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Abstract Economically feasible systems for heterolo-
gous production of complex secondary metabolites origi-
nating from difficult to cultivate species are in demand
since Escherichia coli and Saccharomyces cerevisiae are
not always suitable for expression of plant and animal
genes. An emerging oilseed crop, Camelina sativa, has
recently been engineered to produce novel oil profiles, jet
fuel precursors, and small molecules of industrial inter-
est. To establish C. sativa as a system for the production of
medicinally relevant compounds, we introduced four genes
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californicum genes CYP90B27, CYP94N1, CYP90G1, GABAT1
and the Arabidopsis thaliana gene GAD2 was achieved. This

is the first report of engineering C. sativa for the production of
medicinally relevant compounds. In addition, the conformation
of the synthesized verazine at C-20 was confirmed to be (S) and
the stereochemistry of 22-keto-26-hydoxycholesterol at C-25 was
determined to be most likely (R).
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from Veratrum californicum involved in steroid alkaloid
biosynthesis. Together, these four genes produce verazine,
the hypothesized precursor to cyclopamine, a medicinally
relevant steroid alkaloid whose analogs are currently being
tested for cancer therapy in clinical trials. The future supply
of this potential cancer treatment is uncertain as V. califor-
nicum is slow-growing and not amendable to cultivation.
Moreover, the complex stereochemistry of cyclopamine
results in low-yield syntheses. Herein, we successfully
engineered C. sativa to synthesize verazine, as well as other
V. californicum secondary metabolites, in seed. In addi-
tion, we have clarified the stereochemistry of verazine and
related V. californicum metabolites.
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GABAT1 y-Aminobutyrate transaminase 1 from Vera-
trum californicum

CYP90B27 Cholesterol 22-hydroxylase from Veratrum
californicum

CYP94N1  22-Hydroxycholesterol 26-hydroxylase/oxi-
dase from Veratrum californicum

CYP90G1  22-Hydroxy-26-aminocholesterol 22-oxidase
from Veratrum californicum

CcO Binary vector containing CYP90B27 and
CYP94N1

CTOG Binary vector containing CYP90B27,
CYP94N1, GABATI, and GAD2

CXTOG Binary vector containing CYP90B27,
CYP94N1, GABATI1, GAD2, and CYP90G1

Introduction

Industrial production of plant-derived natural products
for medicinal use can be unachievable by either tradi-
tional chemical synthesis or agricultural techniques.
Chemical reactions often result in toxic byproducts while
the complex stereochemistry of many natural products
reduces the yield of synthesis. In addition, direct extrac-
tion of medicinal compounds from source plant species
is not always a viable alternative, as many produce low
amounts and are not amendable to cultivation (Atanasov
et al. 2015). The development of a low input heterolo-
gous eukaryotic system is attractive for the production of
high value medicinal compounds. A potential production
system is the emerging oilseed crop Camelina sativa.

C. sativa is an attractive alternative to current micro-
bial heterologous production systems for plant natural
products due to post-translational protein processing
similar to that of most plant species as well as low input
growth requirements. The close phylogenetic relatedness
to the well-studied model organism Arabidopsis thaliana,
in addition to ease of transformation and a sequenced
genome, offers a foundation of genetic and molecu-
lar tools that can be utilized for metabolic engineering
(Kagale et al. 2014; Lu and Kang 2008). Advantages to
cultivation of C. sativa include low water- and nutrient
input and its compatibility with current agricultural prac-
tices (Putnam et al. 1993). In addition, its short grow-
ing season (ca. 100 days) along with cold tolerance has
shown its potential for growth and harvest prior to the
normal growing season, therefore, maximizing land use
without effecting normal crop production (Putnam et al.
1993).
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C. sativa is under extensive investigation for its use in
biofuels, industrial oil/lubricants, a replacement for fish
oil in aquaculture, and high value metabolite production.
Genetic manipulation by heterologous expression of fatty
acid synthesis genes has altered fatty acid content in C.
sativa to mimic hydrocarbons present in Jet A fuel and
accumulate valuable liquid wax esters while RNAi sup-
pression has been shown to alter the fatty acid profile,
which increased attractive chemical properties including
reduced freezing point and viscosity (Iven et al. 2015;
Kim et al. 2015; Liu et al. 2015). In addition, accumu-
lation of highly desired omega-3 long chain polyunsatu-
rated fatty acids by heterologous gene expression has
yielded 3 LC-PUFA lines that have been shown to suc-
cessfully replace fish oil in aquaculture (Betancor et al.
2015a, b; Petrie et al. 2014; Ruiz-Lopez et al. 2014).
Moreover, production of the monoterpene limonene and
the sesquiterpene cadinene in transgenic C. sativa could
provide a robust and renewable source for these indus-
trially useful terpenes in addition to their potential use
in jet fuel (Augustin et al. 2015a). C. sativa was also
engineered to produce the biodegradable polymer poly-
3-hydroxybutyrate (PHB), a renewable component in
bio-plastics with other industrial uses (Malik et al. 2015).
Additionally, production of these metabolites in seeds
lends to easy harvest and long term storage, desirable
traits for large scale production. Based on the previous
success of metabolic engineering of C. sativa, we have
now engineered C. sativa to synthesize medicinally use-
ful small molecules in seed.

