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Summary

Steroid alkaloids have been shown to elicit a wide range of pharmacological effects that include
anticancer and antifungal activities. Understanding the biosynthesis of these molecules is essential
to bioengineering for sustainable production. Herein, we investigate the biosynthetic pathway to
cyclopamine, a steroid alkaloid that shows promising antineoplastic activities. Supply of
cyclopamine is limited, as the current source is solely derived from wild collection of the plant
Veratrum californicum. To elucidate the early stages of the pathway to cyclopamine, we
interrogated a V. californicum RNA-seq dataset using the cyclopamine accumulation profile as a
predefined model for gene expression with the pattern-matching algorithm Haystack. Refactoring
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in steroid alkaloid biosynthesis to produce verazine, a predicted precursor to cyclopamine. Three
of the enzymes are cytochromes P450 while the fourth is a y-aminobutyrate transaminase; together
they produce verazine from cholesterol.
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Introduction

Plants synthesize numerous specialized metabolites that are used in medicines today (Mishra
and Tiwari 2011). Their endogenous function is thought to play a role in communication of
the plant with its environment, as these compounds possess an array of biological activities
(Mithofer and Boland 2012, Mizutani 2012). An understanding of how these molecules are
formed serves a dual role: enabling study of the in planta function, as well as development
of synthetic biology production platforms for source plants that are not amenable to
cultivation or genetic manipulation.

In seeking medicines from natural sources, plants synthesizing the nitrogen containing
alkaloids have proven to be a vital source. Of particular pharmaceutical interest are the
steroid alkaloids. Members of the families Liliaceae, Apocynaceae, Buxaceae, and
Solanaceae are a rich source of these alkaloids. The structural similarity of steroid alkaloids
to mammalian steroid hormones may be responsible for their therapeutic effects (Cordell
1998, Jiang et al. 2005, Zhou 2003). Our study focuses on the steroid alkaloid cyclopamine
from the Liliaceae family. Members of Liliaceae contain three sub-classes of steroidal
alkaloids: the jerveratrum-type, the cerveratrum-type, and the solanidine-type (Cordell
1998). Cyclopamine, also known as 11-deoxojervine, is a jerveratrum-type alkaloid that
exhibits potent pharmacological properties.

Cyclopamine was originally discovered due to its teratogenic effect that resulted in
craniofacial anomalies (cyclopia) in lambs born at high elevation in the northwestern United
States in the middle of the 20t century (Keeler 1970a, Keeler 1970b, Keeler and Binns
1966). Studies supported by the United States Department of Agriculture found that the
California corn lily Veratrum californicum was the source of the teratogen in the natural diet
of the pregnant ewes (Keeler 1968, Keeler 1969, Keeler 1970a). Cyclopamine was
discovered to inhibit the Hedgehog signaling pathway by direct binding to the G protein-
coupled receptor Smoothened (Chen et al. 2002). As such, cyclopamine has shown
promising antineoplastic activities against several cancers in which Hedgehog signaling
malfunction is implicated, including pancreatic cancer, renal cell carcinoma,
medulloblastoma, basal cell carcinoma, and leukemia (Bahra et al. 2012, Behnsawy et al.
2013, Berman et al. 2002, Gailani et al. 1996, Lin et al. 2010, Olive et al. 2009, Taipale et
al. 2000). A semi-synthetic analog of cyclopamine, IP1-926, has been in clinical trials for
treatment of several cancers including pancreatic cancer and leukemia (Lin et al. 2010,
Olive et al. 2009, Tremblay et al. 2009). Due to complicated total synthesis, wild-collected
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V. californicum is the current commercial source of cyclopamine. Commercial cultivation of
the plant has not yet been successful. Cyclopamine is thereby an attractive target for
biotechnological production. The first obstacle to this approach is, however, obtaining
knowledge of the underlying biosynthetic genes.

Cyclopamine biosynthesis is believed to begin with cholesterol, a common precursor to most
steroidal alkaloids (Cordell 1998, Ko Kaneko et al. 1970b). Early studies on species of the
Liliaceae and Solanaceae families have proposed transformation of cholesterol to
metabolites identified in plant extracts that include dormantinol, dormantinone, verazine,
and etioline. All of these molecules are proposed intermediates in the biosynthesis of
cyclopamine (Chandler and McDougal 2014, Ko Kaneko et al. 1977). Previous feeding
studies shed limited light on pathway order and suggested that L-arginine is the origin of the
nitrogen atom (Ko Kaneko et al. 1976, Ko Kaneko et al. 1977, Tschesche 1980). A more
recent report on the biosynthesis of Solanaceous alkaloids utilizing gene co-expression
analysis and RNAI knock-out transgenic plants in Solanum tuberosum and Solanum
lycopersicum outlines a biosynthetic pathway leading to the synthesis of the spirosolane-
type steroid alkaloid a-tomatine. The enzyme classes identified in the Solanum pathway
include several cytochrome P450 enzymes, a transaminase, and a 2-oxoglutarate-dependent
dioxygenase (Itkin et al. 2013). Questions remain, however, concerning the formation of
steroid alkaloids in Veratrumas no genes or enzymes have been reported.

