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Abstract
In the wild cruciferous wintercress (Barbarea vulgaris), b-amyrin-derived saponins are involved in resistance against insect
herbivores like the major agricultural pest diamondback moth (Plutella xylostella). Enzymes belonging to the 2,3-oxidosqua-
lene cyclase family have been identified and characterized in B. vulgaris G-type and P-type plants that differ in their natural
habitat, insect resistance and saponin content. Both G-type and P-type plants possess highly similar 2,3-oxidosqualene cy-
clase enzymes that mainly produce b-amyrin (Barbarea vulgaris Lupeol synthase 5 G-Type; BvLUP5-G) or a-amyrin
(Barbarea vulgaris Lupeol synthase 5 P-Type; BvLUP5-P), respectively. Despite the difference in product formation, the two
BvLUP5 enzymes are 98% identical at the amino acid level. This provides a unique opportunity to investigate determinants
of product formation, using the B. vulgaris 2,3-oxidosqualene cyclase enzymes as a model for studying amino acid residues
that determine differences in product formation. In this study, we identified two amino acid residues at position 121 and
735 that are responsible for the dominant changes in generated product ratios of b-amyrin and a-amyrin in both BvLUP5
enzymes. These amino acid residues have not previously been highlighted as directly involved in 2,3-oxidosqualene cyclase
product specificity. Our results highlight the functional diversity and promiscuity of 2,3-oxidosqualene cyclase enzymes.
These enzymes serve as important mediators of metabolic plasticity throughout plant evolution.

Introduction
Triterpenoid saponins are specialized metabolites produced
by diverse organisms, including plants and marine animals
(Augustin et al., 2011; Thimmappa et al., 2014). Structurally,
saponins represent a highly diverse subclass of terpenoids
comprising more than 200 different triterpenoid backbone
structures (Xu et al., 2004; Augustin et al., 2011). Saponins
are amphipathic molecules composed of a hydrophobic tri-
terpenoid portion, derived from a limited number of core

backbone structures, and a hydrophilic glycosidic portion
(Augustin et al., 2011). This combination of both hydropho-
bic and hydrophilic character provides saponins detergent-
like properties (Chen et al., 2010; Lorent et al., 2014; Moses
et al., 2014; Jiang et al., 2018). Saponins are structurally re-
lated to sterols and steroid hormones and therefore can in-
terfere with sterols in cell membranes, which may lead to
deleterious pore formation that causes cell death (Augustin
et al., 2011). These properties have been proposed to
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manifest their main insecticidal activities in plants (Kuzina
et al., 2009; Khakimov et al., 2015; Liu et al., 2019).

Within the plant kingdom, saponins occur in several unre-
lated plant families acting as specialized metabolites involved
in defense and disease resistance (Papadopoulou et al., 1999;
Haralampidis et al., 2001; Shiu et al., 2004). In the extended
Brassicaceae family only bittercress (Babarea vulgaris) is
known to accumulate saponins, indicating that this is a
rather recent evolutionary trait (Shinoda et al., 2002;
Agerbirk et al., 2003; Nielsen et al., 2010a, 2010b; Badenes-
Perez et al., 2014). In the B. vulgaris complex, there are dis-
tinctive plant types that have been shown to largely vary in
their insect resistance, glucosinolate and saponin composi-
tion, trichome density, as well as geographic distribution
(Christensen et al., 2014). Here, Pubescent (P-type) B. vulga-
ris plants that are rich in trichomes have a more present dis-
tribution in Eastern Europe and are susceptible to insect
herbivores like the diamond back moth (Plutella xylostella;
Agerbirk et al., 2003; Khakimov et al., 2015) and flea beetle
larvae (Phyllotreta nemorum; Kuzina et al., 2009, 2011;
Christensen et al., 2014). Instead, Glabrous (G-type) B. vulga-
ris plants with lower trichome density predominate in
Western Europe and are highly deterrent to these herbivores
(Hauser et al., 2012; Christensen et al., 2019). This insect de-
terrence in B. vulgaris G-type plants has been associated
with the production of specific saponins (Kuzina et al., 2011;
Khakimov et al., 2015; Byrne et al., 2017; Liu et al., 2019).
Despite their genotypic similarity, G-type plants biosynthe-
size insecticidal saponins, whereas P-type plants lack this
ability. Comparative quantitative trait loci (QTL) analysis of
G-type and P-type B. vulgaris plants revealed that saponin-
mediated insect resistance traits co-localize with two loci (B.
vulgaris Lupeol synthase 5; BvLUP5 and B. vulgaris Lupeol
synthase 2; BvLUP2) that could be identified as 2,3-oxidos-
qualene cyclase genes (Byrne et al., 2017).