The stereochemically complex steroidal alkaloid cyclo-
pamine is a medicinal compound currently under clini-
cal investigation whose supply is predicted to fall short of
demands upon FDA approval (Heretsch et al. 2010). Cyclo-
pamine is best known for its teratogenic effects in lambs
born to pregnant ewes that ingested the source plant Vera-
trum californicum (Keeler and Binns 1968). Cyclopamine
inhibits the hedgehog pathway, which is mainly active dur-
ing embryonic development, by direct binding to the trans-
membrane receptor Smoothend (Chen et al. 2002). Cyclo-
pamine and its semi-synthetic analog IPI-926 have shown
promise in cancer therapy where mutations in the hedge-
hog pathway cause over activation leading to tumor growth,
including pancreatic cancer, medulloblastoma, basal cell
carcinoma, leukemia, colon cancer, and small cell lung can-
cer (Bahra et al. 2012; Batsaikhan et al. 2014; Berman et al.
2002; Jimeno et al. 2013; Lin et al. 2010; Olive et al. 2009;
Taipale et al. 2000; Tremblay et al. 2009; Watkins et al.
2003). Cultivation of V. californicum for the production of
cyclopamine has yet to be successful, and cell cultures pro-
duce only trace amounts of cyclopamine (Ma et al. 2006;
Song et al. 2014). Four genes (CYP90B27, CYP94NI1,
CYP90G1, and GABATI1) have been discovered in the
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hypothesized biosynthetic pathway to cyclopamine (Augus-
tin et al. 2015b). Together, the enzymatic products of these
genes convert cholesterol to the predicted cyclopamine ste-
roidal alkaloid precursor verazine (Fig. 1). By transforming

HO

these four genes plus A. thaliana glutamate decarboxylase
2 (GAD?2), an enzyme required to produce the co-substrate
y-aminobutyric acid (GABA) (Turano and Fang 1998),
we have successfully engineered C. sativa to accumulate

HO
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Fig. 1 Proposed biosynthetic pathway for cyclopamine
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verazine in seed. In addition, the stereochemistry of the V.
californicum metabolites produced herein are addressed.

Materials and methods
Cloning and plant transformation

CYP90B27, CYP94N1, CYP90GI, and y-aminobutyrate
transaminase 1 (GABAT1) were cloned from Veratrum cal-
ifornicum total root cDNA as previously described (Augus-
tin et al. 2015b). GAD2 was cloned from Arabidopsis
thaliana (L.) (Heyn) ecotype Columbia (Col-0) total leaf
cDNA using the forward primer 5'-CACACATATGGTTTT
GACAAAAACCGCAACGA-3' and the reverse primer
5'-CACAGCGGCCGCTTAGCACACACCATTCATCTT
CTT-3', which incorporated the Ndel and Norl restriction
sites, respectively. Arabidopsis tissue was obtained onsite
(Donald Danforth Plant Science Center Greenhouse, St.
Louis, MO, USA) and RNA was extracted using an RNe-
asy Plant Mini Kit (Qiagen). cDNA synthesis followed
using MMLV-RT. Genes were first ligated into cassette
vectors to provide each with a seed-specific promoter and
terminator before transfer into the plant expression vector
pRSe3, a binary vector with kanamycin and DsRed selec-
tion markers. pRSe3 is based on pRSe2 with an enhanced
multiple cloning site (Augustin et al. 2015a). The following
genes were ligated into each cassette vector providing the
following seed specific promoters/terminators: CYP90B27
(Oleosin/Oleosin); CYP94N1 (Napin/Glycinin); GABAT1
(Napin/Glycinin); CYP90G1 (Napin/Glycinin); and GAD2
(Glycinin/Glycinin). The final constructs contained either
two genes in V. californicum steroid alkaloid biosynthesis:
CYP90B27 and CYP94N1 (designated CO), three genes in
V. californicum steroid alkaloid biosynthesis: CYP90B27,
CYP94N1, and GABAT1, plus GAD?2 (designated CTOG),
or four genes in V. californicum steroid alkaloid biosynthe-
sis: CYP90B27, CYP94N1, GABATI, and CYP90GI plus
GAD2 (CXTOG). Plants were transformed as previously
described (Lu and Kang 2008). Transgenic seeds were
screened as previously described (Augustin et al. 2015a).