Biochemical pathway elucidation in non-model systems has historically taken decades to
complete, but bioinformatic technologies are revolutionizing the approach. A prominent
example of former methods used in pathway discovery is morphine biosynthesis in opium
poppy, Papaver somniferum. Though morphine was discovered in the early 1800’s, the
biosynthetic pathway is still incomplete at the gene level. Genes encoding only 6 of the 8
enzymes committed to the biosynthesis of morphine have been isolated and characterized
from the 1990’s to the present — several decades of work to uncover fewer than 8 genes
(Gesell et al. 2009, Grothe et al. 2001, Hagel and Facchini 2010, Unterlinner et al. 1999,
Ziegler et al. 2006). Now, high-throughput sequencing technology enables new approaches
to biochemical pathway discovery in the non-model system by providing nucleotide
sequence data acquisition at a previously unparalleled rate. A combination of bioinformatics
and high-throughput sequencing has the potential to shorten natural product pathway
discovery if the challenges of interrogating such large datasets from non-model systems is
overcome. We present herein the discovery of four V. californicum enzymes that catalyze
the first six steps from cholesterol to verazine, a predicted precursor to the steroid alkaloid
cyclopamine. We utilize a biosynthetic gene discovery method founded on correlating
metabolite accumulation with RNA-seq generated gene expression data. By stepwise
refactoring of the pathway in Spodoptera frugiperda Sf9 cells, we eliminate the need to
synthesize biosynthetic intermediates for validation of pathway enzyme activity.

RNA-seq and de novo transcriptome assembly

Multiplex paired-end sequencing of V. californicum cDNA produced from bulb, flower, leaf,
fall rhizome, spring rhizome, fall root, green shoot, white shoot, and tissue culture samples
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on two 2 x 50 bp Hi-Seq channels produced over 201 million raw reads which were
analyzed and filtered for artifacts/contaminants. The de novo short read assembly generated
56,994 contigs with a median length of 323 bp and an N50 of 1,471 bp (refer to Table S1
and Table S2 for Illumina reads generated per file and transcriptome statistics, respectively).
Information on accessing the raw reads and assembled transcriptome can be found in Data
S1. Raw mapped read-counts were utilized as a metric of relative gene expression. The
average contig sequence length indicates high quality assembly and was sufficient for
downstream sequence alignment and phylogenetic gene tree estimation.

Transcriptome dataset interrogation

To provide annotation, predicted peptide sequences were queried against the Pfam and
Superfamily databases in addition to BLAST searches at NCBI using the non-redundant
protein sequence database. Expression data for each contig was normalized using total reads
per organ type to serve as the dataset for Haystack (http://haystack.mocklerlab.org/)
(Mockiler et al. 2007).

LC-MS/MS determination of the steroid alkaloid profile in the same V. californicum tissues
used for RNA-seq identified a pronounced accumulation of cyclopamine in rhizome,
followed by root and bulb (Figure S1), suggesting that biosynthesis occurs in underground
organs of the plant. Since secondary metabolites are most often synthesized at or near their
site of accumulation (Huang and Kutchan 2000, Nims et al. 2006, Onrubia et al. 2011, Weid
et al. 2004), we initially hypothesized that underground tissues (rhizome, root, and bulb) in
Veratrum are biosynthetic for cyclopamine.

Since ca. 20 times more cyclopamine accumulates in subterranean organs, these tissues were
given a value of 20 for the Haystack input while the above ground organs were designated a
value of 1 in order to create a generalized model for cyclopamine biosynthesis. In our
approach, the LC-MS/MS alkaloid data for Veratrum is the input model used to search the
deep transcriptome experimental dataset of Veratrum, correlating metabolite accumulation
and gene expression data as previously reviewed (Saito et al. 2008). We obtained 3,219
contigs that fit the 20:1 subterranean organ:aerial organ cyclopamine accumulation model.

In addition to identification of genes exhibiting correlating expression patterns with
cyclopamine accumulation, the protein-coding gene sequences in the Veratrum RNA-seq
transcriptome dataset were classified into putative gene families using PlantTribes 2.0
(http://fgp.bio.psu.edu/tribedb/10_genomes/index.pl) (Wall et al. 2008). This dataset was
used to better define and cluster the Veratrum transcripts that are of most interest to the
cyclopamine pathway. Cytochromes P450 were chosen from the resulting dataset due to the
hypothesized oxidative transformations necessary to convert cholesterol into cyclopamine.
The alternative enzyme class would be 2-oxoglutarate-dependent dioxygenases, if the
cytochrome P450 dataset did not yield positive results.

Top candidate genes from the Haystack and tribe clustering analysis with the highest
homology to cytochrome P450 enzymes involved in triterpene and fatty acid hydroxylation/
biosynthesis were selected for downstream functional characterization (Table S3).
Incorporation of nitrogen into the steroid skeleton is required; therefore, aminotransferases
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fitting the Haystack model were also included in the candidate gene list (Table S4). Full-
length candidate cDNAs were expressed in S. frugiperda Sf9 cells using a baculovirus-based
expression system allowing for the accommodation of multi-virus infections. S. frugiperda
Sf9 cells provide a facile synthetic biology platform for the systematic refactoring of plant
biosynthetic pathways (Diaz Chavez et al. 2011).

