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The stigmatic estolide is a lipid-based polyester constitut-
ing the major component of exudate in solanaceous plants.
Although the exudate is believed to play important roles in
the pollination process, the biosynthetic pathway of stigmatic
estolide, including genes encoding the key enzymes, remains
unknown. Here we report the cloning and characterization of
the cytochrome P450 gene CYP86A22, which encodes a fatty
acyl-CoA w-hydroxylase involved in estolide biosynthesis in
the stigma of Petunia hybrida. A CYP86A22 cDNA was iso-
lated from a developing stigma cDNA library, and the corre-
sponding gene was shown to express predominantly in the
developing stigma. Among six P450 genes isolated from this
library, only CYP86A22 was implicated in w-hydroxylation
following RNA interference (RNAi)-mediated suppression.
Unlike wild-type plants in which w-hydroxy fatty acids
(mainly in the form of 18-hydroxy oleic acid and 18-hydroxy
linoleic acid) compose 96% of total stigma fatty acids, the
w-hydroxy fatty acids were essentially absent in the stigmas
from 18 of 46 CYP86A22-RNAi transgenic plants and had
varying levels of suppression in the remaining 28 plants. Fur-
thermore, lipids in the 18 CYP86A22-RNAi stigmas were pre-
dominantly triacylglycerols and diacylglycerols instead of the
estolides, which characterize the wild-type stigma. Analyses
of recombinant CYP86A22 conclusively demonstrated that
this P450 is a w-hydroxylase with a substrate preference for
both saturated and unsaturated acyl-CoAs rather than free
fatty acids. We conclude that the cytochrome P450 enzyme
CYP86A22 is the key fatty acyl-CoA w-hydroxylase essential
for the production of w-hydroxy fatty acids and the biosyn-
thesis of triacylglycerol-/diacylglycerol-based estolide poly-
esters in the petunia stigma.
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The stigma of Petunia hybrida and other solanaceous species
is covered by copious exudate, whereas the stigma of Arabidop-
sis thaliana and other Brassicaceae has little or no exudate on
the surface (1, 2). The exudate is primarily lipidic, although
other compounds such as proteins, sugars, and pigments are
also present (3—6). The lipidic character of the exudate derives
from the presence of a large amount of estolide, a lipid-based
polyester. Estolide is rich in w-hydroxy fatty acids, i.e. fatty acids
containing a hydroxy group on the terminal or omega (w) car-
bon. The exudate of petunia stigma contains up to 96% w-hy-
droxy fatty acids mainly in the form of 18-hydroxy-oleic acid
and 18-hydroxy-linoleic acid (7, 8). These w-hydroxy fatty acid
monomers are thought to be attached to a glycerol backbone
and then iteratively esterified such that the w-hydroxyl group of
one fatty acid is esterified to a carboxyl group of another to
ultimately form the estolide. In tobacco stigma, estolides are
formed as tetra-, penta-, hexa-, and heptaacyl glycerides and
capped by normal fatty acids (9, 10). The stigmatic exudate has
shown significant physiological roles in the pollination process
(11-14). Despite its importance, the biosynthetic pathway of
stigmatic estolide, including genes encoding the key enzymes,
has not been elucidated.

Analyses of Arabidopsis cuticle mutants indicate that cyto-
chrome P450 monooxygenases (CYPs or P450s)° play a central
role in the synthesis of cutin and suberin, two other major types
of plant lipid-derived polyesters (15, 16). P450s are hemopro-
teins belonging to a large superfamily virtually ubiquitous in all
living organisms (17, 18). The majority of microsomal P450s
studied to date require a cognate NADPH-dependent reduc-
tase to transfer electrons from NADPH via FAD and FMN
cofactors to the prosthetic heme group of the P450s. Interest-
ingly, unlike yeast and animal systems, which typically rely on a
single P450 reductase, plants appear to contain two distinct
P450 reductases (19, 20). P450s catalyze a wide range of biolog-
ical oxidations, including fatty acid w-hydroxylations. Among
various organisms, these fatty acid w-hydroxylases are grouped
into divergent P450 families. The mammalian P450s mediating
fatty acid w-hydroxylation are predominately found in the
CYP4 family (21-23), whereas the corresponding fungal P450s

® The abbreviations used are: CYP, cytochrome P450 monooxygenase; RNA,
RNA interference; FAME, fatty acid methyl ester; TMS, trimethylsilyl ester;
GC-MS, gas chromatography-mass spectrometry; LC/MS, liquid chroma-
tography/mass spectrometry; MS/MS, tandem mass spectrometry; MAG,
monoacylglycerol; DAG, diacylglycerol; TAG, triacylglycerol; EST, ex-
pressed sequence tag; DIG, digoxigenin; PR, P450 reductase; RfB, Gateway
reading frame B; GUS, B-glucuronidase; MES, 4-morpholineethanesulfonic
acid; HPLC, high performance liquid chromatography.
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are in the CYP52 family (24, 25). In plants, these P450s are
usually found in the CYP86 (26, 27) and CYP94 families (28, 29).

Genes encoding P450 fatty acid w-hydroxylases have been
isolated from A. thaliana and other plant species. The plant
P450 fatty acid w-hydroxylases characterized to date have been
implicated almost exclusively in cutin and suberin synthesis.
For example, the first isolated cutin mutant, attl encoding
cyp86a2 from A. thaliana, exhibits a reduction of cutin by 70%
(30). The Arabidopsis cyp86a8 mutant displays severely post-
genital organ fusion resulting from a structural defect at the
cuticle layer (31). In vitro assays indicate that the recombinant
CYP86 enzymes such as CYP86A1, CYP86A2, CYP86A4,
CYP86A7, and CYP86AS all have the ability to w-hydroxylate
free fatty acids with chain lengths from C12 to C18 (26, 27),
excluding stearic acid (18:0) and 9,10-epoxystearic acid (31, 32).
CYP94A subfamily members also include fatty acid w-hydroxy-
lases; however, these P450s have a substrate preference dis-
tinct from the CYP86A members. For instance, CYP94A1 from
Vicia sativa is able to w-hydroxylate not only free fatty acids
with chain lengths from C10 to C18 (not including 18:0) but
also 9,10-dihydroxystearic and 9,10-epoxystearic acid (28).
CYP94A5 from Nicotiana tobacum utilizes fatty acids with
chain lengths similar to the above P450s but preferentially uses
9,10-epoxystearic acid to produce 18-hydroxy-9,10-epoxy-
stearic acid, one of the major C18 cutin monomers (29). Collec-
tively, the P450 fatty acid w-hydroxylases implicated in the
cutin biosynthetic pathway all appear to use free fatty acids as
substrates, and to date, no P450 hydroxylases that utilize fatty
acyl-CoAs for the synthesis of extracellular lipids have been
reported in plants.