Generally, 2,3-oxidosqualene cyclases (OSCs) catalyze the
first committed step of the biosynthesis of triterpenoid sap-
onins by cyclization of 2,3-oxidosqualene (Phillips et al.,
2006; Xue et al., 2012; Thimmappa et al., 2014; Cárdenas
et al., 2019). In B. vulgaris, triterpenoid core structures are
subsequently oxygenated by cytochrome P450 enzymes (Liu
et al., 2019) and glucosylated by UDP-glucosyl transferase
enzymes (Augustin et al., 2011; Khakimov et al., 2015;
Erthmann et al., 2018) to produce saponins involved in resis-
tance toward the agricultural pest diamondback moths
(Plutella xylostella) and flea beetles Phyllotreta nemorum
(Nielsen and Engelbrecht, 1997; Shinoda et al., 2002;
Agerbirk et al., 2003; Kuzina et al., 2009). Both P- and G-type
plants possess the BvLUP5 and BvLUP2 gene; however, their
expression profile differs amongst these subspecies
(Khakimov et al., 2015). The expression of BvLUP5 is pre-
dominant in G-type plants, whereas BvLUP2 expression is
higher in P-type plants. Corresponding to these expression
patterns, G-type plants predominantly produce b-amyrin-
derived saponins, while P-type plants predominantly pro-
duce lupeol-derived saponins (Khakimov et al., 2015;

Khakimov et al., 2016). We have previously shown that the
b-amyrin-derived saponin hederagenin cellobioside confers
resistance to insect pests in B. vulgaris G-type plants (Liu
et al., 2019). Furthermore, transient expression of G-type
and P-type BvLUP5 in Nicotiana benthamiana mainly
resulted in a differential accumulation of b-amyrin and a-
amyrin, where the G-type enzyme produces a 6.5 ratio and
the P-type BvLUP5 a much lower ratio of 0.6 (Khakimov
et al., 2015). Despite this 10-fold difference in product ratio,
the two BvLUP5 enzymes share an amino acid identity of
98%, corresponding to only 14 amino acid residues differen-
ces (Khakimov et al., 2015). The high sequence identity and
the differences in product ratios make the B. vulgaris LUP5
OSCs an excellent model for studying amino acid residues
that are responsible for the difference in OSC product for-
mation. Furthermore, observed sequence alterations high-
lights amino acid residues that are evolutionarily important
for facilitating crucial steps in b-amyrin-derived herbivore re-
sistance in B. vulgaris (Byrne et al., 2017; Cárdenas et al.,
2019). In recent years, the identification and characterization
of numerous divergent OSCs from plants has facilitated the
accurate differentiation of OSCs into specific classes accord-
ing to conserved motives and their biosynthesized products
(Segura et al., 2003; Srisawat et al., 2019; Busta et al., 2020;
Wu et al., 2020).

OSCs are key enzymes that generate the large structural
diversity of sterols and triterpenoids in nature (Wendt et al.,
2000; Xu et al., 2004; Cárdenas et al., 2019). Here, sterols are
originating from the common substrate 2,3-oxidosqualene
via the initial formation of the protosteryl cation leading to
products in “chair–boat–chair” conformation, whereas most
triterpenoids are biosynthesized via the dammarenyl cation
lead to products in “chair–chair–chair” conformation (Xue
et al., 2012; Thimmappa et al., 2014; Cárdenas et al., 2019).
Accordingly, dammarenyl cation-derived triterpenoids can
be enzymatically converted into one or more of the triterpe-
noids saponin backbone structures. The formation is initi-
ated by a protonation of the epoxide, via the aspartic acid
in the DCTAE motif, which initiates a cascade of cyclization
reactions and a deprotonation step leading to the final
product (Figure 1; Hoshino and Sato, 2002; Ito et al., 2017).
The cyclization results in products with one to five rings
made of five to six carbons, referred to as the A, B, C, D,
and E-rings with the A-ring being the first cyclized ring
(Figure 1). To avoid the premature termination of cycliza-
tion, a number of aromatic residues serve to stabilize the in-
termediate carbocation by cation–p interactions, and by
limiting the space for the substrate to change conformation
(Thoma et al., 2004). Nevertheless, the differentiation of
these OSC enzymes generating multiple products from se-
quence information remains difficult, especially amongst the
classes of distinct and multifunctional b-amyrin synthases
(Srisawat et al., 2019; Wu et al., 2020). Despite their high se-
quence similarity with exclusive b-amyrin synthases, these
enzymes produce several dammarenyl cation-derived triter-
penes (Morita et al., 2000; Moses et al., 2015; Wu et al.,

1484 | PLANT PHYSIOLOGY 2022: 188; 1483–1495 Günther et al.



2020). Here, a-amyrin, b-amyrin, and lupeol formation is ini-
tiated by protonation of 2,3-oxidosqualene. Concomitant cy-
clization yields the dammarenyl cation that undergoes
proton transfer to result in baccharenyl cation formation,
giving rise to the pentacyclic lupyl cation. The lupyl cation
can deprotonate into lupeol. Depending on the steric hin-
drance of methyl group at C29 with cation–p interactions
at the OSC active site residues, the lupyl cation can

deprotonate into a-amyrin via the formation of the ursanyl
cation (Xu et al., 2004). Alternatively, the lupyl cation can
undergo ring expansion via C21 migration into the germa-
nicyl cation and via further proton transfer to C13 forms
the oleanyl cation. Deprotonation of the oleanyl cation
results in the formation of b-amyrin or continue with fur-
ther skeletal rearrangements (Thimmappa et al., 2014;
Figure 1). Substantial efforts have been undertaken to

