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Despite the importance of benzoic acid (BA) as a precursor for a wide
array of primary and secondary metabolites, its biosynthesis in
plants has not been fully elucidated. BA formation from phenylala-
nine requires shortening of the Gz side chain by two carbon units,
which can occur by a non-$-oxidative route and/or a p-oxidative
pathway analogous to the catabolism of fatty acids. Enzymes re-
sponsible for the first and last reactions of the core BA $-oxidative
pathway (cinnamic acid — cinnamoyl-CoA — 3-hydroxy-3-phenyl-
propanoyl-CoA — 3-oxo-3-phenylpropanoyl-CoA — BA-CoA) have
previously been characterized in petunia, a plant with flowers rich
in phenylpropanoid/benzenoid volatile compounds. Using a func-
tional genomics approach, we have identified a petunia gene
encoding cinnamoyl-CoA hydratase-dehydrogenase (PhCHD), a bi-
functional peroxisomal enzyme responsible for two consecutively
occurring unexplored intermediate steps in the core BA p-oxidative
pathway. PhCHD spatially, developmentally, and temporally coex-
presses with known genes in the BA p-oxidative pathway, and cor-
relates with emission of benzenoid volatiles. Kinetic analysis of
recombinant PhCHD revealed it most efficiently converts cinna-
moyl-CoA to 3-oxo-3-phenylpropanoyl-CoA, thus forming the sub-
strate for the final step in the pathway. Down-regulation of PhACHD
expression in petunia flowers resulted in reduced CHD enzyme ac-
tivity, as well as decreased formation of BA-CoA, BA and their de-
rived volatiles. Moreover, transgenic lines accumulated the PhCHD
substrate cinnamoyl-CoA and the upstream pathway intermediate
cinnamic acid. Discovery of PACHD completes the elucidation of the
core BA p-oxidative route in plants, and together with the previ-
ously characterized CoA-ligase and thiolase enzymes, provides evi-
dence that the whole pathway occurs in peroxisomes.

benzenoid network | multifunctional protein | floral scent

Benzoic acid (BA) and its derivatives are important structural
elements in a large number of natural products thus playing
many valuable roles in plant metabolism. These compounds not
only perform critical functions in plant fitness (e.g., as plant
growth regulators, defensive compounds, pollinator attractants)
but also are extensively used as preservatives and flavor enhanc-
ers, analgesics, antiseptics, chemotherapeutics, and feed stocks
for chemical syntheses (1-5). Despite its simple structure and
widespread distribution, full understanding of the biochemical
pathways leading to BA formation remains incomplete.

In plants, BA biosynthesis occurs through multiple routes that
arise from the phenylpropanoid pathway and begins with the
deamination of L-phenylalanine (Phe) to frans-cinnamic acid
(CA) by phenylalanine ammonia lyase (PAL) (6-8). Subsequent
conversion of CA to BA requires shortening of the C; side chain
by two carbons and is proposed to occur via either a CoA-de-
pendent p-oxidative pathway (9, 10), a CoA-independent non—
p-oxidative pathway (11, 12), or a combination of these pathways
(13, 14) (Fig. 1). Indeed, in vivo stable-isotope labeling with
computer-assisted metabolic flux analysis in petunia flowers has
already revealed that both the p-oxidative and non—p-oxidative
pathways contribute to the formation of benzenoid compounds
in plants (13, 14).

The proposed p-oxidative route is analogous to that operating
in catabolism of fatty acids and certain branched-chain amino
acids in plant peroxisomes (14-16). In this pathway, the first
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committed step is conversion of CA to its CoA thioester, cin-
namoyl-CoA (CA-CoA), catalyzed in petunia by a peroxisomal
cinnamate-CoA ligase (PhCNL) (17). Subsequent formation of
benzoyl-CoA (BA-CoA) requires three sequential reactions
[CA-CoA — 3-hydroxy-3-phenylpropanoyl-CoA (3H3PP-CoA) —
3-ox0-3-phenylpropanoyl-CoA (303PP-CoA) — BA-CoA; Fig. 1],
the last of which has been described in petunia to occur via a
peroxisomal 3-ketoacyl-CoA thiolase (PhKATT1) (18). Gene(s)
responsible for the core steps of B-oxidative BA biosynthesis,
formation of 3H3PP-CoA and 303PP-CoA (Fig. 1), still remain
unknown. Biosynthesis of these intermediates requires consecu-
tive enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase
activities, both of which could be fulfilled by a single multifunc-
tional protein (MFP) similar to those used in peroxisomal p-oxi-
dation of fatty acids (19).