In this study, we report the cloning and characterization of
the cytochrome P450, CYP86A22, a fatty acyl-CoA w-hydrox-
ylase isolated from the stigma of P. hybrida. Our data demon-
strate that CYP86A22 is the P450 enzyme responsible for the
synthesis of w-hydroxy fatty acids in the petunia stigma. Fur-
thermore, our results establish that CYP86A22 activity is an
essential prerequisite for the biosynthesis of the DAG- and
TAG-based estolide polyesters that constitute the bulk of the
stigmatic exudate. Our data suggest that the CYP86A22 has
substrate specificity distinct from the other P450 fatty acid
w-hydroxylases reported to date in which recombinant
CYP86A22 exhibits a clear preference for both saturated and
unsaturated fatty acyl-CoAs rather than free fatty acids. Taken
together, the cytochrome P450 enzyme CYP86A22 is identified
as the key fatty acyl-CoA w-hydroxylase essential for estolide
synthesis in the petunia stigma.

EXPERIMENTAL PROCEDURES

Materials—[1-**C]Palmitic acid (55 mCi/mmol), [1-**C]oleic
acid (53 mCi/mmol), and [1-*C]stearic acid (53 mCi/mmol)
were purchased from American Radiolabeled Chemicals (St.
Louis, MO). The corresponding [1-'*CJacyl-CoAs were either
purchased from American Radiolabeled Chemicals or synthe-
sized as described by King ez al. (33). All other chemicals were
obtained from Sigma unless indicated otherwise.

Seeds of P. hybrida were purchased from Burpee (Warmin-
ster, PA). Plants were grown in a greenhouse at 22 °Cunder 15 h
of daylight at 50—60% relative humidity. In this study, floral
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development was divided into four stages: stage 1, floral buds
with a length of 1 cm; stage 2, floral buds with a length of 2 cm;
stage 3, floral buds with a length of 3 cm; and stage 4, floral buds
with a length of 4 cm.

Cloning of Cytochrome P450 Hydroxylase and NADPH-cyto-
chrome P450 Reductase Genes—One milligram of total RNA
was extracted from stage 2 developing stigmas of petunia floral
buds using the RNeasy Plant Kit (Qiagen). The poly(A)™-en-
riched mRNA was purified from total RNA, and a cDNA
library, which contained 2.9 X 107 primary plaques, was con-
structed in the Uni-Zap II vector by Stratagene (La Jolla, CA).
To identify clones encoding cytochrome P450 monooxygen-
ases and NADPH-cytochrome P450 reductases, an expressed
sequence tag (EST)-based approach was used. Plasmid DNA
(pBluescript SK™) was prepared via in vivo mass excision
according to Stratagene’s protocols. ESTs were produced from
a total of 8,737 high quality 5’ sequences of the plasmids and
then annotated using results from a tBlastn search of GenBank™™.
Forty-one ESTs were identified to unambiguously align to
established cytochrome P450s. These ESTs were further classi-
fied into six distinct groups. To obtain full-length cDNA clones,
digoxigenin (DIG)-labeled (Roche Applied Science) probes
were generated by PCR using a ¢cDNA clone from the corre-
sponding EST group as a template. The oligonucleotide prim-
ers used for PCR were: the forward primer, 5'-CGACACGTG-
GCTTTTCCAAC-3', and the reverse primer, 5-AACTC-
TGGAGAGAGTGTCTC-3', for PH1 (CYP86A22) probe; the
forward primer, 5'-ATGATGATAGCAATTATCTTAG-3/,
and the reverse primer, 5'-TGCTAAGAATTTCCTTGATC-
3', for PH3 (CYP749B1) probe; the forward primer, 5'-TGG-
AAGATTAAGAAAGCTC-3’, and the reverse primer,
5'-CTATCTGTGAAAGATACG-3', for PH5 (CYP704A14)
probe; and the forward primer, 5'-TGGATTAGTATCTT-
TCTTC-3’, and the reverse primer, 5'-AGCAAATCCAGG-
GATATTG-3' for PH6 (CYP88CI) probe. Each DIG-labeled
probe was used to screen the petunia stigma cDNA library fol-
lowing the recommended protocol (Roche Applied Science).
For both PH2 (CYP714G3) and PH4 (CYP94A13), sequence
analyses indicated that the primary EST clones encoded full-
length cDNAs. All full-length ¢cDNA clones were verified by
sequencing both strands.

Our sequence analysis also revealed two EST-encoding pro-
teins with homology to established NADPH-P450 reductases
(PRs). To isolate a clone encoding the full-length cDNA for the
putative reductase PR1, we again screened our stigma cDNA
library using a DIG-labeled probe. The probe was generated by
PCR using the PR1 EST-specific primers, 5'-ACCATCCT-
TGCAAAGTAAATG-3' and 5'-TGCTTCACTAGGTTCAG-
CTG-3'. As with the putative P450 (CYP714G3 and CYP94A 13)
ESTs, the EST clone for PR2 appeared to encode a full-length
c¢DNA. The sequences of PRI and PR2 cDNAs were verified as
above.

To clone the CYP86A22 promoter, an inverse PCR was per-
formed using petunia genomic DNA as template. One micro-
gram of genomic DNA was digested with 10 units of either Ncol
or Spel restriction enzymes. The resulting DNA fragments
were diluted to a final concentration of 3—4 ng/ul and self-
ligated by T4 DNA ligase (New England Biolabs, Beverly, MA).

JOURNAL OF BIOLOGICAL CHEMISTRY 3987



Stigmatic Estolide Biosynthesis

The circularized products were purified and used as template
for PCR amplification. Primers specific to the 5'-end sequence
of CYP86A22 cDNA were: forward primers, 5'-CGACACG-
TGGCTTTTCCAAC-3' or 5'-GATGACTTGCTTTCGAG-
GTTC-3', and a reverse primer, 5'-GCTGCTACAATTGCT-
ACAATC-3'. The PCR was performed in a 50-ul reaction
volume containing 20 pmol of each primer, 2.5 units of pfu DNA
polymerase (Stratagene), 0.2 mm dNTP, 2 mm Mg>", and 100
ng of the ligated DNA. The PCR conditions used were: one
cycle of 4 min at 94 °C, 30 cycles of 30 s at 93 °C, 30 s at 55 °C,
and 4 min at 72 °C. The amplified product was visualized on a
1% agarose gel, purified, and cloned into pCR-Blunt II-TOPO
vector (Invitrogen), resulting in pCR-StigP.

Constructs for Plant and Insect Cell Expression—To generate
a stigma expression vector, the CYP86A22 promoter sequence
was used to replace the phaseolin promoter in Gateway binary
vector pGATE-Phas (Dow AgroSciences, Indianapolis, IN),
which contains the aadA and bar genes for selection in E. coli
and plants, respectively. Because no restriction enzyme site is
located at the 5'-end of phaseolin promoter, an Sphl site was
introduced by PCR. Four primers served this purpose: I, 5'-
ATTCGGCGCCTACATCGACG-3'; 11, 5'-AATTGCAGCC-
CCGGCCGCCAGCATGCTTGTACTCCCAGTATCATTA-
TAG-3";1IL, 5'-ATAATGATACTGGGAGTACAAGCATGC-
TGGCGGCCGGGGCTGCAATTG-3'; and IV, 5'-ACCTTA-
ATTAAGGATCCTAGAGTAG-3’', in which the underlined
sites are Kasl, Sphl, Sphl, and Pacl, respectively. Three contin-
uous PCRs were performed. The first PCR was performed using
primers I and IIl and pGATE-Phas as template, the second with
primers II and IV and also pGATE-Phas as template, and the
last using primers I and IV with the purified products from the
first and second PCR reactions as templates. The final PCR
product containing the added Sphl site was purified and used to
replace the Kasl/Pacl fragment in pGATE-Phas. The restric-
tion sites Sphl and Pacl were introduced to the 5’- and 3’-ends
of CYP86A22 promoter by PCR with primers 5'-AGCATGC-
AGAAAACTACAGTTTACTAATTTTTTTTCTAAG-3" and
5'-AGTTAATTAACTTTTAATAACACCAACTTCCTG-
3’, using the pCR-StigP as template. The CYP86A22 promoter
was digested using Sphl and Pacl and cloned into the same sites
in pGATE-Phas to generate pGATE-Stig vector, in which the
phaseolin promoter is replaced by the CYP86A22 promoter
that is upstream of a sense Gateway reading frame B (RfB).