2,3-Oxidosqualene
Sterols

(“chair-boat-chair”)

Triterpenes
(“chair-chair-chair”)

Protosteryl cation

Dammarenyl cation

Cycloartenol

Lanosterol

Baccharenyl cation Lupyl cation

Ursanyl cation

Oleanyl cation

Lupeol

α-Amyrin

β-Amyrin

G
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etabolism
Specialized

m
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Figure 1 Biosynthesis of major plant triterpenoid backbones catalyzed by oxidosqualene cyclases. The shared precursor 2,3-oxidosqualene can un-
dergo cyclization into the protosteryl cation in the “chair–boat–chair” conformation that gives rise to sterols like cycloartenol and lanosterol that
are involved in general metabolism (lavender). Triterpenoids are derived from the dammarenyl cation in “chair–chair–chair” conformation and
are involved in specialized metabolism (green). The dammarenyl cation can undergo ring expansion via the baccharenyl cation leadig to the for-
mation of a large diversity of different cations that furthermore lead to diverse pentacyclic triterpenoids like. Enumeration of carbon atoms of the
pentacyclic triterpenoid (b-amyrin) as well as ring identities of the corresponding pentacycle is shown in the left bottom.
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determine the reaction mechanism and unique structural
features of multifunctional b-amyrin synthases in order to
predict OSC function from sequence information (Segura
et al., 2003; Ito et al., 2017; Srisawat et al., 2019; Wu et al.,
2019, 2020).

In this study, we identified two amino acid residues that
have a key role in the formation of both a-amyrin as well as
b-amyrin. To narrow down the most prevalent effects of
amino acid exchange, we generated hybrid constructs of P-
and G-type BvLUP5 and tested their function in plants by
heterologous overexpression in N. benthamiana. To further
define the catalytically relevant amino acids, we consecu-
tively mutated single amino acids of G-type LUP5 in order
to functionality recreate a mutant with P-type LUP5 cata-
lytic activity and vice versa. Finally, we employed homology
modeling to determine if the identified amino acid residues
are close to the active center, and to identify if the amino
acid residues have an impact on enzyme activity.

Results

Functional classification of plant OSCs reveals their
preferred product formation
For the functional classification of the B. vulgaris LUP5s, we
selected a set of previously characterized plant OSCs and
performed a phylogenetic analysis (Figure 2). Based on
functional characterization and main product formation
reported in the literature, four classes of functionally differ-
ent OSCs are highlighted in the phylogenetic analysis: multi-
functional b-amyrin, b-amyrin, lupeol, or cycloartenol
synthases (Salmon et al., 2016; Busta et al., 2020; Wu et al.,
2020). For relating these catalytic functions with the amino
acid sequences, we performed a multiple sequence align-
ment and highlighted conserved amino acid residues known
to be involved in product specificity (Figure 2;
Supplemental Table S1). The presence of His288 and Tyr571
are characteristic for OSCs involved in biosynthesis of cyclo-
artenol (Wu et al., 2020). Characteristic for lupeol synthases
is residue Leu-286, whereas differentiation between b-amyrin
synthase and multifunctional b-amyrin synthase enzymes
remains elusive from these sequence motifs. Both B. vulgaris
OSC enzymes BvLUP5-G and BvLUP5-P grouped with the
class of multifunctional b-amyrin synthases, which is in
agreement with that they produce a mixture of b-amyrin,
a-amyrin, and lupeol (Khakimov et al., 2015). A detailed
amino acid alignment revealed conserved residues between
the BvLUP5-G and BvLUP5-P enzymes as well as distinct
amino acid changes within the B. vulgaris LUP5 enzymes
were identified (Figure 3).

OSC chimeras narrow down the location of key
amino acid residues involved in the a/b-amyrin
product ratio
To determine amino acid residues involved in product for-
mation, a set of chimeric genes of BvLUP5-P and BvLUP5-G
(Chi1-4) were constructed. All chimeric enzymes consist of
BvLUP5-G with sequence substitutions of either the

