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Steroidal glycoalkaloids (SGAs) are specialized metabolites produced by
hundreds of Solanum species including food crops, such as tomato, potato
and eggplant. Unlike true alkaloids, nitrogenis introduced at a late stage of
SGA biosynthesis through an unknown transamination reaction. Here, we
reveal the mechanism by which GLYCOALKALOID METABOLISM12 (GAME12)
directs the biosynthesis of nitrogen-containing steroidal alkaloid aglycone
inSolanum. We report that GAME12, a neofunctionalized y-aminobutyric
acid (GABA) transaminase, undergoes changes in both active site specificity
and subcellular localization to switch fromits renown and generic activity in
core metabolism to functionin aspecialized metabolic pathway. Moreover,
overexpression of GAMEI2 alone in engineered S. nigrum leaves is sufficient
for de novo production of nitrogen-containing SGAs. Our results highlight
how hijacking a core metabolism GABA shunt enzyme is crucial in numerous

Solanum species for incorporating a nitrogen to a steroidal-specialized
metabolite backbone and form defensive alkaloids.

Plants synthesize a huge repertoire of diverse, lineage-specific
steroidal-specialized metabolites. Steroidal glycoalkaloids (SGAs)
represent one of the major classes of these metabolites, produced
by hundreds of wild and cultivated species of the genus Solanum,
including major staple food crops such as tomato (S. lycopersicum),
potato (S. tuberosum) and eggplant (S. melongena)'. SGAs have
important roles in plant defense and are classified as antinutrients
because of their high toxicity and bitterness®. SGAs are considered to
be pseudoalkaloids, which are compounds that contain a basic nitro-
gen moiety but, in contrast to true alkaloids, are not derived from an
amino acid starting precursor’. Instead, SGAs are derived from cho-
lesterol (1) and it is proposed that the nitrogen atom is introduced
into the cholesterol backbone at a late stage of biosynthesis* (Fig. 1a).
After introduction of the nitrogen group, the steroidal alkaloid agly-
cones (for example, dehydrotomatidine (5) in tomato and potato)
are subsequently glycosylated by a suite of uridine diphosphate

(UDP) glycosyltransferases (UGTs) to generate diverse SGA products
(7,8and 9)*®.

Itkin et al.* reported on two metabolic gene clusters (on chr7 and
chrl2) responsible for the biosynthesis of the toxic SGAs a-tomatine (8)
and a-solanine (7) in tomato and potato, respectively. These SGAs are
biosynthesized from the starting precursor cholesterol (1) through
a series of hydroxylation reactions catalyzed by GLYCOALKALOID
METABOLISM6 (GAMEG6, CYP72A188; at C-22), GAMES (CYP72A208;
at C-26)*’ and GAMEL11 (dioxygenase; at C-16)*'° enzymes that gener-
ate the furostanol-type aglycone scaffold. This putative furostanol (2)
intermediate is predicted to be oxidized further to the corresponding
26-furostanol aldehyde (3) by GAME4, amember of the CYPS8SD family*;
however, notably, this C-26 oxidase activity has never been biochemi-
cally validated. Subsequently, transamination of 26-furostanol alde-
hyde (3) is mediated by GAME12, a y-aminobutyric acid transaminase
(GABA-T)-like protein®". While GAME6, GAMES and GAMEI1 genes are
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Fig.1|Predicted biosynthetic pathway of SGAs in Solanum species. a, The
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biosynthetic steps and dashed arrows show uncharacterized steps. Unconfirmed
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represent the branches of SGA biosynthesis specific to different Solanum
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(10) transamination, leading to the formation of alanine (11) and succinic
semialdehyde (13), using GABA (12) as a cosubstrate. Gal, galactose; Glc, glucose;
Rha, rhamnose; Xyl, xylose; DPS, dioxygenase for potato solanidane synthesis;
5aR2, steroid 5a-reductase 2.

arranged in a cluster on chr7 together with additional SGA genes (for
example, GAMEI and GAME17), downstream GAME4 and GAME12 genes
are located on chr12 (ref. 4). The transamination reaction catalyzed
by GAME12 is immediately followed by F-ring closure to generate the
nitrogen-containingsteroidal alkaloid aglycones dehydrotomatidine (5)
in tomato and potato and solasodine (6) in eggplant (Fig. 1a). The
involvement of GAMEI12 in the introduction of nitrogen in SGA bio-
synthesis was largely based on silencing experiments performed in
tomato and potato. Silencing of GAME12 and its potato ortholog PGA4
(POTATO GLYCOALKALOID BIOSYNTHESIS4) in tomato and potato
plants showed reduced SGA levels, with concomitant accumulation
of non-nitrogenous steroidal saponins*".

Previous reports suggested that the GAME12/PGA4 enzymes
belong to the GABA-T protein family*". Canonical GABA-Ts are

involved in the GABA shunt pathway, a bypass of the tricarboxylic
acid cycle of core metabolism'. In plants, GABA-Ts typically convert
GABA (12) to succinic semialdehyde (13) through a transamination
reaction (Fig. 1b)'*". Most plants possess only one GABA-T ortholog,
GABA-T1, whichis localized to the mitochondria, the site of the GABA
shunt pathway'>". Clark et al."” identified three GABA-T homologs
in tomato (sharing 75-80% identity at the amino acid level), namely
GABA-T1(Solyc07g043310), GABA-T2 (Solyc12g006470) and GABA-T3
(Solyc12g006450), which showed distinct subcellular localization to
the mitochondria, cytosol and plastids, respectively. These enzymes
were able to transfer an amino group from GABA (12) to pyruvate
(10), an acceptor substrate, although the mitochondrial GABA-T1
homolog was catalytically more active compared to the cytosolic
(GABA-T2) and plastid (GABA-T3) counterparts®. GAME12, which is
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proposed to have a role in tomato SGA biosynthesis, is identical to
GABA-T2, the cytosol-localized GABA-T homolog. To date, very few
GABA-T family members, for example, Capsicum annuum vanillin
aminotransferase (VAMT) and Veratrum californicum GABA-T1 have
been known to catalyze the transamination reactions in specialized
metabolism'". The transamination reaction catalyzed by GAME12 is
a critical step that introduces the nitrogen atom into this important
class of compounds occurring in hundreds of Solanum species'. This
reactioncontrolsthe branch pointbetween the production of antinutri-
tional SGAs and the biologically important non-nitrogenous steroidal
saponins”.

Here, we demonstrate through biochemical experiments that
GAMEI2 displays the transaminase activity required for SGA biosyn-
thesis. Using in vitro coupled assays with GAME4, also biochemically
characterized here, and GAME12, we successfully demonstrate the
incorporation of nitrogen and further steroidal alkaloid aglycone
formation (for example, solasodine 6) from the furostanol (2) sub-
strate generated insitu. We report that GAMEI2 is a neofunctionalized
GABA-T2 that evolved from a canonical mitochondrial GABA-T, part of
the GABA shunt pathway in core metabolism. Comprehensive phylog-
enomic analyses show that GAME12 emerged in the Solanum lineage
following three successive gene duplications and under diversifying
selection. We moreover identify afourth GABA-T homolog (named here
GABA-T4) thatis capable of catalyzing the transamination and subse-
quent steroid alkaloid aglycone formation from furostanol substrate.
Together, ourin plantaandin vitroresults reveal that altered subcellu-
larlocalization, along with changes in substrate specificity, is crucial for
theevolution the specialized aminotransferase enzymes that introduce
anitrogen moiety to form SGAs. Metabolic engineering of S. nigrum
shows that overexpression of GAMEI2 leads to de novo production of
SGAsinleaves of S. nigrum, awild Solanum species that typically accu-
mulates only non-nitrogenous steroidal saponins in leaf tissue. This
clearly demonstrates that GAME12 controls whether the plant accu-
mulates non-nitrogenous steroidal saponins or nitrogen-containing
steroidal alkaloids. Our findings exemplify how hijacking enzymes of
core metabolism, a process that can be driven by several evolution-
ary mechanisms, can lead to neofunctionalized enzymes that in turn
generate steroidal-specialized metabolite diversity.

Results
Identification and localization of GABA-T homologs
To verify the presence of GABA-T homologs, we first conducted a basic
local alignment search tool (BLAST) search using GAME12 as the query
against the tomato genome and interestingly identified four (not
three as previously reported’) GABA-T family members that shared
high sequence homology (75-90% identity at the amino acid level)
(Supplementary Table 1). This fourth GABA-T homolog (GABA-T4;
Solyc08g014610) is most similar to GAME12/GABA-T2 (87% sequence
identity at theamino acid level). Like GAME12, GABA-T4 does not con-
tainan N-terminal signal peptide sequence and s, therefore, predicted
to belocalized in the cytosol (Supplementary Fig.1).

Toexperimentally determine the subcellular localization of all four
tomato GABA-Thomologs, we transiently expressed each of them fused
to red fluorescent protein (for example, GABA-T1:RFP, C terminus) in
Nicotiana benthamiana. Confocal microscopy analysis of the resulting
leaf tissues expressing either GAME12/GABA-T2 or GABA-T4 together
with afreegreen fluorescent protein marker (35Spro:GFP:35Ster; GFP,
without any target peptide signal) confirmed the cytosoliclocalization
of both GAME12/GABA-T2 and GABA-T4 proteins (Supplementary
Fig. 2a,b). In contrast to earlier observations", GABA-T1 appeared to
belocalized to both the mitochondriaand the cytosol (Supplementary
Fig. 2c), while GABA-T3 was found exclusively in the plastids (Supple-
mentary Fig. 2d).

The distinct cytosolic localization pattern of GAME12/GABA-T2,
along withiits significantly lower activity with the substrates involved

in the core GABA shunt pathway", strongly suggests that GAME12is a
transaminase specific for the furostanol (2) intermediate involved in
the proposed SGA biosynthetic pathway. Because the known steps of
SGAbiosynthesis occur in the cytosol'®'’, we hypothesized that the loss
of the N-terminal localization signal sequence in GAMEI12 signifies an
important evolutionary step toward specialization for SGA production.
Therefore, we decided to characterize all GABA-T homologs through
both heterologous pathway reconstitution and in vitro biochemical
assays.

Reconstitution of SGA biosynthesis with GABA-T homologs

N. benthamiana produces substantial amounts of cholesterol?’, the
starting precursor for SGA biosynthesis. This plant is, therefore, well
suited to test the functional activity of SGA biosynthetic enzymes.
Each GABA-T homolog was cloned from tomato and transiently
coexpressed in N. benthamiana leaves with the previously reported
upstream tomato SGA biosynthetic genes (GAME6, GAMES, GAMEI11
and GAME4) and GAME15 recently identified by us as acomponent
of SGA biosynthesis (Fig. 2a). Metabolic profiling of the infiltrated
leaf extracts by ultrahigh-performance liquid chromatography-mass
spectrometry (UHPLC-MS) revealed that when GAME12/GABA-T2 was
usedinthereconstitution assays, dehydrotomatidine (5), the first ste-
roidal alkaloid aglycone in tomato, was observed (Fig. 1a, Fig. 2b and
Supplementary Fig. 3a,b), along with an additional product (marked as
AlinFig.2b) displaying the same mass fragmentation pattern as that of
dehydrotomatidine (5) (Supplementary Fig. 3c). The characterization
of Al product is described later. We did not observe the formation of
dehydrotomatidine (5) when GABA-T1or GABA-T3 was used in place of
GAMEI12/GABA-T2in this reconstitution-based assay (Fig.2b). Notably,
GABA-T4 was also capable of producing dehydrotomatidine (5) in the
reconstitution experiments (Fig. 2b). The catalytic activity, along with
the cytosoliclocation, suggests that the GABA-T4 homolog could also
have arolein SGA biosynthesis. In contrast to GAME12 that is primarily
expressed in the leaf and flower buds, GABA-T4 is expressed primarily
inroot tissues (Supplementary Fig. 4).