We applied a Gateway (Invitrogen) cloning strategy to gen-
erate our multiple stigma-specific RNA interference (RNAi)
constructs. Our stigma-specific Gateway RNAi destination
vector is a pGATE-Stig derivative, in which the A. thaliana
FAD2 intronl is sandwiched between two RfB cassettes
arranged as inverted repeats and cloned downstream of the
CYP86A22 promoter. The FAD2 intronl was amplified by PCR
from A. thaliana genomic DNA using the forward primer, 5'-
ACCCTGCAGGGTCCGTCGCTTCTCTTC-3', and the
reverse primer, 5'-ATGTTTAAACTGCAGAAAACCAAA-
AGC-3'. The Sbfl and Pmel restriction enzyme sites are under-
lined. Similarly, the Gateway RfB was amplified by PCR from
pGATE-Stig using primers 5'-ACCTCGAGATCAACAAGT-
TTGTACAAAAAAG-3' and 5'-AGGTTTAAACATCAACC-
ACTTTGTACAAG-3’, with the Xhol and Pmel underlined,
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respectively. The PCR fragments encoding the FAD2 intron
(1.1 kb) and RfB (1.7 kb) were separately cloned into pCR-Blunt
II-TOPO vector (Invitrogen). The 1.7-kb RfB fragment was
then excised from the appropriate clone using Pmel and HindIII
(vector) and cloned into the same sites of the appropriate
vector containing the 1.1-kb FAD?2 intron. Finally, the entire
2.8-kb fragment containing the FAD2 intron 1 and RfB was
excised with Sbfl and Xhol and inserted into the same sites of
pGate-Stig, thereby placing the 2.8-kb fragment immediately
downstream of the sense RfB cassette already present in the
pGate-Stig vector. This also placed the FAD2 intron in the
sense orientation and the second RfB cassette in antisense to
the first, yielding a stigma-specific RNAi vector, pGate-Stig-
RNAI, into which we could now easily introduce any interesting
sequences using Gateway technology.

To evaluate the functions of putative P450s, RNAi-appropri-
ate gene fragments were selected using RNAi searching tools
(Dharmacon, Lafayette, CO). In an effort to reduce the possi-
bility of spurious RNAi suppression, each sequence was aligned
with multiple P450 cDNAs to identify those sequences contain-
ing regions of minimal overlap. The selected fragments (~300 —
500 bp) were then amplified by PCR using the desired P450
cDNAs as a template. For TOPO directional cloning, four bases
(CACC) were added to all forward primers where necessary.
Gene-specific primers used for PCR were: 5'-CACCACCCGG-
ACCTTGAG-3" and 5'-TGTCACGTCCAGCTAGGATG-3’
for the CYP86A22 fragment, 5'-CACCTTCAAGAAGCTGC-
ACTTATG-3" and 5'-TATCACTTGTAAGATCGATG-3' for
the CYP714G3 fragment, 5'-CACCATGATGACAGCAAT-
TTGC-3" and 5-GCTAAGAATTTCCTTGATC-3' for the
CYP749B1 fragment, 5'-CACCTAGTAAAATACCAACA-
TCC-3" and 5'-TTGCGCAAGGACCTAGAGT-3" for the
CYP94A13 fragment, 5'-CACCCTCATGTACAGGAGA-3’
and 5'-CTATCTGTGAAAGATACG-3' for the CYP704A14
fragment, and 5'-CACCAAGGGCAAAGTCTAAC-3' and 5'-
CTCTGGGATAGTGTACC-3' for the CYP88CI fragment.
Each PCR fragment was first cloned into the entry vector
pENTR/D-TOPO (Invitrogen) and verified by sequencing.
Each fragment was then inserted into the pGate-Stig-RNAi
destination vector by recombination. The resulting vector con-
tained an inverted repeat of the selected fragment spaced by the
FAD2intronl. Each pGate-Stig-RNAi construct was sequenced
and then transferred into Agrobacterium tumefaciens for sub-
sequent transformation into petunia plants. Petunia transfor-
mation was performed using the Agrobacterium-mediated leaf
disc procedure (34). Transformants were regenerated from
selective medium containing 15 mg/liter glufosinate ammo-
nium (Finale, AgrEVo, Montvale, NJ). T1 lines were selected on
soil containing 25 mg/liter glufosinate ammonium (Finale). T2
lines were grown in the same conditions.

The Bac-2-Bac system (Invitrogen) was used for heterolo-
gous expression in Spodoptera frugiperda (Sf-9) insect cells.
To construct the necessary baculovirus expression vectors,
CYP86A22, PRI, and PR2 were amplified by PCR using pfu
DNA polymerase (Stratagene) and the appropriate cDNAs as a
template. The forward and reverse primers were: 5'-AAAGG-
CCTATGGAAGTATCAACAACTATG-3" and 5'-ATAGGC-
CTTCAAGCAGCAATCCCATTTAC-3' for CYP86A22, 5'-
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ATCTCGAGATGGAGTCGAGTTCGTC-3' and 5'-AAGCT-
AGCTCACCACACATCCCTGAG-3' for PRI, 5'-ATCTCG-
AGATGGATTCTACAGCAGAAAAGC-3" and 5'-TTGCTA-
GCTCACCACACATCACGCAG-3' for PR2, respectively. The
PCR products were cloned into the pCR-Blunt II-TOPO vector
(Invitrogen) and verified by sequencing. The 1.7-kb CYP86A22
coding region was excised with Stul and cloned into the corre-
sponding site of the pFastBac Dual expression vector (Invitro-
gen). Similarly, the 2.1-kb PRI and PR2 coding regions were
excised with Xhol and Nhel and cloned into the corresponding
sites in pFastBac (pFB) Dual. The resulting plasmids included
single gene constructs, pFB-CYP86A22, pFB-PR1, and pFB-
PR2, or double gene constructs, pFB-CYP86A22:PR1 and pFB-
CYP86A22:PR2, which were then used to generate recombi-
nant bacmids according to the recommended protocols. The
empty pFB-Dual vector was used as a negative expression con-
trol. Typically, Sf-9 cells at a density of 1 X 10° cells/ml were
infected with high titer virus and cultured for an additional 48 h.
Cells were harvested by centrifugation and stored at —80 °C
until the day of assay.

