLTALINDLKRWRDSKQLN

Siraitia grosvenorii UGT94-289, SEQ ID NO: 35)

MADAQRGHTTTILMEFPWLGYGHLSAFLELAKSLSRRNFHIYFCSTSVNLDAIKPKLPSSSSSDS
IQLVELCLPSSPDQLPPHLETTNALPPHLMPTLHQAFSMAAQHFAAILHTLAPHLLIYDSFQPW
APQLASSLNIPAINENTTGASVLTRMLHATHYPSSKFPISEFVLHDYWKAMY SAAGGAVTKKDH
KIGETLANCLHASCSVILINSFRELEEKYMDYLSVLLNKKVVPVGPLVYEPNQDGEDEGYSSIK
NWLDKKEPSSTVEVSFGSEYFPSKEEMEEIAHGLEASEVHFIWVVREFPOGDNTSAIEDALPKGE
LERVGERGMVVKGWAPOQAKITLKHWS TGGEVSHCGWNSVMESMMEGVPIIGVPMHLDOPEFNAGLA
EEAGVGVEAKRDPDGKIQRDEVAKLIKEVVVEKTREDVRKKAREMSE ILRSKGEEKMDEMVAAT
SLEFLKI

MogUGT1216 0, SEQ ID NO: 36)

MAVTKKDHKIGETLANCLHASCSVILINSFRELEEKYMDYLSVLLNKKVVPVGPLVYEPNQDGE
DEGYSSIKNWLDKKEPSSTVEVSEFGSEYFPSKEEMEEIAHGLEASEVHEFIWVVREFPOGDNTSAT
EDALPKGFLERVGERGMVVKGWAPQAKILKHWSTGGEFVSHCGWNSVMESMMFGVPIIGVPMHLD
QPFNAGLAEEAGVGVEAKRDPDGKIQRDEVAKLIKEVVVEKTREDVRKKAREMSETILRSKGEEK
MDEMVAAISLFLKIGGGSDAQRGHTTTILMEFPWLGYGHLSAFLELAKSLSRRNFHIYFCSTSVN
LDAIKPKLPSSSSSDSIQLVELCLPSSPDQLPPHLHTTNALPPHLMPTLHQAFSMAAQHFAATL
HTLAPHLLIYDSFOQPWAPQLASSLNIPAINFNTTGASVLTRMLHATHYPSSKFPISEFVLHDYW
KAMYSAAGGA

MogUGT1216 1 (SEQ ID NO: 37)

MAVTKKDHKIGETVANCLHASCSVILINSFRELEEKYMDYLSVLLNKKVVPVGPLVYEPNQDGE
DEGYSSIKNWLDKKEPSSTVEVSFGSEYFPSKEEMEEIAHGLEASEVHFIWVVREPOQGDNTSAT
EDALPKGFLERVGERGMVVKGWAPQAKILKHWSTGGEFVSHCGWNSVMESMMFGVPIIGVPMHLD
QPFNAGLAEEAGVGVEAKRDPDGKIQRDEVAKLIKEVVVEKTREDVRKKAREMSE ILRSKGEEK
MDEMVAAISQFLKIGGGSDAQRGHTTTILMEFPWLGYGHLSAFLELAKSLSRRNFHIYEFCSTSVN
LDAIKPKLPSSSSSDSIQLVELCLPSSPDOLPPHLHTTNALPPHLMPTLHQAFSMAAQHFAATL
HTLAPHLLIYDSFQPWAPQLASSLNIPAINFNTTGASVLTRMLHATHYPSSKFPISEFVLHDYW
KAMYSAAGGA

MogUGT1216 2 (SEQ ID NO: 38)
MAVTKKDHKIGETVANCLHASCSVILINSFRELEEKYMDYLSVLLNKKVVPVGPLVYEPNQDGE
DEGYSSIKNWLDKKEPSSTVEVSEFGSEYFPSKEEMEEIAHGLEASEVHFIWVVRFPOGDNTSAT

EDALPKGFLERVGERGMVVKGWAPQAKILKHPSTGGFVSHCGWNSVMESMMEFGVPIIGVPMHLD
OPFNAGLAEEAGVGVEAKRDPDGKIQRDEVAKLIKEVVVEKTREDVRKKAREMSEILRSKGEEK
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MDEMVAAISQFLKIGGGSDAQRGHTTTILMEFPWLGYGHLSAFLELAKSLSRRNFHIYFCSTSVN
LDAIKPKLPSSSSSDSIQLVELCLPSSPDQLPPHLHTTNALPPHLMPTLHQAFSMAAQHFAATL
HTLAPDLLIYDSFOPWAPQLASSLNIPAINFNTTGASVLTRMLHATHYPSSKFPISEFVLHDYW
KAMYSAAGGA

MogUGT1216 3 (SEQ ID NO: 90)

MAVTKKDHKIGETVANCLEASCSVILINSFRELEEKYMDYLSVLLNKKVVPVGPLVYEPNQDGE
DEGYSSIKNWLDKKEPSSTVEVSEFGSEYFPSKEEMEE IAHGLEASEVHFIWVVREFPQGDNTSAT
EDALPKGFLERVGERGMVVKGWAPQAKILKHPSTGGEFVSHCGWNSVMESMMFGVPIIGVPMHLD
QPFNAGLAEEAGVGVEAKRDPDGKIQRDEVAKLIKEVVVEKTREDVRKKAREMSETILRSKGEEK
MDEMVAAISQFLKIGGGSDAQRGHSTTILMFPWLGYGHLSAFLELAKSLSRRNFHIYFCSTKVN
LDAIKPKLPSSSSSDSIQLVELCLPSSPDQLPPHLHTTNALPPHLMPTLHQAFSMAAQHFAATL
HTLAPDLLIYDSFQPWAPQLASSLNIPAINFNTTGASVLTRMLHATHYPSSKFPISEFVLHDYW
KAMYSAAGGA

Coffea arabica uridine diphosphate dependent glycosyltransferase
1,6 MogUGT16 0 (SEQ ID NO: 39)

MAENHATFNVLMLPWLAHGHVSPYLELAKKLTARNENVYLCSSPATLSSVRSKLTEKFSQSIHL
VELHLPKLPELPAEYHTTNGLPPHLMPTLKDAFDMAKPNEFCNVLKSLKPDLLIYDLLOPWAPEA
ASAFNIPAVVEFISSSATMTSFGLHFFKNPGTKYPYGNAIFYRDYESVFVENLTRRDRDTYRVIN
CMERSSKIILIKGENEIEGKYFDYFSCLTGKKVVPVGPLVODPVLDDEDCRIMOWLNKKEKGST
VFVSFGSEYFLSKKDMEE IAHGLEVSNVDFIWVVRFPKGENIVIEETLPKGFFERVGERGLVVN
GWAPQAKILTHPNVGGEFVSHCGWNSVMESMKEFGLPITAMPMHLDQPINARLIEEVGAGVEVLRD
SKGKLHRERMAETINKVMKEASGESVRKKARELQEKLELKGDEEIDDVVKELVQLCATKNKRNG
LHYY

MogUGT16 1 (SEQ ID NO: 40)

MAENHATFNVLMLPWLAHGHVSPYLELAKKLTARNENVYLCSSPATLSSVRSKLTEKFSQSIHL
VELHLPKLPELPAEYHTTNGLPPHLMPTLKDAFDMAKPNFCNVLKSLKPDLLIYDLLOQPWAPEA
ASAFNIPAVVFISSSATMLSEFGLHEFFKNPGTKYPYGNAIFYRDYESVEVENLTRRDRDTYRVIN
CMERSSKIILIKGFKEIEGKYFDYFSCLTGKKVVPVGPLVQDPVLDDEDCRIMQWLNKKEKGST
VEVSFGSEYFLSKKDMEE IAHGLEVSNVDFIWVVRFPKGENIVIEETLPKGFFERVGERGLVVN
GWAPQAKILTHPNVGGEFVSHCGWNSVMESMKEFGLPITAMPMHLDQPINARLIEEVGAGVEVLRD
SKGKLHRERMAET INKVMKEASGESVRKKARELQEKLELKGDEEIDDVVKELVQLCATKNKRNG
LHYY

CmUGTc3 1 (SEQ ID NO: 65)

MADNVVVSLPSEIVLOQPEDLPSFPDDPEVVLDEMTSQFSHLENVKWIFINTFDRLESKVVNWMA
KTLPIKTVGPTIPSAYLDGRLEKDKAYGLNVSKSNNGKCPIKWLDSKETASVIYISEFGSLVILS
EEQVKELTNLLRDTDFSFLWVLRESEMVKLPKNEVQODTSDRGLIVNWCCOLQVLSHKAVSCEVT
HCGWNSTLEALSLGVPMVAIPOWIDQOTTNAKFVADVWRVGVRVKKNEKSVAIKEELEASIRKIV
VOGNGTNEFKONAIKWKNLAKEAVDERGSSDKNIEEEFVQALVAANGGGERGKQSHVIVEFPEFPRH
GHMSPMLQFSKRLISKGLLLTFLITSSASQSLTINIPPSPSFHFKIISDLPESDDVATLDAYLR
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SFRAAVTKSLSNFIDEVLTSSSNEEVPPTLIVYDSVMPWVQSVAAERGLDSAPFFTESAAVNHL
LHLVYGGSLSIPPP

CmUGTc3 2 (SEQ ID NO: 6©6)

MADNVVVSLPSEIVLOQPEDLPSFPDDPEVVLDEMTSQFSHLENVKWIFINTEFDRLESKVVNWMA
KTLPIKTVGPTIPSAYLDGRLEKDKAYGLNVSKSNNGKCPIKWLDSKETASVIYISEFGSLVILS
EEQVKELTNLLRDTDFSEFLWVLRESEMVKLPKNEVODTSDRGLIVNWCCQLQVLSHKAVSCEVT
HCGWNSTLEALSLGVPMVAIPQWIDQTTNAKFVADVWRVGVRVKKNEKSVAIKEELEASIRKIV
VOGNGTNEFKONATIKWKNLAKEAVDERGSSDKNIEEEFVOALVAANGGGERGKQSHVIVEPEFPRH
GHMSPMLQFSKRLISKGLLLTFLITSSASQSMTINIPPSPSFHFKIISDLPESDDVATLDAYLR
SFRAAVTKSLSNFIDEVLTSSSNEEVPPTLIVYDSVMPWVQOSVAAERGLDSAPFFTESAAVNHL
LHLVYGGSLSIPPP

CmUGTc3 3 (SEQ ID NO: 67)

MADNVVVSLPSEIVLQPEDLPSFPDDPEVVLDEMTSQFSNLENVKWIFINTFDRLESKVVNWMA
KTLPIKTVGPTIPSAYLDGRLEKDKAYGLNVSKSNNGKCPIKWLDSKETASVIYISFGSLVILS
EEQVKELTNLLRDTDFSEFLWVLRESEMVKLPKNEFVODTSDRGLIVNWCCOLQVLSHKAVSCEVT
HCGWNSTLEALSLGVPMVAIPOQWADQTTNAKEVADVWRVGVRVKKNEKGVAIKEELEASIRKIV
VOGNGTNEFKONATIKWKNLAKEAVDERGSSDKNIEEEFVOALVAANGGGERGKQSHVIVEPEFPRH
GHMSPMLQFSKRLISKGLLLTFLITSSASQSLTINIPPSPSFHFKIISDLPESDDVATLDAYLR
SFRAAVTKSLSNFIDEVLTSSSNEEVPPTLIVYDSVMPWVQSVAAERGLDSAPFFTESAAVNHL
LHLVYGGSLSIPPP

CmUGTc3 _CP7 (SEQ ID NO: 73)

MADNVVVSLPSEIVLOQPEDLPSFPDDPEVVLDEMTSQEFSHLENVKWIFINT FDRLESKVVNWMA
KTLPIKTVGPTIPSAYLDGRLEKDKAYGLNVSKSNNCGKCPIKWLDSKETASVIYISEFGSLVILS
EEQVKELTNLLRDTDFSFLWVLRESEMVKLPKNEVODTSDRGLIVNWCCOLOVLSHKAVSCEVT
HCGWNSTLEALSLGVPMVAIPOWIDQTTNAKEVADVWRVGVRVKKNEKSVAIKEELEASTIRKIV
VOGNGTNEFKONAIKWKNLAKEAVDERGSSDKNIEEFVOALVEMTAANGGGERIKQSHVIVEPE
PRHGHMSPMLOFSKRLISKGLLLTFLITSSASQSLTINIPPSPSFHFKIISDLPESDDVATLDA
YLRSFRAAVTKSLSNFIDEVLTSSSNEEVPPTLIVYDSVMPWVQSVAAERGLDSAPEFFTESAAV
NHLLHLVYGGSLSIPPP

CmUGTc3 CP9 (SEQ ID NO: 74)