We also assayed the cytosolic versions of GABA-T1 and GABA-T3
homologs, named here as GABA-T1truncated and GABA-T3 truncated,
respectively, by eliminating their N-terminal targeting sequences
(Supplementary Fig. 5). We speculated that subcellular localization
of GABA-T1 and GABA-T3 homologs in the mitochondrial and plastid
compartments could be directly preventing their access to cytosolic
substrates required for SGA-forming transaminase activity. However,
no dehydrotomatidine (5) formation was observed when cytosolic or
truncated GABA-T1or GABA-T3 versions, lacking their organelle transit
peptide, were expressed together with GAME15 and upstream SGA path-
way genes, suggesting that a cytosoliclocationis not the only require-
ment for these GABA-T homologs to act in the SGA pathway (Fig. 2b).

In vitro GAMEI12 assays reveal SGA transaminase activity

We next set out to characterize the function of the GAMEI2 enzyme
in vitro. However, the proposed substrate of GAME12, 26-furostanol
aldehyde (3) (Fig. 1a), is not readily available. This compound has
never been observed in any Solanum plant and chemical synthesis
of itis challenging. Additionally, we did not observe the formation of
26-furostanol aldehyde (3) orits proposed immediate precursor furo-
stanol (2) in our pathway reconstitution experiments. We, therefore,
designed an enzymatic synthesis approach to access furostanol (2)
and 26-furostanol aldehyde (3).

Inprinciple, commercially available saponins such as protodioscin
(14)* could be hydrolyzed at C-3 and C-26 to yield furostanol (2). How-
ever, previous studies indicated that acid hydrolysis of furostanol-type
saponins results in the formation of spirostane steroidal saponins
(closed F-ring), which cannot serve as SGA precursors'. Therefore,
we tested an enzymatic approach to deglycosylate protodioscin (14)
under mild conditions®.
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We first incubated protodioscin (14) with Rapidase, a commer-
cially available mix of promiscuous hydrolases, along with microsomes
prepared from heterologously expressed GAME4, the enzyme that is
predicted to oxidize furostanol (2) to 26-furostanol aldehyde (3),inan
overnight reaction (Fig. 3a). After enzymatic incubation, we carried
outareductive amination reaction using dimethylamine and sodium
cyanoborohydride. As hypothesized, this reductive amination resulted
in the formation a compound with an MS? spectrum consistent with
26-dimethylaminofurostanol (15), atertiary amine that cannot undergo
F-ring cyclization (Supplementary Fig. 6)>. This assay indirectly con-
firmed that GAME4 oxidizes furostanol (2) to 26-furostanol aldehyde
(3)invitro.

We then carried out coupled assays of protodioscin (14) using
Rapidase and both heterologously produced GAME4 and GAME12
proteins. GABA (12) was used as the amino donor for the putative
GAME12-catalyzed transamination reaction. We clearly observed the
formation of solasodine (6), an expected steroidal alkaloid aglycone
intermediate inthe SGA pathway, thereby confirming the predicted cat-
alytic function of GAMEI12 (Fig.3a and Supplementary Fig. 7a,b). Inter-
estingly, we also noticed the formation of another product (A2) with
amass and fragmentation pattern similar to that of the solasodine (6)
standard (Supplementary Fig.7c). Upon closer inspection, we observed
that the MS* spectrum of product A2 features an ion of m/z 432.34,
which corresponds to the predicted m/z of the 26-aminofurostanol (4)
intermediate (Supplementary Fig. 7d). Analysis of the coupled in vitro
assay extracts by UHPLC-MS using a lower collision energy setting
(10 eV) showed that the m/z 432.34 ion of product A2 is in fact a par-
ent ion to the m/z 414.33 ion, which was, thus, putatively assigned
as a 26-aminofurostanol (4) (Supplementary Fig. 7e). This was also
the case in N. benthamiana reconstitution experiments where we
observed an additional product A1 having same mass and fragmenta-
tion as that of dehydrotomatidine (Fig. 2b and Supplementary Fig. 3).
On the basis of the MS! spectrum of product Al that also shows m/z
432.34, we tentatively assigned product Al as a 26-aminofurostanol
(Supplementary Fig. 7). Ithas been proposed that 26-aminofurostanol
(4) formed in the GAMEI12-catalyzed reaction undergoes immediate
spontaneous cyclization to form different steroidal aglycone scaffolds
(for example, solasodine (6) or dehydrotomatidine (5); Fig. 1a)*".
To distinguish between products Aland A2, both of which were puta-
tively assigned as 26-aminofurostanol, we compared the stereochemis-
try of solasodine and dehydrotomatidine, the final products generated
inthe corresponding assay systems. Solasodine (6), the final product
oftheinvitroassay, displays 22(R),25(R) stereochemistry compared to
the dehydrotomatidine, the final product of the pathway reconstitution
assay (5), showing 22(S),25(S) configurations. Previous labeling studies
showed that the C-25 stereochemistry is retained in the final steroidal
alkaloid aglycone products after feeding of the cholesterol-derived
precursors to different SGA-producing Solanum plants* 2, These
observations suggest that products Al and A2 are likely the 25-C
epimers of 26-aminofurostanol; therefore, we propose product Al as
25(8),26-aminofurostanol and product A2 as 25(R),26-aminofurostanol
(Supplementary Fig. 8).

Todetermine whether the putatively assigned 26-aminofurostanol
(4) intermediate truly cyclizes to steroidal alkaloid aglycones such as
dehydrotomatidine (5) or solasodine (6) and, importantly, whether
the cyclization occurs spontaneously or is facilitated by the GAME12
enzyme, we incubated the extracts of in vitro coupled assays and
N. benthamiana reconstitution-based assays at room temperature
after protein precipitation. We observed that the peak areas of both
products, Al and A2, were decreased over time with a simultaneous
increase in the peak areas of dehydrotomatidine (5) and solasodine
(6), respectively (Supplementary Fig. 8a,b). Therefore, on the basis of
previous reports* 2%, together with our findings and chemical logic, we
propose that the F-ring formation occurs through spontaneous cycliza-
tion of the respective 26-aminofurostanol (4) epimers, leading to the
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N. benthamiana.a,Schematic representation of the pathway reconstitution
approach used to assay the GABA-T homologsin N. benthamiana.b, Extracted ion
chromatograms (EICs) showing the products of the pathway reconstitution-based
assaysand the corresponding dehydrotomatidine (5) standard. The MS? spectra of the
products and the dehydrotomatidine standard (5) are presented in Supplementary
Fig.3. Thescale is uniformacross all chromatograms (the y axis signifies signal
intensity, where the maximumis 1.6 x 10*), except for the dehydrotomatidine (5)
standard chromatogram where the y axis maximumis 1.6 x 10°).

formation of steroidal aglycone scaffolds dehydrotomatidine (5) and
solasodine (6) (Supplementary Fig. 9). We also tested the SGA-forming
activity of GAMEI2 using L-alanine (11) as an alternative amino donor
(instead of the typical GABA donor) and observed the formation of
solasodine (6), albeit at lower levels (Supplementary Fig. 10).

Both unsaturated (presence of double bond at C-5,6) and saturated
(absence of C-5,6 double bond) SGA types (7,8 and 9; Fig. 1a) are present
across diverse Solanum plants®. The assays with protodioscin (14) led
to the formation of unsaturated SGAs. To test the activity of GAME4 and
GAMEI12 onthe saturated substrates, we decided to use uttroside B (16)
as astarting substrate (Fig. 3a). Uttroside B is not commercially avail-
able, but acompound with a mass corresponding to uttroside B (16)
(m/z1197.58) was observed in the leaves of S. nigrum, a wild Solanum
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species (Supplementary Fig. 11). We isolated this compound from
S. nigrumleaves and confirmed its structure by nuclear magnetic reso-
nance (Supplementary Figs. 12-23 and Supplementary Table 2). This
analysis also showed the 25(R) configuration in the steroidal scaffold
of uttroside B. When uttroside B (16) was incubated with Rapidase,
GAME4, GAME12 and GABA, we observed the formation of the expected
soladulcidine, asaturated SGA product (17) (Fig. 3c and Supplementary

Fig.24a,b). Wealso observed the formation of anadditional compound,
product B1 (Fig. 3¢), with m/z1,034.5533 in the enzyme assays (Sup-
plementary Fig. 24c). The mass fragmentation of product Bl is similar
to an authentic standard of a-tomatine (8), a glycosylated steroidal
alkaloid from tomato having 25(S) configuration (Supplementary
Fig.24c,d), but with different retention times (Supplementary Fig. 24e).
Presence of the product Bl suggests that GAME4 and GAME12 can also
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acton partially hydrolyzed uttroside B (16) in vitro. Additionally, atrace
amount of product B2 with m/z 434.36, corresponding to the satu-
rated form of 26-aminofurostanol (4), was observed (Supplementary
Fig. 24f). As glycosylated saponins with 25(S) configuration are not
available, we could notinvestigate the activity of GAME4 and GAME12
for the production of steroidal alkaloid aglycones having the 25(S)
configuration (for example, dehydrotomatidine (5)).

Phylogenomic analysis of the Solanaceae GABA-T gene family
With a coupled in vitro assay system in hand, we further aimed to
explore the evolutionary origins of the GABA-T homologs in tomato
and investigate the molecular basis for the gain of SGA-forming activ-
ity by GAME12 and GABA-T4. To examine the genomic and evolution-
ary origins of the GABA-T homologs, we conducted a phylogenomic
analysis, inferring a GABA-T gene tree and tracking the genomic context
of GABA-T genes across species using gene order (synteny) analysis
(Extended Data Fig. 1). To track the origins of the four homologs in
Solanum, it was necessary to analyze species across the wider Solan-
aceae, with /[pomoea spp. (morning glory, Convolvulaceae) added as
anoutgroup. The GABA-T gene tree topology resolved into four major
clades: the Ipomoea outgroup clade, whichincludes alineage-specific
duplication, and three Solanaceae clades (GABA-T1, GABA-T2 and
GABA-T3) (Extended Data Fig. 1a). The three clades share a GABA-T
common ancestor at the base of the Solanaceae. The GABA-T1 clade
represents the ancestral-like gene because of its mitochondrial localiza-
tion and the presence of genes from all examined Solanaceae species.
All Solanaceae species examined here also possess additional repre-
sentative sequencesin the chloroplastic GABA-T3 clade (Extended Data
Fig.1a). We could not find a GABA-T2 ortholog in the Petunia inflata
genome, although we observed GABA-T2 sequences in the genomes
of the non-SGA-producing plants N. benthamiana, Physalis floridana
and C. annum. In the Solanum lineage, the GABA-T2 clade is divided
into the GAME12 and GABA-T4 subclades (Extended Data Fig. 1a). All
Solanum species included in the analysis had a GAME12 ortholog but
notallhad a GABA-T4 ortholog. However, the presence of aS. dulcamara
GABA-T4 indicates that the gene may have been lostin some Solanum
lineages such as S. nigrum™.