Histochemical GUS Analysis—The B-glucuronidase (GUS)
coding sequence was amplified by PCR from pBI101.3 (Clon-
tech, Mountain View, CA) using primers 5'-CACCTACGGT-
CAGTCCCTTATG-3" and 5'-GGTAGCAATTCCCGAGG-
CTG-3'. The PCR product was cloned into the entry vector
pENTR/D-TOPO (Invitrogen) and then inserted behind the
stigma promoter in pGate-Stig vector. The resulting vector,
pStig-GUS, was introduced into A. tumefaciens and used to
transform petunia plants. Transgenic plants were selected by
resistance to Basta and used for histochemical GUS analysis
essentially as described by Jefferson et al. (35). Floral buds and
tissues were removed and placed in the GUS substrate buffer
(100 mm sodium phosphate buffer, pH 7.0, 0.1% Triton X-100,
0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide,
and 0.5 mm X-Gluc). After a 5-min vacuum infiltration, samples
were placed in a 37 °C incubator for 16 h. The tissues were then
incubated in a solution of ethanol:acetic acid (3:1) at 70 °C for
1 h and rinsed twice with 70% ethanol. Blue signals were scored
and photographed under a dissecting microscope.

Northern, Western, and '*C-Labeling Analysis—For North-
ern blot analysis, total RNA was isolated from the stigma and
other tissues of petunia plants using the RNeasy Plant Kit (Qia-
gen). A total of 3 ug of RNA was separated on a 1.2% agarose gel
containing 0.3 M formaldehyde and 0.25 ug of ethidium bro-
mide. The RNA was subsequently transferred onto a nylon
membrane and probed with the DIG-labeled gene-specific
sequences. After hybridization, the signals were detected by a
chemiluminescence reaction using an anti-DIG-alkaline phos-
phatase conjugate and the substrate disodium 3-(4-meth-oxy-
spiro{1,2-dioxetane-3,2’-(5'-chloro)tricyclo[3.3.1.1*>7]decan}-
4-yl)phenyl phosphate.

For Western blot analysis, rabbit anti-CYP86A22 antisera
was generated by Sigma-Genosys (Woodlands, TX) using the
synthetic peptide SQDGDKFQVQDTFRFVA(C) correspond-
ing to amino acids 435—-451 of CYP86A22. Microsomal protein
was extracted from the stigma of wild-type and transgenic
plants as described by Benveniste et al. (36). Briefly, stigmas
were ground in liquid nitrogen and extracted in a buffer con-
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taining 0.1 M potassium phosphate buffer (pH 7.4), 250 mm
sucrose, 1 mM EDTA, 0.4% bovine serum albumin, and 10 mm
2-mercaptoethanol. The homogenate was centrifuged for 10
min at 10,000 X g to remove any tissue and cell debris. The
resulting supernatant was then centrifuged at 500,000 X g for
15 min in an ultracentrifuge to pellet microsomal fraction. The
microsomal fraction was washed once with the extraction
buffer and then resuspended in a buffer consisting of 0.1 M
potassium phosphate buffer (pH 7.4), 10 mM 2-mercaptoetha-
nol, and 30% glycerol by gentle agitation with a glass rod. Pro-
tein concentrations were determined using the BCA assay
(Pierce) with bovine serum albumin as a standard. Aliquots of
the microsomes were then stored at —80 °C. Proteins were sep-
arated by SDS-PAGE on 4% stacking/10% resolving gel. Pro-
teins were then electroblotted onto a nitrocellulose membrane
and probed with a 1:1000 dilution of the CYP86A22 antisera
followed by 1:4000 dilution of a goat anti-rabbit IgG alkaline
phosphatase-conjugate (Sigma). Alkaline phosphatase was
detected using nitro blue tetrazolium and 5-bromo-4-chloro-
3-indolyl phosphate.

For '*C-labeling analysis, two fresh stigmas were removed
from the stage 2 floral buds of either wild-type or transgenic
plants and placed in 0.1 ml of incubation buffer consisting of 25
mM sucrose, 100 mMm sorbitol, and 25 mm MES, pH 6.0. One
microcurie of [1-'*C] 18:1 fatty acid (51 mCi/mmol) was then
added to the buffer containing the two stigmas. After an over-
night incubation under normal laboratory light, the samples
were rinsed three times with water and briefly dried on a filter
paper. Fatty acid methyl esters (FAMEs) from these stigmas
were prepared as described below and separated by TLC on a
silica gel 60 plate (EMD, Gibbstown, NJ) with a solvent system
consisting of petroleum ether:diethyl ether:acetic acid (70:30:1,
v/v). The radioactive signals were detected with an instant
imager (Packard, Meriden, CT) and quantified using the man-
ufacturer’s software.

Enzyme Assays—To prepare microsomal fractions from Sf-9
cells, cell pellets were resuspended in 1X phosphate-buffered
saline buffer containing 1 mm EDTA, 0.4 mm phenylmethylsul-
fonyl fluoride, and 10 mm 2-mercaptoethanol. Cells were then
broken by manual homogenization in a 15-ml glass homoge-
nizer on ice with 30 strokes. The lysate was centrifuged for 10
min at 10,000 X g to remove any cell debris. The resulting
supernatant was then centrifuged at 500,000 X g for 15 min in
an ultracentrifuge to pellet the microsomes. The microsomal
fraction was washed twice with the lysis buffer to remove resid-
ual NADPH. The pellet was then resuspended in a buffer con-
sisting of 1 X phosphate-buffered saline buffer, 10 mm 2-mer-
captoethanol, and 20% glycerol by gentle agitation with a glass
rod. Protein concentrations were determined using the BCA
assay (Pierce) with bovine serum albumin as a standard. Ali-
quots of the microsomes were stored at —80 °C. In this way,
enzyme activity can be kept for at least 3 months. Enzyme activ-
ity was determined as described by Duan et al. (27). Micro-
somes (100 ug) were incubated with 10 um of *C-labeled sub-
strates in the presence of 20 mm potassium phosphate (pH 7.4),
6.7 mM glucose 6-phosphate, 1 unit glucose-6-phosphate dehy-
drogenase, and 1 mmM NADPH at 30 °C in a final volume of 50 ul.
Reactions were initiated by the addition of microsomal protein
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followed by 15-min incubation and terminated by adding 5 ul
of 6 N HCl. Metabolites were then converted to FAMEs as
described below. Methylated metabolites were dissolved in 15
pl of hexane and then resolved by TLC. Radioactive signals
were detected with an instant imager as described above.

Fatty Acid and Lipid Analyses—FAMEs of stigmas from
petunia plants were prepared by placing the tissue in 1.5 ml of
2.5% H,SO, (v/v) in methanol. After 1-h incubation at 80 °C, 1
ml of 0.9% NaCl and 1.5 ml of hexane were added. The upper
phase was transferred to a glass tube, and then the lower phase
was extracted with an additional 1.5 ml of hexane. The pooled
organic phases containing FAMEs were evaporated under
nitrogen gas. The FAMEs were dissolved in 50 ul of hexane and
further treated with 50 ul of the silylating reagent N,O-bis(tri-
methylsilyl)trifluoroacetamide containing 1% (v/v) trimethyl-
chlorosilane (Supelco, Bellefonte, PA). The trimethylsilyl esters
(TMSs) were dissolved in 200 ul of hexane, and a 1-ul sample
was separated by GC on a 30-m X 0.25-mm Rtx-2330 capillary
column (Restek, Bellefonte, PA). Chromatography was pro-
grammed with an initial temperature of 100 °C for 3 min, fol-
lowed by a 20 °C/min ramp to 250 °C, and then held for 3 min.
The eluted components were identified by their 70-eV elec-
tron-impact mass spectra scanning from 50 to 500 atomic
mass units using a GCQ-coupled Polaris mass spectrometer
(ThermoQuest, San Jose, CA).