N-terminus (Chi1 and Chi2) or the C-terminus (Chi3 and
Chi4) from BvLUP5-P. The chimeric enzymes Chi1 and Chi2
have five and four amino acid residues substituted in the
N-terminus, respectively (Figure 4A). BvLUP5-P Chi3 and
Chi4 have six amino acid residues substituted in the C-ter-
minus. In addition, Chi4 has two mutations in the N-termi-
nus, due to homologous recombination of the N-terminus
of BvLUP5-G with a contamination of an N-terminal frag-
ment from BvLUP5-P in the PCR reaction. The chimeric con-
structs were heterologously expressed in N. benthamiana
leaves and metabolites were extracted and analyzed by gas
chromatography–mass spectroscopy. The chimeric enzymes
generated the shared BvLUP5 products b-amyrin, a-amyrin,
and lupeol in different ratios, indicating that the activities of
the different chimeric enzymes differ (Figure 4B;
Supplemental Figure S1). Nicotiana benthamiana plants
overexpressing the candidate genes did not produce new tri-
terpenoid metabolites; however, the product ratios differed
significantly between the overexpressed chimeric genes
(Supplemental Table S2). The total product amount of a-
amyrin, b-amyrin, and lupeol of the wild-type and chimeric
LUP5 expression constructs was analyzed to compare effects
on product accumulation and normalized to the combined
peak areas. For the ratio calculations, the minor product
lupeol was omitted from the ratio calculations as the
amount was negligible compared to a-amyrin and b-amyrin.
Of the four chimeras, Chi3 and Chi4 had a product ratio
least similar to BvLUP5-G. The b-amyrin to a-amyrin ratio
of Chi3 approximates one and is therefore comparable to
neither BvLUP5-P nor BvLUP5-G product ratios. Chi4 pro-
duced 41% b-amyrin and 55% a-amyrin, which are compa-
rable to the BvLUP5-P product profile of 35% b-amyrin and
61% a-amyrin (Figure 4; Supplemental Table S2). Chi3 dif-
fers from Chi4 by only three amino acid residues, underpin-
ning the minor importance of amino acid residues 418, 435,
and 453 for determining the product ratio between a- and
b-amyrin. Additionally, Chi1 and Chi2 do not result in a dif-
ferent b-amyrin to a-amyrin ratio; however, the total activ-
ity of these chimeras seems to be reduced in vivo in
comparison to BvLUP5-G, suggesting that these portions of
the protein might contribute to the stability of the enzyme
but not on the catalysis. These results suggest that the C-
terminal part of the BvLUP5-G is crucial for the biosynthesis
of a larger ratio of b-amyrin to a-amyrin.

Reciprocal mutagenesis identifies amino acids
involved in major product formation of B. vulgaris
LUP5
Next, we investigated the effects of single and multiple
amino acid changes within both BvLUP5 enzymes to identify
crucial amino acids for the generation of b-amyrin and a-
amyrin, respectively. For the chimeric construct, we observed
considerable differences in the overall product accumulation.
Amongst the reciprocal mutations, single amino acid
exchanges showed relatively little effects on product ratio al-
teration, while multiple changes showed bigger effects
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β-amyrin

cycloartenol

lupeol

multifunctional PgDS ● M W I Y C R W
PgbAS ● M W I Y C R W
AaOSC2 ● ● ● M W C Y C R W
IaAS1 ● ● M W C Y C R W
CrAS ● ● M W C Y C R W
OeOEA ● ● ● M W C Y C R W
ObbAS2 ● ● M W C Y C R W
AtBARS1 ● ● L W I Y L R W
AtPEN1 ● L W I Y L R W
AtTHAS1 ● L W I Y L R W
AtMRN1 ● L W I Y I R W
BfOSC2 ● ● ● I W C Y A R W
BvLUP2-P ● ● I L C Y T R W
BvLUP2-G ● ● I L C Y T R W
BvLUP5-P ● ● ● T L C Y C R W
BvLUP5-G ● ● ● T L C Y C R W
AtCAMS1 ● M W C Y C R W
AtbAS ● M W S Y C R W
LjAMY1 ● M W L Y C R W
LjbAS ● M W C Y C R W
GgbAS ● M W C Y C R W
MtbAS ● M W C Y C R W
PsbAS ● M W C Y C R W
PtbAS ● M W C Y C R W
PsPSM ● ● ● M W C Y C R W
BfOSC1 ● ● ● M L C Y C R W
LjAMY2 ● ● M W C Y C R W
EtAS ● M W C Y C R W
MdOSC4 ● ● ● M W C Y C R W
MdOSC5 ● ● M F C Y S R W
BpbAS ● M W C Y C R W
SlbAS ● M W C Y C R W
SldAS ● ● ● M W C Y C R W
AsOXA1 ● M W C Y C R W
PlgbAS ● M W C Y C R W
ObbAS ● M W C Y C R W
IaAS2 ● M W C Y C R W
PgbAS ● M W C Y C R W
LjLUP ● M L C Y C R W
BpLUP ● M L C Y C R W
OeLUP ● M L C Y C R W
ToLUP ● M L C Y C R W
AaLUP ● M M C Y G R W
GgCAS ● M W C H C R Y
LjCAS ● M W C H C R Y
PsCAS ● M W C H C R Y
BpCAS ● M W C H C R Y
RcCAS ● M W C H C R Y
PtCAS1 ● M W C H C R Y
AtCAS ● ● M W C H C R Y
NtCAS ● M W C H C R Y
KdCAS ● M W C H R R Y
AaCAS ● M W C H C R Y
PtCAS2 ● M W C H C R Y
BpCAS ● M W C H C R Y
DzCAS ● M W C H C R Y
CrCAS ● F W C H C R Y
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Figure 2 Phylogenetic analysis combined with sequence features of charachterized plant OSCs. Plant OSCs can be functionally grouped into cyclo-
artenol synthases (lavender), lupeol synthases (yellow), b-amyrin synthases (green), and multifunctional amyrin synthases (blue). The functionally
uncharacterized (gray dot), predicted cycloartenol synthase from C. reinhardtii was used as a root. Corresponding to the phylogeny, sequence
identifiers and biosynthesized triterpenoid products are shown (black dot) together with key conserved amino acid residues. Evolutionary history
was inferred by the maximum likelihood statistical method with MEGA-X. The phylogenetic tree with the highest log likelihood (–32,372.53) is
shown. Distances were computed using the JTT matrix-based method. The phylogenetic tree was constructed using 1,000 bootstrap replicates.
The percentage of trees in which the associated taxa clustered together is shown next to the branches. The scale bar shows the branch length rep-
resenting 0.2 amino acid substitutions per site.
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(Figure 5). In both approaches, the amino acids at position
735 and 740 had the strongest effect on product ratio. The
amino acid mutations A121T, Q418L, L735I, F740Y and
S98A, A121T, L735I, F740Y of BvLUP5-G resulted in product
ratios and relative activities highly similar to BvLUP5-P
(Figure 5A; Supplemental Figure S2). Conversely, the muta-
tions of the residues T121A, I735L and T121A, F170V, I735L
of BvLUP5-P were sufficient to render the product profile
and relative activity similar to BvLUP5-G (Figure 5B;
Supplemental Figure S3). In both cases, the interconversion
of the amino acid residues at position 121, 735, and 740
were concluded to be crucial for converting the primarily
b-amyrin producing BvLUP5-G to the primarily a-amyrin
producing BvLUP5-P and vice versa. However, single muta-
tion of residue 740 did not substantially alter the product
ratio in neither BvLUP5-G nor BvLUP5-P. Taken together,
these results suggest, that the amino acids at the positions
121 and 735 are primarily influencing both product ratio as
well as relative activity of B. vulgaris LUP5 enzymes. This ef-
fect appears more pronounced when these residues are re-
ciprocally mutated together (Figure 5).