MASEIVLQPEDLPSFPDDPEVVLDIFMTSQFSHLENVKWIFINTEFDRLESKVVNWMAKTLPIKTV
GPTIPSAYLDGRLEKDKAYGLNVSKSNNGKCPIKWLDSKETASVIYISFGSLVILSEEQVKELT
NLLRDTDFSFLWVLRESEMVKLPKNEFVQODTSDRGLIVNWCCQLOVLSHKAVSCEFVTHCGWNSTL
EALSLGVPMVAIPOQWIDQTTNAKFVADVWRVGVRVKKNEKSVAIKEELEASTIRKIVVQGNGTNE
FKONATIKWKNLAKEAVDERGSSDKNIEEFVOALVEMTAANGGGERIKQSHVIVFPFPRHGHMSP
MLOFSKRLISKGLLLTFLITSSASQSLTINIPPSPSFHFKIISDLPESDDVATLDAYLRSEFRAA
VITKSLSNFIDEVLTSSSNEEVPPTLIVYDSVMPWVQSVAAERGLDSAPFFTESAAVNHLLHLVY
GGSLSIPPPDNVVVSLP

CmUGTc3 _CP10 (SEQ ID NO: 75)
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MASEIVLQPEDLPSFPDDPEVVLDEMTSQFSHLENVKWIFINTEFDRLESKVVNWMAKTLPIKTV
GPTIPSAYLDGRLEKDKAYGLNVSKSNNGKCPIKWLDSKETASVIYISFGSLVILSEEQVKELT
NLLRDTDFSFLWVLRESEMVKLPKNFVQODTSDRGLIVNWCCQLOVLSHKAVSCEFVTHCGWNSTL
FALSLGVPMVAIPOQWIDQOTTNAKFVADVWRVGVRVKKNEKSVAIKEELEASTIRKIVVQGNGTNE
FKONATKWKNLAKEAVDERGSSDKNIEEEFVQALVAANGGGERGKOSHVIVEPFPRHGHMSPMLO
FSKRLISKGLLLTFLITSSASQSLTINIPPSPSFHFKIISDLPESDDVATLDAYLRSFRAAVTK
SLSNFIDEVLTSSSNEEVPPTLIVYDSVMPWVQSVAAERGLDSAPFFTESAAVNHLLHLVYGGS
LSIPPPDNVVVSLP

CmUGTc3 CP16 (SEQ ID NO: 76)

MARLEKDKAYGLNVSKSNNGKCPIKWLDSKETASVIYISEGSLVILSEEQVKELTNLLRDTDES
FLWVLRESEMVKLPKNEFVQODTSDRGLIVNWCCQLOVLSHKAVSCEVTHCGWNSTLEALSLGVPM
VAIPOQWIDQTTNAKFVADVWRVGVRVKKNEKSVAIKEELEAS IRKIVVQGNGTNEFKONATIKWK
NLAKEAVDERGSSDKNIEEFVOQALVAANGGGERGKQSHVIVFPFPRHGHMSPMLOESKRLISKG
LLLTFLITSSASQSLTINIPPSPSFHFKIISDLPESDDVATLDAYLRSFRAAVTKSLSNEFIDEV
LTSSSNEEVPPTLIVYDSVMPWVQOSVAAERGLDSAPEFFTESAAVNHLLHLVYGGSLSIPPPDNV
VVSLPSEIVLOPEDLPSFPDDPEVVLDEFMTSQEFSHLENVKWIFINTFDRLESKVVNWMAKTLPI
KTVGPTIPSAYLDG

Other sequences

pntA (SEQ ID NO: 41)

MRIGIPRERLTNETRVAATPKTVEQLLKLGEFTVAVESGAGQLASFDDKAFVOAGAEIVEGNSVW
QSEIILKVNAPLDDEIALLNPGTTLVSFIWPAQNPELMOKLAERNVTVMAMDSVPRISRAQSLD
ALSSMANIAGYRAIVEAAHEFGRFFTGQITAAGKVPPAKVMVIGAGVAGLAAIGAANSLGAIVR
AFDTRPEVKEQVQSMGAEFLELDFKEEAGSGDGYAKVMSDAFTKAEMELFAAQAKEVDIIVTTA
LIPGKPAPKLITREMVDSMKAGSVIVDLAAQNGGNCEYTVPGEIFTTENGVKVIGYTDLPGRLP
TOSSQLYGTNLVNLLKLLCKEKDGNITVDEFDDVVIRGVTVIRAGEITWPAPPIQVSAQPOAAQK
AAPEVKTEEKCTCSPWRKYAIMALATIILFGWMASVAPKEFLGHEFTVFALACVVGYYVVWNVSHA
LHTPLMSVINAISGIIVVGALLOQIGQGGWVSFEFLSFIAVLIASINIFGGETVTQRMLKMERKN

pntB (SEQ ID NO: 42)

MSGGLVTAAYIVAAILFIFSLAGLSKHETSROGNNFGIAGMAIALIATIFGPDTGNVGWILLAM
VIGGAIGIRLAKKVEMTEMPELVAILHSFVGLAAVLVGEFNSYLHHDAGMAPILVNIHLTEVFEFLG
IFIGAVTFTGSVVAFGKLCGKISSKPLMLPNRHKMNLAALVVSFLLLIVEFVRTDSVGLQVLALL
IMTAIALVEFGWHLVASIGGADMPVVVSMLNSYSGWAAAAAGFMLSNDLLIVTGALVGSSGAILS
YIMCKAMNRSFISVIAGGFGTDGSSTGDDQEVGEHREITAEETAELLKNSHSVIITPGYGMAVA
OAQYPVAEITEKLRARGINVRFGIHPVAGRLPGHMNVLLAEAKVPYDIVLEMDEINDDFADTDT
VLVIGANDTVNPAAQDDPKSPIAGMPVLEVWKAQNVIVEKRSMNTGYAGVONPLEFFKENTHMLE
GDAKASVDAILKAL

E.coli fldA (SEQ ID NO: 43)
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MAITGIFFGSDTGNTENIAKMIQOKQLGKDVADVHDIAKSSKEDLEAYDILLLGIPTWYYGEAQC
DWDDFFPTLEEIDFNGKLVALFGCGDQEDYAEYFCDALGTIRDIIEPRGATIVGHWPTAGYHEE
ASKGLADDDHEVGLAIDEDRQPELTAERVEKWVKQISEELHLDEILNA

Allochromatium vinosum Cv.Ifdx (SEQ ID NO: 44)

MAIMITDECINCDVCEPECPNGAISQGDETYVIEPSLCTECVGHYETSQCVEVCPVDCIIKDPS
HEETEDELRAKYERITGEG
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CLAIMS

L. A method for producing mogrol or mogroside, comprising:

providing a microbial cell producing squalene and expressing a biosynthetic pathway that
converts squalene to the mogrol or mogroside,

culturing the microbial cell under conditions suitable for producing the mogrol or
mogroside, wherein the culturing produces squalene derivatives with less than about 40% by
weight of off-pathway products cucurbitadienol, hydrolyzed 2,3;22,23-dioxidosqualene, and
glycosylated 24,25-dihydroxycucurbitadienol.

2. The method of claim 1, wherein the biosynthetic pathway comprises a squalene epoxidase

(SQE) enzyme that produces 2,3;22,23-dioxidosqualene from squalene.

3. The method of claim 2, wherein the squalene epoxidase comprises an amino acid sequence
that is at least 80%, or at least 85%, at least 90%, or at least 95% identical to the amino acid
sequence of SEQ ID NO: 2, and comprising one or more mutations or one or more sets of mutations

listed in Tables 1, 2, and/or 3.

4. The method of claim 3, wherein the squalene epoxidase comprises one or more
substitutions at positions selected from with respect to SEQ ID NO: 2, optionally wherein:
(1) S116 is substituted with a charged amino acid selected from Glu and Asp;
(i1) N134 is substituted with a non-polar amino acid selected from Gly, Ala, Ile, Leu, and
Val,
(ii1) 1145 is substituted with a charged amino acid selected from His, Arg, and Lys;
(iv) A164 is substituted with a polar amino acid selected from Asn and Gln.
(v) A169 is substituted with a charged amino acid selected from Arg, Lys, Glu, Asp, or
His; and/or

(vi) A400 is substituted with a non-polar amino acid selected from Val, Leu, and Ile.

S. The method of claim 4, wherein the squalene epoxidase comprises one or more mutations
selected from S116E, N134G, 1145H, A164N, A169R, and A400V with respect to SEQ ID NO:
2.
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6. The method of claim 2, wherein the squalene epoxidase comprises an amino acid sequence
that is at least 80%, or at least 85%, at least 90%, or at least 95% identical to the amino acid
sequence of SEQ ID NO: 77, and comprising one or more mutations or one or more sets of

mutations listed in Tables 4 and/or 5.

7. The method of claim 6, wherein the squalene epoxidase comprises one or more
substitutions at positions selected from with respect to SEQ ID NO: 77, optionally wherein:
(1) 8366 is substituted with a charged amino acid selected from Arg, Lys and His;
(i1) D41 is substituted with a positively charged amino acid selected from His, Lys and
Arg;

(ii1) M3 15 is substituted with a non-polar amino acid selected from Leu, Ile, and Val;

8. The method of claim 7, wherein the squalene epoxidase comprises one or more mutations

selected from S366R, D41H, and M3 15L with respect to SEQ ID NO: 77.

9. The method of any one of claims 1 to 8, wherein the biosynthetic pathway comprises a
24,25-epoxycucurbitadienol synthase (ECDS) enzyme that produces 24,25-epoxycucurbitadienol

from 2,3;22,23-dioxidosqualene.

10. The method of claim 9, wherein the ECDS enzyme has substrate preference for 2,3;22,23-

dioxidosqualene over 2,3-oxidosqualene.

11 The method of claim 10, wherein the ECDS enzyme comprises an amino acid sequence
having a sequence identity of at least 80%, or at least 85%, or at least 90%, or at least 95%, or at
least 98%, or at least 99% with respect to SEQ ID NO: 7, and having one or more mutations with
respect to SEQ ID NO: 7 that increase enzyme productivity or substrate preference for 2,3;22,23-

dioxidosqualene over 2,3-oxidosqualene.

12. The method of claim 11, wherein the ECDS enzyme comprises one or more mutations or

sets of mutations listed in Tables 7, 8, 9, and/or 10.
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13. The method of claim 11 or claim 12, wherein the ECDS comprises one or more mutations
at one or more of positions selected from S24, C35, D50, N121, L245, W331, Q401, 1490, 1553,
and A556, with respect to SEQ ID NO: 7, optionally wherein:

(1) S24 is substituted with a polar amino acid selected from Asn and Gln;

(i1) C35 is substituted with a charged amino acid selected from Asp and Glu;

(1) D50 is substituted with Glu;

(iv) N121 is substituted with His, Lys and Arg,

(v) L245 is substituted with Ile or Val;

(vi) W331 is substituted with Ser, Thr, or Tyr;

(vii) Q401 is substituted with Ala, Gly, or Val;

(viii) 1490 is substituted with Val, Leu, or Ala;

(ix) I553 is substituted with Met;
and/or

(x) A556 is substituted with a polar amino acid selected from Ser, Thr, and Tyr.

14. The method of claim 13, wherein the ECDS comprises one or more mutations selected
from S24N, C35D, DSOE, N121H, L2451, W331S, Q401A, 1490V, I553M, and A556S with
respect to SEQ ID NO: 7.

15. The method of any one of claims 9 to 14, wherein the ECDS enzyme comprises one or
more mutations in a substrate access channel that improves substrate selectivity for 2,3;22,23-

dioxidosqualene over 2,3-oxidosqualene.
16. The method of any one of claims 1 to 15, wherein the biosynthetic pathway comprises an
epoxide hydrolase (EPH) enzyme that produces 24,25-dihydroxy-cucurbitadienol from 24,25-

epoxycucurbitadienol.

17.  The method of claim 16, wherein the EPH enzyme has substrate preference for 24,25-

epoxycucurbitadienol over 2,3;22,23-dioxidosqualene.
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18. The method of claim 17, wherein the EPH enzyme comprises an amino acid sequence
having a sequence identity of at least 80%, or at least 85%, or at least 90%, or at least 95%, or at

least 98%, or at least 99% with respect to SEQ ID NO: 5.

19. The method of claim 18, wherein the EPH has one or more mutations with respect to SEQ
ID NO: 5 that increases enzyme productivity or substrate preference for 24,25-
epoxycucurbitadienol over 2,3;22,23-dioxidosqualene, and wherein one or more of said mutations

are selected from Table 6.

20. The method of claim 19, wherein the epoxide hydrolase comprises one or more mutations
at one or more of positions selected from S68, Q128, G141, T144, A145,E163, E191, L262, C295,
N299 with respect to SEQ ID NO: 5, optionally wherein:
(1) S68 is substituted with a non-polar amino acid selected from Ala, Gly, and Val,
(i1) Q128 is substituted with a non-polar amino acid selected from Ala, Pro, Gly and Val;
(iii) G141 is substituted with a polar amino acid selected from Ser, Thr, and Tyr;
(iv) T144 is substituted with an amino acid selected from Gln, Asn, Ala, Gly, and Val,
(v) A14S5 is substituted with a non-polar amino acid selected from Val, Ile, and Leu;
(vi) E163 is substituted with a non-polar amino acid selected from Ala, Gly, and Val;
(vii) E191 is substituted with a non-polar amino acid selected from Gly, Ala, and Val;
(viii) L262 is substituted with Met;
(ix) C295 is substituted with a non-polar amino acid selected from Gly, Ala, and Val,
and/or
(x) N299 is substituted with Gln.