To identify the timing of shifts in protein function during the
evolution of GABA-T into GAME12, we tested selected branches of
the gene tree for diversifying selection. This analysis assesses the bal-
ance of silent (synonymous) versus residue-modifying (nonsynony-
mous) mutations toidentify when a protein sequence diversifies more
than would be expected. High values of diversifying selection can be
observed upon gain of new function following gene duplication®. We
found that, of nine branches tested, three showed significant diversify-
ing selection: at the origin of the GABA-T2 clade (P=0.0304) and then
onbothbranchesfollowing the Solanum-specific duplicationinto the
GABA-T4 and GAME12 subclades (P=0.0091 and P= 0.0014, respec-
tively) (Extended Data Fig.1a). The strongest selection was observed on
the branch that defines the GAME12 subclade (Supplementary Table 3).

Synteny analysis, conducted only using highly contiguous
genome assemblies, allowed us to identify and compare the GABA-T
genomic locations. As previously reported*, in the S. tuberosum and
S. lycopersicum genomes, GABA-T1 is found adjacent to the chr7 SGA
metabolic gene cluster that contains multiple SGA biosynthetic GAME
genes. GABA-T3 and GABA-T2 (GAME12) are both found on chr12
(Extended Data Fig. 1b). In contrast, we found GABA-T4 homologs
inserted into aregion with no syntenic connectionto the other GABA-T
locations. Surprisingly, inP. floridanaand N. benthamiana,both the chr7
and the chr12 SGA-related syntenic blocks are present, complete with
GABA-T and GAME-like orthologs. In C. annuum, the equivalent regions
aremorediverged, with the chr7 syntenic region lacking GABA-T1and
most of the GAME homologs (Extended Data Fig. 1b). The C. annuum
GABA-T3 block contains tandem GABA-T3 and a GABA-T2 pseudo-
gene with no intervening GAME4. A second GABA-T2 homolog, which

encodes the VAMT previously reported tobe involved in capsaicinoid
biosynthesis'***, is not present on related syntenic regions. Inline with
the gene tree, the outgroup /. triloba has two GABA-T regions, both
syntenic to the Solanaceae GABA-T1 and GABA-T3 regions. The deep
syntenic connection between these regions was confirmed by the
chromosome-level analysis (macrosynteny) (Supplementary Fig. 26d).

Mutagenesis of GABA-T3 for the gain of SGA-forming activity
Theresults of phylogenomics, synteny and diversifying selection analy-
sesencouraged us to verify whether the ancestral GABA-T1and descend-
ent GABA-T3 show any SGA-forming activity in vitro (without the GABA-T1
or GABA-T3 targeting signal). The coupledinvitro assays were performed
using protodioscin (14) as asubstrate. GABA-T1showed residual levels of
SGA-forming activity in the coupled in vitro assays, while GABA-T3 did
notdisplay any solasodine (6) formation. In accordance with the results
of the pathway reconstitution-based experiments, GABA-T4 showed
efficient production of solasodine (6) in the in vitro assays (Fig. 4a).

We then set out to pinpoint the changes in the architecture of
the GAME12 protein that allowed for the gain of SGA-forming activity.
On the basis of the results of the phylogenomics and synteny analysis
(Extended Data Fig. 1), we chose GABA-T3 as a background for the
gain-of-function mutations, as it shared a more recent common
ancestor with GAME12/GABA-T2 than GABA-T1 and did not display
any SGA-forming activity in our in vitro assays (Fig. 4a). To identify
the residues crucial for the gain of SGA-forming activity by GAME12,
we used a combination of protein modeling and substrate docking
studies and diversifying selection analysis.

Aspreviously mentioned, three phylogenetic tree branches signi-
fying theemergence of the GABA-T2 and GABA-T3 clades from ancestral
GABA-T1clade and the GAME12 and GABA-T4 subclades from the clade
representing Solanaceae GABA-T2s showed significant diversifying
selection (Extended Data Fig. 1a). To identify the specific residues
corresponding to the codons under strong diversifying selection,
we performed BUSTED (branch-site unrestricted statistical test for
episodic diversification)* and MEME (mixed-effects model of evolu-
tion)* analyses (Fig. 4a, Supplementary Figs. 27 and 28 and Supple-
mentary Table 4). On the basis of the results of diversifying selection
analysis, we designed GABA-T3 mutl (withoutatargetsignal), in which
all of the residues corresponding to codons under strong diversify-
ing selection were substituted to the corresponding residues from
GAMEI12 (Supplementary Fig. 29). The resulting GABA-T3 mutl was
not expressed efficiently in our heterologous expression system and
did not show a gain of activity when tested in vitro (coupled assays
with GAME4) using protodioscin (15), which suggested that additional
changes were crucial for the gain of SGA-forming activity during the
emergence of GAME12 from GABA-T3 (Supplementary Fig. 30a,b).
Because substitution of the residues under strong diversifying selec-
tion was not enough to construct a GABA-T3 SGA-producing mutant,
we used AlphaFold-generated models of GAME12 and GABA-T3 with
the 26-furostanol aldehyde (3) and pyridoxamine phosphate (PMP)
cofactor docked in to assess the differences between the active site
architecture of the two proteins (Fig. 4b and Supplementary Fig. 30c).
Itis worth noting that the GAMEI12 residues found to be under strong
diversifying selection are located both within the active site of the
protein, as well as on the interface between the two monomers, sug-
gesting that GAME12 underwent substantial structural changes during
itsemergence from the GABA-T3 ancestor (Fig. 4b and Supplementary
Fig. 30c). On the basis of the analysis of the structural models, we
designed two additional GABA-T3 mutants, GABA-T3mut2and GABA-T3
mut3, which featured additional substitutions of residues found within
8and12 A of the docked-in substrate, as well as substitutions of all the
residues under strong diversifying selection (Fig. 4c and Supplemen-
tary Figs.29 and 30d,e). GABA-T3 mut2 containing 27 substitutionsin
total displayed low levels of SGA-forming activity in vitro despite its
poor protein yield in our heterologous expression system (Fig. 4c,d
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Fig. 4| The activity of the tomato GABA-T homologs inin vitro coupled assays
and mutagenesis of GABA-T3 for the gain of SGA-forming activity. a, EICs of the
Rapidase-GAME4-coupled in vitro assays using protodioscin (14) as a substrate
and the corresponding solasodine (6) standard. For the characterization of the
additional product A2, a putative 26-aminofurostanol (Supplementary Fig. 7),
the concentration of proteins in the assay was normalized to 1 uM of purified
protein for all GABA-T homologs. The scale is uniform across all chromatograms.
b, Visualization of the AlphaFold-generated model of the GAME12 homodimer
with 26-furostanol aldehyde (3) docked into the active site and the PMP cofactor
modeled in using a previously solved crystal structure of a GABA-T (PDB4ATQ), as
described in the Methods***'. The model represents the beginning of the second
transamination half-reaction, where the keto acid substrate (26-furostanol
aldehyde (3)) acts as an amine acceptor.
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The GAMEI12 residues corresponding to the codonsidentified to be under strong
diversifying selection are labeled in orange boxes. ¢, Sequence alignment of
GAMEI12, GABA-T3 and GABA-T3 mut2 and mut3. Residue numbering is consistent
with the diversifying selection analysis codon numbering. The residues
corresponding to the codons identified to be under strong diversifying selection
areunderlined in orange. The GABA-T3 mut2 and mut3 residues highlighted in
color were substituted with the corresponding residues from GAME12.d, EICs
ofthe Rapidase-GAME4-coupled in vitro assays of the active GABA-T3 mutants
using protodioscin (14) as a substrate. The concentration of proteins in the assay
was normalized to 1 uM of total protein for all GABA-T homologs. The scale is
uniform across all chromatograms of aand d (the y axis signifies signal intensity,
where the maximumis 1.6 x 10*), except for the x10 magnification on the
chromatogramin d marked with a gray box where the y axis maximum of 1.6 x 10°.
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and Supplementary Fig. 30a). The extensively mutated GABA-T3 mut3
(77 substitutions) displayed efficient protein expression and showed
SGA-forming activity similar to the GAME12 (Fig. 4¢,d).

Toassess theimpact of protein architecture changes on canonical
aminotransferase activity associated with the GABA shunt pathway, we
performed in vitro assays with all tomato GABA-T homologs using pyru-
vate and GABA as cosubstrates. In accordance with previous reports®,
we observed that GABA-T1 displayed the highest level of L-alanine
(11)-formingactivity, followed by GABA-T3 and GAME12 activity on the
canonical substrates (Supplementary Fig. 31). The newly characterized
GABA-T4 showed the lowest level of L-alanine (11)-forming activity
amongall of the tomato GABA-T homologs (Supplementary Fig.31). We
alsotested the activity of the three GABA-T3 mutants on the canonical
substrates and found that all of them displayed only residual levels of
alanine (11)-forming activity (Supplementary Fig. 31).

Engineering pseudoalkaloidsin S. nigrum using GAME12
Because GAME12 controls the branch point between the amino-
containing SGAs and steroidal saponins, we hypothesized that
we could use it to introduce nitrogen into a saponin backbone and
thereby modify the steroidal metabolite profilesin plants. For a proof of
concept, we chose to metabolically engineer S. nigrum plants
because the leaves of this plant merely produce steroidal saponins
(furostanol-type; for example, uttroside B (16)). Moreover, SGAs are
only produced in S. nigrum fruits (also known as berries)**. It is still
unknown how these two classes of steroidal-specialized metabolites
arebiosynthesizedin S. nigrum plants from their cholesterol precursor.
Thefurostanol product generated from cholesterol by theaction
of GAME6, GAMES and GAMEI1 has been proposed as a key interme-
diate in Solanum SGA biosynthesis (Fig. 1a). Further oxidation and
transamination of furostanol by GAME4 and GAME12, respectively,
generates steroidal alkaloid aglycone scaffolds (for example, solaso-
dine), which are further glycosylated to produce diverse SGA structures
(forexample, a-solamargine) (Fig. 1a). Uttroside B is amajor steroidal
saponin thataccumulatesin S. nigrumleaves™® (Fig. 5aand Supplemen-
tary Fig.11). Notably, uttroside B shares acommon furostanol scaffold
with SGAs (Fig. 5a), strongly suggesting that the furostanol scaffold
could act as a branching point for the production of the steroidal
saponinsintheleaves and SGAs in S. nigrum berries. This implies that
GAME6, GAMES and GAMEI1 generating the furostanol intermediate
would likely act as common enzymes in both steroidal saponin and
SGAbiosynthesisinS. nigrum.Indeed, we explored the S. nigrumtran-
scriptome (generated in-house from young leaves and green fruits)
and identified orthologs of GAME6, GAMES and GAME11 genes that
were expressed inboth young leaves and green fruits (Supplementary
Fig.32a), the tissues with the highest accumulation of steroidal sapo-
nins and SGAs, respectively. Although GAME4, a furostanol oxidase,
was also identified in the transcriptome, it displayed low expression
inyoung leaves as compared to the green fruits of S. nigrum. Notably,
GAMEI12 expression could only be detected in the green fruits and not
inthe youngleavesinthetranscriptome data (Supplementary Fig. 32a),
consistent with the location of SGA accumulation in the same tissue.