The flowers of Petunia hybrida cv Mitchell emit high levels of
benzenoid volatiles (13, 20), making it an ideal model system for
the elucidation of BA biosynthesis. Using a functional genomics
approach, we have identified a petunia gene encoding cinnamoyl-
CoA hydratase-dehydrogenase (PhCHD), a bifunctional enzyme
responsible for the two-step conversion of CA-CoA to 303PP-
CoA. Transgenic petunia plants with RNAi down-regulation of
PhCHD were deficient in BA and BA-CoA while exhibiting four-
and fivefold accumulations of CA and CA-CoA, respectively.
PhCHD activity is enriched in peroxisomes, and coupling of
recombinant PhCHD and PhKAT1 enzymes resulted in forma-
tion of BA-CoA from CA-CoA. Together these data revealed
involvement of PhCHD in BA biosynthesis and complete eluci-
dation of the core CoA-dependent B-oxidative pathway in plants.

Results

Gene Encoding a Multifunctional Protein Is Highly Expressed in Petunia
Flowers. In plants the p-oxidation of A’~trans unsaturated short-
and long-chain acyl-CoAs require enoyl-CoA hydratase and 3-
hydroxyacyl-CoA dehydrogenase activites fulfilled by a type 1
MFP, which is encoded by a single fused gene (19). The Ara-
bidopsis genome contains two type I MFPs, AIM1 (At4g29010)
and MFP2 (At3g06860), encoding proteins with 58% identity and
exhibiting the abovementioned activities (21, 22). Thus, we used
these sequences for tblastn searches against a petunia petal-specific
EST database (13), the Sol genomics network (www.solgenomics.
net), as well as the Gene Indices at Dana Farber Cancer Institute
(http://compbio.dfci.harvard.edu/tgi/tgipage.html) to identify an
MFP candidate(s) acting on aromatic acyl-CoA intermediates in
the BA p-oxidative biosynthetic pathway. Two ESTs (1.1.005 and
SGN-U210479 from the petunia petal-specific EST database and
Sol genomics network, respectively), as well as two contigs (TC6988
and TC15042 from the Gene Indices) were found to correspond to

Author contributions: A.V.Q. and N.D. designed research; A.V.Q., J.R.W., F.A,, and CM.K.
performed research; A.V.Q., J.R.W., and N.D. analyzed data; and A.V.Q., J.R.W., and N.D.
wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The sequences reported in this paper have been deposited in the Gen-
Bank database (accession no. JX42126).

"To whom correspondence should be addressed. E-mail: dudareva@purdue.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1211001109/-/DCSupplemental.

PNAS | October 2,2012 | vol. 109 | no.40 | 16383-16388

>
(L]
[=]
=
=]
@
-
3
a



http://www.solgenomics.net
http://www.solgenomics.net
http://compbio.dfci.harvard.edu/tgi/tgipage.html
http://www.ncbi.nlm.nih.gov/nucleotide/JX42126
mailto:dudareva@purdue.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1211001109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1211001109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1211001109

-

o oH
|
4+

PAAS BPBT ,
o
PhAId PhEth
Core B-Oxidative Pathway
OH
= $-coa S\ coa S con PB
=z Z Z Hi O, S\COA
_____ > CNL A T KAT
CA * . CA CA-CoA 3H3PP-CoA 303PP-CoA BA-CoA
peroxisome
4CL| S OH
o
H
Oy S
CoA
/ -~ >I é
RS i BAlc
3H3PPA -~ 5 OH
- * O\ ‘
BAcok | e > BALDH BSMT
BB
BAId BA MeBA
IEug Eug
Non B-Oxidative Pathway
Fig. 1. The benzoic acid biosynthetic network in plants. Solid arrows show established biochemical reactions, and dashed arrows depict possible steps not yet