21. The method of claim 20, wherein the epoxide hydrolase comprises one or more mutations
selected from S68A, Q128A, G141S, T144Q, A145V, E163A, E191G, L262M, C295G, and

N299Q with respect to SEQ ID NO: 5.

22. The method of any one of claims 1 to 21, wherein the biosynthetic pathway comprises a

cytochrome P450 enzyme that produces mogrol from 24,25-dihydroxy-cucurbitadienol.
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23. The method of claim 22, wherein the cytochrome P450 enzyme selectively hydroxylates
C11 of 24,25-dihydroxycucurbitadienol.

24, The method of claim 23, wherein the cytochrome P450 enzyme comprises an amino acid
sequence that is at least 70% identical, or at least 80% identical, or at least 90% identical, or at
least 95% identical, or at least 97% identical, or at least 98% identical, or at least 99% identical to

the amino acid sequence of SEQ ID NO: 14 or SEQ ID NO: 15.

25. The method of claim 24, wherein the cytochrome P450 enzyme has a replacement of all or
a portion of the native transmembrane domain with the transmembrane domain from an E. coli
inner membrane cytoplasmic C-terminus protein, wherein the £. coli protein is optionally SohB or
FliO.

26. The method of claim 24 or 25, wherein the cytochrome P450 enzyme comprises a mutation
or set of mutations listed in Tables 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,
and/or 29.

27. The method of any one of claims 24 to 26, wherein the cytochrome P450 enzyme comprises
a substitution at one or more positions selected from A12, 127, S63, K75, V76, N102, G125, T128,
W130,L131,K132, T192,S193,1.218, G219, T223, V228, T231, T232, Y233, N234, K246, F354,
K369, H433, F452, V465, A468, and T482, with respect to SEQ ID NO: 15, wherein the one or
more substitutions are optionally selected from:

(1) A12 is substituted with Trp, Tyr or Phe;

(i1) 127 is substituted with Gly or Ala;

(i1i) S63 is substituted with Asn, Phe, Gln, Tyr, or Trp;

(iv) K75 is substituted with Arg;

(v) V76 is substituted with Met, Leu or Ile;

(vi) N102 is substituted with His, Lys, or Arg;

(vii) G125 is substituted with an amino acid selected from Ala, Leu, Ile, and Val;

(viii) T128 is substituted with an amino acid selected from Gly, Ser, Pro, and Ala;
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(ix) W130 is substituted with an amino acid selected from Asn, Gly, Ser, Leu, Gln, Ala,
Val, and Thr;

(x) L131 is substituted with an amino acid selected from Val, Ile, Pro, Thr, and Ser;

(xi) K132 is substituted with an amino acid selected from Asn, Ser, Thr, and Gln;

(xii) T192 is substituted with Leu, Ile, or Val;

(xii1) S193 is substituted with Thr;

(xiv) L218 is substituted with Ile, Val, and Ala;

(xv) G219 is substituted with an amino acid selected from Ala, Gln, Arg, Val, Asn, His,
and Lys;

(xvi) T223 is substituted with Ser;

(xvii) V228 is substituted with Ile or Leu;

(xviii) T231 is substituted with Phe, Trp, or Tyr;

(xix) T232 is substituted with Ala, Gly, or Val,

(xx) Y233 is substituted with Phe;

(xxi) N234 is substituted with His, Arg or Lys;

(xxii) K246 is substituted with Val, Ile or Leu;

(xxii1) F354 is substituted with Tyr or Trp;

(xxiv) K369 is substituted with Arg, Lys, or His;

(xxv) H433 is substituted with Phe, Trp, or Tyr;

(xxvi) F452 is substituted with Ile, Val, or Leu;

(xxvii) V465 is substituted with an amino acid selected from Ile, Met, or Leu;

(xxviii) A468 is substituted with an amino acid selected from Thr, Ser, Asn, and Gln; and

(xxix) T482 is substituted with Ser.

28. The method of claim 27, wherein the cytochrome P450 enzyme comprises one or more
substitutions selected from A12W, 127G, S63F, S63N, K75R, V76M, N102H, G125A, T128G,
WI130N, L1311, K132N, T192L, S193T, L2181, G219A, T2238S, V2281, T231F, T232A, Y233F,
N234H, K246V, F354Y, K369R, H433F, F4521, V4651, A468T and T482S with respect to SEQ
ID NO: 15.
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29. The method of any one of claims 24 to 28, wherein the cytochrome P450 enzyme comprises
an N-terminal deletion of at least about 20, or at least about 25, or at least about 30, or at least
about 35, or at least about 40, or at least about 45, or at least about 50 amino acids with respect to
SEQ ID NO: 15.

30. The method of claim 29, wherein the cytochrome P450 enzyme comprises a deletion

selected from a deletion of L3 to H29 with respect to SEQ ID NO: 15.

31 The method of claim 30, wherein the cytochrome P450 enzyme comprises an amino acid
sequence that is at least 70% identical, or at least 80% identical, or at least 90% identical, or at
least 95% identical, or at least 97% identical, or at least 98% identical, or at least 99% identical to
the amino acid sequence of SEQ ID NO: 85, and comprising one or more mutations or one or more

sets of mutations listed in Tables 26, 27, 28, and/or 29.

32. The method of claim 31, wherein the cytochrome P450 enzyme comprises a substitution at
one or more positions selected K8, D9, S10, N13, V15, 145, K46, K47, M49, K50, R51, 1191,
A192, F406, E411, Y412, and S413, with respect to SEQ ID NO: 85, wherein the one or more
substitutions are optionally selected from:

(1) K8 is substituted with Arg;

(i1) D9 is substituted with Asn or Gln;

(ii1) S10 is substituted with Arg, Lys or His;

(iv) N13 is substituted with Lys, Arg, or His;

(v) V15 is substituted with Lys, Arg, or His;

(vi) 145 is substituted with Val, Ile, or Leu;

(vil) K46 is substituted with Arg, Lys or His;

(viii) K47 is substituted with Glu or Asp;

(ix) M49 is substituted with Val, Ile, or Leu;

(x) K50 is substituted with Glu or Asp;

(xi) R51 is substituted with Lys;

(xii) 1191 is substituted with Leu or Val;

(xiii) A192 is substituted with Lys, Arg, or His;
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(xiv) F406 is substituted with Tyr or Trp;

(xv) E411 is substituted with Asp;

(xvi) Y412 is substituted with Phe, Leu, Ile, or Trp; and
(xvii) S413 is substituted with Ala, Gly, or Val.

33. The method of claim 32, wherein the cytochrome P450 enzyme comprises one or more
substitutions selected from K8R, DN, S10R, N13K, and V15K 145V, K46R, K47E, M49V,
KSOE, RS1K, F406Y, E411D, Y412F, S413A, I1191L and A192K substitutions with respect to
SEQ ID NO: 85.

34. The method of any one of claims 22 to 33, wherein the microbial cell expresses a P450

reductase.

35. The method of claim 34, wherein the P450 reductase comprises an amino acid sequence
that is at least 80%, or at least 85%, or at least 90%, or at least 95%, or at least 97%, or at least
98%, or at least 99% identical to SEQ ID NO: 22 or SEQ ID NO: 24.

36. The method of claim 35, wherein the cytochrome P450 reductase enzyme comprises a
replacement all or a portion of the native transmembrane domain with the transmembrane domain
from an E. coli inner membrane cytoplasmic C-terminus protein, wherein the £ coli protein is

selected from YcgG, yheB, zipA, waaA, sohB, djlA, [pxK, yptN, and yhhM.

37. The method of claim 36, wherein the F. coli protein is YcgG.

38. The method of claim 36 or 37, wherein from about 60 to about 80 amino acids of the N-
terminus of SEQ ID NO: 22 or SEQ ID NO: 24 are deleted, and optionally from about 65 to about
78 amino acids of the N-terminus of SEQ ID NO: 22 or SEQ ID NO: 24.

39. The method of claim 37 or 38, wherein: the native N-terminus of SEQ ID NO: 22 or SEQ
ID NO: 24 is replaced with 20 to 30 amino acids from the N-terminus of Ycg(G, and optionally

replaced with 25 amino acids from the N-terminus of YcgG.
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40. The method of any one of claims 37 to 39, wherein the cytochrome P450 reductase
comprises one or more mutations listed in Table 31 with respect to SEQ ID NO: 22, or comprises
one or more mutation listed in Table 32 or 33 with respect to SEQ ID NO: 24, and optionally a
substitution of L90 residue with respect to SEQ ID NO: 24.

41. The method of any one of claims 1 to 40, wherein the biosynthetic pathway comprises one
or more uridine diphosphate dependent glycosyltransferase (UGT) enzymes that produce one or
more mogrosides from mogrol, where the one or more mogrosides are selected from Mog 1A,
Mog. 1E, Mog. ITA1, Mog. IIE, Mog. IIA2, Mog. IIIA1, Mog. III, Mog. IITA2, siamenoside, Mog.
IVA, Mog. 1V, Mog. V, and iso-Mog. V, and optionally wherein the mogroside is substantially
Mog. V.

42. The method of claim 41, wherein the UGT enzymes produce at least 2 times more MogV

than glycosylated products of 24,25-dihydroxycucurbitadienol.

43. The method of claim 42, wherein the UGT enzymes produce at least 3 times, or at least 5
times, or at least 10 times more MogV than glycosylated products of 24,25-

dihydroxycucurbitadienol.

44, The method of any one of claims 1 to 43, wherein the biosynthetic pathway comprises a

UGT enzyme that produces a C-3 mogrol glycoside from mogrol (UGTc3).

45. The method of claim 44, wherein the UGTc3 enzyme comprises an amino acid sequence
that is at least 70% identical, or at least 80%, or at least 85%, or at least 90%, or least 95%, or at
least 97%, or at least 98%, or at least 99% identical to the amino acid sequence of SEQ ID NO:
27, wherein the UGT enzyme optionally comprises one or more mutations with respect to SEQ ID
NO: 27 that result in greater specificity and/or activity for glycosylation of C-3 position compared

to the UGT enzyme having an amino acid sequence of SEQ ID NO: 27.

161



WO 2025/101625 PCT/US2024/054747

46. The method of claim 45, wherein one or more mutations are selected from Table 35 and/or
Table 36.
47, The method of claim 46, wherein the UGTc3 enzyme comprises one or more mutations at

one or more positions selected from L41, D49, T74, C127, F303, and A307 with respect to SEQ
ID NO: 27, optionally wherein the mutations are selected from:

(1) L41 is substituted with an aromatic amino acid selected from Phe, Tyr and Trp;

(i1) D49 is substituted with Glu;

(iii) T74 is substituted with Met;

(iv) C127 is substituted with an aromatic amino acid selected from Phe, Tyr and Trp;

(v) F303 is substituted with Tyr; and

(vi) A307 is substituted with an amino acid selected from Ile, Leu, and Val.

48. The method of claim 47, wherein the UGTc3 enzyme comprises one or more of the
following substitutions with respect to SEQ ID NO: 27: L41F, D49E, T74M, C127F, F303Y, and
A307L

49, The method of claim 44, wherein the UGTc3 enzyme comprises an amino acid sequence
that is at least 70% identical, or at least 80%, or at least 85%, or at least 90%, or least 95%, or at
least 97%, or at least 98%, or at least 99% identical to the amino acid sequence of SEQ ID NO: 60
or SEQ ID NO: 65, wherein the UGTc3 enzyme optionally comprises one or more mutations with
respect to SEQ ID NO: 60 or SEQ ID NO: 65 that result in greater specificity and/or activity for
glycosylation of C-3 position compared to the UGT enzyme having an amino acid sequence of
SEQ ID NO: 60 or SEQ ID NO: 65.

50. The method of claim 49, wherein one or more mutations are selected from Table 37 with

respect to SEQ ID NO: 60, and/or Table 39 with respect to SEQ ID NO: 65.

51 The method of claim 49 or claim 50, wherein the UGTc3 enzyme is a circular permutant

with respect to SEQ ID NO: 60.
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52. The method of claim 51, wherein the circular permutant has a cut site corresponding to a
position between amino acid 150 to 180, or amino acid 155 to 180, or amino acid 160 to 180, or
amino acid 165 to 180, or amino acid 169 to 180 of SEQ ID NO: 60, and optionally having a linker
sequence between the amino acids that correspond to the N-terminal and C-terminal residues of

SEQ ID NO: 60, and wherein the linker optionally has a length of from 2 to 25 amino acids.

53. The method of claim 52, wherein the UGTc3 enzyme comprises one or more mutations at
one or more positions selected from H40, 1216, S241, and L352 with respect to SEQ ID NO: 65,
optionally wherein the mutations are selected from:

(1) H40 is substituted with Asp, Gly, Gln, Ala or Val,

(i1) 1216 is substituted with Ala, Gly, or Val,

(ii1) S241 is substituted with Gly, Ala, or Val; and

(iv) L352 is substituted with Met.

54. The method of claim 53, wherein the UGTc3 enzyme comprises one or more of the

following substitutions with respect to SEQ ID NO: 65: H40N, 1216A, S241G, and L352M.

55. The method of any one of claims 1 to 54, wherein the biosynthetic pathway comprises a

UGT enzyme that produces a C-24 mogrol glycoside from mogrol (UGTc24).