The expression pattern of these GAME genes was further validated
by qPCR measurements performed in an independent experiment
(five biological replicates per tissue, n = 5) (Supplementary Fig. 32b).
Consistent with transcriptome data, GAME12was only expressedinthe
green fruits of S. nigrum (Supplementary Fig. 32b). Itis alsoimportant
to mention that, although GAME4 was found to be expressed in the
leaves in our qPCR experiment, its expression was indeed very low as
compared to the upstream GAME biosynthetic genes (GAME6, GAMES
and GAME11) (Supplementary Fig. 32c). Thus, the absence of GAME12
expressioninS. nigrumleaves explains the lack of SGAs in this tissue. As
orthologs of all GAME genes except GAMEI2 were expressedin S. nigrum
leaves, this supported our hypothesis that merely overexpression of
GAMEI12inthistissue would likely resultin de novo production of SGAs.

Notably, expressing the tomato GAME12 gene driven by a consti-
tutive promoter in S. nigrum plants resulted in de novo formation of
SGAs (Fig. 5b,c and Supplementary Table 5). We further confirmed
that the de novo produced SGAs contain soladulcidine (17) as a major
steroidal aglycone scaffold (25R) by analyzing the hydrolysates of leaf
extracts from GAMEI2-overexpressed transgeniclines (Supplementary
Fig.33).Incontrast, S. nigrum plants transformed with tomato GABA-T1
or GABA-T3, as well as with their truncated versions, did not result in
SGA productioninleaves (Supplementary Fig.34). When we fused the
tomato GAMEI2 with the GABA-T1 mitochondrial localization signal
(N terminus) and transformed to S. nigrum, no SGAs were observed
in the leaf. This observation suggested that cytosolic GAME12 locali-
zation is required for SGA biosynthesis in planta (Fig. 5b and Supple-
mentary Fig. 35).

Even though the S. nigrum lines stably transformed with tomato
GAME12showed de novo production of SGAs in the leaves, the level of
furostanol-type steroidal saponins in these plants did not decrease,
meaning that a large portion of the common pathway intermedi-
ates were not redirected from steroidal saponin to SGA biosynthesis
(Fig.5b,d). We speculated that weak expression of GAME4in S. nigrum
leaves could be limiting the redirection of pathway flux from steroidal
saponin to SGA biosynthesis in the GAMEI2-overexpressing transgenic
plants. To address this, we created S. nigrum transgenic plants express-
ingbothtomato GAMEI2 and GAME4 genes, anticipating aboostinthe
de novo production of SGAs. Indeed, leaves of S. nigrum plants over-
expressing both GAME4 and GAME12 displayed a significant increase
(~4-fold) in SGA levels, with a simultaneous decrease in the levels of
uttroside B, amajor steroidal saponin in wild-type leaves (Fig. 5b,d).

Discussion

The biosynthetic pathway of the antinutritional Solanum SGAs has been
studied for decades but the crucial transamination step that leads to
the formation of the steroidal alkaloid aglycone scaffold was not com-
pletely resolved. Although the previously reported changes inmetabo-
lite profile that occur upon silencing of GAMEI2 suggested the role of
this enzyme in SGA biosynthesis*", biochemical assays of GAME12 have
never been possible because of the unavailability of the predicted sub-
strate. We established anin vitro assay system using non-nitrogenous,
furostanol-type saponins (for example, protodioscin (14)), along with a

Fig. 5| Introducing nitrogeninto a steroidal backbone in stably transformed
S. nigrumplants. a, Proposed biosynthesis of the most abundant furostane-
type steroidal saponin, uttroside B (16) in S. nigrum leaves and the putatively
assigned structures of soladulcidine (17)-type SGAs extracted from wild-type

S. nigrum green berries. The early biosynthetic steps up to the formation of
furostanol (2) are hypothesized to be common between the steroidal saponin
and SGA pathways in different Solanum species. MS*based putative structural
assignment of the de novo produced SGAs (peaks D, E and F) can be found in
Supplementary Table 5. b, EICs from transgenic and wild-type S. nigrumlines.

S. nigrum leaves stably transformed with GAME12 produce SGAs, as shown

by the presence of the characteristic m/z416.35, corresponding to steroidal
alkaloid aglycone soladulcidine (17) observed in UHPLC-MS analysis. The scale is

uniformacross all chromatograms (the y axis signifies signal intensity, where the
maximum is 1x10°) ¢, The MS? spectrum of product E, displaying the ion of m/z
416.35, characteristic to SGA scaffolds containing a soladulcidine (17)-type core.
d, Comparison of the peak areas of product E, ade novo produced SGA, and the
natively produced furostanol-type steroidal saponin uttroside B (16) in the wild-
type S. nigrum plants, tomato GAME12-overexpressing S. nigrum transgenic lines
(3,6,19 and 20) and S. nigrum lines (14 and 16) stably transformed with tomato
GAME4 and GAME12. The bar graphs represent the mean = s.d. for three biological
replicates (n = 3). Asterisks signify a statistically significant difference in the area
ofthe uttroside B (16) peak between the transgenic lines and wild-type S. nigrum
plants according to an unpaired, two-tailed ¢-test (for line 14, *P=0.0029; for line 16,
*P=0.038).
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commercially available hydrolase, and successfully demonstrated the
steroidal alkaloid aglycone forming activity of GAME4 and GAME12
enzymes (Fig. 3). We anticipate that the generation of furostanol-type
substratesinvitro canalso be used to assay many downstream enzymes
(forexample, UGTs, acyltransferases and CYPs) involved in the forma-
tion of the wide variety of steroidal saponins. Moreover, the trapping
of 26-furostanol aldehyde (3) and detection of 26-aminofurostanol
(4)inour study demonstrate the long-speculated functions of GAME4
and GAME12in Solanum SGA biosynthesis. Furthermore, our findings
illuminate the long-unresolved mechanism of F-ring cyclizationin SGA
aglycone formation® %,

Many recent reports highlighted how core metabolism enzymes
can be hijacked for specialized metabolism. Examples include the
recruitment of a cellulose-synthase-like protein SOAPS for triter-
pene biosynthesis in spinach and the acylsucrose frustofuranosidase
invertase in acyl sugar metabolism in S. pennelii***. The evolution of
novel gene function is closely linked to duplication, as the resulting
redundancy can relax constraints and allow sequence divergence™.
Byintegrating results fromthe gene tree, selection and synteny analy-
ses, alongside thelocalization and biochemical data, it was possible to
infer the events that led to the origin of the GAMEI2 from the primary
metabolism GABA shunt pathway GABA-T"* (Fig. 6).

In the most recent common ancestor of /. triloba (Convolvulaceae)
andthe Solanaceae, there was asingle GABA-T. Early in the Solanaceae
lineage, this GABA-T chromosomal region duplicated to form GABA-T1
and GABA-T3 and their corresponding syntenic blocks (Extended Data
Fig.1and Fig. 6). This chromosomal duplication was probably caused
through whole-genome triplication events known at the base of the
Solanaceae®. At acommon ancestor of P floridana, N. benthamiana
and Solanum, GABA-T3 underwent alocal duplication togiveriseto the
GABA-T2 clade. Next, in the Solanum lineage, a dispersed duplication
of GABA-T2 gaveriseto the GABA-T4 and GAME12 subclades, triggering
protein sequence diversification under selective pressure Extended
Data Fig. 1and Fig. 6). The GABA-T3 local duplication and GABA-T2
dispersed duplication events coincided with a loss of the localization
signal peptide resulting in a change in subcellular localization and
changes to the enzyme substrate specificity. Both are crucial factors

for the SGA-forming activity, as the enzyme must be able toboth access
and turn over the cholesterol-derived substrates. Moreover, major
alterations for the active site pocket and overall protein structure
revealed by mutational studies here are likely associated with the
neofunctionalization. Thus, the overall evolution of GAME12 from
GABA-T represents neofunctionalization, with the ancestor in a dif-
ferent cellular compartmentand lacking detectable activity. However,
the divergence of the Solanum GAME12 from within the GABA-T2 clade
appears to be a subfunctionalization, with a cytosolic ancestor likely
to have low SGA-forming activity and optimization occurring under
selection after duplication. Remarkably, a parallel process describedin
arecent publication occurredinthe C. annumlineage, with a dispersed
GABA-T2duplicationgiving rise to new function: the VAMT responsible
for capsaicin production® (Fig. 6). This pattern of divergence following
duplication hints at an ancestral function of GABA-T2 (or GABA-T4) out-
side the SGA pathway. Such afunctionis yetunknown, although theloss
of GABA-T4 paralogs in Solanum spp. indicates that it is nonessential.

The de novo production of SGAs in tomato GAMEI2-expressing
S. nigrum leaves highlights that transamination is the branch point
between steroidal saponin and SGA pathways in Solanum plants. The
significant increase in SGA levels in S. nigrum lines expressing both
GAME4 and GAMEI2further substantiate the crucial role of the GAME4
oxidase in the SGA biosynthetic pathway. These results clearly show
thatitis possible tointroduce a nitrogen into steroidal backbone and
generate pseudoalkaloid-producing plants. In summary, characteri-
zation of the crucial enzymes involved in the biosynthesis of the SGA
core scaffold allow the engineering of a dramatic switch in steroidal
product profiles in plants. This study, therefore, sets the stage for
metabolic engineering efforts to improve access to this valuable and
diverse class of metabolites.
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Methods

Chemicals and solvents

Allthe solvents used for UHPLC-MS analysis were MS-grade and were
purchased from Thermo Fisher Scientific. Solvents used for semi-
preparative HPLC were HPLC-grade and purchased from Thermo
Fisher Scientific. Ethanol and methanol used for in vitro assay extrac-
tions and extractions from . nigrum and N. benthamianatissues were
HPLC-grade and purchased from Sigma-Aldrich (Supelco). Proto-
dioscin, solasodine, tomatidine and L-alanine were purchased from
Sigma-Aldrich. Dehydrotomatidine is present as an impurity in the
tomatidine standard. Soladulcidine was purchased from Toronto
Research Chemicals. All of the restriction enzymes were purchased
from New England Biolabs. The Rapidase hydrolase mix (DSM Food
Specialties) was purchased from Max F. Keller. Ready-to-use buff-
ers were purchased from Sigma-Aldrich. Rifampicin and kanamycin
were purchased from Sigma-Aldrich; spectinomycin, carbenicillinand
gentamicin were purchased from Thermo Fisher Scientific.