identified. Stacked arrows show the involvement of multiple enzymatic steps. The CoA-dependent p-oxidative pathway leading to BA-CoA formation is
localized in peroxisomes and shown with a gray background. The proposed routes of the non-g-oxidative pathway in cytosol are also depicted. BA-CoA,
benzoyl-CoA; BAlc, benzylalcohol; BAld, benzaldehyde; BALDH, benzaldehyde dehydrogenase; BB, benzylbenzoate; BPBT, benzoyl-CoA:benzylalcohol/2-
phenylethanol benzoyltransferase; BSMT, benzoic acid/salicylic acid carboxyl methyltransferase; CA, cinnamic acid; CA-CoA, cinnamoyl-CoA; 4CL, 4-couma-
rate-CoA ligase; Eug, eugenol; EGS, eugenol synthase; IEug, isoeugenol; IGS, isoeugenol synthase; 3H3PPA, 3-hydroxy-3-phenylpropionic acid; 3H3PP-CoA,
3-hydroxy-3-phenylpropanoyl-CoA; KAT, 3-ketoacyl-CoA thiolase; MeBA, methylbenzoate; 303PP-CoA, 3-oxo-3-phenylpropanoyl-CoA; PAAS, phenyl-
acetaldehyde synthase; PEB, phenylethylbenzoate; PhAld, phenylacetaldehyde; and PhEth, 2-phenylethanol.

a single gene, which based on the work presented below, was
designated as PhCHD for Petunia hybrida cinnamoyl-CoA hydra-
tase-dehydrogenase. Searching the Gene Indices uncovered six
additional candidates (TC10274, TC7383, FN000667, TC12800,
TC9756, and TC10560) highly similar to Arabidopsis AIM1 and
MFP2. Because expression of genes involved in biosynthesis of
benzenoid volatiles is highest in corolla (13, 17, 18, 23), the scent-
producing organ of petunia flowers (13), gene-specific primers
were designed for all seven candidates to perform a quantitative
RT-PCR (qRT-PCR) screen for those highly expressed in this
tissue. Six candidates showed little to no expression in corolla (Fig.
2A4), and did not display an expression profile consistent with floral
benzenoid production (Fig. S1) (13, 17, 18, 23), and were thus not
considered further. PACHD, however, was highly expressed in the
corolla (Fig. 24) and its tissue expression pattern (Fig. 2B) was
consistent with formation of benzenoid volatiles (13, 17, 18, 23).
Moreover, PACHD displayed developmental and rhythmic ex-
pression profiles (Fig. 2 C and D) typical for genes involved in scent
production (13, 23), including PhCNL (17) and PhKATI (18) from
the BA p-oxidative pathway. A full-length cDNA corresponding to
PhCHD was obtained by 5-RACE and found to encode a protein
of 724 amino acids with a calculated molecular mass of 78.1 kDa.
This protein contains one hydratase and two dehydrogenase
domains, and is 75 and 58% identical to Arabidopsis AIM1 and
MFP2 (21, 22), respectively, 69% identical to MFP from Ornza
sativa (24), 65% identical to MFP from Nicotiana tabacum (25),
and 60% identical to MFP-b from Cucumis sativus (26).

PhCHD Is a Bifunctional Enzyme with Cinnamoyl-CoA Hydratase-
Dehydrogenase Activities. For functional characterization of the
isolated PhCHD, its coding region was expressed in Escherchia
coli as an inducible fusion protein containing a hexahistidine tag
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and the recombinant protein was purified using Ni-NTA affinity
chromatography followed by gel filtration. Size-exclusion chro-
matography of recombinant CHD enzyme revealed an apparent
molecular weight of 77 kDa, which was nearly identical to the
calculated molecular mass (78.1 kDa), indicating that CHD exists
as a monomer. Analysis of PhCHD substrate specificity revealed
that the enzyme requires NAD™ as a cofactor and is highly
specific for CA-CoA and p-coumaroyl-CoA (pCA-CoA), with no
detectable activity toward caffeoyl-CoA (CAF-CoA), feruloyl-
CoA (FA-CoA), crotonyl-CoA, hexanoyl-CoA, or hexadecanoyl-
CoA (Table S1). Moreover, addition of 2 mM Mg** increased
enzyme activities toward CA-CoA and pCA-CoA by 92%, but
did not affect activity toward the other tested substrates. The
product formed by PhCHD from CA-CoA was identified by
liquid chromatography (LC)-TOF/MS (Fig. S2) as a compound
with an exact mass of 912.155 (M-H)~ (Fig. S2C), corresponding
to the expected product of sequential hydration/dehydrogenation
of CA-CoA (303PP-CoA; Fig. 1). Omission of NAD™" from the
reaction resulted in neither detectable product formation nor
3H3PP-CoA intermediate (Fig. S2B). No activity was observed
when NADP* was supplied as a cofactor instead of NAD*
(Table S1). Coupling of the CHD reaction with recombinant
PhKAT1 enzyme (18) in the presence of free CoA-SH resulted
in conversion of CA-CoA to BA-CoA as was verified by LC-
TOF/MS (Fig. S2 E and F).