56. The method of claim 55, wherein the UGTc24 enzyme comprises an amino acid sequence
that is at least 70% identical, or at least 80% identical, or at least 85% identical, or at least 90%
identical, or at least 95% identical, or at least 97% identical, or at least 98% identical or at least
99% identical to the amino acid sequence of SEQ ID NO: 31, wherein the UGTc24 enzyme
optionally comprises one or more mutations resulting in greater specificity and/or activity for
glycosylation of C-24 position compared to the UGT enzyme having an amino acid sequence of

SEQ ID NO: 31.

57. The method of claim 56, wherein one or more mutations are selected from Table 40, Table

41, Table 42, Table 43, Table 44 and/or Table 45.
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58. The method of claim 56 or 57, wherein the UGTc24 enzyme comprises one or more
mutations at positions selected from L18, A74, S88, 191, T95, H101, T184, F187, P190, T273,
N306, M332, and Y381, with respect to SEQ ID NO: 31, wherein one or more mutations are
optionally selected from:

(1) L18 is substituted with Met;

(i1) 163 is substituted with Val, Ala or Gly;

(iii) A74 is substituted with an acidic amino acid selected from Glu and Asp;

(iv) S88 is substituted with an amino acid selected from Ala, Gly, Leu, Val, and Ile;

(v) I91 is substituted with an aromatic amino acid selected from Phe, Tyr and Trp;

(vi) T9S is substituted with an amino acid selected from Ala, Gly, and Val;

(vii) H101 is substituted with Pro;

(viii) T184 is substituted with an amino acid selected from Phe, Tyr, and Trp;

(ix) F187 is substituted with Tyr or Trp

(x) P190 is substituted with an amino acid selected from Glu and Asp;

(xi) T273 is substituted with Ser or is deleted;

(xii) N306 is substituted with Lys, His, or Arg;

(xii1) M332 is substituted with an amino acid selected from Leu, Ile, Val, and Ala; and

(xiv) Y381 is substituted with an amino acid selected from Phe and Trp.

59. The method of claim 58, wherein the UGTc24 enzyme comprises one or more mutations
selected from L18M, 163V, A74E, S88A, I9IF, T9SA, H101P, T184F, F187Y, P190E, T273S,
N306K, M332L, and Y381F with respect to SEQ ID NO: 31.

60. The method of any one of claims 1 to 59, wherein the biosynthetic pathway comprises a
uridine diphosphate dependent glycosyltransferase (UGT) enzyme that produces a 1,6 and/or 1,2

branched glycoside of a C-3 and/or C-24 glycoside of mogrol (UGT1216).

61. The method of claim 60, wherein the UGT1216 is a circular permutant of the enzyme

represented by SEQ ID NO: 35, or a sequence having at least 70% identity thereto.
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62. The method of claim 61, wherein the circular permutant has a cut site at a position
corresponding to amino acid 180 to 195 of SEQ ID NO: 35, or a sequence having at least 70%
identity thereto, and
optionally at a position corresponding to 185 to 190 of SEQ ID NO: 35, or a sequence having
at least 70% identity thereto, and
optionally at position 187 of SEQ ID NO: 35, or a sequence having at least 70% identity

thereto.

63. The method of claim 62, wherein the UGT1216 enzyme comprises an amino acid sequence
that is at least 70%, or at least 80%, or at least 90%, or at least 95%, or at least 97%, or at least
98%, or at least 99% identical to the amino acid sequence of SEQ ID NO: 36, wherein the
UGT1216 enzyme has one or more mutations resulting in greater specificity and/or activity for to
1,6 and/or 1,2 glycosylation of a C-3 and/or C-24 glycoside of mogrol compared to the UGT

enzyme having an amino acid sequence of SEQ ID NO: 36.

64. The method of claim 63, wherein the UGT1216 enzyme has one or more mutations
resulting in greater production of MogV from MoglIE compared to the UGT enzyme having an
amino acid sequence of SEQ ID NO: 36.

65. The method of claim 64, wherein one or more mutations or sets of mutations of the

UGT1216 are selected from Table 46, Table 47, Table 48, and/or Table 49.

66. The method of claim 64 or 65, wherein the UGT 1216 enzyme comprises mutations at one
or more positions selected from L14, H19, W160, 1266, T281, S318, and H390 with respect to
SEQ ID NO: 36, optionally wherein:
(i) L14 is substituted with a non-polar amino acid selected from Val, Ile, Ala, and Gly;
(i1) H19 is substituted with a charged amino acid selected from Glu, Lys, Asp and Glu;
(i11) W160 is substituted with Pro, Ser, or Thr;
(iv) L266 is substituted with a polar amino acid selected from Gln and Asn;
(v) T281 is substituted with Ser;

(vi) S318 is substituted with an amino acid selected from Lys, Pro, and Arg; and
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(iv) H390 is substituted with an amino acid selected from Asp and Glu.

67. The method of claim 66, wherein the UGT1216 enzyme comprises one or more
substitutions selected from L14V, H19E, W160P, L.266Q, T281S, S318K and H390D with respect
to SEQ ID NO: 36.

68. The method of claim 67, wherein the UGT1216 enzyme comprises the mutations L14V,
W160P, L266Q, and H390D substitutions with respect to SEQ ID NO: 36.

69. The method of claim 62, wherein the UGT1216 enzyme comprises an amino acid sequence
that is at least 70%, or at least 80%, or at least 90%, or at least 95%, or at least 97%, or at least
98%, or at least 99% identical to the amino acid sequence of SEQ ID NO: 39, wherein the
UGT1216 enzyme as one or more mutations resulting in greater specificity and/or activity for 1,6
and 1,2 branched glycosylation of a C-3 and/or C-24 glycoside of mogrol compared to the UGT
enzyme having an amino acid sequence of SEQ ID NO: 39.

70. The method of claim 69, wherein the UGT1216 enzyme has one or more mutations
resulting in greater production of MogIVA from MoglIE or MogV from MoglIE, compared to the
UGT enzyme having an amino acid sequence of SEQ ID NO: 39.

71. The method of claim 70, wherein the UGT1216 enzyme comprises one or more mutations
listed in Table 50.
72. The method of claim 70 or 71, wherein the UGT enzyme comprises mutation(s) at positions

selected from T147 and N207 with respect to SEQ ID NO: 39, optionally wherein:
(i) T147 is substituted with a non-polar amino acid selected from Leu, Ile, and Val; and/or

(i1) N207 is substituted with a basic amino acid selected from Lys, Arg, and His.

73. The method of claim 72, wherein the UGT enzyme comprises T147L and/or N207K
substitutions with respect to SEQ ID NO: 39.
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74. The method of any one of claims 1 to 73, wherein the microbial cell expresses a squalene

synthase (SQS) enzyme.

75. The method of claim 74, wherein the microbial cell expresses a farnesyl pyrophosphate

(FPP) synthase.

76. The method of claim 74 or 75, wherein the microbial cell overexpresses one or more

enzymes of an MEP or MV A pathway.

77.  The method of claim 76, wherein the microbial cell is a bacterium, and is optionally
selected from Fischerichia spp., Bacillus spp., Corynebacterium spp., Rhodobacter spp.,
Zymomonas spp., Vibrio spp., and Pseudomonas spp., and is optionally a species selected from
Escherichia coli, Bacillus subtilis, Corynebacterium glutamicum, Rhodobacter capsulatus,

Rhodobacter sphaeroides, Zymomonas mobilis, Vibrio natriegens, and Pseudomonas putida.

78. The method of claim 77, wherein the microbial cell is a yeast cell, optionally selected from
a species of Saccharomyces, Pichia, or Yarrowia, and is optionally Saccharomyces cerevisiae,

Pichia pastoris, and Yarrowia lipolytica.

79.  The method of any one of claims 1 to 78, wherein the microbial cell expresses or a

recombinant pntAB or a variant thereof.

80.  The method of any one of claims 1 to 79, wherein the microbial cell expresses at least one

recombinant electron carrier.

81. The method of claim 80, wherein the at least one recombinant electron carrier is a

recombinant ferrodoxin (fdx) or recombinant flavodoxin (F1d).

82. The method of any one of claims 1 to 81, wherein the microbial cell produces more than
about 40%, or more than about 50%, or more than about 60%, or more than about 70%, or more
than about 80% on pathway products 2,3-oxidosqualene, 2,3;22,23-dioxidosqualene, 24,25-epoxy

cucurbitadienol, 24,25-dihydroxy cucurbitadienol, mogrol, and mogrosides.
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83. The method of any one of claims 1 to 82, wherein the microbial cell produces less than
about 35%, or less than about 30%, or less than about 25%, or less than about 20% off pathway
products cucurbitadienol, hydrolyzed 2,3;2223-dioxidosqualene, and glycosylated 24,25-

dihydroxycucurbitadienol.

84.  The method of any one of claims 1 to 83, wherein the microbial cell comprises a mutation

that reduces the amount or activity of a transporter.

85. The method of claim 84, wherein the transporter is an ABC transporter.

86. The method of claim 84 or claim 85, wherein the transporter is YbhGFSR or an ortholog
thereof.

87. The method of claim 86, wherein the microbial cell comprises a hypomorphic mutation or

a null mutation in one or more of ybhG, ybhF, ybhS, and ybhR.

88. The method of claim 87, wherein the null mutation is a complete or partial deletion of one

or more of ybhG, ybhF, ybhsS, and ybhR.

89.  The method of claim 87, wherein the hypomorphic mutation is a promoter mutation, and/or
a mutation selected from a mutant ribosome binding site, one or more mutations adding one or
more rare codons, and adding a secondary RNA structure in one or more of ybhG, ybhF, ybhS, and
ybhR.

90. A method for producing mogrol or mogroside, comprising:

providing a microbial cell producing squalene and expressing a biosynthetic pathway that
converts squalene to the mogrol or mogroside,

wherein the microbial cell comprises one or more genetic modifications that reduces the
efflux of an intermediate of mogrol synthesis, optionally wherein the intermediate is 2,3;22,23-

dioxidosqualene,
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wherein the microbial cell exhibits an increase in mogrol synthesis compared to a cell that

does not have the genetic modifications.

91. The method of claim 90, wherein the genetic modification comprises a mutation that

reduces the amount or activity of a transporter.

92. The method of claim 90 or claim 91, wherein the transporter is YbhGFSR or an ortholog
thereof.

93. The method of claim 92, wherein the microbial cell comprises a hypomorphic mutation or

a null mutation in one or more of ybhG, ybhF, ybhsS, and ybhR.

94. The method of claim 93, wherein the null mutation is a complete or partial deletion of one

or more of ybhG, ybhF', ybhS, and ybhR.

95.  The method of claim 93, wherein the hypomorphic mutation is a promoter mutation, and/or
a mutation selected from a mutant ribosome binding site, one or more mutations adding one or
more rare codons, and adding a secondary RNA structure in one or more of ybhG, ybhF, ybhS, and
ybhR.

96. The method of any one of claims 90 to 95, wherein the microbial cell is £. coli.

97. The methods of any one of claims 90 to 96, wherein the biosynthetic pathway comprises

one or more enzymes disclosed herein.

98. A microbial cell producing squalene and expressing a biosynthetic pathway that converts
squalene to mogrol or mogroside, wherein when the microbial cell is cultured under conditions
suitable for producing the mogrol or mogroside, the microbial cell produces squalene derivatives
with less than about 40% by weight of off-pathway products cucurbitadienol, hydrolyzed
2,3;22,23-dioxidosqualene, and glycosylated 24,25-dihydroxycucurbitadienol.
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99. The microbial cell of claim 98, wherein the biosynthetic pathway comprises a squalene

epoxidase (SQE) enzyme that produces 2,3;22,23-dioxidosqualene from squalene.

100. The microbial cell of claim 99, wherein the squalene epoxidase comprises an amino acid
sequence that is at least 80%, or at least 85%, at least 90%, or at least 95% identical to the amino
acid sequence of SEQ ID NO: 2, and comprising one or more mutations or one or more sets of

mutations listed in Tables 1, 2, and 3.

101.  The microbial cell of claim 100, wherein the squalene epoxidase comprises one or more
substitutions at positions selected from with respect to SEQ ID NO: 2, optionally wherein:
(i) S116 is substituted with a charged amino acid selected from Glu and Asp;
(i1) N134 is substituted with a non-polar amino acid selected from Gly, Ala, Ile, Leu, and
Val;
(iii) 1145 is substituted with a charged amino acid selected from His, Arg, and Lys;
(iv) A164 is substituted with a polar amino acid selected from Asn and Gln.
(v) A169 is substituted with a charged amino acid selected from Arg, Lys, Glu, Asp, or

His; and/or

(vi) A400 is substituted with a non-polar amino acid selected from Val, Leu, and Ile.

102.  The microbial cell of claim 101, wherein the squalene epoxidase comprises one or more
mutations selected from S116E, N134G, [145H, A164N, A169R, and A400V with respect to SEQ
ID NO: 2.

103.  The microbial cell of claim 99, wherein the squalene epoxidase comprises an amino acid
sequence that is at least 80%, or at least 85%, at least 90%, or at least 95% identical to the amino
acid sequence of SEQ ID NO: 77, and comprising one or more mutations or one or more sets of

mutations listed in Tables 4 and/or 5.