Cloning of the GABA-T homologs for in planta expression
Cultivated tomato (S. lycopersicum cv. Micro Tom) complementary
DNA (cDNA) was prepared from previously isolated RNA using the
high-capacity cDNA reverse transcription kit (Applied Biosystems).
GABA-T candidates were identified by BLAST search against the
SolGenomics database*. All primers used in this study were purchased
from Sigma-Aldrich. Tomato GABA-T1, GABA-T3, GAME12 (GABA-T2),
GABA-T1truncated, GABA-T3 truncated and core SGA pathway genes,
GAMEG6, GAMES, GAME11, GAME4 and GAME1S5, were amplified using
tomato leaf cDNA as a template. GABA-T4 was amplified from a syn-
thetic gene (Twist Bioscience). The amplification was carried out
using either Phusion high-fidelity DNA polymerase (New England
Biolabs) or Platinum SuperFi polymerase (Thermo Fisher Scientific).
The sequences of all the primers used for PCR amplifications can be
foundin Supplementary Table 7. The resulting amplicons were cloned
into a Bsal-digested modified 3Q1 vector** harboring aspectinomycin
resistance gene, using the InFusion cloning kit (Clontech Takara).
The resulting plasmids were transformed into chemically compe-
tent Escherichia coli Top10 cells (Invitrogen). Transformed cells were
spread and selected for on Luria-Bertani agar plates supplemented
with 100 pg ml™ spectinomycin. The resulting colonies were used to
inoculate liquid LB cultures, further used for plasmid isolation. Plas-
mids were isolated from the positive colonies using the Wizard Plus
SV minipreps DNA purification kit (Promega). The sequence of the
introduced fragments was verified using the Sanger sequencing service
provided by Genewiz (Azenta Life Sciences). The verified plasmids
were transformed into electrocompetent Agrobacterium tumefaciens
GV3101 cellsusing electroporation. Transformed cells were spread and
selected for on LB agar plates supplemented with 50 pg ml™ rifampicin,
50 pg ml™ gentamicin and 200 pg ml™ spectinomycin. The presence of
the desired coding sequencein the vector was verified by colony PCR.
Briefly, the positive A. tumefaciens colonies were picked and dipped in
8 plof double-distilled water. The suspension was mixed with the Phire
IIMaster Mix (Thermo Fisher Scientific) and appropriate primers. The
size of the resulting amplicons was verified using agarose gel electro-
phoresis. All GAMEs and GABA-T coding and amino acid sequences are
provided in Supplementary Dataset 1.

Testing GABA-Ts using in planta pathway reconstitution

The positive A. tumefaciens colonies were used to inoculate bacte-
rial cultures in LB Lennox medium supplemented with 50 pg ml™
rifampicin, 50 pg ml™ gentamicin and 200 pg ml™ spectinomycin.
Cultures were then grown overnight at 28 °C with 220 r.p.m. shak-
ing. The bacterial cells were then pelleted by centrifugation and
resuspended in 10 ml of the infiltration buffer (50 mM MES pH 5.6,
10 mM MgCl,, 200 pM acetosyringione and 50 mg ml™ b-glucose).
The optical density at 600 nm (ODy,,) of the cell suspensions was

measured and the appropriate volumes of each strain to mix within
thefinalinoculumwere calculated. The appropriate strains were mixed
and the OD, of the final inoculum was adjusted to 0.6. The mixes
were incubated at room temperature with shaking in darkness for
2 h. N. benthamiana plants were grown in low-nutrient F1 compost
under a long-day photoperiod (16 h light, 8 h dark) at 22 °C, 40-65%
relative humidity for 3 weeksinagreenhouse. Plants were transferred
to a controlled-environment chamber (York, Johnson Controls),
operating under the same conditions. The N. benthamiana leaves
were infiltrated with the A. tumefaciens mixtures from the abaxial
site, using a needleless syringe. The plants were then incubated in
the controlled-environment chamber for a further 96 h before being
collected. Infiltrated tissue was isolated, snap-frozen in liquid N,
and stored at -80 °C until further analysis. Metabolic extraction was
performed using 100% LC-MS-grade ethanol. Frozen leaf tissue was
pulverized using amicropestle. For 100 mg of weighed-out frozen tis-
sue, 300 pl of ethanol was added. The resulting mixture was then briefly
vortexed and sonicated in asonic bath for 15 min, further centrifuged
atfull speedfor15 min and passed through a 0.45-pum PTFE centrifuge
filter (ThermoFisher Scientific). Theresulting extracts were transferred
to LC-MS vials and subjected to UHPLC-MS analysis.

Subcellular localization of GABA-Ts in N. benthamiana

All four tomato GABA-T homologs C-terminally fused to RFP were
coexpressed with free GFP or mitochondrially targeted GFP**, using
Agrobacterium-mediated transient expression in N. benthamiana,
following the same procedure asin the pathway reconstitution experi-
ments, with the only difference being the lower OD,, of the finalinocu-
lum (0D, = 0.3). Leaf discs (0.5 cm in diameter) were isolated from
the leaves 48 h after infiltration. Micrographs of the freshly punched
leaf discs mounted inwater were acquired on a cLSM 880 (Zeiss) using
a Plan-Apochromat x20/0.8 air or a C-Apochromat x40/1.20 water
immersion objective. Used excitation light sources were a 405-nm
laser diode (3% transmission), 488-nm argon laser (4%) and a 543-nm
helium-neon laser (30%) for chlorophyll autofluorescence, GFP and
RFP respectively. The transmitted light was captured with a T-PMT
added in the GFP channel. Two sequential tracks were acquired to
reduce crosstalk between GFP and RFP. The spectral detector was set
to an emission detection range of 490-570 nm in combination with a
488 MBS for GFPin thefirst track and 580-650 nm with a 488/543 MBS
for RFP and 670-735 nm for chlorophyllinasecond track. Acquisition
was controlledin ZEN (Zeiss) and executed unidirectionally with1Airy
unit, frame averaging of 4 and approximately 0.5 ps per pixel dwell
time. Contrast improvement, cropping and scale bar insertion were
performed inImage)®.

UHPLC-MS analysis of N. benthamiana extracts

Extracts were analyzed using a Thermo UltiMate 3000 UHPLC
system (Thermo Fisher Scientific) coupled with an Impact Il
ultrahigh-resolution quadrupole time-of-flight (QTOF) MS instru-
ment (Bruker) and the Bruker Compass qToF Control version 6.3 and
Bruker Compass Hystar version 6.0.30.0. software. Separation was
performed onaWaters Acquity Premier BEH C18 Vanguard FIT column
(2.1x100 mm, 1.7 pm, 130 A) at column temperature of 40 °C. The first
minute of each runwasredirected to waste. Solvent Awas 0.1% formic
acidin water; solvent Bwas100% acetonitrile. The gradient was as fol-
lows: 5% B from O to 1 min, to 28% B at 9.5 min, to 90% B at 14 min, held
at90% B until 16 min and then 100% B at 18 min. The column was then
flushed with 100% B for 2 min and re-equilibrated to 5% B for 2.5 min.
The flow was 0.3 ml min™ and the injection volume was 2 pl. The sam-
ples were ionized using a pneumatic-assisted electrospray ionization
sourcein positive mode (ESI*) with a capillary voltage of 3,500 V, plate
offset of 500V, nebulizer gas pressure of 2.0 bar, drying gas flow of
10 L min~and drying temperature of 250 °C. The spectrawere acquired
atal2-Hzrate withinthe 80-1,300 m/z scanrange. Fragmentation was
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triggered atan absolute threshold of 400 counts and limited to a total
cycle time of 0.5 s. The stepping mode (20 to 50 eV) was used for the
collision energy. Sodium formate solutioninisopropanolwas injected
atthebeginning of each runand the m/zvalues wererecalibrated using
the expected calibrant ion m/z values. Acquired data were analyzed
using the Bruker DataAnalysis version 5.3 software and MzMine version
3.4.27 software*®. The dehydrotomatidine (5) product was identified
on the basis of the presence of previously reported fragment ions
characteristic for SGA aglycones and correspondence to the spectrum
of the dehydrotomatidine (5) standard**.

GAME4 cloning and microsome preparation

The tomato GAME4 coding sequence was amplified from the previously
obtained in planta expression plasmid (3Q1) using Platinum SuperFi
polymerase (Thermo Fisher Scientific). The resulting amplicons
were cloned into a Sall-digested and Antarctic phosphatase-treated
(New England Biolabs) pESC-Trp vector (Agilent), using the InFusion
cloningkit (Clontech Takara). The resulting plasmids were transformed
into chemically competent E. coli Top10 cells (Invitrogen). Transformed
cellswerespread and selected for on LB agar plates supplemented with
100 pg ml™ carbenicillin. The resulting colonies were used to inoculate
liquid LB cultures, further used for plasmid isolation. Plasmids were
isolated from the positive colonies using the Wizard Plus SV minipreps
DNA purificationkit (Promega). The sequence of the introduced frag-
ments was verified using the Sanger sequencing service provided by
Genewiz (Azenta Life Sciences). The verified plasmid was transformed
into chemically competent WAT11 Saccharomyces cerevisiae cells,
according to a previously described protocol*®. Transformed cells
were spread and selected for on SD-Trp dropout plates supplemented
with 2% (v/v) glucose. The presence of the GAME4 coding sequence in
the vector was verified by colony PCR. Briefly, the positive S. cerevisiae
colonies were picked and dipped in 100 pl of 20 mM NaOH and incu-
bated at 98 °C for 10 min. The suspension was briefly centrifuged and
2 plwas mixed with the Phire Il Master Mix (Thermo Fisher Scientific)
and appropriate primers. The size of the resulting amplicons was veri-
fied using agarose gel electrophoresis. Verified colonies were used to
inoculate 30-ml cultures of SD-Trp dropout medium supplemented
with 2% (v/v) glucose, which were incubated overnight at 30 °C with
200 r.p.m. shaking. The overnight cultures were used to start 100-ml
SD-Trp dropout cultures supplemented with 2% (v/v) glucose, which
wereincubated at 30 °C with 200 r.p.m. shaking for another 24 h. The
cells were pelleted by centrifugation, resuspended in 100 ml of SD-Trp
dropout medium supplemented with 2% (v/v) galactose. The cultures
were subsequently incubated for 18 hat 30 °Cwith200 r.p.m. shaking.
Cellswere then pelleted by centrifugation at4 °C, resuspendedin15 ml
of TEK buffer (50 mM Tris-HCI, 1 mM EDTA and 0.1 M KCI), mixed and
then pelleted by centrifugation. The pellets were resuspended in 2 ml
of TES buffer (50 mM Tris-HCI, 1 mMEDTA and 0.6 M sorbitol) and lysed
with glass beads. The beads were washed with 5 ml of TES buffer and
theresulting suspensionwas collected, transferred to a centrifuge tube
and centrifuged at 7,500g for 10 min at 4 °C. The resulting supernatant
was transferred to ultracentrifuge tubes and centrifuged for 90 min at
100,000g. The supernatant was discarded and the microsomal pellet
was washed first with TES buffer and then with TEG buffer (50 mM
Tris-HCI,1mM EDTA and 20% (v/v) glycerol). The resulting microsomes
were transferred to a potter, homogenized, aliquoted, snap-frozenin
liquid N, and stored at —80 °C until further use