Cholesterol 22-hydroxylase

The top-scoring candidate cDNASs resulting from interrogation of the V. californicum
transcriptome dataset were systematically and individually introduced, together with
Eschscholza californica cytochrome P450 reductase (CPR), into S frugiperda Sf9 insect
cells, which were harvested as previously described and used in enzyme assays with
cholesterol as substrate (Diaz Chavez et al. 2011, Rosco et al. 1997). Most cytochrome P450
enzymes require the addition of a reductase for heterologous expression. In our hands,
differences in enzyme activity were not dependent on the plant species from which the CPR
was derived (Gesell et al. 2009). Cholesterol was chosen as the initial precursor for study
based upon existing knowledge of steroid alkaloid biosynthesis (Cordell 1998, Ko Kaneko et
al. 1970b). Related compounds were also tested to determine enzyme specificity (Table S5).
The contig designated 2646, which is annotated as a steroid C-22 hydroxylase, added a
hydroxyl group to the 22-position of cholesterol exclusively in the R orientation as
determined by GC-MS (Figure 1; Figure S2 a; Figure S3 a). The hydroxylation
demonstrated in Figure 1 used extracts of Sf9 cells co-expressing contig 2646 and E.
californica CPR as we have discovered their ability to utilize endogenous Sf9 cholesterol as
substrate. One variant of 2646 was identified by RT-PCR having 99.8% identity and
catalyzing the same enzymatic reaction. Cytochrome P450 (CYP) assignments for both
homologs are CYP90B27v1 and CYP90B27v2, where version CYP90B27v1, accession
KJ869252, was chosen for subsequent analysis. We have designated this enzyme cholesterol
22-hydroxylase. CYP90B27 also hydroxylated 26-hydroxycholesterol (27(25R)-
hydroxycholesterol) and 7p-hydroxycholesterol in the 22-position as determined by enzyme
assay, but was unable to hydroxylate the 24-methylsterol campesterol, a metabolite leading
into brassinosteroid biosynthesis (Figure S2 e; Figure S4; Figure S5). CYP90B27 oxidizes
the hydroxyl group at the 22-position to a ketone, but only to a low degree (Figure 1). The
identity of the enzymatic product of CYP90B27 acting on cholesterol was confirmed by
comparison to 22(R)-hydroxycholesterol standard. The diastereomers 22(R)- and 22(9)-
hydroxycholesterol are chromatographically resolved by the GC-MS method used (Figure
S6).

22-Hydroxycholesterol 26-hydroxylase/oxidase

To identify the second enzyme in the pathway, a series of triple infections of S. frugiperda
Sf9 cells were carried out that contained CYP90B27 and E. californica CPR, but varied the
second enzyme. Candidates for the second enzyme were the remaining top-scoring
candidate cDNAs resulting from interrogation of the V. californicum transcriptome dataset.
Contig 12709, which annotated as a fatty acid hydroxylase, was found to hydroxylate 22(R)-
hydroxycholesterol at the C-26 position forming 22,26-dihydroxycholesterol by GC-MS
(Figure 1; Figure S4). This enzyme also oxidizes the hydroxyl group at the 26 position
creating a highly reactive 22-hydroxycholesterol-26-al as detected by LC-MS/MS (Figure
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S7 a). Four variants were generated by RT-PCR with identities ranging from 93-99%; all
catalyze the same reaction. Hydroxylation of cholesterol by 12709 was not detected (Figure
S3); this enzyme was therefore designated 22-hydroxycholesterol 26-hydroxylase/oxidase.
CYP assignments are CYP94N1vl, CYP94N1v2, CYP94N2v1, and CYP94N2v2. In figures
and subsequent text, CYP94NL1 refers to accession KJ869255 which was chosen as the
representative variant for this study. The identity of 22,26-dihydroxycholesterol produced by
action of 12709 on 22(R)-hydroxycholesterol was ultimately determined using the 22-
hydroxylating activity of CYP90B27 to produce 22,26—dihydroxycholesterol from pure 26-
hydroxycholesterol and comparing the mass spectra of the two enzymatic products (Figure
S4).

22-Hydroxycholesterol-26-al transaminase

To identify the third enzyme in the pathway, a series of quadruple infections of S. frugiperda
Sf9 cells were carried out that contained CYP90B27, CYP94N1, and E. californica CPR,
but varied the third enzyme. Candidates for the third enzyme were the remaining top-scoring
candidate cDNAs. A y-aminobutyric acid (GABA) transaminase (contig 12084) was shown
to incorporate nitrogen into the 26-position of 22-hydroxycholesterol-26-al using GABA as
an amino group donor to produce 22-hydroxy-26-aminocholesterol as detected by LC-
MS/MS (Figure S8 a). Three variants were found by RT-PCR, each with over 99% identity
and all able to catalyze the same reaction. Evidence for the structure of 22-hydroxy-26-
aminocholesterol was obtained by high resolution MS (Figure S9). 22-Hydroxy-26-
aminocholesterol was not produced in Sf9 enzyme assays that included CYP90B27,
CYP90GL1 (see below), GABAT1, and CPR but lacked CYP94N1 (Figure S7 b; orange),
indicating that addition of nitrogen to position 26 is likely. This enzyme was designated 22-
hydroxycholesterol-26-al transaminase. In figures and subsequent text, GABAT1 refers
exclusively to accession KJ89263, the variant chosen for subsequent study.GABAT1 was
expressed and purified from E. coli and used in enzyme assays to test potential co-substrates
GABA, L-arginine, and L-glutamine (Figure S10). GABA was the only accepted amino
group donor. Minor peaks in the L-arginine and L-glutamine assays are likely due to GABA
present in E. coli (Dhakal et al. 2012).

22-Hydroxy-26-aminocholesterol 22-oxidase

To identify the fourth enzyme in the pathway, a series of quintuple infections of S
frugiperda Sf9 cells were carried out that contained CYP90B27, CYP94N1, GABATL, and
E. californica CPR, but varied the fourth enzyme. Candidates for the fourth enzyme were
the remaining top-scoring candidate cDNAs. Contig 13284 was also annotated as a steroid
C-22 hydroxylase, but hydroxylation at the 22-position of cholesterol was not readily
detected. It was, however, able to oxidize an existing hydroxyl group at position 22 to a
much greater degree than CYP90B27 as shown by GC-MS (Figure 1; Figure S2 b). 13284
oxidizes the 22-hydroxy position of 22(R)-hydroxycholesterol to form 22-keto-cholesterol
(Figure 1), 22,26-dihydroxycholesterol to form 22-keto-26-hydroxycholesterol (Figure 1;
Figure S8 b), and 22-hydroxy-26-aminocholesterol to form a short lived intermediate that
cyclizes to verazine (Figure 2; Figure S8 c). Four variants were isolated using RT-PCR, each
having more than 97% identity and all able to perform the same reaction. CYP designations
for each sequence are: CYP90G1vl, CYP90G1v2, CYP90G1v3, and CYPI0G2. In figures
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and subsequent text, CYP90GL1 refers to accession KJ869260 which was selected for further
analysis. The structures of the enzymatic products 22-keto-cholesterol and 22-keto-26-
hydroxycholesterol were confirmed by NMR spectroscopy (Data S2). The structure of
verazine was supported by high resolution MS (Figure S9). The enzyme was subsequently
designated 22-hydroxy-26-aminocholesterol 22-oxidase. Accession numbers and
designations for all characterized enzymes can be found in Table S6.