DNA extraction and PCR for confirmation of genomic
integration

DNA was extracted from five leaf samples of three selected
CXTOG plant lines for the verification of construct integra-
tion using the DNeasy Plant Mini Kit (Qiagen). Lines were
chosen based upon seeds exhibiting red fluorescence and
alkaloid content. Polymerase Chain Reaction (PCR) was
performed with primers listed in Table S1 using Taq DNA
polymerase (NEB) and the following temperature program

@ Springer

parameters: 3 min 94°C, 1 cycle; 30 s 94°C, 30 s 55°C,
1 min 72 °C, 35 cycles; final extension at 72 °C for 7 min.

Seed extraction for alkaloid analysis

Seeds of ten individual T2 (generation) lines of CO and
CTOG (each) and 3 lines of T3 CXTOG (3 replicates for
each line) were extracted based upon the protocol in the
acyl-lipid metabolism chapter in The Arabidopsis Book
(Li-Beisson et al. 2013). Hot isopropanol (1.5 ml, 75°C)
was added to 15-20 mg of seeds and incubated for 15 min.
Seeds were then crushed with a glass rod followed by the
addition of chloroform and H,O (0.75 and 0.3 ml, respec-
tively). Next, samples were sonicated in a sonication bath
for 10 min followed by robust shaking for 1 h at room tem-
perature (RT). Tubes were then vortexed for 10 s and cen-
trifuged (1500xg, 2 min, RT). The liquid was moved to a
fresh tube and the remaining tissue was re-extracted once
with 2 ml of chloroform:methanol (2:1) and once with 1 ml
of chloroform:methanol (2:1). Supernatants were combined
prior to addition of 0.5 ml 1 M KCI. Samples were vor-
texed and centrifuged, and the aqueous upper phase was
removed. This extraction was repeated once by the addi-
tion of 1 ml H,O. The aqueous phase was removed and
the extract was filtered with a 0.2 pm low protein bind-
ing hydrophilic LCR (PTFE) membrane (Millipore). 1/10
volume was removed and dried under N, for LC-MS/MS
analysis while the remaining 9/10 were dried under N, and
used for GC-MS.

GC-MS and LC-MS/MS analysis

Veratrum californicum metabolites in dried C. sativa seed
extracts for GC-MS analysis were derivatized and analyzed
as previously described (Augustin et al. 2015b). Dried C.
sativa seed extracts for LC-MS/MS were first re-suspended
in 50 pl of 80% methanol and diluted 1/10 prior to quali-
tative analysis by QTRAP 6500 (ABSciex) as previously
described (Augustin et al. 2015b) except the Turbolon-
Spray ionization source temperature was set to 550 °C. For
the quantitation of verazine in CXTOG lines, samples were
prepared by diluting %2 vs. 1/10 to bring the verazine con-
centration into the linear range of the instrument. Quantita-
tion was performed using pure verazine standard provided
by Dr. David Kingston (Virgnia Tech, Blacksburg, VA,
USA). The amount of verazine was too small to weigh,
therefore, the concentration was determined using ELSD
(Evaporative Light Scattering Detector) (Sedere, Sedex
75; France) with a hydrocortisone standard curve. For
ELSD, samples were separated using a Hypersil Gold PFP
(Thermo Electron Corporation), 250X 4.6 mm 5 u column
and solvents identical to those used with the QTRAP 6500
using a gradient of 30-95% B over 50 min. LC-MS/MS
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data were analyzed with Analyst 1.6.2. Selected CXTOG
seed extracts were additionally analyzed by high-reso-
lution mass spectrometry using a Q-Exactive (Thermo
Fisher) coupled to an Agilent1200 microLC system.
Q-Exactive samples were separated by a PLRP-S column
(100x0.5 mm, 100 A, 3 u; Higgins Analytical) with a flow
rate of 15 pl/min and the following solvent/gradient system:
solvent A (0.05% formic acid/0.01% ammonium hydroxide
v/v in H,0); solvent B (0.05% formic acid/0.01% ammo-
nium hydroxide v/v in 90% acetonitrile) where solvent
B was held at 10% for 4 min, then 4-10 min 10-40% B,
10-18 min 40-45% B, 18-20 min 45-100% B, 20-21 min
100% B, 21-22 min 100—10% B and held at 10% B for
an additional 10 min. Results were analyzed using Xcali-
bur 3.0.36 (Thermo Scientific) for data generated by
Q-Exactive. Verazine, 22-keto-26[25(R)]-hydroxycholes-
terol, and 22(R)-hydroxy-26[25(S)]-aminocholesterol were
heterologously produced in Spodoptera frugiperda (Sf9)
insect cells and extracted as previously described (Augus-
tin et al. 2015b). Frozen V. californicum root tissue was
ground to a fine powder using a mortar and pestle under
liquid nitrogen. The powder was weighed quickly and 70%
ethanol was added in a 1:2 w/v ratio. The sample was vor-
texed at top speed for 5 min followed by centrifugation at
14,000 g for 10 min at RT. 200 pl of supernatant was then
filtered through a 0.2 um low protein binding hydrophilic
LCR (PTFE) membrane prior to LC-MS/MS analysis.