Trapping 26-furostanol aldehyde (3) through reductive
amination

In vitro assays of GAME4 oxidase were performed in 50 mM HEPES
buffer (pH 7.5), using 500 pg of protodioscin (14) substrate, 18 mg of
Rapidase, 80 pl of GAME4 microsomes and 4 mMreduced nicotinamide
adenine dinucleotide phosphate (NADPH) in a total volume of 500 pl
overnight. The assay was then extracted three times with ethanol acetate

(1 ml) and the combined organic phases were sequentially dried over
anhydrous Na,SO, and concentrated under reduced pressure. To a
separate 10-mlamber glass vial was added anhydrous methanol (0.5 ml),
dimethylamine hydrochloride (5.2 mg, 64 pmol) and triethylamine (8 pl,
64 pumol) under an Ar atmosphere. The mixture was then charged with
the previously prepared extract containing 26-furostanol aldehyde (3)
(approximately 0.5 mg, 1.2 umol) in anhydrous methanol (1 ml). After
stirring for 15 min at room temperature, NaCNBH, (4 mg, 58 pmol) was
added in one portion and the resulting solution was stirred at room
temperature forafurther24 h. Thereaction mass was then treated with
H,O (2 ml) and subsequently extracted three times with CHCI, (1 ml).
The combined organic phases were dried over anhydrous Na,SO, and
concentrated in vacuo to afford an opaque residue. Analysis of the
crude material indicated the presence of title compound dimethyl-
aminofurostanol (15): retention time, 12.03 min; HRMS (ESI-QTOF) m/z,
[M + H]* calculated for C,,H;,NO;, 460.3785; found, 460.3788.

Cloning, expression and purification of GABA-T homologs

Tomato GABA-T homolog coding sequences were amplified from
the previously obtained in planta expression plasmids using Plati-
num SuperFi polymerase (Thermo Fisher Scientific). The resulting
amplicons were cloned into a Kpnl-Hindlll-digested pOPINF, using
the InFusion cloning kit (Clontech Takara)*. The resulting plasmids
were transformed into chemically competent E. coli Top10 cells
(Invitrogen). Transformed cells were spread and selected for on LB
agar plates supplemented with100 pg ml™ carbenicillin. The resulting
colonies were used to inoculate liquid LB cultures, further used for
plasmid isolation. Plasmids were isolated from the positive colonies
using the Wizard Plus SV minipreps DNA Purification kit (Promega). The
sequence of the introduced fragments was verified using the Sanger
sequencing service provided by Genewiz (Azenta Life Sciences). The
pOPINF vectors containing the GABA-T coding sequences were trans-
formed into chemically competent BL21 E. coli cells. The cells were
spread on LB agar plates supplemented with100 pg ml™ carbenicillin.
The transformed colonies were verified using colony PCR. Briefly, the
positive colonies were picked and dipped in 8 pl of double-distilled
water. The suspension was then mixed with the Phire Il Master Mix
(Thermo Fisher Scientific) and appropriate primers. The size of the
resulting amplicons was verified using agarose gel electrophoresis.
Positive colonies were used to inoculate 1-ml LB Lennox cultures sup-
plemented with100 pg mi™ carbenicillin. The cultures were incubated
at 37 °C overnight with 220 r.p.m. shaking. The cultures were then
diluted in 100 ml of 2x YT medium, supplemented with 100 pg ml™
carbenicillin. The cultures were grown at 37 °C with 220 r.p.m. shak-
ing until the culture OD,, of 0.6-0.8 was reached. The cultures were
thentransferred toan18 °Cincubator and protein expression was then
induced using200 uM IPTG. The cultures were incubated at 18 °C with
220 r.p.m.shaking for afurther16 h. For protein purification, the cells
were pelleted by centrifugation at4 °Cfor 15 minat 3,200g. Each pellet
was resuspended in10 ml of buffer A1(50 mM Tris-HCI, 50 mMglycine,
500 mM NacCl, 20 mM imidazole and 5% (v/v) glycerol, pH 8.0) with
0.2 mg ml lysozyme and EDTA-free protease inhibitor tablets (Roche).
Cellswerelysed by sonication usingaSonics Vibra Cell VCX 750 system
(Sonics and Materials), at 40% amplitude, in a 1-s on, 2-s off cycle for
atotal of 4 min. The lysates were then centrifuged at 4 °C for 15 min
at 35,000g. The centrifuged lysates were transferred to 15-ml Falcon
tubes and incubated for 1.5 h at 4 °C with 500 pl of NiNTA-agarose
beads (Takara), whichwere equilibrated in A1 buffer before usage. The
resulting mixtures were then passed through Al-primed 14-ml Protino
columns (Macherey-Nagel). The beads sedimented at the bottom of the
columns were washed twice with 10 ml of Al buffer. The protein was
eluted from the beads with 2.5 ml of B1 buffer (50 mM Tris-HCI, 50 mM
glycine, 500 mM NaCl, 250 mMimidazole and 5% (v/v) glycerol, pH 8.0).
The eluates were dialyzed using X30 PD10 desalting columns (Cytiva)
and eluted in buffer A4 (20 mM HEPES, 150 mM NacCl and 10% (v/v)
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glycerol, pH7.5). Proteins were then concentrated using Amicon 10-kDa
size-exclusion concentrators (Millipore). Protein concentration was
measured using the Pierce Rapid Gold BCA protein assay kit (Thermo
Fisher Scientific), according to the manufacturer’sinstructions.

Invitro SGA-formation activity assays

Coupled in vitro assays of Rapidase (DSM Food Specialties), GAME4
microsomal preparation and GABA-T homologs were carried out as
follows: reaction mixtures were set up to contain 50 mM HEPES buffer
pH 7.5, 50 uM furostanol-type saponin substrate (protodioscin (14)
or uttroside B (16)), 100 uM pyridoxal phosphate (PLP), 5 mM GABA
or5 mML-alanine, 500 uMNADPH, 2.4 pg pl™ Rapidase, 5 pl of micro-
somesand 2 UM GABA-T protein. The total reaction volume was 100 pl.
Thereactions were incubated at 30 °C for 3 h with 750 r.p.m. shaking.
The assay mixtures were then extracted with 1x assay volume of100%
ethanol, vortexed briefly and centrifuged at full speed for 20 min to
precipitate the proteins. The resulting mixture was analyzed using
UHPLC-MS as described above. The SGA products were identified on
the basis of the presence of previously reported fragment ions and
correspondence to the spectra of the standards**.

Structural characterization of uttroside B (16)

Uttroside B (16) was purified fromwild-type S. nigrumleaftissue. S. nigrum
leaves were collected and frozen in liquid N,. Frozen tissue was pulver-
izedusingablenderand 70 g of powder was weighed out. The tissue was
mixed with 500 ml of 100% methanol and filtered through Miracloth
(Millipore); the remaining solvent was evaporated under reduced pres-
sure. The resulting residue was resuspended in 20 ml of methanol and
passed through a glass syringe filter. The eluate was fractionated using
an Agilent 1260 Infinity semipreparative HPLC system. Separation was
performed onaPhenomenexKinetex 5-um XB-C18 (4.6 x 100 mm, 5 um,
100 A) column. The column temperature was 40 °C. Solvent A was 0.1%
formicacidinwater; solvent Bwas100% acetonitrile. The gradient was as
follows: 5% B from 0 to1min, t028%Bat11.50 min, to100% B at18.50 min
and held at 100% B until 20 min. The column was re-equilibrated to 5% B
from 20.5 min to 23 min. The injection volume was 10 pl. The flow rate
was 1.5 ml min™. Eluted fractions were collected at 30-s intervals. Each
fraction was analyzed using the UHPLC-MS method described above
to check for the presence of m/z1,197.58 [M + H-H,0]" ions, as uttroside
Bis not ultraviolet active. The collected fractions containing uttroside
B were pooled and dried under reduced pressure. NMR measurements
were carried out ona500-MHz Bruker Avance llIHD spectrometer (Bruker
Biospin), equipped witha TCl cryoprobe using standard pulse sequences
asimplemented in Bruker Topspin version 3.6.1. (Bruker Biospin). Chemi-
cal shifts were referenced to the residual solvent signals of pyridine-d5
(6, 8.74, 5.150.35). The structure of uttroside B (16) was determined by
one-dimensional and two-dimensional NMR spectroscopy ('H, distor-
tionless enhancement by polarization transfer including the detection
of quaternary nuclei, correlation spectroscopy, heteronuclear single
quantum coherence (HSQC), heteronuclear multiple bond correlation,
HSQC total correlation spectroscopy and rotating-frame nuclear Over-
hauser enhancement; Supplementary Figs. 11-23). The NMR data (Sup-
plementary Table 2) confirmed that the steroidal saponin is uttroside B
with a (25R) configuration. The spatial configuration of position 25 was
deduced fromthe chemical shift difference of the neighboring position 26
(64(26a) - 6.(26b) = 0.32 ppm). This difference had avalue of >0.57 ppm
forthe (25S) configurationand <0.48 ppm for the 25(R) configuration®**",
Our NMR data of uttroside B are in good agreement with reported NMR
data of the structurally related borivilianoside C (known as uttroside A,
where C-22 is substituted with OCH, instead of OH)*.

Comparative genomic analyses of GABA-T orthologs

Comparative genomics was performed using the chromosome-level
genome assemblies of C. annuum®, I. triloba*, N. benthamiana®,
P.floridana®®, S. lycopersicum® and S. tuberosum®. Coding sequences

were extracted with AGAT* using genome sequences and correspond-
ing GFF annotation files. Orthogroups and aspecies tree were inferred
with Orthofinder®® using nucleotide sequences. Orthogroup sequences
were aligned with MAFFT L-INS-i and maximume-likelihood trees
inferred using IQ-Tree 2 (ref. 61) with ModelFinder®, 1,000 bootstraps
(UFBoot2)* and 1,000 SH-aLRT supports®*. TheJCVIimplementation®
of MCScan®® was used for macrosynteny and microsynteny analyses
using the nucleotide sequences of primary isoforms. For macrosyn-
teny, the default settings and a minimum span (*--minspan’ flag) of
16 were used. Pairwise microsynteny with MCScan was anchored to
S. lycopersicum with amaximum of six iterations.