Biosynthetic pathway to verazine

The substrate specificities determined for these enzymes suggested a potential metabolic
grid in the metabolism of cholesterol. CYP90B27 catalyzes the 22-hydroxylation of
cholesterol; this is most likely the first step in the biosynthesis of steroid alkaloids in V.
californicum, confirmed by the inability of CYP94N1 and CYP90GL1 to accept cholesterol as
substrate (Figure S3).

To establish the pathway order after 22-hydroxylation of cholesterol, a series of enzyme
assays were carried out using S. frugiperda Sf9 cell extracts containing each individual
candidate enzyme. The order of addition for each enzyme was varied, and products were
analyzed by GC-MS or LC-MS/MS. The flow chart for both sets of experiments is presented
in Figure S11. As seen in Figure S12 ¢ and e, 22-keto-26-hydroxycholesterol was only
produced at detectable levels by CYP90G1 from 22,26-dihydroxycholesterol. CYP94N1
was unable to hydroxylate 22-keto-cholesterol at levels detected by GC-MS. The ability of
CYP90GL1 to accept 22,26-dihydroxycholesterol as substrate and produce 22-keto-26-
hydroxycholesterol, along with the lack of product detection for CYP94N1 incubated with
22-keto-cholesterol, provided evidence that CYP94N1 acted directly after CYP90B27. This
evidence was substantiated with another set of enzyme assays, beginning with CYP90B27,
showing that CYP94N1 produced little product when provided with 22-keto-cholesterol
(using the increased sensitivity of LC-MS/MS for detection) as seen in Figure S7 b; blue, as
compared to the large amount of product produced when 22,26-dihydroxycholesterol is
acted upon by CYP90G1 (Figure S7 a; blue).

22-Hydroxy-26-aminocholesterol was produced in Sf9 cells by CYP90B27, CYP94N1,
GABAT], and CPR in the presence or absence of CYP90GL1 (Figure S8 a; c). GABAT],
therefore, did not require a 22-ketone moiety on the substrate. When CYP90B27 acted in the
presence of CYP94N1, several side products were detected in addition to 22,26-
dihydroxycholesterol (Figure S7 a; red). These compounds included 22-keto-26-
hydroxycholesterol, 22-hydroxycholesterol-26-al and two unidentified products. Since an
amino group was not added to the 22-ketone moiety of 22-keto-26-hydroxycholesterol, 22-
keto-26-hydroxycholesterol most likely does not participate in this steroid alkaloid pathway.
The short lived and highly reactive 22-hydroxycholesterol-26-al must therefore be the
substrate of GABATL. After an amino group is transferred to the C-26 aldehyde, CYP90G1
oxidizes the C-22-hydroxyl moiety to a ketone, and cyclization to verazine occurs (Figure 2;
Figure S8 c).

Evidence for the short-lived intermediate 22-hydroxycholesterol-26-al was obtained by
dimedone aldehyde trapping (Figure S13). The amino group is added prior to oxidation of
the C-22 hydroxyl group; therefore, the amino group must be transferred to a C-26 aldehyde.
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The structure of the predicted cyclic imine verazine was supported by borohydride reduction
of the double bond (Figure S14) and exact mass analysis as demonstrated by high resolution
MS (Figure S9).

The biosynthetic pathway proposed herein (Figure 3) is similar to a hypothesized pathway
presented in earlier studies of steroid alkaloids in the genus Veratrum. We found, however,
that 22-keto-26-hydroxycholesterol (dormantinone) was not readily accepted as substrate for
GABAT], as verazine was not formed when supplied this compound (Figure S7 a; purple).
In contrast, verazine was formed when 22-hydroxy-26-amino-cholesterol was supplied to
CYP90G1 (Figure S7 a; green). In further support of our proposed pathway, the biosynthetic
intermediates 22-hydroxy-26-aminocholesterol, 22-keto-26-hydroxycholesterol, and
verazine were detected in V. californicum extracts by LC-MS/MS (Figure S15) and the
distribution of these intermediates followed the same accumulation pattern as cyclopamine
(Figure S1). 22,26-Dihydroxycholesterol (dormantinol) and verazine have also been
previously detected in steroid alkaloid producing Veratrum species and hypothesized to be
intermediates in steroid alkaloid biosynthesis (Adam et al. 1967, Ko Kaneko et al. 1977).

Site of steroid alkaloid biosynthesis in V. californicum

A comparison was made between biosynthetic gene expression profiles and cyclopamine
accumulation in V. californicum (Figure 4). A pattern emerged that indicates biosynthetic
genes are most highly expressed in root, bulb, and spring rhizome, while cyclopamine
(Figure 4; Figure S1) is highest in spring- and fall rhizome. The hypothesized intermediates
22-hydroxy-26-aminocholesterol, 22-keto-26-hydroxycholesterol, and verazine follow a
similar trend with highest accumulation in root, spring- and fall rhizome (Figure S15).
Moreover, the higher level of cyclopamine in fall rhizome compared to spring rhizome
suggests an accumulation of the steroid alkaloid during rhizome growth in summer (Figure
S1). Interestingly, fall rhizome has significantly more cyclopamine relative to transcript
level; the opposite is true for bulb (Figure 4).