Mosher esters for 22-keto-26[25(R)]-hydroxycholesterol
stereochemical analysis

Purified 22-keto-26-hydroxycholesterol (50 pg) was dis-
solved in dichloromethane: pyridine (1:1, 200 pl) and
divided in half. To each half was added 2 pl of (R)-MTPA-
Cl or (S)-MTPA-CI (90-fold excess, assuming two hydrox-
yls per molecule). The reactions were allowed to proceed
overnight at room temperature, and were then quenched
with water and extracted with ethyl acetate. Each organic
layer was dried in a speed-vac, and then re-dissolved in
methanol and purified by HPLC. HPLC was done with a
Hypersil Gold PFP column (4.6 X250 mm) eluted with a
30-95% gradient of acetonitrile in water. Both solvents
contained 0.05% TFA. Fractions were collected from O to
64 min and dried down, and fractions corresponding to the
largest peak visible by ELSD detection were pooled for
NMR. Metabolite purification and NMR parameters were
as previously described (Augustin et al. 2015b). Chemical
shift assignments and integration of the 'H spectrum indi-
cated that for each compound, MTPA esters formed at both
the 3 and 26 positions. Finamore et al. described using a
small difference in the spread between the two H-26 signals
in the R vs. S ester to assign the C-25 configuration of ster-
ols oxygenated at C-26 (Finamore et al. 1991). In cases in
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Fig. 2 GC-MS analysis of 22(R),26-dihydroxycholesterol found
in transgenic Camelina sativa seeds expressing Veratrum californi-
cum cytochrome P450 enzymes CYP90B27 and CYP94NI1. Overlay
of wild type C. sativa seed extract 1 (light red), wild type C. sativa
seed extract 2 (dark red), transgenic C. sativa (CO) seed extract line
2 (light orange), transgenic C. sativa (CO) seed extract line 3 (dark
orange), and enzyme assay using CYP94N1 and CPR expressed in
S. frugiperda St9 insect cells utilizing 22(R)-hydroxycholesterol as
substrate to produce 22(R),26-dihydroxycholesterol (Black). Sam-
ples were extracted and derivatized with Sylon HTP before GC-
MS analysis detecting ion 99.1 with SIM scan. CPR refers to the
cytochrome P450 reductase from Eschscholzia californica. The peak
for 22(R),26-dihydroxycholesterol is indicated by an asterisk

which the H-26 signals are more separated in the (S) ester
than in the (R) ester, they have assigned the 25 S configura-
tion. In the MTPA esters of 22-keto-26-hydroxycholesterol,
we observe greater separation between the H-26 signals
in the (R) ester (4.15, 4.25) than in the (S) ester (4.15,
4.24), leading to a tentative assignment of 25R configura-
tion. Because the difference in separation is so small, this
assignment should be treated as tentative.

Results

Vector construction, plant transformation,
and confirmation of construct integration

Three C. sativa expression vectors were assembled, each
containing an increasing number of genes involved in V.
californicum steroid alkaloid biosynthesis. Vector construc-
tion for plant transformation consisted of two parts. First, a
gene was cloned into an initial vector providing it with a
seed-specific promoter and terminator. Second, the expres-
sion cassette was amplified by PCR, digested by restric-
tion enzymes, and then ligated into the multiple cloning
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«Fig. 3 Chromatogram and mass spectra of 22(R)-hydroxy-26[25(S)]-
aminocholesterol and similar compounds synthesized in Camelina
sativa seed by expression of CYP90B27, CYP94N1, and GABAT1
from Veratrum californicum and GAD2 from Arabidopsis thaliana.
Transgenic and wild type seeds were extracted and analyzed by LC—
MS/MS with a QTRAP 6500 using targeted MRM scan for 418.3—
400.0 m/z and EPI scan for 418.3 m/z. a Overlay of wild type C.
sativa seed extracts (red), transgenic C. sativa expressing CYP90B27,
CYP94N1, GABAT1, and GAD2 (CTOG) seed extracts (orange), and
22(R)-hydroxy-26[25(S)]-aminocholesterol produced in S. frugiperda
Sf9 cells by expression of CYP90B27, CYP94NI1, CYP90GI,
GABAT1, and CPR (Black). Mass spectra of peak 1 (b), peak 2 in C.
sativa seeds (c), peak 3 (d), peak 4 (e), and 22(R)-hydroxy-26[25(S)]-
aminocholesterol (peak 2-produced in S. frugiperda St9 insect cells)
(f). Selected fragment ions are shown. CPR refers to cytochrome
P450 reductase from E. californica and GAD2 refers to glutamate
decarboxylase 2