Determination of kinetic parameters for recombinant PhCHD
revealed its high affinity for CA-CoA and NAD* with apparent
K., values of 89.8 + 1.8 pM and 13.8 + 0.7 uM (Table 1), re-
spectively, when incubated together. Whereas K, values for
pCA-CoA and NAD* (when incubated together) were similar
(73.7 £ 3.3 uM and 6.1 + 0.2 pM, respectively), the turnover rate
(kcar) with pCA-CoA was more than 10-fold lower than with
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Fig. 2. Expression profiles of PACHD and the six other petunia MFP candi-
dates. (A) Expression of MFP candidates in petunia corollas collected at 3:00 PM
on day 2 postanthesis shown relative to the highest expressed candidate,
PhCHD. (B) Tissue-specific expression of PACHD in flowers at 3:00 PM day 2
postanthesis and leaves shown relative to transcript level in corolla. (C) De-
velopmental PhCHD expression profile at 3:00 PM days —1 through 7 post-
anthesis shown relative to transcript level on day 1. (D) Rhythmic changes in
PhCHD expression in corollas of flowers 3:00 PM day 1-3:00 AM day 3 post-
anthesis during a normal light/dark cycle shown relative to the transcript
level at 3:00 PM on day 2. Black and white bars correspond to dark and light
periods, respectively. All transcript levels were determined by qRT-PCR either
in relation to the reference gene elongation factor 1-a (A) or as absolute
amounts based on quantification from a PhCHD DNA standard (B-D). All data
are means + SEM (n = 3-4 biological replicates).

CA-CoA (0.40 + 0.01 s7* and 4.35 + 0.01 s™', respectively).
Likewise, turnover of NAD™ was nearly 15-fold higher when CA-
CoA was used as a substrate compared with pCA-CoA (6.94 +
0.08 s™' and 0.24 + 0.00 s™', respectively; Table 1).
Interestingly, PhCHD was highly sensitive to low levels of CAF-
CoA. The presence of 1 pM CAF-CoA in the reaction containing
250 pM CA-CoA (three times K, value) resulted in a 50% loss in
activity. No inhibitory effect from FA-CoA was observed. NADH
also inhibited PhCHD, so lactate dehydrogenase (with pyruvate as
an electron acceptor), was included in all reactions to remove

Table 1. Kinetic parameters of recombinant PhACHD
Vmax:
pmol-min~". Keat/Kms
Substrate K, pM mg™’ Keats 57 mM~ s
Cinnamoyl-CoA* 89.8 +1.8 3.25+0.01 435+0.01 485+09
p-coumaroyl-CoA* 73.7 + 3.3 0.30 + 0.01 0.40 + 0.01 55+0.2

NAD**
NAD**

13.8 £ 0.7 5.19 +0.06 6.94 + 0.08 506.2 + 20.6
6.1+0.2 0.18 +0.00 0.24+0.00 395+ 1.4

Values are means + SEM (n = 3).
*[NAD*] TmM.
[Cinnamoyl-CoA] 0.4 mM.
*[p-coumaroyl-CoA] 0.4 mM.
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Table 2. Enrichement of PhCHD activity in peroxisomes

Marker assay
Sample PhCHD* Catalase® ADH* Fumarase' Chlorophyll*
Crude extract 131+ 11 58 +2 125+ 13 342 +34 0.16 + 0.01

Peroxisomes 1472 + 111 458 + 54 <1 262 + 53 <0.01

PhCHD and marker enzyme activities were assayed in crude extracts and
percoll-purified peroxisomes from petunia corollas sampled at 8:00 PM on
day 2 postanthesis. Catalase, alcohol dehydrogenase (ADH), and fumarase
were used as marker enzymes for peroxisomes, cytosol, and mitochondria,
respectively, whereas chlorophyll content was used as the plastidic marker.
Data are means + SEM (n = 3).

*pkat-mg~".
"nkat-mg.
*ng-g FW™'.

NADH. Characterization revealed that NADH competitively
inhibited the PhCHD reaction, with an apparent K; of 25.3 +
0.6 pM in the presence of NAD* (Fig. S3).