Structural homology modeling substantiates
involvement of amino acids 121 and 735 in shifts
of a/b-amyrin product ratios
To see where reciprocally changed amino acids are situated
in the enzyme, we generated homology models of the
BvLUP5-G and BvLUP5-P using human lanosterol synthase
(LAS; PDB identifier: 1W6K) as a template (Thoma et al.,
2004). In order to gain insights into the close interactions of
the products with the enzyme active center, we employed
computational docking of the main products b-amyrin and
a-amyrin (Figure 6). Indeed, molecular docking with the
products b-amyrin and a-amyrin substantiated the experi-
mentally determined residues involved in product formation.
All amino acid residues that differ between the two BvLUP5
enzymes are highlighted (Figure 3) and specific features of
their side-chain, their position in the homology model as
well as their secondary structure are annotated
(Supplemental Table S3). Amino acid residue 121 locates
close to the active center and the initiation site, which could
explain the findings in our mutagenesis studies. Amino acid
residues 735 and 740 directly point toward the active center.
Amino acid residue 735 is positioned between the active
center and amino acid residue 121, suggesting their interac-
tion with the reactive intermediate and the product.
Nevertheless, amino acid 121 possibly contributes to the
correct positioning of residue 735 via steric hindrance and
thus pushes this residue closer into the active site. Amino
acid residue 740 locates close to the interface of the side-
channel and the active center, suggesting potential interac-
tion with the DCTAE motif and involvement in catalysis.

Discussion
We have showed that the formation of insecticidal saponins
within species of the Barbarea complex are dependent on

the formation of a b-amyrin-derived triterpenoid backbone
(Khakimov et al., 2015; Byrne et al., 2017; Erthmann et al.,
2018; Liu et al., 2019). b-amyrin production could be
assigned to the LUP5 gene in both G- and P-type B. vulgaris
(Khakimov et al., 2015; Byrne et al., 2017); however, these
genes are differentially expressed with LUP5 being expressed
10-fold higher in the G-type as compared to the P-type
(Khakimov et al., 2015). Furthermore, G- and P-type LUP5
enzymes show a difference in the product ratio between
a-amyrin and b-amyrin, where the b-amyrin/a-amyrin is
10-fold higher in the G-type than in the P-type. Combined,
the difference in expression level of the LUP5 genes and in
the product ratio determines that insecticidal b-amyrin-de-
rived saponins are prevalent in the G-type and minute in
the susceptible P-type (Khakimov et al., 2016). Thus, our
aim was to identify the amino acid residues in BvLUP5
enzymes that determine the product ratio of a-amyrin and
b-amyrin via reciprocal mutation and homology modeling.