Discussion

The evolutionary origin of specialized metabolism like that in the Veratrum genus is of
particular interest not only for understanding species divergence but also for the recognition
of additional species containing related compounds with potential therapeutic value.
Biochemical analysis of the Veratrum steroid alkaloid pathway herein alongside a recently
proposed biosynthetic pathway for steroid glycoalkaloids in Solanum lycopersicum (Itkin et
al. 2013) suggests independent origins of the Solanum steroid alkaloids and the Veratrum
steroid alkaloids. In S lycopersicum, initial transformations of cholesterol include C-22
hydroxylation followed by C-26 hydroxylation and closure of the E-ring. Oxidation at C-26
and subsequent transamination at that position occur without the formation of the
intermediate verazine. In conjunction with our results, previous work on steroid alkaloid
formation in Veratrum does not support E-ring closure prior to aldehyde formation and
transamination (Ko Kaneko et al. 1975, Ko Kaneko et al. 1970a, Ko Kaneko et al. 1976, Ko
Kaneko et al. 1977). Verazine production requires formation of the F-ring following
transamination prior to E-ring closure. If the pathway was identical to that proposed in S.
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lycopersicum, E-ring closure prior to amination would not allow for the formation of
verazine. Oxidation at C-26 by the multifunctional CYP94N1 may be the gateway reaction
when comparing the point of divergence between the two pathways. This oxidation in
Veratrumallows for the immediate addition of nitrogen, leading to F-ring closure and
verazine formation. In contrast, the action of GAME11, the 2-oxoglutarate-dependent
dioxygenase in the Solanum pathway, in conjunction with other unidentified enzymes after
C-26 hydroxylation, leads to closure of the E-ring prior to C-26 oxidation and nitrogen
addition. The possibility exists that multiple steroid alkaloid biosynthetic pathways occur in
one or both families and those respective genes are yet to be discovered, as solanidine-type
and verazine-like compounds have been identified in both members of the Liliaceae and
Solanaceae (Cordell 1998).

The independent origin of the two pathways is further corroborated by the phylogenetic
relationship of the enzymes involved. A phylogenetic analysis of select cytochrome P450
enzymes, including several involved in steroid metabolism (Figure 5, Table S7),
demonstrates this distinction. CYP90B27 in V. californicumand CYP72A186 (GAME?7),
the proposed cholesterol 22-hydroxylase in S. lycopersicum, are in distinct pan-angiosperm
clades suggesting recruitment from separate P450 subfamilies; likewise for CYP72A208
(26-hydroxylase in S. lycopersicum, GAMES) and V. californicum CYP94N1. Similarly,
CYP88B1 (GAMES4), the S. lycopersicum enzyme that performs oxidation at position 26,
falls into a well-supported clade distinct from the clade containing CYP94N1. The
phylogenetic placement of these enzymes alludes to potential convergent evolution of these
genes. The similarity of V. californicum enzymes CYP90B27 and CYP90G1 with the
CYP90B1s, enzymes known to participate in primary brassinosteroid metabolism, may be
indicative of steroid alkaloid biosynthesis evolution, in part, deriving from the
brassinosteroid pathway.

An in-depth phylogenetic analysis (Figure S16, Table S8) of the steroid modifying genes
from V. californicumand S. lycopersicum alongside homologous cytochrome P450 genes
taken from transcriptome assemblies generated by the 1KP and MonAToL sequencing
projects (Data S1) substantiate the hypothesis of independently derived pathways. Three
major cytochrome P450 clades emerge. Both V. californicum CYP90B27 and CYP90G1 are
localized in Clade 1. Clade 1 contains a number of ancient gene duplications that show
evidence of paralog retention with expression of multiple copies within species, especially in
monocots. In agreement with Figure 5, SICYP90BL1 falls into the same well-supported
subclade as these two Veratrum genes with CYP90B27 being more closely related to
SICYP90BL1. Clade 2 contains the S. lycopersicum genes GAME6, GAME7, and GAMES,
but no sampled Veratrum genes. Interestingly, this clade shows several eudicot gene
duplications, most likely genome-specific tandem duplications that are not observed in the
monocot species included in this study. V. californicum CYP94N1 is found in Clade 3.
Clade 3 appears to be the least diverse of the three P450 clades containing multiple copies of
homologs only in a few taxa, potentially related to whole genome duplication events.

We functionally investigated the relatedness of the V. californicum GABAT1 that
incorporates nitrogen into 22-hydroxycholesterol-26-al and the S. lycopersicum GABA
transaminase isozyme 2 involved in steroid alkaloid biosynthesis. These enzymes share 64%
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identity at the amino acid level. Due to the similarities of the two pathways, we tested
whether S. lycopersicum GABA transaminase isozyme 2 can incorporate nitrogen into 22-
hydroxycholesterol-26-al. We demonstrated that S. lycopersicum GABA transaminase
isozyme 2 was able to convert 22-hydroxycholesterol-26-al to 22-hydroxy-26-
aminocholesterol and, in conjunction with CYP90G1, resulting in subsequent cyclization to
verazine (Figure S8 d). S lycopersicum GABA transaminase isozyme 2 was used as query
to BLAST the V. californicum transcriptome; the best hit was another transaminase, contig
674. 674, designated GABAT?2, has 68% identity to S lycopersicum GABA transaminase
isozyme 2 and 69% identity to V. californicum GABAT1 at the amino acid level. Despite the
sequence homology to both V. californicum GABAT1 and S. lycopersicum GABA
transaminase isozyme 2, GABAT2 was unable to convert 22-hydroxycholesterol-26-al to
22-hydroxy-26-aminocholesterol at detectable levels (Figure S17).