site (MCS) of the plant expression vector pRSe3 (Augus-
tin et al. 2015a). Multiple expression cassettes were cloned
into the MCS of a single plant transformation vector, allow-
ing multiple genes to be transformed at once. Three vec-
tors were constructed for transformation and analysis. One
vector contained the first two genes in the biosynthetic
pathway to verazine and was designated CO (C=Choles-
terol 22-hydroxylase; CYP90B27 and O =22-Hydroxycho-
lesterol 26-hydroxylase/Oxidase; CYP94N1). The second
vector contained the first three genes in the pathway to
verazine and was designated CTOG (T =22-Hydroxycho-
lesterol-26-al Transaminase; GABAT1 and G =Glutamate
decarboxylase 2; GAD2). The third construct contained
all four genes required for verazine biosynthesis and was
designated CXTOG (X =22-Hydroxy-26-aminocholesterol
22-oXidase; CYP90G1). GAD2 was included in both vec-
tor constructs containing GABAT1 to increase the con-
centration of GABA in seed, a co-substrate required by
GABAT]1. Preliminary work in which we transformed C.
sativa with all four verazine biosynthetic genes but lack-
ing GAD2 produced transgenic seeds where verazine was
not detected. Production of the precursor cholesterol was
not thought to be an issue as C, sativa is known to produce
cholesterol (Mansour et al. 2014; Shukla et al. 2002). C.
sativa gene expression data indicated that all homologs of
GAD were either not expressed or had very low levels of
expression in seed. We, therefore, chose to include GAD2
in our expression constructs. GAD2 was found to be highly
expressed in mature plant tissues (expression data unpub-
lished, used with permission of Noah Fahlgren, Donald
Danforth Plant Science Center, St. Louis, MO, USA).

The pRSe3 vector is a modified, non-pathogenic, Ti
(tumor inducing) plasmid from Agrobacterium that allows
for genomic integration of the T-DNA without promot-
ing bacterial infection. The vector also harbors a kanamy-
cin resistance gene for selection in bacteria and the DsRed
gene for selection in C. sativa seed. C. sativa plants were
transformed as previously described (Lu and Kang 2008).

Initial confirmation of T-DNA integration into transformed
C. sativa was achieved by visualization of DsRed by illu-
minating seeds with a green LED light and observing flu-
orescence through a red filter. Production of metabolites
as described below confirmed integration and expression
of the transgenes in T2 seeds. In addition, select CXTOG
plants, based upon production of V. californicum metabo-
lites, were propagated to T3 generation and subjected to
PCR analysis to confirm integration of the construct (Fig-
ure S1).

GC-MS analysis of transgenic C. sativa seeds
and detection of 22(R),26-dihydroxycholesterol in CO
plants

Transgenic plants were first screened for biosynthesis of
verazine precursors using GC-MS. GC-MS allows for
detection of 22(R)-hydroxycholesterol, 22(R),26-dihydrox-
ycholesterol, and 22-keto-26[25(R)]-hydroxycholesterol
while 22(R)-hydroxy-26[25(S)]-aminocholesterol, 22(R)-
hydroxycholesterol-26[25(S)]-al, and verazine are not
detected by this method (Augustin et al. 2015b). Seeds
from ten T2 lines of CO, ten T2 lines of CTOG, and three
T3 lines of CXTOG (in triplicate) were extracted, derivat-
ized, and analyzed by GC-MS for V. californicum metabo-
lites. All ten lines of CO plants showed a peak consistent
with authentic 22(R),26-dihydroxycholesterol, while the
two wild type plants lacked a corresponding peak. Figure 2
shows two representative CO samples. 22(R)-hydroxycho-
lesterol was not detected. Quantitation of 22(R),26-dihy-
droxycholesterol was not possible due to a lack of available
standard. No V. californicum metabolites were detected
from CTOG and CXTOG plants using GC-MS.

LC-MS/MS analysis for detection of V. californicum
metabolites in transgenic C. sativa seeds

Metabolite screening using LC-MS/MS was per-
formed on the same wild type and transgenic extracts
described in "GC-MS analysis of transgenic C. sativa
seeds and detection of 22(R),26-dihydroxycholesterol
in CO plants". Extracts were analyzed for verazine,
22(R)-hydroxy-26[25(S)]-aminocholesterol, and 22-keto-
26[25(R)]-hydroxycholesterol (Augustin et al. 2015b).
No accumulation of these metabolites was detected in
CO plants. In transgenic CTOG plants, 22(R)-hydroxy-
26[25(S)]-aminocholesterol was detected along with
three unknown compounds with the same mass and simi-
lar fragmentation patterns (Fig. 3). 22-Keto-26[25(R)]-
hydroxycholesterol was not detected, but a small amount
of verazine was detected (Fig. 4, Figure S2). In CXTOG
plants, 22(R)-hydroxy-26[25(S)]-aminocholesterol was
not detected, but 22-keto-26[25(R)]-hydroxycholesterol