PhCHD Activity Is Localized to Peroxisomes, the Site of the
p-Oxidative Pathway of BA Biosynthesis. Due to the presence of
the canonical peroxisomal targeting signal 1 ‘SRM’ at its C ter-
minus (27), the protein targeting prediction program PSORT
(http://psort.hgc.jp/form.html) identified PhACHD as a peroxi-
somal protein. To biochemically confirm the predicted localiza-
tion of PhCHD, peroxisomes were isolated from petunia petals
and marker assays were used to assess organellar enrichment.
The peroxisomal fraction showed eightfold and 11-fold enrich-
ment in catalase (peroxisomal marker) and PhCHD activities,
respectively, compared with crude extract (Table 2), while no
enrichment in fumarase activity (mitochondrial marker), alcohol
dehydrogenase activity (cytosolic marker) or chlorophyll (plas-
tidial marker) was detected in this fraction.

Decrease of CA-CoA Hydratase-Dehydrogenase Activity in Planta
Reduces Emission of Benzenoid-Derived Volatiles. To assess the
function of PhCHD in planta, transgenic plants were generated
in which PhCHD transcript levels were decreased in flower petals
using an RNAI approach under control of a petal-specific pro-
moter (14), designed to eliminate any deleterious effects on
plant vitality. The three independently transformed lines that
showed the greatest reduction in PACHD gene expression (85—
95%; Fig. 34) were chosen for further analysis and detailed
metabolic profiling. RNAIi suppression of PACHD gene expres-
sion resulted in a decrease in PACHD enzyme activity in crude
petal extracts that ranged from 61-64% across the transgenic
lines (Fig. 3B). Analysis of volatile compounds collected from
transgenic flowers revealed a decline by 48% and 40% (on av-
erage relative to controls) in benzylbenzoate and phenyl-
ethylbenzoate, respectively (Fig. 3C), both of which directly
depend on BA-CoA for their biosynthesis (Fig. 1) (13). Emission
of benzaldehyde and methylbenzoate, the latter of which is the
result of BA methylation, was also reduced on average by 46 and
37%, respectively, in transgenics compared with controls (Fig.
3C). Interestingly, a 51 and 39% decrease on average was ob-
served in isoeugenol and eugenol emission, respectively (Fig.
3C), whereas no statistically significant changes were detected in
emission of benzylalcohol, phenylacetaldehyde and phenyl-
ethanol, with exception of a slight reduction in the latter two
compounds in line H (Fig. S44).

Analysis of internal pools of hydroxycinnamic acids in trans-
genic petals revealed (on average) a reduction in free BA (56%)
and an increase in free CA (396%; Fig. 3D). Similar effects were
observed on the corresponding CoA-esters; the pool of BA-CoA
decreased by 42%, whereas that of CA-CoA increased by 479%,
(Fig. 3E). No significant changes were observed in internal pools
of other hydroxycinnamic acids (p-coumaric, caffeic and ferulic
acids), or their corresponding CoA-esters (Fig. S4 B and C).
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Fig. 3. Effect of PhACHD-RNAI suppression on PACHD expression and activity,
emission of benzenoid/phenylpropanoid compounds, and internal pools of
organic acids and CoA esters in corollas of petunia flowers on day 2 postan-
thesis. (A) PACHD mRNA levels in tissue collected at 3:00 PM and determined
by qRT-PCR. Expression values for transgenic lines are shown as a percentage
of PhCHD expression in control petals set at 100%. (B) PhCHD activity in petal
crude extracts at 9:00 PM. (C) Floral volatile emission measured from 4:00 to

16386 | www.pnas.org/cgi/doi/10.1073/pnas.1211001109

Discussion

Bifunctional Enzyme Catalyzes Two Intermediate Steps in the BA
p-Oxidative Pathway. In certain bacteria, BA derivatives (i.e., 4-
hydroxybenzoic acid (4-HBA), salicylic acid) originate directly
from chorismate by action of pyruvate lyases (28, 29), thus
bypassing Phe as a precursor. However, genes encoding ortho-
logs of these enzymes are missing in plant genomes. Despite the
simple structure and importance of BA for primary and sec-
ondary metabolism (1-5) much is still unknown about its bio-
synthesis in plants. Multiple routes have been proposed for its
formation from Phe (9-14, 30), although only a few of the cor-
responding genes and enzymes have been isolated and charac-
terized (12-14, 17, 18). The most progress on elucidation of the
p-oxidative pathway has been done using petunia flowers, which
are rich in benzenoid/phenylpropanoid compounds (13). Genes
responsible for the first and last reactions within the core of the
pB-oxidative route, PiCNL and PhKAT]I, respectively, (Fig. 1) (17,
18) have been discovered, but those responsible for the two in-
termediary reactions remain unknown. Here, we identified
PhCHD, a petunia gene encoding a bifunctional, peroxisomal
enzyme responsible for the two unexplored steps within the BA
B-oxidative pathway that convert CA-CoA to 303PP-CoA (Fig. 1
and Fig. S2). PhCHD displays a similar expression pattern to
PhCNL and PhKATI, all of which correlate spatially, temporally
and developmentally with the emission of benzenoid volatiles
(Fig. 2) (17, 18). PhCHD most efficiently uses CA-CoA as sub-
strate (Table 1), which is produced by PhCNL, and together with
PhKAT1 provides peroxisomes the capability to synthesize BA-
CoA. In addition, the ability of PhCNL and PhCHD to ade-
quately use p-coumaric acid (pCA; 17) and pCA-CoA (Table 1),
respectively, may suggest that this pathway also produces 4HBA-
CoA in peroxisomes to make 4HBA, which is proposed to pro-
ceed from tyrosine through a $-oxidative route analogous to that
of BA to produce the ring moiety of ubiquinone (31).