We identified several shared common features of B. vulga-
ris LUP5 enzymes with other known plant multifunctional
b-amyrin synthases via amino acid sequence comparison
(Figure 2; Supplemental Table S1) and located 14 specific
amino acid changes that differ between BvLUP5-P and

Figure 3 Structural comparison of BvLUP5-G and BvLUP5-P. Overlay
of homology models of BvLUP5-G and BvLUP5-P (A). Amino acids
that differ between the two structures are marked as sticks. Orange:
BvLUP5-G; Blue: BvLUP5-P; Yellow: DCTAE motif; Green: Lanosterol.
Amino acid alignment of BvLUP5-G and BvLUP5-P (B). Asterisk
denotes nonidentical amino acids. Reciprocally mutated amino acids
are highlighted by an asterisk. Active center motif DCTAE is
highlighted with a dashed line.
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BvLUP5-G (Figure 3). Heterologous expression of BvLUP5-G
and BvLUP5-P in N. benthamiana leaves confirmed their
multiproduct formation of b-amyrin, a-amyrin, and lupeol
in different ratios (Figures 4 and 5). As described earlier, the
overexpression of BvLUP5-P resulted primarily in the accu-
mulation of a-amyrin, and the overexpression of BvLUP5-G
resulted primarily in the accumulation of b-amyrin
(Khakimov et al., 2015; Figure 5). Due to the high evolution-
ary relatedness of OSC enzymes in general, high sequence
conservation is expected to resemble functional similarities

(Lodeiro et al., 2004; Salmon et al., 2016; Busta et al., 2020;
Wu et al., 2020). Our data indicate that the exchange of
domains located close to the C-terminus of BvLUP5-G was
most associated with altered product ratios (Figure 4;
Supplemental Table S2), suggesting an indirect interaction
with the DCTAE motif. Essentially, when the C-terminus and
the N-terminus of BvLUP5-G was replaced with the C-termi-
nus and N-terminus from BvLUP5-P, the ratio of accumulat-
ing a-amyrin increased in comparison to the wild-type
(Figure 4). Furthermore, when the N-terminus was
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exchanged, the product ratios remained similar to the wild-
type BvLUP5-G, suggesting that the C-terminal region har-
bors amino acid changes that dominantly altered the prod-
uct ratio (Figure 4). Indeed, the amino acid residues
affected in these mutants have been localized close to the
active center residues that were shown to affect the product
ratio of multifunctional b-amyrin synthase enzymes (Salmon
et al., 2016; Busta et al., 2020; Wu et al., 2020). However, the
mutational changes could not account for the complete
product switch and similar relative activity of BvLUP5-G to
BvLUP5-P, suggesting that synergistic effects of amino acids
within different domains might contribute to the product
specificity of multifunctional b-amyrin synthases of
B. vulgaris.

Therefore, we carried out further detailed mutational
studies altering single, double, or multiple amino acid resi-
dues of BvLUP5-P and BvLUP5-G to interconvert their enzy-
matic activities via reciprocal mutagenesis. Indeed, our
observations could further be validated by mutating single
amino acid residues. The site-directed mutagenesis advo-
cated amino acid residue Thr121 and Leu735 as the major
contributors to the observed change in product ratio
(Figure 5). However, Thr121 does not directly reach into
the active site but likely contributes to the positioning of
the Leu735 (Figure 3A). Tyr740 is in close proximity to the
active center; however, single-point mutation of this amino
acid residue did not change product ratio in the

corresponding BvLUP5-P or BvLUP5-G mutants. The in-
creased a/b-amyrin product ratio generated by the mutant
A121T, Q418L, L735I, F740Y compared to the wild-type
BvLUP5-G is due to the larger steric properties of threonine
instead of alanine. Presumably, threonine at position 121
pushes the isoleucine sidechain from 735 into the active
site, which overall affects the binding pocket so the ursanyl
cation is preferred rather than the oleanyl cation. In con-
trast, the BvLUP5-P mutant F170V, T121A, I735L influences
the spatial position of the side-chains of amino acid residue
121 and 735, which favors the oleanyl cation rather than the
ursanyl cation; however, the exact mechanism remains to be
identified. Mutation of amino acid residue 121 in either
BvLUP5-G or BvLUP5-P resulted in a total product amount
of 117% or 37%, respectively (Figure 5; Supplemental Table
S2). Therefore, the amino acid at position 121 is likely in-
volved in the formation of one of the initial cations.
Introduction of a threonine at position 121 in BvLUP5-P, in-
stead of the alanine present in BvLUP5-G increased the over-
all product amount (Figure 5; Supplemental Table S2). The
threonine is located in close proximity of the aliphatic resi-
due at position 735, suggesting that the amino acid at this
position is involved in stabilizing residues within the active
site or altering the space within the active site. Additionally,
these results further substantiate our earlier observations
suggesting synergistic effects of amino acid residues located
in different domains. Furthermore, tyrosine at position 740
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is highly conserved in numerous OSCs, suggesting major im-
portance of this residue in triterpene formation. In our
model, amino acid residue 740 is located in close proximity
to the DCTAE motif. Potentially, tyrosine could form a hy-
drogen bond with the hydroxyl group of Tyr619 that is in-
volved in the coordination of the 3OH group of the
triterpenoid substrate, thereby increasing the acidity of this
residue. In concert with Asp486 of the DCTAE motif both
residues are likely contributing to the correct coordination
of the substrate within the active site throughout catalysis.
The double mutation L735I, F740Y, or I735L, Y740F de-
creased the product amount to the lowest levels observed
for the two OSC enzymes (42% and 32% for BvLUP5-G and
BvLUP5-P, respectively; Figure 5; Supplemental Table S2),
and also affected the product ratio more than any single
mutation. We suggest this change is caused by the side-
chain combination of I121 and Y740, which affects the con-
formation of the initiation site, possibly due to the substrate
and initiation site being pushed apart. This may explain the
decrease in product observed when mutating only L735I.
Additionally, the product amount is further decreased when
adding the mutation F740Y. Here, the isoleucine changes
the conformation of the initiation site by pushing the