For analysis of lipid species from transgenic plants, fresh stig-
mas (100 mg) were extracted by using the chloroform-metha-
nol method (37). The extracted lipids were then dissolved in 1
ml of chloroform and separated by HPLC on an SP-silica col-
umn (Cobert, St. Louis, MO). The mobile phase consisted of
hexane:isopropanol (9:1, v/v) for 5 min followed by hexane:
isopropanol (3:1, v/v) for 10 min. A portion of each fraction was
resolved by TLC on a silica gel 60 plate with a solvent system
consisting of hexane:diethyl ether:formic acid (70:30:2, v/v) and
visualized by iodine vapor. The remaining fraction was infused
at 10 wl/min into the electrospray ionization interface of an
LCQ ion trap mass spectrometer (ThermoQuest). The mass
spectrometer was operated in positive ion mode with the
source voltage set to 4.5 kV, a capillary voltage of 19 V, and
temperature of 290 °C. In full MS mode, scans were collected
between m1/z values of 200 and 2000 to identify the molecular
ion of individual fractions. In MS/MS mode, parent ions were
fragmented with collision energy between 34 and 36%, and
scanned out between m1/z values of 200 and 1200.

Acyl-CoA Analysis—"*C-Labeled acyl-CoA substrates were
analyzed according to Hlousek-Radojcic et al. (38). The reac-
tions were prepared as described under “Enzyme Assays” but
stopped by the addition of two reaction volumes of 1-butanol:
acetic acid, 5:2 (v/v). The phase was split by the addition of six
reaction volumes of water, mixing well, and centrifugation. The
upper butanol phase was collected and evaporated with a
stream of nitrogen to near dryness before loading onto a silica
gel 60 plate (EMD, Gibbstown, NJ) with a solvent system con-
sisting of 1-butanol:acetic acid:water, 5:2:3 (v/v). The radioac-
tive signals were detected with an instant imager as described
above.

Acyl-CoAs were extracted from stigmas (~60 mg) according
to Larson and Graham (39) and analyzed using a 4000 Q-TRAP
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LC/MS/MS system (Applied Biosystems, Foster City, CA). The
stigma acyl-CoAs were separated by HPLC on an Eclipse XDB-
C18 column (3.0-mm X 100-mm with 3.5-um particles, Agi-
lent) fitted with a guard cartridge. Injection volume was 20 ul.
The flow rate was set to 1 ml/min. The solvent system consisted
of solvent A (acetonitrile:water, 10:90, v/v), solvent B (acetoni-
trile), and solvent C (water:acetonitrile:formic acid, 30:70:0.1,
v/v). The gradient elution was initiated with 0% B and increased
to 25% B/75% A in 5 min, and further to 50% B/50% A in 3 min
and held for 2 min, then switched to 100% C in 2 min and held
for 3 min, and finally changed to 100% A in 2 min and held for 5
min for equilibration.

Electrospray ionization-MS/MS spectrometry was per-
formed in positive ion mode. Spray voltage was set to 5 kV,
nebulizing gas (GS1) at 60 p.s.i., focusing gas (GS2) at 60 p.s.i.,
and curtain gas at 20 p.s.i. The source temperature was held at
750 °C. Declustering potential and collision energy were opti-
mized on a compound-dependent basis.

The w-hydroxyl acyl-CoAs were identified in multiple-reac-
tion monitoring mode modified from Magnes et al. (40). In this
mode, the precursor-product ion pairs of w-hydroxyl acyl-
CoAs were monitored by the addition of m/z 16 for the
hydroxyl group to corresponding normal acyl-CoAs. For exam-
ple, w-hydroxyloleoyl-CoA was monitored by the precursor-
product ion pair of m/z 1048.35 and 541.36, and w-hydroxylli-
noeoyl-CoA was monitored by the precursor-product ion pair
of m/z 1046.33 and 539.34.

Sequence Analysis—Pairwise comparisons of amino acid
sequences were performed using the MegAlign program
(DNAStar Inc., Madison, WI). Multiple sequence alignments
were done using ClustalX (41) and GeneDoc software® or Vec-
tor NTI (Invitrogen). For phylogenetic analysis, an unrooted
tree was developed using TreeView (42).

RESULTS AND DISCUSSION

Accumulation of w-Hydroxy Fatty Acids in the Developing
Stigma of P. hybrida—To generate a cDNA library representing
genes for the biosynthesis of w-hydroxy fatty acids in the
stigma, we first determined the fatty acid composition in devel-
oping stigmas at four different stages by GC-MS analysis. As
shown in Fig. 1, w-hydroxy fatty acids represented the predom-
inant fatty acid species in all four stages of stigma development.
The amount of w-hydroxy fatty acids in the stage 2 stigma
nearly doubled relative to the stage 1 stigma. Beyond the early
stages, the increase was less dramatic with stage 3 and stage 4
exhibiting only a 15 and 6% increase, respectively, over the pre-
ceding stage. These observations suggest that, in P. hybrida,
stage 2 stigmas exhibit the fastest accumulation rate of w-hy-
droxy fatty acids among the four stages of floral development.
We therefore concluded that stage 2 was the most appropriate
stage for isolation of mRNA for cDNA library construction.

Cloning of Putative Cytochrome P450s from the Petunia
Stigma—An EST-based strategy was used to isolate P450 clones
from the stage 2 stigma cDNA library. Forty-one of ~10,000
ESTs were found to encode presumptive P450s. Based on their

%K. Nicholas, H. Nicholas, and D. Deerfield (1997) GeneDoc, available on-line
from the author.
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FIGURE 1. Accumulation of w-hydroxy fatty acids (OH-FAs) in the differ-
ent stage stigmas of floral buds of wild-type plants. Fatty acids were
determined as FAME/TMS derivatives by GC-MS. Values are means with the
error bar obtained from at least three independent samples.