104,  The microbial cell of claim 103, wherein the squalene epoxidase comprises one or more
substitutions at positions selected from with respect to SEQ ID NO: 77, optionally wherein:

(1) 8366 is substituted with a charged amino acid selected from Arg, Lys and His;
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(i1) D41 is substituted with a positively charged amino acid selected from His, Lys and
Arg;

(iii) M3 15 is substituted with a non-polar amino acid selected from Leu, Ile, and Val;

105. The microbial cell of claim 104, wherein the squalene epoxidase comprises one or more

mutations selected from S366R, D41H, and M315L with respect to SEQ ID NO: 77.

106. The microbial cell of any one of claims 98 to 105, wherein the biosynthetic pathway
comprises a 24,25-epoxycucurbitadienol synthase (ECDS) enzyme that produces 24,25-

epoxycucurbitadienol from 2,3;22,23-dioxidosqualene.

107.  The microbial cell of claim 106, wherein the ECDS enzyme has substrate preference for

2,3;22,23-dioxidosqualene over 2,3-oxidosqualene.

108.  The microbial cell of claim 107, wherein the ECDS enzyme comprises an amino acid
sequence having a sequence identity of at least 80%, or at least 85%, or at least 90%, or at least
95%, or at least 98%, or at least 99% with respect to SEQ ID NO: 7, and having one or more
mutations with respect to SEQ ID NO: 7 that increase enzyme productivity or substrate preference

for 2,3;22,23-dioxidosqualene over 2,3-oxidosqualene.

109. The microbial cell of claim 108, wherein the ECDS enzyme comprises one or more

mutations or sets of mutations listed in Tables 7, 8, 9, and/or 10.

110.  The microbial cell of claim 108 or claim 109, wherein the ECDS comprises one or more
mutations at one or more of positions selected from S24, C35, D50, N121, L245, W331, Q401,
1490, 1553, and A556, with respect to SEQ ID NO: 7, optionally wherein:

(i) S24 is substituted with a polar amino acid selected from Asn and Gln;

(i1) C35 is substituted with a charged amino acid selected from Asp and Glu;

(1ii) D50 is substituted with Glu;

(iv) N121 is substituted with His, Lys and Arg,

(v) L245 is substituted with Ile or Val;
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(vi) W331 is substituted with Ser, Thr, or Tyr;
(vii) Q401 is substituted with Ala, Gly, or Val;
(viii) 1490 is substituted with Val, Leu, or Ala;
(ix) I553 is substituted with Met;

and/or

(x) AS56 is substituted with a polar amino acid selected from Ser, Thr, and Tyr.

111.  The microbial cell of claim 110, wherein the ECDS comprises one or more mutations
selected from S24N, C35D, D50E, N121H, L2451, W331S, Q401A, 1490V, 1553M, and AS556S
with respect to SEQ ID NO: 7.

112, The microbial cell of any one of claims 106 to 111, wherein the ECDS enzyme comprises
one or more mutations in a substrate access channel that improves substrate selectivity for

2,3;22,23-dioxidosqualene over 2,3-oxidosqualene.

113. The microbial cell of any one of claims 98 to 112, wherein the biosynthetic pathway
comprises an epoxide hydrolase (EPH) enzyme that produces 24,25-dihydroxy-cucurbitadienol

from 24,25-epoxycucurbitadienol.

114.  The microbial cell of claim 113, wherein the EPH enzyme has substrate preference for

24,25-epoxycucurbitadienol over 2,3;22,23-dioxidosqualene.

115. The microbial cell of claim 114, wherein the EPH enzyme comprises an amino acid
sequence having a sequence identity of at least 80%, or at least 85%, or at least 90%, or at least
95%, or at least 98%, or at least 99% with respect to SEQ ID NO: 5, optionally wherein the EPH
has one or more mutations with respect to SEQ ID NO: 5 that increases enzyme productivity or
substrate preference for 24,25-epoxycucurbitadienol over 2,3;22,23-dioxidosqualene, and wherein

one or more of said mutations are selected from Table 6.
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116.  The microbial cell of claim 115, wherein the epoxide hydrolase comprises one or more
mutations at one or more of positions selected from S68, Q128, G141, T144, A145, E163, E191,
L262, C295, N299 with respect to SEQ ID NO: 5, optionally wherein:
(i) S68 is substituted with a non-polar amino acid selected from Ala, Gly, and Val;
(i1) Q128 is substituted with a non-polar amino acid selected from Ala, Pro, Gly and Val;
(iii) G141 is substituted with a polar amino acid selected from Ser, Thr, and Tyr;
(iv) T144 is substituted with an amino acid selected from Gln, Asn, Ala, Gly, and Val,
(v) A145 is substituted with a non-polar amino acid selected from Val, Ile, and Leu;
(vi) E163 is substituted with a non-polar amino acid selected from Ala, Gly, and Val;
(vii) E191 is substituted with a non-polar amino acid selected from Gly, Ala, and Val;
(viii) L262 is substituted with Met,
(ix) C295 is substituted with a non-polar amino acid selected from Gly, Ala, and Val;
and/or

(x) N299 is substituted with Gln.

117.  The microbial cell of claim 116, wherein the epoxide hydrolase comprises one or more
mutations selected from S68A, Q128A, G1418, T144Q, A145V, E163A, E191G, L262M, C295G,
and N299Q with respect to SEQ ID NO: 5.

118. The microbial cell of any one of claims 98 to 117, wherein the biosynthetic pathway
comprises a cytochrome P450 enzyme that produces mogrol from 24,25-dihydroxy-

cucurbitadienol.

119. The microbial cell of claim 118, wherein the cytochrome P450 enzyme selectively
hydroxylates C11 of 24,25-dihydroxycucurbitadienol, optionally wherein the cytochrome P450
enzyme comprises an amino acid sequence that is at least 70% identical, or at least 80% identical,
or at least 90% identical, or at least 95% identical, or at least 97% identical, or at least 98%
identical, or at least 99% identical to the amino acid sequence of SEQ ID NO: 14 or SEQ ID NO:
15.
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120.  The microbial cell of claim 119, wherein the cytochrome P450 enzyme has a replacement
of all or a portion of the native transmembrane domain with the transmembrane domain from an
L. coli inner membrane cytoplasmic C-terminus protein, wherein the F. coli protein is optionally

SohB or FliO.

121.  The microbial cell of claim 119 or 120, wherein the cytochrome P450 enzyme comprises
a mutation or set of mutations listed in Tables 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, and/or 29.

122, The microbial cell of any one of claims 118 to 121, wherein the cytochrome P450 enzyme
comprises a substitution at one or more positions selected from A12, 127, S63, K75, V76, N102,
G125, T128, W130,1.131,K132, T192, S193,1.218, G219, T223, V228, T231, T232, Y233, N234,
K246, F354, K369, H433, F452, V465, A468, and T482, with respect to SEQ ID NO: 15, wherein
the one or more substitutions are optionally selected from:

(1) A12 is substituted with Trp, Tyr or Phe;

(ii) 127 is substituted with Gly or Ala;

(iii) S63 is substituted with Asn, Phe, Gln, Tyr, or Trp;

(iv) K75 is substituted with Arg;

(v) V76 is substituted with Met, Leu or Ile;

(vi) N102 is substituted with His, Lys, or Arg;

(vii) G125 is substituted with an amino acid selected from Ala, Leu, Ile, and Val;

(viil) T128 is substituted with an amino acid selected from Gly, Ser, Pro, and Ala;

(ix) W130 is substituted with an amino acid selected from Asn, Gly, Ser, Leu, Gln, Ala,

Val, and Thr;

(x) L131 is substituted with an amino acid selected from Val, Ile, Pro, Thr, and Ser;

(xi) K132 is substituted with an amino acid selected from Asn, Ser, Thr, and Gln;

(xii) T192 is substituted with Leu, Ile, or Val,

(xiii) S193 is substituted with Thr;

(xiv) L218 is substituted with Ile, Val, and Ala;

(xv) G219 is substituted with an amino acid selected from Ala, Gln, Arg, Val, Asn, His,

and Lys;
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(xvi) T223 is substituted with Ser;

(xvii) V228 is substituted with Ile or Leu;

(xviii) T231 is substituted with Phe, Trp, or Tyr;

(xix) T232 is substituted with Ala, Gly, or Val;

(xx) Y233 is substituted with Phe;

(xxi) N234 is substituted with His, Arg or Lys;

(xxii) K246 is substituted with Val. Ile or Leu;

(xxiii) F354 is substituted with Tyr or Trp;

(xxiv) K369 is substituted with Arg, Lys, or His;

(xxv) H433 is substituted with Phe, Trp, or Tyr;

(xxvi) F452 is substituted with Ile, Val, or Leu,

(xxvii) V465 is substituted with an amino acid selected from Ile, Met, or Leu;
(xxviii) A468 is substituted with an amino acid selected from Thr, Ser, Asn, and Gln; and

(xxix) T482 is substituted with Ser.

123.  The microbial cell of claim 122, wherein the cytochrome P450 enzyme comprises one or
more substitutions selected from A12W, 127G, S63F, S63N, K75R, V76M, N102H, G125A,
T128G, W130N, L1311 K132N, T192L, S193T, L218L, G219A, T223S, V2281, T231F, T232A,
Y233F, N234H, K246V, F354Y, K369R, H433F, F4521, V4651, A468T and T482S with respect
to SEQ ID NO: 15.

124.  The microbial cell of any one of claims 118 to 123, wherein the cytochrome P450 enzyme
comprises an N-terminal deletion of at least about 20, or at least about 25, or at least about 30, or
at least about 35, or at least about 40, or at least about 45, or at least about 50 amino acids with

respect to SEQ ID NO: 15.

124.  The microbial cell of claim 123, wherein the cytochrome P450 enzyme comprises a
deletion selected from a deletion of L3 to H29 with respect to SEQ ID NO: 15, optionally wherein
the cytochrome P450 enzyme comprises an amino acid sequence that is at least 70% identical, or
at least 80% identical, or at least 90% identical, or at least 95% identical, or at least 97% identical,

or at least 98% identical, or at least 99% identical to the amino acid sequence of SEQ ID NO: 85,
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and comprising one or more mutations or one or more sets of mutations listed in Tables 26, 27,

28, and/or 29.

126. The microbial cell of claim 125, wherein the cytochrome P450 enzyme comprises a
substitution at one or more positions selected K8, D9, S10, N13, V15, 145, K46, K47, M49, K50,
R51, 1191, A192, F406, E411, Y412, and S413, with respect to SEQ ID NO: 85, wherein the one
or more substitutions are optionally selected from:

(1) K8 is substituted with Arg;

(i1) D9 is substituted with Asn or Gln;

(iii) S10 is substituted with Arg, Lys or His;

(iv) N13 is substituted with Lys, Arg, or His;

(v) V15 is substituted with Lys, Arg, or His;

(vi) 145 is substituted with Val, Ile, or Leu;

(vii) K46 is substituted with Arg, Lys or His;

(viii) K47 is substituted with Glu or Asp;

(ix) M49 is substituted with Val, Ile, or Leu;

(x) K50 is substituted with Glu or Asp;

(xi) R51 is substituted with Lys;

(xii) 1191 is substituted with Leu or Val;

(xiii) A192 is substituted with Lys, Arg, or His;

(xiv) F406 is substituted with Tyr or Trp;

(xv) E411 is substituted with Asp;

(xvi) Y412 is substituted with Phe, Leu, Ile, or Trp; and

(xvii) S413 is substituted with Ala, Gly, or Val.

127.  The microbial cell of claim 126, wherein the cytochrome P450 enzyme comprises one or
more substitutions selected from K8R, DON, S10R, N13K, and V15K 145V, K46R, K47E, M49V,
K50E, RS1K, F406Y, E411D, Y412F, S413A, 1191L and A192K substitutions with respect to
SEQ ID NO: 85.
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128.  The microbial cell of any one of claims 118 to 127, wherein the microbial cell expresses a

P450 reductase.

129.  The microbial cell of claim 128, wherein the P450 reductase comprises an amino acid
sequence that is at least 80%, or at least 85%, or at least 90%, or at least 95%, or at least 97%, or

at least 98%, or at least 99% identical to SEQ ID NO: 22 or SEQ ID NO: 24.

130. The microbial cell of claim 129, wherein the cytochrome P450 reductase enzyme
comprises a replacement all or a portion of the native transmembrane domain with the
transmembrane domain from an E. coli inner membrane cytoplasmic C-terminus protein, wherein

the F coli protein is selected from YcgG, yheB, zipA, waaA, sohB, djlA, 1pxK, ypfN, and yhhM.

131.  The microbial cell of claim 130, wherein the F. coli protein is YcgG.

132.  The microbial cell of claim 130 or 131, wherein from about 60 to about 80 amino acids of
the N-terminus of SEQ ID NO: 22 or SEQ ID NO: 24 are deleted, and optionally from about 65 to
about 78 amino acids of the N-terminus of SEQ ID NO: 22 or SEQ ID NO: 24.

133.  The microbial cell of claim 132, wherein: the native N-terminus of SEQ ID NO: 22 or SEQ
ID NO: 24 is replaced with 20 to 30 amino acids from the N-terminus of Ycg(, and optionally

replaced with 25 amino acids from the N-terminus of YcgG.