Overall, our data indicates that CYP90B27, CYP94N1, CYP90G1, and GABAT1 catalyze
the first six steps of steroid alkaloid biosynthesis in V. californicumto form verazine, a
proposed intermediate of the antineoplastic cyclopamine. We refactored the pathway to
verazine in S frugiperda Sf9 cells by infections with viruses containing each gene, thereby
demonstrating gene-product function. Verazine exhibits strong antifungal properties and can
serve as a synthon for the synthesis of bioactive molecules with additional pharmaceutical
properties including liver protection and anti-tumor activities (Gan et al. 1993, Jiang et al.
2005, Kusano et al. 1987, Zhou 2003). We also demonstrated that the precursor in this
pathway is 22(R)-hydroxycholesterol rather than 22(S)-hydroxycholesterol, as previously
proposed (Ko Kaneko et al. 1977). Our data suggests that dormantinone is not an
intermediate in the formation of verazine, and the amino donor for GABAT1 is GABA
rather than L-arginine or L-glutamine (Ko Kaneko et al. 1976).

The candidate gene selection criteria with emphasis on clades that contained only Veratrum
genes fitting the Haystack model increased our rate of gene identification. Of the 3,219
genes fitting the Haystack model, 9 cytochrome P450 genes were assigned high priority for
biochemical characterization. Seven were tested; 3 catalyzed the first reactions in the
verazine biosynthesis pathway. Likewise, 3 GABATS were prioritized for functional
characterization; 1 GABAT was found to participate in the verazine pathway. Based upon
the success of this methodology, we expect continued, facile elucidation of this and other
biochemical pathways from non-model systems.

Experimental Procedures

Plant Material and RNA extraction

See Method S1 and Table S9.

Liquid Chromatography Mass Spectrometry (LC-MS/MS) Method

Samples were first extracted with either ethanol (see Method S2) for plant tissue or ethyl
acetate for Sf9 cell suspensions and enzymatic assays. Liquid chromatographic separation
was achieved with 10 pl injections on a LC-20AD (Shimadzu) LC system coupled to a 4000
QTRAP (AB Sciex Instruments) for MS/MS analysis. Separation was achieved using a
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Phenomenex Gemini C-18 NX column (150 x 2.00 mm, 5 um) with a flow rate of 0.5
ml/min and the following gradient program [solvent A (0.05% formic acid/0.04%
ammonium hydroxide (25%) v/v in H,O; solvent B (0.05% formic acid/0.04% ammonium
hydroxide (25%) v/v in 90% acetonitrile]: Solvent B was held at 20% for 2 min, then 2-11
min 20-30% B, 11 — 18 min 30-100% B, 18-22 min 100% B, 22-23 min 100-20% B, and
held at 20% B for an additional 5 minutes. Program parameters included a TurbolonSpray
ionization source temperature of 500°C and low resolution for Q1 and Q3 done with MRM
(Multiple Reaction Monitoring) scans in the positive ion mode. Specific ion fragments and
parameters can be found in Table S10. In conjunction, EMS (Enhanced MS) scan with a
mass range of 380 to 425 nVz, and EPI (Enhanced Product lon) scans for 398, 417, and 418
m/z were included. Compound identification was determined by comparison of retention
time and fragmentation pattern to the authentic standard cyclopamine (Infinity
Pharmaceuticals) (where applicable). Quantitation was performed by plotting peak area
versus pmol of standard using Analyst 1.5 (Applied Biosystems).

Gas Chromatography Mass Spectrometry (GC-MS) Method

Samples were first extracted with either hexane:isopropanol 3:2 followed by hexane only or
ethyl acetate. Dried extracts were derivatized with 40 pl Sylon HTP (Sigma) for 1 hour at
90°C prior to injection with a 7683B autosampler onto a 7890A gas chromatograph coupled
to a 5975C mass spectrometer inert XL MSD with triple-axis detector (Agilent
Technologies). Both full scan and SIM methods were run in the splitless mode with 1 pl
injection volume and a flow rate of 1 ml/min with helium as the carrier gas. Separation was
performed on a Zebron ZB-5MSi column (Phenomenex) with guardian 5M (30 m x 0.25
mm x 0.25 pum) with 5% Polysilarylene - 95% Polydimethylsiloxane copolymer composition
and 106 relative voltage. The initial temperature of 240°C was held for 5 minutes and
increased to 300°C at a rate of 10°C/min and held for 25 minutes. The full scan method
measured mass from 50 to 800 amu and ions detected in the SIM mode included: 99.1, 129,
165, 171, 173.1, 187, 261, 314.1, 329.3, 330, 370, 382.3, 417.4, 456.4, 458, 460, 470, 472.3,
486, 546, 560, and 634.

Veratrum californicum metabolite extraction for quantitation by LC-MS/MS

See Method S2.

Transcriptome assembly and determination of relative contig expression

cDNA library construction, lllumina paired-end sequencing, and de novo transcriptome
assembly were performed at the National Center for Genome Resources (Santa Fe, New
Mexico). Please refer Method S3 for transcriptome assembly details.

Transcriptome dataset interrogation using Haystack and Plant Tribes

Identification of genes whose expression pattern correlated with accumulation of
cyclopamine was determined using the Haystack program (Michael et al. 2008, Mockler et
al. 2007). The LC-MS/MS cyclopamine quantitation data for the different V. californicum
tissues was used to formulate a model based upon the ratio of biosynthetic tissues. 95 % of
the total cyclopamine was found in the subterranean tissues (root, bulb, and rhizome)
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whereas 5 % was found above ground (leaf, shoot, and flower). For the input model, each
subterranean tissue was given a value of 20 and all above ground tissues including the tissue
culture samples was designated 1. Parameters for Haystack were as follows: correlation cut
off = 0.7 fold change = 2, p-value = 0.05 and background = 1. Due to the large data input,
Haystack analysis was performed on a UNIX server in-house as opposed to the version
available online. Annotation data was then merged with the gene outputs from each of the
models. Subsequent alignments and phylogenetic analysis were performed using Muscle
algorithm (Edgar 2004) and Mega v6.06 (Tamura et al. 2011). See Method S4 for dataset
interrogation using PlantTribes and a detailed description of methods for contig
prioritization.