GABA-T phylogeny

GABA-T ortholog gene sequences are provided in Extended DataFig. 1.
The GABA-T phylogeny wasiteratively refined. The topology of aninitial
genetree using GABA-T orthogroupsindicated that GABA-T orthologs
fromN. benthamiana, S. tuberosum and P. floridanahad incorrect gene
models. To correct this, the genomicregions for these incorrect gene
modelswereretrieved and . lycopersicum GABA-T protein sequences
were aligned to the genome using miniprot®. The resulting exon-intron
structures were manually curated and open-reading frames wereiden-
tified using Geneious Prime 2023.1.2. GABA-T homologs for P. inflata
were identified by BLAST and similarly corrected using the P. inlfata
genome®, S. americanum orthologs were obtained by nucleotide
BLAST of S. lycopersicum GABA-T orthologs against the predicted cod-
ing sequences for the SP1102 genome®’. To better understand the spe-
ciestopology of the GABA-T orthologs, we expanded the phylogeny to
include the GABA-T orthologs (0G0005004) from the OneKP dataset™
with transcripts below 900 bp excluded. A nonredundant set of cod-
ingsequences (including the corrected genome models) were aligned
using MAFFT and a phylogenetic tree inferred using FastTree”’. The tree
was anchored using the OneKP outgroup. From this large phylogeny,
we identified the Solanales clade and performed a codon alignment.
A Catharanthusroseus ortholog from the OneKP dataset was included
as an outgroup to ensure correct rooting in the presence of multiple
lineage-specific duplications. Gaps were removed using the gappyout
algorithm of TrimAl followed by maximum-likelihood tree inference
using IQ-Tree 2 (ref. 61) with ModelFinder®,1,000 ultrafast bootstraps
(UFBoot2)®* and 1,000 SH-aLRT supports®’. Corrected gene models
used for phylogenetic analysis are provided in Extended Data Fig. 1.

Selection analysis

The codon alignment used to make the GABA-T maximum-likelihood
gene tree was used for diversifying selection analysis using acombina-
tion of analyses from the DataMonkey webserver (https://datamonkey.
org/)’?. For assessing branches under selection, we used aBSREL, an
adaptive branch-site REL test for episodic diversification®. The aBSREL
analysis was run with default settings. Test branches were selected to
detect the presence or timing of selection in the evolution from the
Solanaceae GABA-T ancestor to major clades including the GAME12
subclade (Supplementary Fig. 26b). To identify specific sites under
selection across branches of interest, we used BUSTED”® and MEME™.
The BUSTED (version 4.1) analysis included site-to-site synonymous
rate variation to reduce false positives’ and an evidence ratio thresh-
old of 5. Branch-site tests using empirical Bayes factors were used to
identify the codons changing over a priori branches of interest (Sup-
plementary Fig. 26a). Furthermore, sites under episodic selection
across a proportion of branches were assessed with MEME. Sites with
MEME P < 0.05 were then assessed in the BUSTED output to identify
sites that were under selection and featured nonsynonymous muta-
tionsacross branches of interest. According to the BUSTED and MEME
output, sites that had evidence of positive or diversifying selection
across the branches from GABA-T3 to S. [ycopersicum GAME12 were
selected and mutations of S. [ycopersicum GABA-T3 were designed on
this basis (Supplementary Table 4).
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Cloning, expression and purification of GABA-T3 mutants

The GABA-T3 mutant coding sequences were purchased as synthetic
genes (Twist Bioscience) with included overhangs for InFusion cloning
into the pOPINF expression plasmid. The methods used for cloning,
expression and purification of GABA-T3 mutant proteins were identical
to corresponding methods used for GABA-T3 homologs.

Modeling of GABA-T homologs and ligand docking

GABA-T homologs and GABA-T3 mutants were modeled as
homodimers’™, using the ColabFold version of AlphaFold” in the
AlphaFold multimer V3 mode. All the settings were kept as default.
For docking of the GABA-PLP external aldimine complex, the structure
ofthe complex wasretrieved from areported crystal structure (Protein
DataBank (PDB) 4ATQ)*°. The 26-furostanol aldehyde (4) structure was
generated in Chemdraw (Perkin Elmer) and converted into amol2file.
Bothsubstrates were docked into the GABA-T AlphaFold models using
the Webina online AutoDock Vina server*’. The docking results were
visualized in UCSF Chimera (version 1.17.1)” and manually assessed
for proximity of the GABA-PLP external aldimine complex to the con-
served PLP-binding residues. The accuracy of the 26-furostanol alde-
hyde docking was assessed on the basis of the proximity and correct
orientation of the substrate to the catalytic lysine residue and the PMP
cofactor (embedded in thestructure based on the GABA-PLP external
aldimine complex docking). The figures depicting the docking results
were prepared in PyMol version 4.50 software (Schrédinger) and UCSF
ChimeraX version 1.5 software”.

Invitro GABA-T-catalyzed L-alanine (11) formation assays
Invitroassays on GABA-T homologs and GABA-T3 mutants using pyru-
vate and GABA as cosubstrates were carried out as follows: reaction
mixtures were set up to contain 50 mM Tris buffer pH 9.0, 0.5 mM pyru-
vate, 5 mM GABA and 0.1 mM PLP. The final protein concentration was
50 nMfor GABA-T1,1 uM for GAME12, GABA-T3, GABA-T4 and GABA-T3
mut3 and1 pM total protein (because of poor yield) for GABA-T3 mutl
and GABA-T3 mut2. The assays wereincubated at 30 °C for either 20 min
inthe case of GABA-T10or 30 mininthe case of the other tested proteins
with 750 r.p.m. shaking. The assay mixtures were then extracted with
1xassay volume of 75% ethanol in H,0O, vortexed briefly and centrifuged
for 20 min at top speed to precipitate the proteins. The resulting mix-
ture was analyzed using UHPLC-ESI-MS as described below.

UHPLC-MS analysis of in vitro L-alanine (11)-formation

Extracts were analyzed usinga Thermo UltiMate 3000 UHPLC system
(ThermoFisher Scientific) coupled with an EVOQ-TQS Elite mass spec-
trometer (Bruker) and the Bruker Daltonics MSWS version 8.2.1. and
Bruker Compass Hystar version 5.1.8.1. software. Separation was per-
formed on a Phenomenex Luna Omega PS C18 column (2.1 x 150 mm,
5um, 100 A) atacolumn temperature of 30 °C. The first 40 s of each run
was redirected to waste. Solvent Awas 0.01% formic acid in water; sol-
vent Bwas100% methanol. The gradient was as follows: 2% B from O to
2 min,to100%B at 3 min, held at100% B until 4 minand re-equilibrated
to 2% B for 3 min. The flow was 0.25 ml min™ and the injection vol-
ume was 2 pl. The samples were ionized using a heated ESI* with spray
voltage of 4,000 V, cone temperature of 350 °C, cone gas flow of 20 psi,
heated probe temperature of 400 °C, probe gas flow of 45 psi and
nebulizer gas flow of 55 psi. Quantification of L-alanine (11) was based
ontheselective reaction monitoring of the L-alanine m/290.00 precur-
soriontom/z44.30 production usingthe collisionenergy of 9 eV. The
scantime was166.7 ms. Unit resolution was applied to Q1 and standard
resolution was applied to Q3. The scantime was 166.7 ms. Acquired data
were analyzed using the Bruker MS Data Review version 8.2.1software.

Agrobacterium-mediated stable transformation of S. nigrum
S. nigrum (wild type, SN30 bulk) seeds were obtained from seed stocks
maintained by the greenhouse team at the Max Planck Institute for

Chemical Ecology. Seeds were sterilized using a solution of 0.1 g of
sodium dichloroisocyanurate dihydrate and 50 pl of 0.5% Tween 20in
5 mlofdeionized sterile water. Seeds were incubated in the sterilizing
solution for 5 min, washed three times with deionized sterile water and
thenincubated overnightin 5 mlof sterile1 MKNO; solutionat4 °Cin
darkness. Seeds were germinated on Gamborg B5 medium for 7 days
under the following day-night cycle: 16 h of light, 26 °C; 8 h of dark-
ness, 24 °C. Plasmid-harboring A. tumefaciens (strain GV3101) was used
to inoculate 8-ml LB media cultures supplemented with 200 pg mi™
spectinomycin, 100 pg ml™ rifampicin and 50 pg ml™ gentamycin.
The cultures were grown until the culture OD,, reached 0.4-0.8.
The cells were pelleted by centrifugation at 4,000g at room tempera-
ture for 5 min. The pellet was resuspended in 7 ml of Agrobacterium
washing medium (basal medium: 4.41 g L' Murashige and Skoog con-
taining vitamins and 30 g L' sucrose, supplemented with 0.02 mg L™
indole-3-aceticacid (IAA) and1 mg L™ 6-benzylaminopurine (BAP), pH
5.80). Theseedling hypocotyls were cut into 3-mm-long pieces using a
sterile scalpel dipped in the A. tumefaciens suspension. The explants
were transferred onto callus induction medium (basal medium sup-
plemented with 3 g L™ Phytagel, 0.02 mg L™ IAA and 1 mg L™ BAP, pH
5.80) and incubated at 26 °Cin darkness for 3 days. The explants were
thensubcultured onto fresh callus induction medium plates containing
antibiotics (25 mg L kanamycinand 125 mg L timentin) and incubated
at 30 °C for 16 h and 27 °C for 8 h for a total of 14 days. The resulting
callus was transferred onto shoot induction media (basal medium
supplemented with 0.5 mg L BAP, 25 mg L kanamycinand 125 mg L™
timentin) and incubated at 30 °C for 16 h and 27 °C for 8 h for a total
of 7 days. For shoot maturation, the calli with primordia shoots were
subcultured on maturation medium (basal medium supplemented with
25 mg L kanamycin and 125 mg L timentin) at 28 °C for 16 hand 24 °C
for 8 hfor7 days. Theresulting plantlets were separated and transferred
onto rooting medium (292 mg L™ of Peter’s hydrosol salts, 2 ml of 500
Murashige and Skoog vitamin solution and 6 g L™ plant agar supple-
mented with125 mg L™ timentin, pH 6.0). The plantlets were placedin
acultureroomwithaconstant22 °C temperature and a photopetiod of
16 hlight and 8 hdarkness and subcultured onto fresh rooting medium
plates every 14 days. After rooting, the plants were transferred to soil
in Magenta boxes (100 mm x 77 mm x 77 mm) and finally planted in
2-Lpotsinthe greenhouse for breeding under along-day photoperiod
(16 hlight, 8 hdark) at 25 °C and 65% relative humidity.

qPCR analysis

Total RNA was isolated from S. nigrum wild-type plants (young leaves
and green fruits) and transgenic lines (young leaves) with the RNe-
asy mini kit (Qiagen) according to the manufacturer’s instructions.
Unless stated otherwise, at least three biological replicates fromeach
genotype were used for gene expression analysis (n > 3). Three bio-
logical replicates (for each genotype) denote three tissue samples
obtained from three independently grown wild-type or correspond-
ing transgenic line plants. DNase I-treated (Sigma-Aldrich) RNA was
reverse-transcribed using a high-capacity cDNA reverse transcription
kit (Applied Biosystems). Gene-specific primers were designed with the
Primer BLAST software (National Center for Biotechnology Informa-
tion (NCBI)). The sequences of all primers used in qPCR analysis can be
foundinSupplementary Table 7. The EF1a gene was used as areference
genein the analysis’®.