134.  Themicrobial cell of any one of claims 128 to 133, wherein the cytochrome P450 reductase
comprises one or more mutations listed in Table 31 with respect to SEQ ID NO: 22, or comprises
one or more mutation listed in Table 32 or 33 with respect to SEQ ID NO: 24, and optionally a

substitution of L90 residue with respect to SEQ ID NO: 24.
135. The microbial cell of any one of claims 98 to 134, wherein the biosynthetic pathway

comprises one or more uridine diphosphate dependent glycosyltransferase (UGT) enzymes that

produce MogV from mogtrol.
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136.  The microbial cell of claim 135, wherein the UGT enzymes produce at least 2 times more

MogV than glycosylated products of 24,25-dihydroxycucurbitadienol.

137.  The microbial cell of claim 136, wherein the UGT enzymes produce at least 3 times, or at
least 5 times, or at least 10 times more MogV than glycosylated products of 24,25-

dihydroxycucurbitadienol.

138.  The microbial cell of any one of claims 135 to 137, wherein the biosynthetic pathway

comprises a UGT enzyme that produces a C-3 mogrol glycoside from mogrol (UGTc3).

139.  The microbial cell of claim 138, wherein the UGTc3 enzyme comprises an amino acid
sequence that is at least 70% identical, or at least 80%, or at least 85%, or at least 90%, or least
95%, or at least 97%, or at least 98%, or at least 99% identical to the amino acid sequence of SEQ
ID NO: 27, wherein the UGT enzyme optionally comprises one or more mutations with respect to
SEQ ID NO: 27 that result in greater specificity and/or activity for glycosylation of C-3 position
compared to the UGT enzyme having an amino acid sequence of SEQ ID NO: 27.

140.  The microbial cell of claim 139, wherein one or more mutations are selected from Table

35 and/or Table 36.

141. The microbial cell of claim 140, wherein the UGTc3 enzyme comprises one or more
mutations at one or more positions selected from L41, D49, T74, C127, F303, and A307 with
respect to SEQ ID NO: 27, optionally wherein the mutations are selected from:

(1) L41 is substituted with an aromatic amino acid selected from Phe, Tyr and Trp;

(i1) D49 is substituted with Glu;

(iii) T74 is substituted with Met;

(iv) C127 is substituted with an aromatic amino acid selected from Phe, Tyr and Trp;

(v) F303 is substituted with Tyr; and

(vi) A307 is substituted with an amino acid selected from Ile, Leu, and Val.
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142.  The microbial cell of claim 141, wherein the UGTc3 enzyme comprises one or more of the
following substitutions with respect to SEQ ID NO: 27: L41F, D49E, T74M, C127F, F303Y, and
A307L

143. The microbial cell of claim 142, wherein the UGTc3 enzyme comprises an amino acid
sequence that is at least 70% identical, or at least 80%, or at least 85%, or at least 90%, or least
95%, or at least 97%, or at least 98%, or at least 99% identical to the amino acid sequence of SEQ
ID NO: 60 or SEQ ID NO: 65, wherein the UGT enzyme optionally comprises one or more
mutations with respect to SEQ ID NO: 60 or SEQ ID NO: 65 that result in greater specificity
and/or activity for glycosylation of C-3 position compared to the UGT enzyme having an amino
acid sequence of SEQ ID NO: 60 or SEQ ID NO: 65, optionally wherein one or more mutations
are selected from Table 24 with respect to SEQ ID NO: 60, and/or Table 25 with respect to SEQ
ID NO: 65.

144.  The microbial cell of claim 143, wherein the UGTc3 enzyme is a circular permutant with

respect to SEQ ID NO: 60.

145.  The microbial cell of claim 144, wherein the circular permutant has a cut site corresponding
to a position between amino acid 150 to 170, or amino acid 155 to 175, or amino acid 160 to 185,
or amino acid 165 to 190, or amino acid 165 to 175 of SEQ ID NO: 60, and optionally having a
linker sequence between the amino acids that correspond to the N-terminal and C-terminal residues

of SEQ ID NO: 60, and wherein the linker optionally has a length of from 2 to 25 amino acids.

146. The microbial cell of claim 145, wherein the UGTc3 enzyme comprises one or more
mutations at one or more positions selected from H40, 1216, S241, and L352 with respect to SEQ
ID NO: 65, optionally wherein the mutations are selected from:

(i) H40 is substituted with Asp, Gly, Gln, Ala or Val,

(i1) 1216 is substituted with Ala, Gly, or Val,

(iii) S241 is substituted with Gly, Ala, or Val; and

(iv) L352 is substituted with Met.
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147.  The microbial cell of claim 146, wherein the UGTc3 enzyme comprises one or more of the

following substitutions with respect to SEQ ID NO: 65: H40N, 1216A, S241G, and L352M.

148. The microbial cell of any one of claims 135 to 147, wherein the biosynthetic pathway

comprises a UGT enzyme that produces a C-24 mogrol glycoside from mogrol (UGTc24).

149.  The microbial cell of claim 148, wherein the UGTc24 enzyme comprises an amino acid
sequence that is at least 70% identical, or at least 80% identical, or at least 85% identical, or at
least 90% identical, or at least 95% identical, or at least 97% identical, or at least 98% identical or
at least 99% identical to the amino acid sequence of SEQ ID NO: 31, wherein the UGTc24 enzyme
optionally comprises one or more mutations resulting in greater specificity and/or activity for
glycosylation of C-24 position compared to the UGT enzyme having an amino acid sequence of
SEQ ID NO: 31, optionally wherein one or more mutations are selected from Table 40, Table 41,
Table 42, Table 43, Table 44 and/or Table 45.

150. The microbial cell of claim 149, wherein the UGTc24 enzyme comprises one or more
mutations at positions selected from L18, A74, S88, 191, T95, H101, T184, P190, T273, N306,
M332, and Y381, with respect to SEQ ID NO: 31, wherein one or more mutations are optionally
selected from:

(1) L18 is substituted with Met;

(i1) 163 is substituted with Val, Ala or Gly;

(iii) A74 is substituted with an acidic amino acid selected from Glu and Asp;

(iv) S88 is substituted with an amino acid selected from Ala, Gly, Leu, Val, and Ile;

(v) I91 is substituted with an aromatic amino acid selected from Phe, Tyr and Trp;

(vi) T95 is substituted with an amino acid selected from Ala, Gly, and Val;

(vii) H101 is substituted with Pro;

(viii) T184 is substituted with an amino acid selected from Phe, Tyr, and Trp;

(ix) F187 is substituted with Tyr or Trp

(x) P190 is substituted with an amino acid selected from Glu and Asp;

(xi) T273 is substituted with Ser or is deleted;

(xii) N306 is substituted with Lys, His, or Arg;
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(xii1) M332 is substituted with an amino acid selected from Leu, Ile, Val, and Ala; and

(xiv) Y381 is substituted with an amino acid selected from Phe and Trp.

151. The microbial cell of claim 150, wherein the UGTc24 enzyme comprises one or more
mutations selected from L18M, 163V, A74E, S88A, I91F, T9SA, H101P, T184F, F187Y, P190E,
T2738S, N306K, M332L, and Y381F with respect to SEQ ID NO: 31.

152.  The microbial cell of any one of claims 135 to 151, wherein the biosynthetic pathway
comprises a uridine diphosphate dependent glycosyltransferase (UGT) enzyme that produces a 1,6
and/or 1,2 branched glycoside of a C-3 and/or C-24 glycoside of mogrol (UGT1216).

153. The microbial cell of claim 152, wherein the UGT1216 is a circular permutant of the

enzyme represented by SEQ ID NO: 35, or a sequence having at least 70% identity thereto.

154.  The microbial cell of claim 153, wherein the circular permutant has a cut site at a position
corresponding to amino acid 180 to 195 of SEQ ID NO: 35, or a sequence having at least 70%
identity thereto, and
optionally at a position corresponding to 185 to 190 of SEQ ID NO: 35, or a sequence having
at least 70% identity thereto, and
optionally at position 187 of SEQ ID NO: 35, or a sequence having at least 70% identity

thereto.

155.  The microbial cell of claim 154, wherein the UGT1216 enzyme comprises an amino acid
sequence that is at least 70%, or at least 80%, or at least 90%, or at least 95%, or at least 97%, or
at least 98%, or at least 99% identical to the amino acid sequence of SEQ ID NO: 36, wherein the
UGT 1216 enzyme has one or more mutations resulting in greater specificity and/or activity for to
1,6 and/or 1,2 glycosylation of a C-3 and/or C-24 glycoside of mogrol compared to the UGT

enzyme having an amino acid sequence of SEQ ID NO: 36.

156. The microbial cell of claim 155, wherein the UGT 1216 enzyme has one or more mutations

resulting in greater production of MogV from MoglIIE compared to the UGT enzyme having an
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amino acid sequence of SEQ ID NO: 36, optionally wherein one or more mutations or sets of

mutations of the UGT1216 are selected from Table 46, Table 47, Table 48, and/or Table 49.

157. The microbial cell of claim 155 or 156, wherein the UGT1216 enzyme comprises
mutations at one or more selected from L14, H19, W160, L266, T281, S318, and H390 with respect
to SEQ ID NO: 36, optionally wherein:

(i) L14 is substituted with a non-polar amino acid selected from Val, Ile, Ala, and Gly;

(i1) H19 is substituted with a charged amino acid selected from Glu, Lys, Asp and Glu;

(ii1) W160 is substituted with Pro, Ser, or Thr;

(iv) L266 is substituted with a polar amino acid selected from Gln and Asn;

(v) T281 is substituted with Ser;

(vi) S318 is substituted with an amino acid selected from Lys, Pro, and Arg; and

(iv) H390 is substituted with an amino acid selected from Asp and Glu.

158.  The microbial cell of claim 157, wherein the UGT1216 enzyme comprises one or more
substitutions selected from L14V, H19E, W160P, L.266Q, T281S, S318K and H390D with respect
to SEQ ID NO: 36.

159.  The microbial cell of claim 158, wherein the UGT1216 enzyme comprises the mutations

L14V, W160P, L266Q, and H390D substitutions with respect to SEQ ID NO: 36.

160.  The microbial cell of claim 154, wherein the UGT1216 enzyme comprises an amino acid
sequence that is at least 70%, or at least 80%, or at least 90%, or at least 95%, or at least 97%, or
at least 98%, or at least 99% identical to the amino acid sequence of SEQ ID NO: 30, wherein the
UGT 1216 enzyme as one or more mutations resulting in greater specificity and/or activity for 1,6
and 1,2 branched glycosylation of a C-3 and/or C-24 glycoside of mogrol compared to the UGT

enzyme having an amino acid sequence of SEQ ID NO: 39.

161. The microbial cell of claim 160, wherein the UGT 1216 enzyme has one or more mutations
resulting in greater production of MogIVA from MoglIE or MogV from MoglIE, compared to the
UGT enzyme having an amino acid sequence of SEQ ID NO: 39.
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162. The microbial cell of claim 161, wherein the UGT1216 enzyme comprises one or more

mutations listed in Table 50.

163.  The microbial cell of claim 161 or 162, wherein the UGT enzyme comprises mutation(s)
at positions selected from T147 and N207 with respect to SEQ 1D NO: 39, optionally wherein:
(1) T147 is substituted with a non-polar amino acid selected from Leu, Ile, and Val; and/or

(i1) N207 is substituted with a basic amino acid selected from Lys, Arg, and His.

164.  The microbial cell of claim 163, wherein the UGT enzyme comprises T147L and/or N207K
substitutions with respect to SEQ ID NO: 39.

165.  The microbial cell of any one of claims 98 to 164, wherein the microbial cell expresses a

squalene synthase (SQS) enzyme.

166. The microbial cell of claim 165, wherein the microbial cell expresses a farnesyl

pyrophosphate (FPP) synthase.

167. The microbial cell of claim 165 or 166, wherein the microbial cell overexpresses one or

more enzymes of an MEP or MV A pathway.

168.  The microbial cell of claim 167, wherein the microbial cell is a bacterium, and is optionally
selected from Fscherichia spp., Bacillus spp., Corynebacterium spp., Rhodobacter spp.,
Zymomonas spp., Vibrio spp., and Pseudomonas spp., and is optionally a species selected from
Escherichia coli, Bacillus subtilis, Corynebacterium glutamicum, Rhodobacter capsulatus,

Rhodobacter sphaeroides, Zymomonas mobilis, Vibrio natriegens, and Pseudomonas putida.

169.  The microbial cell of claim 168, wherein the microbial cell is a yeast cell, optionally
selected from a species of Saccharomyces, Pichia, or Yarrowia, and is optionally Saccharomyces

cerevisiae, Pichia pastoris, and Yarrowia lipolytica.
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170.  The microbial cell of any one of claims 98 to 169, wherein the microbial cell expresses or

a recombinant prtARB or a variant thereof.

171.  The microbial cell of any one of claims 98 to 170, wherein the microbial cell expresses at

least one recombinant electron carrier.

172.  The microbial cell of claim 171, wherein the at least one recombinant electron carrier is a

recombinant ferrodoxin (fdx) or recombinant flavodoxin (F1d).