sequence identity, the P450 ESTs were classified into six
groups, PHI1-PH6, in which PHI was represented by 30 ESTs;
PH?2, represented by six ESTs; and PH3-PH6, represented by
one to two ESTs. Full-length cDNAs for each class were sub-
sequently isolated from the ¢cDNA library. In keeping with
established nomenclature,” we will hereafter refer to the
deduced polypeptides, PH1-PH6, as CYP86A22, CYP714G3,
CYP749B1, CYP94A13, CYP704A14, and CYP88C1, respec-
tively. The six P450 clones all exhibit the conserved motifs char-
acteristic of established P450 sequences, including the heme
binding and oxygen activation motifs (supplemental Fig. 1).
Among one another, however, they share relatively low amino
acid sequence identity (11 - 33%), indicating that they belong to
different P450 families. We further compared the six stigma
clones to other P450 sequences (supplemental Fig. 2). The phy-
logenetic analysis reveals that CYP86A22, CYP94A13, and
CYP704A14 are most closely related to established plant
fatty acid w-hydroxylases, whereas the remaining clones
group with P450 enzymes likely involved in alternative path-
ways. CYP86A22 shares 70% amino acid sequence identity
with CYP86A2 and CYP86A8, and CYP94A13 has 60%
sequence identity with CYP94A1 and CYP94A2.
CYP704A14 displays lower amino acid sequence identity
(~30%) with the CYP86A and CYP94A subfamily members,
but higher identity (~54%) with CYP704A subfamily mem-
bers. Although the exact function of the CYP704 family
members has not yet been clarified, as discussed above, both
CYP86 and CYP94 families are documented fatty acid w-hy-
droxylases involved in the synthesis of cutin and suberin
polyesters (28-31). Thus, CYP86A22, CYP94A13, and
CYP704A14 are all viable candidates for fatty acid w-hydrox-
ylases and were subjected to further characterization.
Because microsomal P450 hydroxylases require electron
transfer partners for activity, we also cloned two putative NAD-
PH:P450 reductases from the stigma cDNA library. Sequence
analysis revealed that these cDNAs encode two closely related
NADPH:P450 reductases, PR1 and PR2, with 66% amino acid
sequence identity to each other (data not shown). Further
sequence analysis showed that the PR1 and PR2 proteins share
72 and 68% amino acid identity with the A. thaliana P450
reductases ATR1 and ATR2, respectively (19, 20). These obser-

7 D.R. Nelson (2009) The Cytochrome P450 Homepage.
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FIGURE 2. Expression pattern of the putative fatty acid w-hydroxylase
genesin wild-type plants. A, Northern blot analyses. Total RNA (~3 pg) from
various tissues was hybridized with DIG-labeled probes derived from the
P450 cDNAs. Stigma was removed from either bud or flower tissues used in
this study. Stigma 2 and Stigma 4 represent the stage 2 and 4 stigma, respec-
tively. An ethidium bromide stain of the gel served as a loading control.
B, histochemical analyses of transgenic petunia plants containing the CYP86A22
promoter fused to the GUS reporter gene.

vations indicate that both PR1 and PR2 are candidates for
NADPH:P450 reductases.

Expression Analysis of CYP86A22, CYP94A13, and
CYP704A 14—Because three P450 clones, namely CYP86A22,
CYP94A 13, and CYP704A 14, fall into the plant fatty acid w-hy-
droxylase group, we first examined their organ-specific mRNA
expression. The Northern blot revealed that the CYP86A22
transcript is most abundant in the developing stigma of floral
buds with virtually equivalent expression in both the stage 2 and
stage 4 stigmas (Fig. 24, upper panel). The transcript is also very
weakly detected in the other tissues examined. Like CYP86A22,
the transcripts of the CYP94A13 and CYP704A14 genes are
almost exclusively restricted to the stigma (Fig. 24, middle
panels).

The CYP86A22 expression profile is supported by GUS
reporter studies. In petunia transformed with the GUS reporter
gene fused to the CYP86A22 promoter, a pattern of GUS
expression similar to CYP86A22 transcript was observed. As
shown in Fig. 2B, histochemical analysis revealed strong GUS
activity in the stigma of transgenic petunia but not in other
tissues such as leaves, stems, and roots. This result is essentially
consistent with the Northern analysis, indicating that the
CYP86A22 gene is predominantly expressed in the stigma of
petunia.
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FIGURE 3. Altered fatty acid profile in the CYP86A22-RNAi stigma of transgenic petunia lines. A, GC-MS
analysis of fatty acid composition of the wild-type stigma (upper panel) and the RNAi stigma (lower panel). The
arrows indicate the corresponding w-hydroxy fatty acids disappearing in the CYP86A22-RNAi stigma. B, the
mass spectra of TMS derivatives of w-hydroxyoleic acid (OH-18:1, upper panel) and w-hydroxylinoleic acid

(OH-18:2, lower panel) of wild-type stigma.

TABLE 1
Distribution of w-hydroxy fatty acids in the CYP86A22-RNAi stigmas
of transgenic petunia lines

Thelines are grouped into six types based on the percentage of w-hydroxy fatty acids
(OH-FAs) found in the total amount of fatty acids in the stigma. OH-FAs were
determined as FAME/TMS derivatives by GC-MS.

Type I 11 I v \% VI
OH-FAs (%) 80-90  60-70  30-50 10-20 2-5 0-1
No. of lines 2 4 8 4 10 18
Percentage 4.3 8.7 17.4 8.7 21.7 39.1

CYP86A22 Encodes a Fatty Acid Hydroxylase Essential for the
Production of w-Hydroxy Fatty Acids in the Wet Stigma—To
probe the function of each P450, we generated RNAi constructs
driven by the CYP86A22 promoter. The resulting RNAi con-
structs were introduced into the petunia plants. A total of 46
transgenic lines were obtained for CYP86A22-RNAi and 30
transgenic lines, respectively, for CYP94A13-RNAi and
CYP704A14-RNA.I. Fatty acid composition of the wild-type and
the RNAIi stigmas was determined by GC-MS analysis. As
shown in Fig. 34, fatty acid composition in the CYP86A22-
RNAI stigma is dramatically altered. Compared with the wild-
type stigma, which contains up to 96% w-hydroxy fatty acids
(Fig. 3A, upper panel), the o-hydroxy fatty acid content in the
typical CYP86A22-RNAI stigma is reduced to trace or non-
detectable levels (Fig. 3A, lower panel). In contrast, no change in
fatty acids was observed in CYP94A 13- and CYP704A14-RNAi
stigmas (data not shown). As shown in Fig. 3B, the mass spectra
of w-hydroxy fatty acid TMS derivatives of wild-type stigma are
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essentially identical to previous
reports (10, 43), i.e. molecular ions

OH-18:1 TMS [M]* = 384 for OH-18:1 TMS and
[M]" = 382 for OH-18:2 TMS and
355.1 their diagnostic fragment ions