@ Springer



36

Plant Biotechnol Rep (2017) 11:29-41

1xed

wn

W

Intensity (cps)

12

4
Time (min)

Fig. 4 Targeted LC-MS/MS analysis of verazine for structure vali-
dation and confirmation of presence in transgenic Camelina sativa
seeds expressing select Veratrum californicum genes in conjunc-
tion with GAD2 from Arabidopsis thaliana. Extracted samples were
analyzed by QTRAP 6500 using MRM scan for 398.3-159.2 m/z.
Overlay of wild type C. sativa seeds (red), C. sativa seeds express-
ing CYP90B27, CYP94N1, GABATI, and GAD2 (CTOG) (light
orange), C. sativa seeds expressing CYP90B27, CYP94Nl1,
CYP90G1, GABATI1, and GAD2 (CXTOG) (dark orange), S.
frugiperda Sf9 insect cells expressing CYP90B27, CYP94NI,
CYP90GI, CPR, and GABAT1 (black), structurally validated vera-
zine (green), and V. californicum root extract diluted 1/10,000 (blue).
CPR refers to cytochrome P450 reductase from E. californica, and
GAD?2 refers to glutamate decarboxylase 2. Verazine peaks are indi-
cated by an asterisk, all other peaks are unknown

was found to accumulate (Fig. 5). An additional peak
with the same mass and similar fragmentation pattern as
22-keto-26[25(R)]-hydroxycholesterol was also detected
with a 1 min delay in retention time (Fig. 5). Similarly,
verazine was detected alongside an additional peak hav-
ing 1 min delay in retention time (Fig. 4, Figure S2). This
unidentified compound also appeared to have the same
mass and similar fragmentation pattern (Figs. 4, 6). The
unstable metabolite 22(R)-hydroxycholesterol-26[25(S)]-
al was not detected in any sample. V. californicum root
extracts were also analyzed for verazine and four dis-
tinct peaks were detected, one corresponding well with
the heterologously produced verazine, but none with the
unknown peak in CXTOG plants (Fig. 4).

Quantitation of verazine was performed in triplicate,
on the same three CXTOG lines as above, using authen-
tic verazine standard (Abdel-Kader et al. 1998). The
first line analyzed revealed a verazine concentration of
41 +7 pg verazine/mg seed. The second line accumulated
67+ 13 pg verazine/mg seed while the third produced
54 + 6 pg verazine/mg seed.

@ Springer

Q-Exactive analysis for verazine confirmation

To verify the accumulation of verazine in CXTOG trans-
genic C. sativa seeds, extracts were analyzed by high-
resolution mass spectrometry (Fig. 6). A peak with mass
398.3418 was detected in the CXTOG seed extracts, con-
sistent with the calculated mass of 398.3417 (IM+H]")
for verazine. Compellingly, a defining fragment peak of
verazine, with mass 126.1279 (calculated mass 126.1277,
[M+H]") was also detected in the extract. All mass meas-
urement errors were well within the 5 ppm limit for con-
firming molecular formula.

Stereochemistry
of 22-keto-26[25(R)]-hydroxycholesterol and verazine

It is possible that the compound produced by the recombi-
nant enzymes is a stereoisomer of verazine, such as 20-epi-
verazine; a naturally occurring compound possessing a
20(R) configuration. To help verify the stereochemical con-
figuration of our product, we obtained a sample of purified
verazine for which Dr. David Kingston’s research labora-
tory (Abdel-Kader et al. 1998) had confirmed the configu-
ration by NMR. The verazine from the Kingston laboratory,
which has the S-configuration at C-20, had the same reten-
tion time (Fig. 4) and mass spectrum (Figure S2) as the ver-
azine produced in Sf9 insect cells and transgenic C. sativa.
Due to the instability of verazine, we could not isolate suf-
ficient quantities for NMR, but these results, in conjunction
with the known stereochemical configuration of the precur-
sor molecule cholesterol, we conclude that the produced
molecule is most likely verazine and not 20-epi-verazine.