UHPLC-MS analysis of S. nigrum transgenic line leaves

The leaf tissue of the S. nigrum transformant lines was collected,
snap-frozen in liquid N, and pulverized. Metabolites were extracted
using 80% methanol with 0.1% formic acid. For 100 mg of weighed-out
frozen tissue, 300 pl of the extraction solvent was added. The result-
ing mixtures were vortexed briefly and sonicated in a sonic bath for
15 min. The extracts were centrifuged at top speed for 15 min and passed
througha 0.22-pum PTFE filter (Thermo Fisher Scientific). Extracts were
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analyzed using a Waters UHPLC system (Waters Acquity) coupled to
a SYANPT-G2QTOF MS instrument (Waters Acquity). Separation was
performed on a Waters Acquity Premier BEH C18 Vanguard FIT col-
umn (2.1 x100 mm, 1.7 pm, 130 A). Solvent A was 0.1% formic acid in
5% acetonitrilein water; solvent Bwas 0.1% formic acid inacetonitrile.
The gradient was as follows: 0% at 0 min to 28% B at 22 min and 28%
to 100% B at 36 min. The column was flushed with 100% B for 2 min,
re-equilibrated to 0% B within 0.5 min and conditioned at 0% B for
1.5 min. The samples were ionized using apneumatic-assisted ESI* with
acapillary voltage of 3,400 V, cone voltage of 24 V, source temperature
of125 °C, desolvation temperature of 275 °C and desolvation gas flow
of 650 L h™™. The spectra were acquired within the 50-1,600 m/z scan
range. Data were acquired using the MSE mode with energy ramp. The
collisionenergy was setto4 eV at the low-energy acquisition function
and a10-30 eV ramp for the high-energy function. Sodium formate
solutionand Leu encephalin were used at the lock mass. Acquired data
were analyzed using the MassLynx version 4.2 software. The putative
structural assignment of SGAs and steroidal saponins produced by the
transgenic S. nigrum plants was based on the identification of charac-
teristic, previously reported fragmentions**.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequences of the gene constructs used in the study are listed in
Supplementary Data 1. The sequences used in comparative genom-
ics analyses, the corrected gene models and the sequences used in
phylogeny analyses are listed in Extended Data Fig. 1. S. nigrum young
leaves and green fruit (berries) transcriptome raw sequence reads
were deposited to the NCBI Sequence Read Archive under accession
numbers PRJNA1134384 and PRJNA113368]1, respectively. The acces-
sion numbers of the genomes used for the phylogenomics and synteny
analysis of GABA-T homologs are provided in Supplementary Table 6.
The crystal structure used in the modeling of GABA-T homologs was
retrieved from PDB 4ATQ. Data are available from the corresponding
authorsupon request. Source data are provided with this paper.
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Extended DataFig. 1| Phylogenomic analysis of GABA-Ts. a. Maximum
likelihood gene tree of GABA-T homologues. Thick branches show those
selected for diversifying selection tests. Branches are coloured if significant
selection was detected, with color showing w, rate class value in model with one
rate class per branch. Grey circles show branches with >80% and >95% support as
judged by 1000X SH-aLRT and UltraFast Boostrapping replicates, respectively.
An extended phylogentic tree can be found in Supplementary Fig. 25.

b. Microsynteny analysis of GABA-T homologues. Curved lines connecting
genomes represent homologous genes, with colors added manually to track
genes of interest. Gaps (10-70 Mb) in synteny represented with double slash.
Pseudogenes (genes that have premature stop codons in exons, highly divergent
sequences or missing expected coding regions. are marked with the W symbol.
Larger versions of the results of each syntenic block analysis in panel (b) can be
found in Supplementary Fig. 26.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|Z| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

X [

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)

N

AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

< For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Pa\

Give P values as exact values whenever suitable.
For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O 0O OXKOOOS

oo

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  All data presented in the manuscript was acquired using pre-existing, routinely used software. The software used is mentioned in the
respective parts of the manuscript. Liquid chromatography-mass spectrometry data was collected using Bruker Compass gtofControl 6.3/
Bruker Compass Hystar v 6.0.30.0 software; Bruker Daltonics MSWS v 8.2.1/ Bruker Compass Hystar v 5.1.8.1 software or MassLynx v 4.2
software. NMR data was collected using Bruker TopSpin v 3.6.1 software. Confocal microscopy images were collected using ZEN black v 2.1
software.

Data analysis Liquid chromatography-mass spectrometry data was analyzed using Bruker Compass DataAnalysis v 6.0.313.6.0 software, Bruker Daltonics MS
Data Review v 8.2.1 or MasslLynx v 4.2 software. Confocal microscopy images were analyzed and adjusted using ImageJ v 1.54f. NMR data was
analyzed using Bruker TopSpin v 3.6.1 software. Comparative genomic analyses of GABA-T orthologoues and phylogeny inference were
carried out using: AGAT v 1.2.0, Orthofinder 2, IQ-Tree 2 v2.2.2.6, MCScanX and Geneious Prime v 2023.1.2. Diversifying selection was
analyzed using UFBoot2. GABA-T protein structure modelling was carried out using ColabFold version of AlphaFold multimer V3. Substrate
docking was carried out using Webina online AutoDock Vina server 1.0.5. The docking results were visualized in UCSF Chimerav 1.17.1. and
PyMol v 4.50. Heatmaps were generated in Morpehus (https://software.broadinstitute.org/morpheus/). Graphs were generated in GraphPad
Prism v 9.5.1 and SigmaPlot v 14.03.192. Figures were prepared in Adobe Illustrator CS5 V15.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The sequences of gene constructs used in the study are listed in Supplementary Data 1. The sequences used in comparative genomics analyses, the corrected gene
models and sequences used in phylogeny analyses are listed in Extended Data Source Data 1. S. nigrum young leaves and green fruit (berries) transcriptome raw
sequence reads have been deposited in the NCBI Sequence Read Archive under the Bio project IDs PRINA1134384 (https://www.ncbi.nlm.nih.gov/sra/?
term=PRINA1134384) and PRINA1133681 (https://www.ncbi.nIm.nih.gov/sra/?term=PRINA1133681), respectively. The accession numbers of the genomes used for
the phylogenomics and synteny analysis of GABA-T homologues are provided in Supplementary Table 6. The crystal structure used in the modelling of GABA-T
homologues was retrieved from PDB with identifier 4ATQ (https://www.rcsb.org/structure/4ATQ). Source data are provided with this paper. Data is available from
the corresponding authors upon request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Not applicable

Reporting on race, ethnicity, or Not applicable
other socially relevant

groupings

Population characteristics Not applicable
Recruitment Not applicable
Ethics oversight Not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Prior determination of sample size is not applicable to our study. N. benthamiana pathway reconstitution-based and enzyme assay-based
were conducted using at least three independent biological replicates on at least two different days to ensure reproducibility of the data.
Microscopy experiments were conducted on at least two biological replicates and on at least two different days, to ensure reproducibility.

Data exclusions  No data was excluded.

Replication Details of biological/technical replicates are provided in respective main figure legends, Supplementary Figure legends and methods sub-
sections. The data presented for transgenic S. nigrum lines was obtained from three biological replicates coming from three independent
transgenic lines (T1 generation). For heterologous expression in N. benthamiana, data presented was obtained from three biological
replicates, collected from three independently grown N. benthamiana plants. In vitro enzyme assays were successfully performed with at least
three replicates. Enzyme assay experiments were repeated at least twice. 26-furostanol aldehyde trapping experiment was successfully
performed twice.

Randomization  The order of the samples analyzed using UHPLC-MS was randomized prior to the runs. In the enzyme assays and N. benthamiana pathway
reconsitution-based experiments, we sampled at least three different biological replicates (three different assay set-ups and three different
plants) in two independent experiments conducted on different days. Other types of randomization are not applicable to our study.

Blinding Blinding was not relevant for our study; characterization of enzymes conducted in this publication requires insight into the experimental
conditions and characteristics of the samples.
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Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.

Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? |:| Yes |:| No
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Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXX NXXX &
Oooood

X Plants
Antibodies
Antibodies used not applicable
Validation not applicable

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) not applicable
Authentication not applicable
Mycoplasma contamination not applicable

Commonly misidentified lines ot applicable
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance not applicable
Specimen deposition not applicable
Dating methods not applicable
|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals not applicable
Wild animals not applicable
Reporting on sex not applicable

Field-collected samples  not applicable

Ethics oversight not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  not applicable

Study protocol not applicable
Data collection not applicable
Outcomes not applicable

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

P
o

Yes

[ ] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area

XXX X X

Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

XX X X XXX X &
Ooogoood

Any other potentially harmful combination of experiments and agents




Plants

Seed stocks Solanum nigrum (wild type, SN30 bulk) seeds were obtained from seed stocks maintained by the greenhouse team at Max Planck
Institute for Chemical Ecology, Jena. Nicotiana benthamiana seeds were obtained from seed stocks maintained by the greenhouse

team at Max Planck Institute for Chemical Ecology, Jena.
Novel plant genotypes  The stable transformation of S. nigrum plants was carried out as described in the 'Agrobacterium- mediated stable transformations of

S. nigrum’ materiais and methods paragraph. Hetereologous overexpression in N. benthamiana was carried out as described in the
'Testing of GABA-T homologues using the pathway reconstitution approach in N. benthamiana' paragraph.

Authentication Heterologous overexpression in N. benthamiana metabolite profiling was carried out as described in 'UHPLC-MS analysis of N.
benthamiana extracts ' methods paragraph. The S. nigrum stable transformation lines metabolite profiling was carried out as
described in the 'UHPLC-MS analysis of leaves from S. nigrum stable transformant lines' materials and methods paragraph.
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ChlIP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links not applicable
May remain private before publication.

Files in database submission not applicable

Genome browser session not applicable
(e.g. UCSC)

Methodology
Replicates not applicable
Sequencing depth not applicable
Antibodies not applicable

Peak calling parameters  not applicable
Data quality not applicable

Software not applicable

Flow Cytometry

Plots
Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation not applicable
Instrument not applicable
Software not applicable

Cell population abundance not applicable




Gating strategy not applicable

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type not applicable
Design specifications not applicable

Behavioral performance measures  not applicable

>
Q
Q.
(e
D
1®)
O
=
o
S
_
(D
1®)
o
=
5
(@]
wn
[
=
3
Q
<

Acquisition
Imaging type(s) not applicable
Field strength not applicable
Sequence & imaging parameters not applicable
Area of acquisition not applicable
Diffusion MRI [ ] used [ Not used

Preprocessing

Preprocessing software not applicable
Normalization not applicable
Normalization template not applicable
Noise and artifact removal not applicable
Volume censoring not applicable

Statistical modeling & inference

Model type and settings not applicable
Effect(s) tested not applicable

Specify type of analysis: |:| Whole brain |:| ROI-based |:| Both
Statistic type for inference not applicable

(See Eklund et al. 2016)
Correction not applicable

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation




Multivariate modeling and predictive analysis  metrics.
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