[M-15]%, [M-29] ", and [M-47]". A
comprehensive analysis of the
stigma fatty acid composition of all
CYP86A22-RNAI lines is presented
in Table 1. The lines are grouped
into six categories (Types I-VI)
depending upon the amount of
w-hydroxy fatty acids measured in
the stigmas. The majority of the
CYP86A22-RNAi lines (Types V
and VI) displayed significantly
decreased levels of w-hydroxy fatty
acids in their stigmas relative to
those of wild-type plants, suggesting
that CYP86A22 encodes a major
fatty acid w-hydroxylase required
for the biosynthesis of w-hydroxy
fatty acids in the petunia stigma.
To further explore the correla-
tion between w-hydroxy fatty acid
levels and CYP86A22, we examined
CYP86A22 expression and activity
in the different CYP86A22-RNAi
stigma types (Fig. 4). Those RNAi
stigmas containing high levels of
w-hydroxy fatty acids (Type I) also exhibit levels of CYP86A22
mRNA, protein, and activity that are commensurate with wild-
type stigma. CYP86A22-RNAi stigmas with intermediate levels
of w-hydroxy fatty acids (Types Il and IV) are characterized by
reduced levels of CYP86A22 mRNA and greatly diminished
levels of both CYP86A22 protein and w-hydroxylase activity.
Finally, CYP86A22-RNAi stigmas with trace or non-detectable
levels of w-hydroxy fatty acids (Types V and VI) also have no
detectable CYP86A22 mRNA, protein, or hydroxylase activity.
Collectively, these results strongly affirm that CYP86A22 is the
fatty acid w-hydroxylase responsible for w-hydroxy fatty acid
biosynthesis in the wild-type petunia stigma.
CYP86A22-derived w-Hydroxy Fatty Acids Are Required for
Estolide Biosynthesis—To determine if RNAi suppression of
CYP86A22 has a global effect on lipid composition in petunia
stigma, total lipids from either wild-type or CYP86A22-RNAi
stigmas (Table 1, Type VI) were analyzed by both TLC and
LC/MS. As shown in Fig. 54, resolution of total lipids by TLC
confirms that estolides are the predominant lipid forms in the
wild-type stigma. Interestingly, in the TLC-resolved extract
from the CYP86A22-RNAi stigma, estolides are essentially
absent and have been replaced by TAGs and DAGs. No mono-
acylglycerols (MAGs), however, are found in the lipid extract.
The total lipid extract from the CYP86A22-RNAi stigma was
also fractionated by HPLC prior to TLC (Fractions 4-9).
Selected fractions were subsequently analyzed by LC/MS, and
their MS spectra were compared with authentic lipid standards.
The most abundant ion of the Fraction 4 is 71/z 903, reflecting
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FIGURE 4. Altered expression levels in the CYP86A22-RNAi stigma of
transgenic petunia lines. A, relative levels of CYP86A22 mRNA were deter-
mined in stigmas exhibiting varying levels (I-VI) of w-hydroxy fatty acids cor-
responding to Table 1. An ethidium bromide stain of the gel served as a
loading control (above). B, microsomal proteins from the same stigma groups
were subjected to Western analysis using the CYP86A22 antisera. C, conver-
sion of exogenously supplied [1-'*C] 18:1 fatty acid to w-hydroxy 18:1 was
evaluated in the different stigma types. FAMEs from these samples were sep-
arated on TLC plate, and radioactive signals were detected by an instant
imager.

[M + Na] ™ of 18:2/18:2/18:1-TAG (Fig. 5B, upper panel). Its
MS/MS yields fragment ions m/z 623 and m/z 601 that reflect
the neutral loss of a fatty acid [M + Na — (R,,CO,H)]* and its
sodium salt [M + Na — (R, CO,Na)]™, respectively, where n
denotes the glycerol carbon to which the fatty acid is esterified
(44, 45). As shown on the lower panel of Fig. 5B, the most abun-
dant ion of Fraction 9 is m/z 639, reflecting [M + Na]™ of
18:2/18:2-DAG. Its MS/MS vyields fragment ions m/z 359 and
m/z 337 that also reflect the neutral loss of a fatty acid [M +
Na — (R,CO,H)]* and its sodium salt [M + Na —
(R,,CO,Na)]™, respectively. These data are consistent with the
fatty acid analyses of RNAI stigma (Fig. 34, lower panel), i.e.
normal 18:2 fatty acid was the most abundant species in the
RNAi stigma. Together, these findings suggest that the
CYP86A22-derived w-hydroxy fatty acids serve as monomers
in the biosynthesis of estolides and that TAGs or DAGs serve to
nucleate the formation of these polyesters.

Recombinant CYP86A22 Exhibits Fatty Acid w-Hydroxylase
Activity and Has a Substrate Preference for Acyl-CoAs—Al-
though w-hydroxy fatty acids are major components of stig-
matic estolide, the enzymatic mechanisms underlying their
synthesis are poorly characterized. Using RNAi technology, we
have demonstrated that CYP86A22 is essential for the produc-
tion of w-hydroxy fatty acids in petunia stigma. To unambigu-
ously confirm that CYP86A22 catalyzes the w-hydroxylation of
fatty acids, we infected Sf-9 insect cells with a recombinant
baculovirus encoding CYP86A22, PR1, or PR2 and with a dual
expression baculovirus encoding both CYP86A22 and PRI or
PR2. Microsomes were prepared, and w-hydroxylase activity
was examined using either '*C-labeled free fatty acids or the
corresponding fatty acyl-CoAs as substrates. No w-hydroxylase
activity was detected in microsomes prepared from Sf-9 cells
infected with wild-type baculovirus or recombinant virus
encoding CYP86A22, PRI, or PR2 alone. Similarly, no w-hy-
droxylase activity was observed when microsomes containing
CYP86A22 alone were combined in vitro with microsomes con-
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taining PR1 or PR2 alone (data not shown). However, fatty acid
w-hydroxylase activity was observed in microsomes prepared
from insect cells expressing the CYP86A22:PR1 dual recombi-
nant baculovirus (Table 2). This activity was detected in the
presence of an unsaturated fatty acid 18:1 but not with satu-
rated free fatty acids such as 16:0 and 18:0. Surprisingly, signif-
icantly greater w-hydroxylase activity was observed with both
saturated and unsaturated fatty acyl-CoA substrates. Among
the acyl-CoA substrates tested, the preference order in vitro
was 16:0-CoA > 18:1-CoA > 18:0-CoA. Compared with the
free fatty acid, activity was 3—-20 times more with acyl-CoAs,
suggesting that CYP86A22 has a preference for fatty acyl-CoA
substrates. Similar activity was observed in microsomes pre-
pared from Sf-9 cells expressing the CYP86A22:PR2 dual
recombinant baculovirus (data not shown). Also, the lack of
activity in microsomes containing CYP86A22 by itself implies
that this enzyme cannot promiscuously use an endogenous Sf-9
reductase and instead requires a specific plant NADPH:P450
reductase for activity. This substrate specificity is clearly differ-
ent from other w-hydroxylases of the CYP86A or CYP94A sub-
families that are able to utilize various free fatty acids as sub-
strates for cutin synthesis (26, 28, 29, 31).

To examine whether acyl-CoA could be a direct substrate for
CYP86A22, we performed preincubation assays in which the
fatty-acyl moiety of the CoA substrate was allowed to incorpo-
rate into membrane lipids. As shown in Fig. 6, w-hydroxy prod-
ucts were detected from microsomes directly incubated with
acyl-CoA substrates in the presence of NADPH and/or the
regeneration system. The conversion rates were 7.1%, 5.2%, and
4.2% in the presence of both NADPH and the regeneration
system, NADPH alone, and the regeneration system alone,
respectively. However, w-hydroxy products were largely absent
when the fatty-acyl moiety was first allowed to equilibrate with
the microsomal membrane lipids. To ensure that this result was
not a consequence of loss of CYP86A22 activity during prein-
cubation, a separate experiment was conducted in which
CYP86A22:PR1 microsomes alone were preincubated for vari-
ous times prior to the addition of substrate (supplemental Fig.
3). The data unambiguously demonstrate that the CYP86A22
enzyme is stable during the 30-min preincubation. Moreover,
the conversion rates of w-hydroxy products at the 0-, 5-, 15-,
and 30-min preincubation time points were essentially the
same, i.e. 8.2%, 8.2%, 7.8%, and 8.0%, respectively. These obser-
vations indicate that the fatty-acyl moiety is unlikely first incor-
porated into a microsomal lipid intermediate that then serves as
a substrate for CYP86A22. Rather, these results suggest that the
acyl-CoAs are direct substrates for the hydroxylase.