substrate and initiation motif away from each other, which
is further distanced by the introduced tyrosine hydroxyl
group. Indeed, it has been shown that tyrosine in this posi-
tion is important for stabilization of the A and B ring forma-
tion of triterpenoids (Racolta et al., 2012). In our modeling
study, the combination of Ile735 and Tyr740 seems sterically
hinder the methyl group on C29 due to weaker coordina-
tion of the 3OH group that pushes the C29 methyl group
out of the binding site and even closer towards Ile735
(Figure 6). Therefore, specifically b-amyrin is repulsed from
Isoleucine towards the opposing active site boundary.
Therefore, the Me29 and Me30 groups are sterically less fa-
vorable to form from the corresponding precursor cations.
However, when the a-amyrin formation is favored, isoleu-
cine is not as detrimental for the product formation as the
hydrophobic bulk from the methyl groups is evenly spread
among the a-amyrin molecule (at C19 and C20) and thus
does not lead to an equally strong hydrophobic repulsion
from Ile735. Our modeling data show that the binding of
a-amyrin in the active center of BvLUP5-P and the binding
of b-amyrin in the active center of BvLUP5-G represent less
steric clashes (Figure 6, A and D). Additionally, it has been
suggested that optimal results are obtained when using

Figure 6 Molecular modeling and docking studies support the distinct catalysis of BvLUP5-G in comparison to BvLUP5-P. Active center architec-
tures of BvLUP5-G (A and B) and BvLUP5-P (C and D) with docked biosynthesized products b-amyrin (green) and a-amyrin (blue). The common
substrate pocket is shown in light grey. Important amino acid residues are represented as ball and stick. Severe steric clashes between the sub-
strates and enyzme are highlighted as red dotted lines. Beneficial hydrogen bonding with Asp486 (yellow) of the DCTAE motif and Tyr619 are
highlighted as yellow dotted lines.
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both transition states as well as final reaction products that
for molecular docking (Wu et al., 2020). For example, the
model of BvLUP5-P showed highest docking scores for a-
amyrin as well as for the intermediates leading to the forma-
tion of a-amyrin. Interestingly, the residues investigated to
be largely at play in determining the product ratio in B. vul-
garis LUP5 enzymes, were not reported previously to deter-
mine product ratios in multifunctional b-amyrin synthases.
However, several different architecture have been described
for OSC enzymes found in plants catalyzing similar reactions
(Srisawat et al., 2019; Wu et al., 2019, 2020). Taken together,
these biosynthetic mechanisms are dictated by the OSC ac-
tive center environment, determining the stability of cat-
ionic intermediates and correct positioning of the
intermediate in order to facilitate product formation (Ito
et al., 2013, 2017). However, these reactions can be catalyzed
by different active site architecture, allowing for several dif-
ferent ways for the generation of the same product, which is
also apparent from the phylogenetic analysis in Figure 2.
Indeed, convergent evolution has been observed commonly
in plant specialized metabolism in general (Pichersky and
Lewinsohn, 2011) and by OSCs (Cárdenas et al., 2019).

In nature, the occurrence of multifunctional OSCs allows
for a multitude of intermediates which suggests that OSC
catalysis might undergo large spectra of catalytic reactions
(Lodeiro et al., 2007). Therefore, it has been argued that na-
ture explores functional sequence space of OSC cyclization
via single mutations (Salmon et al., 2016). Here, we showed
that despite the frequent accumulation of mutations in
OSC enzymes within the Barbarea complex, only few muta-
tions drastically alter the product ratio. In an evolutionary
perspective, a large diversity of generated triterpenoids is a
key factor that contributes to the biosynthetic capacity of a
plant to continuously mount an effective anti-herbivore de-
fense (Khakimov et al., 2015; Byrne et al., 2017). It has been
proposed that, promiscuous multifunctional enzymes like
OSCs point toward evolutionarily young stage of biochemi-
cal pathways (Aharoni et al., 2005; Moghe and Last, 2015;
Moghe et al., 2017). Indeed, several examples have shown
that enzymes that initiate the biosynthesis of specialized de-
fense metabolites are highly promiscuous (Leong and Last,
2017). Here, we have shown that few mutations are suffi-
cient to alter triterpene product ratios. We suggest that
these alterations enable the channeling of triterpene precur-
sors into further biosynthetic modifications and lead to a di-
versification of potential bioactive products that can be
employed for plant defense (Jones and Vogt, 2001;
Hamberger and Bak, 2013). Therefore, B. vulgaris LUP5s are
kept in a transition state possibly enabling highly dynamic
adaptations within plant specialized metabolism throughout
evolutionary trajectories. Surprisingly, the identified OSC
mutations do not alter the generated triterpene diversity
but the product ratio. These results suggest that the in-
creased biosynthesis of b-amyrin over a-amyrin might lead
to the increased substrate supply for further modification
steps via P450 and UGT enzymes that further convert

b-amyrin into saponins that act as potent defense metabo-
lites in B. vulgaris (Khakimov et al., 2015; Erthmann et al.,
2018; Liu et al., 2019). The naturally occurring mutations
within BvLUP5 genes likely contribute to the generation of
insecticidal saponins in G-Type B. vulgaris plants in contrast
to P-type plants. Therefore, the B. vulgaris complex repre-
sents a unique model to study the evolution of specialized
metabolite pathways that contribute to plant defense.