The accumulation of 22-keto-26[25(R)]-hydroxycholes-
terol and its apparent inability to be converted into verazine
(Augustin et al. 2015b) led us to question its configuration
at the C-25 position. The configuration of verazine at C-25
is (S), and, therefore, the precursors 22(R), 26-dihydroxy-
cholesterol and 22(R)-hydroxy-26[25(S)]-aminocholesterol
are most likely also (S) at the corresponding position. To
determine the configuration at C-25 of 22-keto-26[25(R)]-
hydroxycholesterol, the (+)-(R)-MTPA and (-)-(S)-MTPA
esters were formed and analyzed by NMR. The analysis
suggested that the compound was most likely 25(R) as
the (R) ester displayed a larger separation in H-26 signals
(4.15, 4.25) than in the (S) ester (4.15, 4.24). Due to the
small difference in H-26 signals, this assignment must be
regarded as tentative; however, this stereochemical configu-
ration is supported by its apparent lack of oxidation at C-26
by CYP94N1 and amination by GABAT1 (Augustin et al.
2015b).
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Fig. 5 Targeted LC-MS/MS analysis of 22-keto-26[25(R)]-hydrox-
ycholesterol from transgenic Camelina sativa seeds expressing
CYP90B27, CYP94N1, CYP90GI1, and GABAT1 from Veratrum
californicum and GAD2 from Arabidopsis thaliana. Samples were
extracted and analyzed by QTRAP 6500 using MRM scan for 417.3—
271.0 m/z and EPI scan for 417.3 m/z. a Overlay of wild type C.
sativa seeds (red), C. sativa seeds expressing CYP90B27, CYP94N1,
CYP90G1, GABATI, and GAD2 (CXTOG) (orange), and 22-keto-

Discussion

Camelina sativa engineered to express CYP90B27,
CYP94N1, GABATI1, and GAD2 (with and without

26[25(R)]-hydroxycholesterol extracted from heterologous expres-
sion of CYP90B27, CYP94N1, CYP90G1, CPR, and GABATI1 in
S. frugiperda Sf9 insect cells (black). Mass spectrum of (b) 22-keto-
26[25(R)]-hydroxycholesterol from transgenic C. sativa (peak 1), ¢
peak 2 in transgenic C. sativa, and d 22-keto-26[25(R)]-hydroxycho-
lesterol from S. frugiperda Sf9 insect cells. Selected fragment ions
are shown. CPR refers to cytochrome P450 reductase from E. califor-
nica, and GAD?2 refers to glutamate decarboxylase 2

CYP90G1), were shown to accumulate verazine in seed,
the hypothesized precursor to the antineoplastic cyclopa-
mine. Verazine accumulation in plants lacking CYP90GI is
most likely due to the oxidizing capabilities of CYP90B27
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Fig. 6 Verazine synthesized in transgenic Camelina sativa seed.
Wild type C. sativa seeds and C. sativa seeds transformed with
CYP90B27, CYP94N1, CYP90G1, and GABAT1 from Veratrum
californicum and GAD2 from Arabidopsis thaliana (CXTOG) were
extracted and analyzed by high resolution mass spectrometry with
the Q-Exactive. a Overlay of MS2 scan for 398.34 m/z of wild type
C. sativa seeds (red), transgenic (CXTOG) C. sativa seeds (orange),
and S. frugiperda Sf9 insect cells expressing CYP90B27, CYP94N1,
CYP90G1, GABATI, and CPR for production of verazine (black).

at position C-22 (Augustin et al. 2015b). Not surprisingly,
plants transformed with the first two genes in the path-
way, CYP90B27 and CYP94N1 (CO), were found to con-
tain 22(R),26-dihydroxycholesterol. As expected, plants
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Peak 1 is verazine, peak 2 is unknown. b Calculated exact mass of
verazine and key fragment ion. MS2 fragmentation pattern for peak 1
are shown on the right including, ¢ wild type C. sativa, d transgenic
C. sativa, and e Sf9 extracts. f Mass spectrum for peak 2 in trans-
genic C. sativa. Spectra were filtered for exact mass of 398.3417 with
a mass tolerance of 20 ppm. Exact mass of verazine and key fragment
are indicated in bold. CPR refers to cytochrome P450 reductase from
E. californica and GAD2 refers to glutamate decarboxylase 2

containing the first three genes CYP90B27, CYP94NI1,
GABATI1, and GAD2 (CTOG) accumulated 22(R)-
hydroxy-26[25(S)]-aminocholesterol in addition to vera-
zine. 22-Keto-26[25(R)]-hydroxycholesterol was also
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detected in plants containing all genes (CXTOG). The
lack of 22-keto-26[25(R)]-hydroxycholesterol detection in
these plants by GC-MS is likely due to low sensitivity of
the instrument. Interestingly, peaks with unknown identity
were discovered in the transgenic C. sativa plants CTOG
and CXTOG. A minimum of 3 additional peaks were
detected alongside 22(R)-hydroxy-26[25(S)]-aminocho-
lesterol, each appearing to have the same mass and simi-
lar fragmentation pattern but possessing different retention
times. CXTOG plants contained one additional compound
similar to 22-keto-26[25(R)]-hydroxycholesterol; the
same was seen for verazine. These additional peaks sug-
gest the possibility of alternative stereoisomers produced
in C. sativa. Tautomerization could account for alternative
stereochemical configurations, however, these unknown
metabolites were not detected in Sf9 insect cells expressing
the V. californicum genes. Therefore, they are most likely
produced by plant specific enzymes present in C. sativa.
Interestingly, the probable stereoisomer of verazine discov-
ered in CXTOG lines was not detected in the CTOG plants
while verazine was detected in both.