Construction of viral expression vectors

Candidate contigs obtained from Haystack and phylogenetic analysis were subjected to
BLAST searches (http://blast.nchi.nim.nih.gov/Blast.cgi) and global alignments to
homologous, experimentally characterized gene sequences with the CLC Main Workbench
6.8, for prediction of the open reading frame. Where the reading frame appeared incomplete,
Rapid Amplification of cDNA Ends (RACE) was used to obtain the complete coding
sequence. V. californicum cDNA was prepared from root RNA extracts using M-MLV
Reverse Transcriptase (Invitrogen) according to manufacturer’s instructions. All primer
sequences and PCR programs can be found in Table S11 and S12, respectively. Please refer
to Method S5 for specific cloning details.

Virus co-transfection, amplification, and protein production

See Method S6 and Table S13.

Extraction of multiple infections for Sf9 in vivo product production

See Method S7.

Enzyme assays

Each cytochrome P450 co-expressed with CPR in S. frugiperda Sf9 cells and GABAT1 was
subjected to individual enzyme assays with the compounds designated in Table S5 including
cholesterol (Sigma Aldrich), 22(R)-hydroxycholesterol (Sigma Aldrich), 26-
hydroxycholesterol [27(25R)-hydroxycholesterol] (Avanti Polar Lipids Inc.), 22(9-
hydroxycholesterol (American Radiolabeled Chemicals), 24(S)-hydroxycholesterol
(American Radiolabeled Chemicals), 43-hydroxycholesterol (Research Plus Inc.), 7-
hydroxycholesterol (Sigma Aldrich), campesterol (Avanti Polar Lipids Inc.), -sitosterol
(Sigma Aldrich), stigmasterol (Sigma Aldrich), GABA (Sigma Aldrich), L-arginine (Sigma
Aldrich), and L-glutamine (Sigma Aldrich) to determine substrate specificity. Compounds
were prepared to 1 mM stock solutions of 100% DMSO and diluted with H,O, except for
the amino acids, which were prepared as 200 mM stocks in pure H,O. For GC-MS analysis,
5 individual assays per substrate were pooled after incubation at 30°C for 2 hours; one assay
produced sufficient product for analysis by LC-MS/MS. Assay conditions were as follows:
80 ul S frugiperda Sf9 cell suspension (obtained by re-suspension of 50 ml viral infected
culture pellet in 3.5 ml of 200 mM tricine pH 7.4/ 5 mM thioglycolic acid), 60 mM
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potassium phosphate buffer pH 8, 1.25 mM NADPH, 7.5 uM substrate, and H,O in a total
volume of 200 pl. Controls were performed with no enzyme and S. frugiperda Sf9 cells
expressing an unrelated cytochrome P450 (CYP719A14 cheilanthifoline synthase from
Argemone mexicana), or CPR-only, for each assay.

The initial GABAT1 enzyme assay contained 55 pl S frugiperda Sf9 cell suspension
infected with CYP90B27, CYP94N1, CYP90G1, and CPR modified baculoviruses (to
provide 22-hydroxycholesterol-26-al substrate), 40 pl S. frugiperda Sf9 cells expressing
GABAT1, 60 mM potassium phosphate buffer pH 8, 1.5 mM DTT, 100 uM pyridoxal-5-
phosphate (PLP), 16 mM GABA, 500 pM NADPH, and H,O to a total volume of 200 pl.
Assay mixes lacking either enzyme or GABA, and control cytochrome P450 assays were
run in parallel and each was allowed to proceed for 2 hours at 30°C. Samples were extracted
twice with 400 pl ethyl acetate. For determination of the amino group donor, assays were
prepared as above for GABAT1 with the following exceptions. The GABAT1 gene was
cloned into the EcoRI/Ndel sites of pET28a and expressed in E.coli Plusk cells. The
GABAT1 protein was purified in the presence of 2 pg/ml PLP using TALON metal affinity
resin (Clontech) and PD-10 desalting columns (GE Healthcare) according to manufacturer’s
instructions to obtain purified enzyme. The substrate 22-hydroxycholesterol-26-al was
obtained by extracting 2 ml of Sf9 cells expressing CYP90B27, CYP94N1, and CPR with 2
volumes of ethyl acetate and dried with No. The dried extract was resuspended in 400 pl of
10% DMSO. Assays were performed in duplicate and each run with 22-
hydroxycholesterol-26-al and either GABA, L-arginine, or L-glutamine alongside CPR only
controls and controls using GABAT1 expressed in Sf9 cells. Samples were then dried under
N>, re-suspended in 50-100 pl 80% methanol, and injected onto LC-MS/MS with conditions
described above. All cytochrome P450 enzyme assays utilized crude S frugiperda Sf9
protein extracts that contain endogenous metabolites, including cholesterol.

Assays to clarify order of enzymatic transformations

See Method S8 and Figure S11.

Enzymatic product purification for NMR and High Resolution MS for structure elucidation

See Method S9 and Data S2.

Dimedone aldehyde trapping

Enzyme assays containing CYP94N1 and 22(R)-hydroxycholesterol as substrate, or
CYP90B27 + CYP94N1 utilizing endogenous cholesterol in S frugiperda Sf9 cells as
substrate, or CYP90B27 + CYP94N1 and GABATL, also utilizing endogenous cholesterol
in S frugiperda Sf9 cells as substrate with either 80 pl 10 mg/ml dimedone in 10% DMSO
or 80 ul 10% DMSO were incubated overnight at 30°C. Assays were extracted twice with 2
volumes ethyl acetate and analyzed by LC-MS/MS. All cytochrome P450 enzymes were co-
expressed with CPR.