Materials and methods

Phylogeny and amino acid alignment
OSC cDNA sequences were retrieved from GeneBank and
used for an amino acid alignment (Supplemental Table S1).
Amino acid sequence alignments were constructed with the
ClustalW (codon) algorithm (pairwise alignment: gap open,
10; gap extend, 0.1; multiple alignment: gap open, 10; gap
extend, 0.2) implemented in the software MEGA-X (Kumar
et al., 2018). The phylogenetic tree was generated with
MEGA-X using the Maximum Likelihood method perform-
ing 1,000 bootstrap replicates (Jones–Taylor–Thornton
model; Jones et al., 1992). Substitution type, amino acid;
rates among sites, gamma distributed ( + G, parameter =
1.1878) with invariant sites ([ + I], 4.72% sites); gaps/missing
data treatment, use all sites; site coverage cutoff, 95%). For
visualization of characteristic enzyme functionalities, primar-
ily generated reaction products are listed (Supplemental
Table S1).

Cloning and transformation
Point mutations were introduced into wild-type sequences
of B. vulgaris BvLUP5-P and BvLUP5-G by PCR inspired by
Zheng et al. (2004) using primers (Supplemental Table S4).
PCR program: 98�C; 30 s, 30 cycles of 98�C; 10 s, 62�C; 30 s,
72�C; 3 min followed by final extension of 72�C; 10 min. X7
polymerase was used for the PCR reactions (Nørholm,
2010). After PCR the nonmutated amplicons were digested
with restriction enzyme DpnI according to manufactures
instructions (New England Biolabs). If several mutations
were required, additional PCRs were performed. Primers are
listed in Supplemental Table S4. Chimeric genes were
designed by amplifying either N-terminal, middle part or
C-terminal by PCR followed by gel purification, before
combining these parts as templates in a new PCR reaction.
All constructs were cloned using the gateway system follow-
ing manufactures protocol (Invitrogen) using pDONR207
(Invitrogen) and pEAQ-HT-DEST1 (Sainsbury et al., 2009)
prior to transient expression in tobacco (N. benthamiana)
leaves.

Expression in N. benthamiana
Constructs were transformed into Agrobacterium tumefa-
ciens strain AGL1 or LBA4404. One colony was plated onto
LB media agar plates and after 2 d of incubation one loop
full of colonies were transferred into 10 mL LB media and
incubated 28�C O/N at 220 rpm. The following day the cul-
tures were centrifuged at 5,163 rpm 10 min to pellet the
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cells. Cells were resuspended into buffer (10-mM MgCl2, 10-
mM MES, 100-lM acetosyringone, pH 5.6) to obtain an op-
tical density (OD)600 of app. 0.5. Suspensions were incubated
3 h at room temperature before infiltration into N. ben-
thamiana leaves. Three-week-old N. benthamiana plants
were grown in 25�C with a photoperiod of 16 h of day light.
The youngest fully developed leaf was used for infiltration,
and for each construct, three plants were infiltrated.

Metabolite extraction
Leaf discs (1.5-cm diameter) were harvested from each infil-
trated leaf, placed in a 2 mL tube and flash frozen in liquid
nitrogen. To each tube, 500-lL ethyl acetate with 33.3 mM
of betulinic acid (internal standard) were added and samples
were incubated 3 h at room temperature (�25�C) with
slow agitation.

GC–MS and data analysis
GC–MS analysis were performed as previously described
(Khakimov et al., 2013), and data processed by the
PARAFAC2 method (Khakimov et al., 2012). Peaks were
identified by comparing retention times and fragmentation
patterns with standards; b-amyrin, a-amyrin, and lupeol all
from Sigma-Aldrich. Relative concentrations of metabolites
were normalized by division of each peak area by the sum
of all peak areas detected in the sample. Outliers were re-
moved before the calculations of the ratios and the
ANOVAs and are marked with “ ^” in Supplemental Table
S2. The abundance of b-amyrin, a-amyrin, and lupeol were
calculated by dividing the normalized relative concentration
of each compound with the sum of normalized relative con-
centrations from all three compounds.

Homology modeling
Homology modeling was carried out using Schrödinger
Maestro 12.7 (Schrödinger Release 2021-1: Maestro,
Schrödinger, LLC, New York, NY, 2021.). Protein models
were based on the human lanosterol cyclase (LAS) as tem-
plate (PDB ID: 1W6K; Thoma et al., 2004). Alignments and
secondary structure predictions were performed with CLC
main workbench 20.0.4 (Qiagen).

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers
KP784690.1 (BvLUP5-G) and KP784689.1 (BvLUP5-P).
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