To further explore the enzymatic properties of CYP86A22, a
time-course analysis of product formation was conducted. As
shown in Fig. 7, the w-hydroxy fatty acids steadily accumulated
between 0 and 15 min, after which time w-hydroxy product
formation appeared to cease. A loss of w-hydroxy product for-
mation after 15 min might in part result from the competing
utilization of the acyl-CoA substrate by endogenous enzyme
systems such as desaturases and/or elongases.

If the products of CYP86A22 are w-hydroxy acyl-CoAs, we
should be able to directly detect these products from petunia
stigma instead of methylating the products of in vitro assays. To
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FIGURE 5. Altered lipid forms in the CYP86A22-RNAi stigma of transgenic
petunia lines. A, TLC analysis of the wild-type and the RNAi stigma. Lipid
standards used are as follows: 1,2,3-trilinoleoyl-sn-glycerol (TAG), 1,2-dio-
leoyl-sn-glycerol (DAG), and 1-oleoyl-rac-glycerol (MAG). Lipids were ex-
tracted from the wild-type stigma and the CYP86A22-RNAi type VI stigma and
resolved by TLC. Lipid fractions from the RNAi type VI stigma were
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TABLE 2

Substrate specificity of CYP86A22 in the presence of the
NADPH:P450 reductase PR1

Microsomes from insect cells infected with the CYP86A22:PR1 dual recombinant
baculovirus were incubated with 10 um **C-labeled free fatty acids and acyl-CoAs at
30 °C for 15 min. Reaction products were analyzed as described under “Experimen-
tal Procedures.” Values are the mean of at least three independent assays = S.E.

Substrate w-Hydroxy fatty acid
pmol/min/mg protein
16:0 ND“
18:0 ND
18:1 6.7 0.3
16:0-CoA 110.0 = 2.9
18:0-CoA 193+ 1.3
18:1-CoA 233+ 1.8
“ND, not detectable.
Preincubation - - - - + + + +
NADPH + + - - + + - -
Regeneration system + - + - + - 4+ -

Substrate

e e e

E W e e e e
OH-FAs o s :

FIGURE 6. In vitro assays showing w-hydroxy products. Microsomes from
insect cells infected with the CYP86A22:PR1 dual recombinant baculovirus,
without preincubation (lanes 1-4), were directly incubated with 10 um [1-'%C]
16:0-CoA at 30 °C for 15 min in the presence of both NADPH and the regen-
eration system (glucose 6-phosphate and glucose-6-phosphate dehydrogen-
ase), NADPH alone, the regeneration system alone, or neither NADPH nor the
regeneration system, respectively; microsomes were preincubated (lanes
5-8) with 10 um [1-1%C] 16:0-CoA at 30 °C for 30 min, followed by supplemen-
tation with both NADPH and the regeneration system, NADPH alone, the
regeneration system alone, or neither NADPH nor the regeneration system,
respectively, and incubated at 30 °C for an additional 15 min. Methylated
products from these reactions were separated on a TLC plate, and radioactive
signals were detected by an instant imager.

this end, we directly analyzed the w-hydroxy acyl-CoA prod-
ucts of both wild-type and RNAi stigmas (Table 1, Type VI)
using LC/MS/MS. As shown in Fig. 8, w-hydroxy acyl-CoAs
such as OH-18:1-CoA and OH-18:2-CoA were detected in the
wild-type stigma, but not in the RNAI sigma, because the
expression of CYP86A22 has been inhibited (Fig. 34, lower
panel, and Fig. 4). The same result was found using HPLC with
fluorometric detection (data not shown). It is noted that rela-
tively low levels of w-hydroxy acyl-CoAs were observed com-
pared with normal (non-w-hydroxyl) acyl-CoAs, suggesting a
much more efficient transesterification pathway involving
estolide biosynthesis.

separated by HPLC with an SP-silica column. The major bands of fractions 6
and 8 are pigments. B, the full mass and MS/MS spectra (inset) of selected lipid
fractions. The spectra of fraction 4 are shown in the upper panel and fraction 9
in the lower panel. [M + Na]*, sodium adduct of the molecular ion of TAG or
DAG; [M + Na — (R,CO,H)1" is loss of a fatty acid from [M + Na]*, and [M +
Na — (R,CO,Na)l" is loss of the sodium adduct of a fatty acid from [M + Na] *.
n, the glycerol carbon to which the fatty acid is esterified.
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FIGURE 7. Progressive assays of CYP86A22. Time courses for 16:0-CoA
(upper panel) and 18:1-CoA (lower panel). Microsomes from insect cells
infected with the CYP86A22:PR1 dual recombinant baculovirus were incu-
bated, respectively, with 10 um [1-*C] 16:0-CoA and 18:1-CoA at 30 °C for
various times ranging from 0 to 30 min in the presence of both NADPH and
the regeneration system. Methylated w-hydroxy products from these reac-
tions were separated on TLC plate, and radioactive signals were detected by
an instant imager.

As with the fatty acid analysis, we observed that normal lin-
oleic acid is the major fatty acid species in the RNAi stigma (Fig.
3A, lower panel), while w-hydroxyoleic acid is the predominant
fatty acid in the wild-type stigma (Fig. 3A, upper panel). This
observation implies that oleoyl-CoA may be a common sub-
strate used for both desaturation and w-hydroxylation in
stigma, because the reduction of w-hydroxyoleic acid in the
RNAI stigma does not result in a corresponding increase in
oleic acid.

From phylogenetic analyses (supplemental Fig. 2), it is clear
that CYP86A22 displays ~70% amino acid sequence identity
with CYP86A2 and CYP86AS. Despite this conservation, these
P450s exhibit differing substrate specificities. Moreover, no
members of CYP86 and CYP94 family, two well studied families
involved in fatty acid w-hydroxylation, are known to use 18:0 as
substrate. Further studies comparing CYP86A22 and these
related P450s will likely provide insight as to the residues and
domains responsible for these differing specificities.

In summary, we have identified CYP86A22 as the primary
fatty acyl-CoA w-hydroxylase responsible for the production of
w-hydroxy fatty acids in the stigma of P. hybrida. We further
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FIGURE 8. In vivo analyses showing w-hydroxy products. Acyl-CoAs were
extracted from the wild-type stigma (upper panel) and the CYP86A22-RNAI
type VI stigma (lower panel). The w-hydroxy acyl-CoA products were directly
analyzed by LC/MS/MS. The w-hydroxy 18:1-CoA was monitored by the pre-
cursor-product ion pair of m/z 1048.35 and 541.36, and w-hydroxy 18:2-CoA
was monitored by the precursor-product ion pair of m/z 1046.33 and 539.34.
The ion intensity was measured as counts per second (cps). The arrows indi-
cate the corresponding w-hydroxy acyl-CoAs disappearing in the CYP86A22-
RNAi stigma.

demonstrate that CYP86A22 derived w-hydroxy fatty acids are
essential for the formation of TAG-/DAG-based estolide poly-
esters that constitute the bulk of stigma exudate. Finally, we
demonstrate that CYP86A22 has a clear substrate preference to
both C16 and C18 saturated and unsaturated fatty acyl-CoAs.
To date, no fatty acid w-hydroxylase that uses an acyl-CoA sub-
strate has been reported. This finding may provide new insight
into the w-hydroxylase family.
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