Sodium borohydride reduction

2 ml S frugiperda Sf9 cells expressing CYP90B27 + CYP94N1 + GABATL1 + CYP90G1 +
CPR were extracted twice with equal volume ethyl acetate. Extracts were divided equally,
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dried under N, and re-suspended in 50 pl 80% methanol each. One sample was treated with
50 pl 1 M NaBH in 1 M NaOH for 15 minutes. 100 pl H,O were added to both samples,
and each extracted twice with equal volumes of chloroform. Samples were dried under Ny,
re-suspended in 50 pl 80% methanol and analyzed by LC-MS/MS as described above. S
frugiperda Sf9 cells expressing CPR only were run in parallel as control.

Phylogenetic analysis of cytochrome P450 enzymes across species using deep
transcriptome sequence data from 1KP and MonAToL projects

See Method S10 and Table S8.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GC-M S Overlay of S. frugiperda Sf9 extracts expressing Veratrum californicum genes
S frugiperda Sf9 cells infected with varying combinations of baculovirus containing genes

from V. californicum were extracted and analyzed by gas chromatography mass
spectrometry. Each colored chromatograph corresponds to the following: Red-CYP719A14
(control cytochrome P450) and CPR, Orange-CYP90B27 (cholesterol 22-hydroxylase) and
CPR, Green-CYP90B27, CYP94N1 (22-hydroxycholesterol 26-hydroxylase/oxidase), and
CPR, Blue-CYP90B27, CYP90G1 (22-hydroxy-26-aminocholesterol 22-oxidase), and CPR,
Purple-CYP90B27, CYP94N1, CYP90G1, and CPR. Metabolites are numbered according
to the legend and shaded for clarity. CPR refers to the cytochrome P450 reductase from
Eschscholza californica and control P450 refers to CYP719A14 cheilanthifoline synthase
from Argemone mexicana.
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Figure 2. Production of verazine by heterologous expression of Veratrum californicum genesin S.
frugiperda Sf9 cells
Select genes were introduced into S frugiperda Sf9 cells using a baculovirus expression

system. Metabolites were extracted and analyzed by LC-MS/MS in the full scan Enhanced
MS mode detecting 380 — 425 m/z. Each chromatogram represents the combination of genes
as follows: Black-CYP90B27 (cholesterol 22-hydroxylase), CYP94N1 (22-
hydroxycholesterol 26-hydroxylase/oxidase), CYP90G1 (22-hydroxy-26-aminocholesterol
22-oxidase), and CPR; Dark Grey-CYP90B27, CYP94N1, CYP90G1, GABAT1 (22-
hydroxycholesterol-26-al transaminase), and CPR; Light Grey-no enzyme control. CPR
refers to the cytochrome P450 reductase from Eschscholzia californica, and GABATL refers
to the y-aminobutyric acid transaminase 1 from V. californicum. Peak at 398.4 is verazine,
peak at 417.2 is 22-keto-26-hydroxycholesterol, and peak at 418 .4 is for 22-hydroxy-26-
aminocholesterol.
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Figure 3. Proposed Veratrum californicum cyclopamine biosynthetic pathway leading from
cholesteral

Cholesterol is first hydroxylated at position C-22 in the R-orientation by CYP90B27
(cholesterol 22-hydroxylase), followed by hydroxylation/oxidation at position C-26 by
CYP94N1 (22-hydroxycholesterol 26-hydroxylase/oxidase). Next, a transamination reaction
by GABAT1 (22-hydroxycholesterol-26-al transaminase) transfers an amino group from vy-
aminobutyric acid to the C-26-aldehyde, forming 22-hydroxy-26-aminocholesterol. The
C-22-hydroxy group is then oxidized to a ketone by CYP90G1 (22-hydroxy-26-
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aminocholesterol 22-oxidase) to form 22-keto-26-aminocholesterol, a reactive intermediate
that cyclizes to verazine. GABATL refers to the y-aminobutyric acid transaminase 1 from V.
californicum.
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Figure 4. Cyclopamine accumulation vs gene expression of steroid alkaloid biosynthetic genes
Tissues from Veratrum californicum were extracted and analyzed by liquid chromatography

mass spectrometry for cyclopamine quantitation. Transcript abundance was analyzed by
alignment of individual reads to the assembled transcriptome for gene expression. Both gene
expression and cyclopamine accumulation are shown as a percent of the total for
comparison. The abbreviations TCWK1 and TCWK?2 stand for tissue culture one- and two
weeks after transfer to fresh media (respectively). CYP90GL1 refers to 22-hydroxy-26-
aminocholesterol 22-oxidase, GABATL refers to by 22-hydroxycholesterol-26-al
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transaminase (y-aminobutyric acid transaminase 1 from V. californicum), CYP94N1 refers
to 22-hydroxycholesterol 26-hydroxylase/oxidase, and CYP90B27 refers to cholesterol 22-
hydroxylase.
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Figure 5. Phylogenetic tree of select plant cytochrome P450 enzymes
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Nucleotide sequences obtained from Genbank, Uniprot, and the Sol Genomics Network of

selected cytochrome P450 enzymes were aligned by codon with the Muscle algorithm.

Cytochrome P450 designations, species, and their corresponding function can be found in
Table S7. Only experimentally determined functions are designated in the figure. Veratrum
californicum enzymes involved in cyclopamine biosynthesis are represented by two stars;
Solanum lycopersicum enzymes involved in steroid alkaloid metabolism are represented
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with one star. Phylogenetic reconstruction was performed using the Maximum Likelihood
statistical method with bootstrapping in MEGA version 6.06 with default parameters.
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