173.  The microbial cell of any one of claims 98 to 172, wherein when the microbial cell is
cultured under conditions suitable for producing the mogrol or mogroside, the microbial cell
produces more than about 40%, or more than about 50%, or more than about 60%, or more than
about 70%, or more than about 80% on pathway products 2,3-oxidosqualene, 2,3;22,23-
dioxidosqualene, 24.25-epoxy cucurbitadienol, 24,25-dihydroxy cucurbitadienol, mogrol, and

mogrosides.

174, The microbial cell of any one of claims 98 to 173, wherein when the microbial cell is
cultured under conditions suitable for producing the mogrol or mogroside, the microbial cell
produces less than about 35%, or less than about 30%, or less than about 25%, or less than about
20% off pathway products cucurbitadienol, hydrolyzed 2,3;22,23-dioxidosqualene, and
glycosylated 24,25-dihydroxycucurbitadienol.

175.  The microbial cell of any one of claims 98 to 174, wherein the microbial cell comprises a

mutation that reduces the amount or activity of a transporter.

176.  The microbial cell of claim 175, wherein the transporter is an ABC transporter.

177.  The microbial cell of claim 175 or claim 176, wherein the transporter is YbhGFSR or an
ortholog thereof.
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178.  The microbial cell of claim 177, wherein the microbial cell comprises a hypomorphic

mutation or a null mutation in one or more of ybhG, ybhI’, ybhS, and ybhR.

179.  The microbial cell of claim 178, wherein the null mutation is a complete or partial deletion

of one or more of ybhG, ybhlI, ybhS, and ybhR.

180.  The microbial cell of claim 178, wherein the hypomorphic mutation is a promoter mutation,
and/or a mutation selected from a mutant ribosome binding site, one or more mutations adding one
or more rare codons, and adding a secondary RNA structure in one or more of ybhG, ybhF, ybhsS,
and ybhR.

181. A microbial cell for producing mogrol or mogroside expressing a biosynthetic pathway
that converts squalene to the mogrol or mogroside,

wherein the microbial cell comprises one or more genetic modifications that reduces the
efflux of an intermediate of mogrol synthesis, optionally wherein the intermediate is 2,3;22,23-
dioxidosqualene,

wherein the microbial cell exhibits an increase in mogrol synthesis compared to a cell that

does not have the genetic modifications.

182.  The microbial cell of claim 181, wherein the genetic modification comprises a mutation

that reduces the amount or activity of a transporter.

183. The microbial cell of claim 181 or claim 182, wherein the transporter is YbhGFSR or an

ortholog thereof.

184. The microbial cell of claim 183, wherein the microbial cell comprises a hypomorphic

mutation or a null mutation in one or more of ybhG, ybhI, ybhS, and ybhR.

185. The microbial cell of claim 184, wherein the null mutation is a complete or partial deletion

of one or more of ybhG, ybhI, ybhS, and ybhR.
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186. The microbial cell of claim 184, wherein the hypomorphic mutation is a promoter mutation,
and/or a mutation selected from a mutant ribosome binding site, one or more mutations adding one
or more rare codons, and adding a secondary RNA structure in one or more of ybhG, ybhl, ybhsS,
and ybhR.

187.  The microbial cell of any one of claims 181 to 186, wherein the microbial cell is E. coli.

188. The microbial cell of any one of claims 181 to 187, wherein the biosynthetic pathway

comprises one or more enzymes disclosed herein.

189. A squalene epoxidase comprising an amino acid sequence that is at least 80%, or at least
85%, at least 90%, or at least 95% identical to the amino acid sequence of SEQ ID NO: 2, and

comprising one or more mutations or sets of mutations listed in Tables 1, 2, and 3.

190.  The squalene epoxidase of claim 189, comprising at least two, or at least three, or at least
four, or at least five, or at least six, or more mutations or sets of mutations listed in Table 1, Table

2, and/or Table 3 with respect to the amino acid sequence of SEQ ID NO: 2.

191. The squalene epoxidase of claim 189, wherein the squalene epoxidase comprises one or
more substitutions with respect to the amino acid sequence of SEQ ID NO: 2 selected from:
(1) S116 is substituted with a charged amino acid selected from Glu and Asp;
(i1) N134 is substituted with a non-polar amino acid selected from Gly, Ala, Ile, Leu, and
Val;
(ii1) 1145 is substituted with a charged amino acid selected from His, Arg, and Lys;
(iv) A164 is substituted with a polar amino acid selected from Asn and Gin.
(v) A169 is substituted with a charged amino acid selected from Arg, Lys, Glu, Asp, or
His; and/or

(vi) A400 is substituted with a non-polar amino acid selected from Val, Leu, and Ile.

192. The squalene epoxidase of claim 191, wherein the squalene epoxidase comprises the

substitutions S116E, N134G, [145H, A164N, A169R, and A400V with respect to SEQ ID NO: 2.
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193. A squalene epoxidase comprising an amino acid sequence that is at least 80%, or at least
85%, at least 90%, or at least 95% identical to the amino acid sequence of SEQ ID NO: 77, and

comprising one or more mutations or one or more sets of mutations listed in Tables 4 and/or 5.

194.  The squalene epoxidase of claim 193, wherein the squalene epoxidase comprises one or
more substitutions at positions selected from with respect to SEQ ID NO: 77, optionally wherein:
(1) S366 is substituted with a charged amino acid selected from Arg, Lys and His;

(i1) D41 is substituted with a positively charged amino acid selected from His, Lys and
Arg;

(iii) M3 15 is substituted with a non-polar amino acid selected from Leu, Ile, and Val;

195.  The squalene epoxidase of claim 194, wherein the squalene epoxidase comprises one or

more mutations selected from S366R, D41H, and M315L with respect to SEQ ID NO: 77.

196. A 24, 25 epoxy cucurbitadienol synthase (ECDS) comprising an amino acid sequence that
is at least 80%, or at least 85%, at least 90%, or at least 95% identical to the amino acid sequence
of SEQ ID NO: 7, and comprising one or more mutations or sets of mutations listed in Tables 7,

8,9 and 10.

197.  The ECDS of claim 196, comprising at least two, or at least three, or at least four, or at
least five, or at least six, or at least seven, or at least eight, or at least nine, or at least ten, or more
mutations or sets of mutations listed in Table 7, Table 8, Table 9 and/or Table 10 with respect to

SEQ ID NO: 7.

198. The ECDS of claim 197, wherein the ECDS comprises one or more substitutions selected
from:

(1) S24 is substituted with a polar amino acid selected from Asn and Gln;

(i) C35 is substituted with a charged amino acid selected from Asp and Glu;

(iii) D50 is substituted with Glu;

(iv) N121 is substituted with His, Lys and Arg,
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(v) L245 is substituted with Ile or Val;
(vi) W331 is substituted with Ser, Thr, or Tyr;
(vii) Q401 is substituted with Ala, Gly, or Val;
(viii) 1490 is substituted with Val, Leu, or Ala;
(ix) I553 is substituted with Met;

and/or

(x) AS556 is substituted with a polar amino acid selected from Ser, Thr, and Tyr.

199. The ECDS of claim 198, wherein the ECDS comprises the substitutions S24N, C35D,
DS50E, N121H, L2451, W3318S, Q401A, 1490V, 1553M, and A556S with respect to SEQ ID NO:
7.

200. A epoxide hydrolase comprising an amino acid sequence that is at least 80%, or at least
85%, at least 90%, or at least 95% identical to the amino acid sequence of SEQ ID NO: 5, and

comprising one or more mutations or sets of mutations listed in Table 6.

201. The epoxide hydrolase of claim 200, comprising at least two, or at least three, or at least
four, or at least five, or at least six, or at least seven, or at least eight, or at least nine, or at least

ten, or more mutations or sets of mutations listed in Table 6 respect to SEQ ID NO: 5.

202.  The epoxide hydrolase of claim 201, wherein the epoxide hydrolase comprises one or more
substitutions selected from:
(i) S68 is substituted with a non-polar amino acid selected from Ala, Gly, and Val,
(i1) Q128 is substituted with a non-polar amino acid selected from Ala, Pro, Gly and Val;
(i11) G141 is substituted with a polar amino acid selected from Ser, Thr, and Tyr;
(iv) T144 is substituted with an amino acid selected from Gln, Asn, Ala, Gly, and Val,
(v) A145 is substituted with a non-polar amino acid selected from Val, Ile, and Leu;
(vi) E163 is substituted with a non-polar amino acid selected from Ala, Gly, and Val;
(vii) E191 is substituted with a non-polar amino acid selected from Gly, Ala, and Val,

(viii) L262 is substituted with Met;
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(ix) C295 is substituted with a non-polar amino acid selected from Gly, Ala, and Val;
and/or

(x) N299 is substituted with Gln.

203. The epoxide hydrolase of claim 202, wherein the epoxide hydrolase comprises the
substitutions S68A, Q128A, G141S, T144Q, Al145V, E163A, E191G, L262M, C295@G, and
N299Q with respect to SEQ ID NO: 5.

204. A cytochrome P450 comprising an amino acid sequence that is at least 80%, or at least
85%, at least 90%, or at least 95% identical to the amino acid sequence of SEQ ID NO: 14 or 15,
and comprising one or more mutations or sets of mutations listed in Tables 13, 14, 15, 16, 17, 18,
19, 20, 21, 22, 23, 24, 25, 26, 27, 28, and/or 29.

205. The cytochrome P450 of claim 204, wherein the cytochrome P450 enzyme has a
replacement of all or a portion of the native transmembrane domain with the transmembrane
domain from an E. coli inner membrane cytoplasmic C-terminus protein, wherein the £. coli
protein is optionally SohB or FliO, optionally wherein about 15 to about 20 amino acids of the
cytochrome P450 enzyme are replaced with about 25 to about 30 amino acids of SohB or about 36

to about 42 amino acids of FliO.

206. The cytochrome P450 of claim 205, comprising at least two, or at least three, or at least
four, or at least five, or at least six, or at least seven, or at least eight, or at least nine, or at least
ten, or more mutations or sets of mutations listed in Table 10, Table 11, Table 12, Table 13, Table

14, Table 15, Table 16, and/or Table 17.

207. The cytochrome P450 of claim 206, wherein the cytochrome P450 enzyme comprises a
substitution at one or more positions selected from A12, 127, S63, K75, V76, N102, G125, T128,
WI130,L131,K132, T192, S193,1.218, G219, T223, V228, T231, T232, Y233, N234, K246, F354,
K369, H433, F452, V465, A468, and T482, with respect to SEQ ID NO: 15, wherein the one or
more substitutions are optionally selected from:

(1) A12 is substituted with Trp, Tyr or Phe;

189



WO 2025/101625 PCT/US2024/054747

(i1) 127 s substituted with Gly or Ala;

(iii) S63 is substituted with Asn, Phe, Gln, Tyr, or Trp;

(iv) K75 is substituted with Arg;

(v) V76 is substituted with Met, Leu or Ile;

(vi) N102 is substituted with His, Lys, or Arg;

(vil) G125 is substituted with an amino acid selected from Ala, Leu, Ile, and Val;

(viii) T128 is substituted with an amino acid selected from Gly, Ser, Pro, and Ala;

(ix) W130 is substituted with an amino acid selected from Asn, Gly, Ser, Leu, Gln, Ala,
Val, and Thr;

(x) L131 is substituted with an amino acid selected from Val, Ile, Pro, Thr, and Ser;

(xi) K132 is substituted with an amino acid selected from Asn, Ser, Thr, and Gln,

(xii) T192 is substituted with Leu, Ile, or Val;

(xii1) S193 is substituted with Thr;

(xiv) L218 is substituted with Ile, Val, and Ala;

(xv) G219 is substituted with an amino acid selected from Ala, Gln, Arg, Val, Asn, His,
and Lys;

(xvi) T223 is substituted with Ser;

(xvii) V228 is substituted with Ile or Leu;

(xviii) T231 is substituted with Phe, Trp, or Tyr;

(xix) T232 is substituted with Ala, Gly, or Val;

(xx) Y233 is substituted with Phe;

(xxi) N234 is substituted with His, Arg or Lys;

(xxi1) K246 is substituted with Val. Ile or Leu;

(xxii1) F354 is substituted with Tyr or Trp;

(xxiv) K369 is substituted with Arg, Lys, or His;

(xxv) H433 is substituted with Phe, Trp, or Tyr;

(xxvi) F452 is substituted with Ile, Val, or Leu;

(xxvil) V465 is substituted with an amino acid selected from Ile, Met, or Leu;

(xxviii) A468 is substituted with an amino acid selected from Thr, Ser, Asn, and Gln; and

(xxix) T482 is substituted with Ser.
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208. The cytochrome P450 of claim 207, wherein the cytochrome P450 comprises the
substitutions A12W, 127G, S63F, S63N, K75R, V76M, N102H, G125A, T128G, W130N, L1311,
K132N, T192L, S193T, L2181, G219A, T223S, V2281, T231F, T232A, Y233F, N234H, K246V,
F354Y, K369R, H433F, F4521, V4651, A468T and T482S with respect to SEQ ID NO: 14 or 15.

209. A cytochrome P450 enzyme comprising an N-terminal deletion of at least about 20, or at
least about 25, or at least about 30, or at least about 35, or at least about 40, or at least about 45, or

at least about 50 amino acids with respect to SEQ ID NO: 15.