An accumulation of 22-keto-26[25(R)]-hydroxycho-
lesterol in both C. sativa and Sf9 insect cells express-
ing CYP90B27, CYP94N1, CYP90G1, GABATI, and
CPR (Augustin et al. 2015b) suggested that it was not
a substrate for oxidation by CYP94N1 and transami-
nation by GABATI. It is possible that this compound
accumulates because it has the wrong C-25 configura-
tion for conversion to verazine. If CYP94N1 hydroxy-
lates in a non-stereospecific manner, it would pro-
duce both 22(R),26[25(R)]-dihydroxycholesterol and
22(R),26[25(S)]-dihydroxycholesterol, isomers that we
were unable to separate and distinguish. Subsequent oxi-
dation by CYP94N1, however, may be stereospecific and
only accept 22(R),26[25(S)]-dihydroxycholesterol. In V.
californicum, additional unidentified enzymes may con-
vert 22-keto-26[25(R)]-hydroxycholesterol to other sec-
ondary metabolites. Another possibility is that the equilib-
rium of these compounds may be altered by the presence
of additional, subsequent enzymatic reactions, resulting in
a higher accumulation of the 25(S) metabolites. The accu-
mulation of 22-keto-26[25(R)]-hydroxycholesterol in trans-
genic C. sativa in conjunction with minor accumulation in
V. californicum (Augustin et al. 2015b) also supports this
conclusion.

The low level of verazine accumulated (average of 50 pg
verazine per mg of seed) were suboptimal for production.
Continued engineering and genetic manipulation of C.
sativa is required for an increase in overall verazine yield.
Addition of subsequent pathway enzymes may increase
yield by potentially driving the equilibrium to production
of metabolites with the correct stereochemistry, therefore,
resulting in a reduction/ elimination of unwanted side

products. A representative example was described in Kris-
tensen et al., 2005 for A. thaliana plants engineered with
metabolic genes for dhurrin synthesis, a cyanogenic gluco-
side from sorghum. Many unintended side products were
found to accumulate in transgenic plants containing the first
two genes in the biosynthetic pathway. When the third gene
was introduced, and the pathway to dhurrin, therefore, com-
plete, the unintended side products were no longer detected
and end product accumulation was greatly enhanced (Kris-
tensen et al. 2005). By introducing sequential cyclopamine
biosynthetic enzymes (after they are discovered), similar
results may be achieved.

Verazine production could also be enhanced in C. sativa
by overexpression of genes that increase accumulation of
cholesterol, a precursor molecule for steroid alkaloids. C.
sativa has been previously found to contain nearly 200 pg
of cholesterol per g of oil, a relatively high amount when
compared to other oil crops such as coconut oil and palm
oil, for example (Shukla et al. 2002), however, cholesterol
was still identified as only a minor steroid in C. sativa, a
possible limiting factor for triterpenoid metabolite pro-
duction (Mansour et al. 2014; Shukla et al. 2002). Over-
expression of oxidosqualene cyclases such as cycloartenol
synthase or lanosterol synthase may increase the avail-
able cholesterol (Ohyama et al. 2009). Moreover, enhanced
expression of the recently discovered Sterol Side Chain
Reductase 2, a critical enzyme in plant cholesterol bio-
synthesis, could be another target for metabolic engineer-
ing (Sawai et al. 2014). In addition, upregulation of known
bottleneck enzymes in the mevalonic acid pathway may
enhance yield. As previously demonstrated by Augustin
et al. 2015a, overexpression of the rate limiting enzyme
1-deoxy-p-xylulose-5-phosphate synthase (DXS) in C.
sativa engineered to produce limonene and cadinene sig-
nificantly increased terpene production. A deeper under-
standing of cholesterol biosynthesis in plants will enhance
rational engineering in this regard.

Cultivation of C. sativa as an agricultural crop is indus-
trially and environmentally attractive due to its low input
requirements and biochemical properties. Efficient use of
cultivatable land by growth and harvest of C. sativa prior
to a typical growing season provides an opportunity for
specialty chemical production without jeopardizing food
crops or compromising undeveloped wilderness (Bansal
and Durrett 2016). In addition, after chemical extraction,
the remaining material can be used for hydrothermal pro-
cessing to biofuels or other industrial applications, result-
ing in little waste (Asomaning et al. 2014). Herein, we
demonstrated the biosynthesis of V. californicum second-
ary metabolites in C. sativa, highlighting the potential for
future engineering and industrial production. In addition,
we enhanced our knowledge of the stereochemical configu-
ration of the produced metabolites.
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