210. The cytochrome P450 enzyme of claim 209, wherein the cytochrome P450 enzyme
comprises a deletion selected from a deletion of L3 to H29 with respect to SEQ ID NO: 15.

211.  The cytochrome P450 enzyme of claim 210, wherein the cytochrome P450 enzyme
comprises an amino acid sequence that is at least 70% identical, or at least 80% identical, or at
least 90% identical, or at least 95% identical, or at least 97% identical, or at least 98% identical,
or at least 99% identical to the amino acid sequence of SEQ ID NO: 85, and comprising one or

more mutations or one or more sets of mutations listed in Tables 26, 27, 28, and/or 29.

212. The cytochrome P450 enzyme of claim 211, wherein the cytochrome P450 enzyme
comprises a substitution at one or more positions selected K8, D9, S10, N13, V15, 145, K46, K47,
M49, K50, R51, 1191, A192, F406, E411, Y412, and S413, with respect to SEQ ID NO: 85,
wherein the one or more substitutions are optionally selected from:

(i) K8 is substituted with Arg;

(i1) D9 is substituted with Asn or Gln;

(i1i) S10 is substituted with Arg, Lys or His;

(iv) N13 is substituted with Lys, Arg, or His;

(v) V15 is substituted with Lys, Arg, or His;

(vi) 145 is substituted with Val, Ile, or Leu;

(vii) K46 is substituted with Arg, Lys or His;

(viii) K47 is substituted with Glu or Asp;

(ix) M49 is substituted with Val, Ile, or Leu;
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(x) K50 is substituted with Glu or Asp;

(xi) R51 is substituted with Lys;

(xii) 1191 is substituted with Leu or Val,

(xiii) A192 is substituted with Lys, Arg, or His;

(xiv) F406 is substituted with Tyr or Trp;

(xv) E411 is substituted with Asp;

(xvi) Y412 is substituted with Phe, Leu, Ile, or Trp; and
(xvii) S413 is substituted with Ala, Gly, or Val.

213. The cytochrome P450 enzyme of claim 212, wherein the cytochrome P450 enzyme
comprises one or more substitutions selected from K8R, DON, S10R, N13K, and V15K 145V,
K46R, K47E, M49V, KS50E, R51K, F406Y, E411D, Y412F, S413A, T191L and A192K
substitutions with respect to SEQ ID NO: 85.

214. A cytochrome P450 reductase comprising an amino acid sequence that is at least 80%, or
at least 85%, at least 90%, or at least 95% identical to the amino acid sequence of SEQ ID NO: 22
or SEQ ID NO: 24, and comprising one or more mutations or sets of mutations listed in Tables 19

with respect to SEQ ID NO: 22, or Tables 20 and/or 21 with respect to SEQ ID NO: 24.

215.  The cytochrome P450 reductase of claim 214, wherein the cytochrome P450 reductase
enzyme comprises a replacement all or a portion of the native transmembrane domain with the
transmembrane domain from an £. coli inner membrane cytoplasmic C-terminus protein, wherein

the FE coli protein is selected from YcgG, yheB, zipA, waaA, sohB, djlA, IpxK, ypfN, and yhhM.

216.  The cytochrome P450 reductase of claim 215, comprising at least two, or at least three, or
at least four, or at least five, or at least six, or at least seven, or at least eight, or at least nine, or at
least ten, or more mutations or sets of mutations listed in Table 18, Table 19, Table 20, and Table

21

217. The cytochrome P450 reductase of claim 216, wherein the cytochrome P450 reductase

comprises a substitution of 1.90 residue with respect to SEQ ID NO: 24.
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218. The cytochrome P450 reductase of claim 217, wherein the cytochrome P450 reductase
comprises the substitution L9OP with respect to SEQ ID NO: 24.

219. A uridine diphosphate dependent glycosyltransferase enzyme capable of producing a C-3
mogrol glycoside from mogrol (UGTc3) comprising an amino acid sequence that is at least 80%,
or at least 85%, at least 90%, or at least 95% identical to the amino acid sequence of SEQ ID NO:

27, and comprising one or more mutations or sets of mutations listed in Tables 23, and/or 24.

220. The UGTc3 enzyme of claim 219, comprising at least two, or at least three, or at least four,
or at least five, or at least six, or at least seven, or at least eight, or at least nine, or at least ten, or

more mutations or sets of mutations listed in Table 35 and/or Table 36.

221.  The UGTc3 enzyme of claim 220, wherein the UGTc3 enzyme comprises one or more
substitutions with respect to SEQ ID NO: 27 selected from:

(1) L41 is substituted with an aromatic amino acid selected from Phe, Tyr and Trp;

(i1) D49 is substituted with Glu;

(1ii) T74 is substituted with Met;

(iv) C127 is substituted with an aromatic amino acid selected from Phe, Tyr and Trp;

(v) F303 is substituted with Tyr; and

(vi) A307 is substituted with an amino acid selected from Ile, Leu, and Val.

222, The UGTc3 enzyme of claim 221, wherein the UGTc3 enzyme comprises the substitutions
L41F, D49E, T74M, C127F, F303Y, and A3071 with respect to SEQ ID NO: 27.

223. A uridine diphosphate dependent glycosyltransferase enzyme capable of producing a C-3
mogrol glycoside from mogrol (UGTc3) comprising an amino acid sequence that is at least 80%,
or at least 85%, at least 90%, or at least 95% identical to the amino acid sequence of SEQ ID NO:
65, SEQ ID NO: 66, or SEQ ID NO: 67.
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224. A uridine diphosphate dependent glycosyltransferase enzyme capable of producing a C-3
mogrol glycoside from mogrol (UGTc3) comprising an amino acid sequence that is at least 80%,
or at least 85%, at least 90%, or at least 95% identical to the amino acid sequence of SEQ ID NO:
60, and comprising one or more mutations or sets of mutations listed in Table 37 with respect to

SEQ ID NO: 60, and/or Table 39 with respect to SEQ ID NO: 65.

225. A uridine diphosphate dependent glycosyltransferase enzyme capable of producing a C-3
mogrol glycoside from mogrol (UGTc3), wherein the UGTc3 enzyme is a circular permutant with

respect to SEQ ID NO: 60.

226. The uridine diphosphate dependent glycosyltransferase enzyme of claim 225, wherein the
circular permutant has a cut site corresponding to a position between amino acid 150 to 170, or
amino acid 155 to 175, or amino acid 160 to 185, or amino acid 165 to 190, or amino acid 165 to
175 of SEQ ID NO: 60, and optionally having a linker sequence between the amino acids that
correspond to the N-terminal and C-terminal residues of SEQ ID NO: 60, and wherein the linker

optionally has a length of from 2 to 25 amino acids.

227. The uridine diphosphate dependent glycosyltransferase enzyme of claim 225, wherein the
UGTc3 enzyme comprises one or more mutations at one or more positions selected from H40,
1216, S241, and L352 with respect to SEQ ID NO: 65, optionally wherein the mutations are
selected from:

(i) H40 is substituted with Asp, Gly, Gln, Ala or Val,

(1) 1216 1s substituted with Ala, Gly, or Val;

(1i1) S241 1s substituted with Gly, Ala, or Val; and

(iv) L352 1s substituted with Met.

228.  The uridine diphosphate dependent glycosyltransferase enzyme of claim 227, wherein the
UGTc3 enzyme comprises one or more of the following substitutions with respect to SEQ ID NO:

65: H40N, 1216A, S241G, and L352M.
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229.  Auridine diphosphate dependent glycosyltransferase enzyme capable of producing a C-24
mogrol glycoside from mogrol (UGTc24) comprising an amino acid sequence that is at least 80%,
or at least 85%, at least 90%, or at least 95% identical to the amino acid sequence of SEQ ID NO:
31, and comprising one or more mutations or sets of mutations listed in Tables 27, 28, 29, 30, 31,

and 32.

230. The UGTc24 enzyme of claim 229, comprising at least two, or at least three, or at least
four, or at least five, or at least six, or at least seven, or at least eight, or at least nine, or at least
ten, or at least eleven, or at least twelve, or at least thirteen or more mutations or sets of mutations

listed in Table 40, Table 41, Table 42, Table 43, Table 44 and/or Table 45.

231.  The UGTc24 enzyme of claim 230, wherein the UGTc24 enzyme comprises one or more
substitutions selected from:

(i) L18 is substituted with Met;

(ii) 163 is substituted with Val, Ala or Gly;

(iii) A74 is substituted with an acidic amino acid selected from Glu and Asp;

(iv) S88 is substituted with an amino acid selected from Ala, Gly, Leu, Val, and Ile;

(v) I91 is substituted with an aromatic amino acid selected from Phe, Tyr and Trp;

(vi) T9S is substituted with an amino acid selected from Ala, Gly, and Val;

(vii) H101 is substituted with Pro;

(viii) T184 is substituted with an amino acid selected from Phe, Tyr, and Trp;

(ix) F187 is substituted with Tyr or Trp

(x) P190 is substituted with an amino acid selected from Glu and Asp;

(x1) T273 1s substituted with Ser or is deleted;

(xi1) N306 is substituted with Lys, His, or Arg;

(xiii) M332 is substituted with an amino acid selected from Leu, Ile, Val, and Ala; and

(xiv) Y381 is substituted with an amino acid selected from Phe and Trp.

232, The UGTc24 enzyme of claim 231, wherein the UGTc24 enzyme comprises the
substitutions L18M, A74E, S88A, I91F, T9SA, H101P, T184F, P190E, T273S, N306K, M332L,
and Y381F with respect to SEQ ID NO: 31.
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233. A uridine diphosphate dependent glycosyltransferase enzyme capable of producing a 1,6
and/or 1,2 branched glycoside of a C-3 and/or C-24 glycoside of mogrol (UGT1216) comprising
an amino acid sequence that is at least 80%, or at least 85%, at least 90%, or at least 95% identical
to the amino acid sequence of SEQ ID NO: 35 or SEQ ID NO: 36, and comprising one or more

mutations or sets of mutations listed in Tables 33 and/or 34.

234, The UGT1216 of claim 233, wherein the UGT1216 is a circular permutant of the enzyme
represented by SEQ ID NO: 35, or a sequence having at least 70% identity thereto.

235.  The UGTI1216 of claim 234, wherein the circular permutant has a cut site at a position
corresponding to amino acid 180 to 195 of SEQ ID NO: 35, or a sequence having at least 70%
identity thereto, and
optionally at a position corresponding to 185 to 190 of SEQ ID NO: 35, or a sequence having
at least 70% identity thereto, and
optionally at position 187 of SEQ ID NO: 35, or a sequence having at least 70% identity

thereto.

236. The UGT1216 enzyme of claim 235, comprising at least two, or at least three, or at least

four, or more mutations or sets of mutations listed in Table 33, and/or Table 34.

237.  The UGTI1216 enzyme of claim 236, wherein the UGT1216 enzyme comprises one or more
substitutions selected from:
(1) L14 is substituted with a non-polar amino acid selected from Val, Ile, Ala, and Gly;
(i1) W160 is substituted with Pro, Ser, or Thr;
(1ii) L266 is substituted with a polar amino acid selected from Gln and Asn; and

(iv) H390 is substituted with an amino acid selected from Asp and Glu.

238, The UGTI216 enzyme of claim 237, wherein the UGT1216 enzyme comprises the
substitutions L14V, W160P, L266Q, and H390D with respect to SEQ ID NO: 36.
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239. A uridine diphosphate dependent glycosyltransferase enzyme capable of producing a 1,6
and/or 1,2 branched glycoside of a C-3 and/or C-24 glycoside of mogrol (UGT1216) comprising
an amino acid sequence that is at least 80%, or at least 85%, at least 90%, or at least 95% identical
to the amino acid sequence of SEQ ID NO: 39, and comprising one or more mutations or sets of

mutations listed in Table 50.

240. The UGT1216 enzyme of claim 239, comprising at least two, more mutations or sets of

mutations listed in Table 50.

241. The UGT1216 enzyme of claim 240, wherein the UGT1216 enzyme comprises one or more
substitutions selected from:
(i) T147 1s substituted with a non-polar amino acid selected from Leu, Ile, and Val; and/or

(i1) N207 is substituted with a basic amino acid selected from Lys, Arg, and His.

242,  The UGTI216 enzyme of claim 241, wherein the UGT1216 enzyme comprises the
substitutions T147L and/or N207K substitutions with respect to SEQ ID NO: 39.

243. A method of producing a mogroside comprising C3 glucosylated mogrol, the method
comprising contacting mogrol with a uridine diphosphate dependent glycosyltransferase enzyme

(UGT) enzyme of any one of claims 233 to 236.

244, A method of producing a mogroside comprising one or more of C24 glucosylated mogrol,
the method comprising contacting mogrol with a uridine diphosphate dependent

glycosyltransferase enzyme (UGT) enzyme of any one of claims 206 to 208.

227. A method of producing a mogroside comprising a 1,6 and 1,2 glucosylation of a C3- or
C24-glucosylated mogrol, the method comprising contacting mogrol, C3- glucosylated mogrol or
C24-glucosylated mogrol with a uridine diphosphate dependent glycosyltransferase enzyme

(UGT) enzyme any one of claims 209 to 218.
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