While in mammals p-oxidation of straight-chain fatty acids
occurs in mitochondria and peroxisomes, in plants it only takes
place in the latter (reviewed in refs. 19, 32). One interesting fea-
ture of mammalian B-oxidation is that it appears to be regulated by
energy demands in the cell in a redox-mediated fashion through
NAD*/NADH levels, via inhibition of 3-hydroxyacyl-CoA de-
hydrogenase (33). Intriguingly, PACHD is also inhibited by NADH
(Fig. S3). Its inability, however, to use any of the fatty acyl-CoAs
tested (Table S1) indicates that it likely does not function in fatty
acid breakdown. Thus, any inhibitory affect by NADH is likely not
related to energy status, but may instead serve to regulate BA
biosynthesis or simply be a vestigial property. The inhibitory im-
pact of CAF-CoA, however, most likely points to an undefined
mechanism controlling formation of BA.

Identification of PhCHD adds a unique functional member to
the plant MFP family reported to act on an aromatic acyl-CoA
substrate. AIM1 shares 75% identity with PhCHD and is one of
only two MFPs present in the Arabidopsis genome described to
possess enoyl-CoA hydratase activity and the only homolog
showing this activity on a substrate (crotonyl-CoA) other than
a long-chain acyl-CoA (21). Because AIM1 expression is high in
siliques (21), it should be investigated whether AIM1 is capable
of using CA-CoA to be involved in BA biosynthesis for ben-
zoyloxyglucosinolate production (34).

CHD Discovery Completes the Elucidation of the Core BA f-Oxidative

Pathway. Down-regulation of PhCHD expression in flowers
(>85%) by an RNAI approach resulted in reduction of BA-CoA
and BA with simultaneous accumulation of CA-CoA and CA

10:00 PM. Rates are calculated hourly assuming uniform emission over 6 h.
(D) Organic acid and (E) CoA-ester internal pools at 9:00 PM. All data are
means + SEM (n = 3 biological replicates). White bars represent wild-type
petunia (W-115); black bars correspond to PhCHD-RNAI lines (K, H, and I). *P <
0.05 and **P < 0.01 by analysis of variance (ANOVA). FW, fresh weight.
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(Fig. 3 D and E) confirming the involvement and position of
PhCHD within the BA p-oxidative pathway in planta. Further-
more, PhCHD-RNAI plants emitted lower levels of benzalde-
hyde, methylbenzoate, benzylbenzoate, and phenylethylbenzoate
relative to wild type (Fig. 3C). Because the latter two compounds
rely on BA-CoA derived predominantly from the p-oxidative
pathway (13, 14), the observed discrepancy between reduction in
PhCHD activity (Fig. 3B) and metabolite pool sizes (Fig. 3 C and
E) may be explained by a contribution coming from the non—
p-oxidative pathway (via benzaldehyde — BA — BA-CoA; Fig.
1) (13). It is possible that a decrease in benzaldehyde emission by
46% (Fig. 3C) in transgenic lines is a result of an increased flux
from benzaldehyde to BA and BA-CoA, which partially com-
pensates for the decrease in production of the abovementioned
emitted compounds (Fig. 1). Existence of such a flux from the
non—B-oxidative pathway to BA-CoA has already been shown to
take place in petunia flowers (13). Moreover, down-regulation of
PhCHD led to a decrease in isoeugenol and eugenol production
(Fig. 3C). Whereas the nature of this decrease is unknown, if flux
is indeed increased through the non—p-oxidative pathway toward
BA-CoA this may deplete the cytosolic pool of CA available to
synthesize these compounds. The total increase in CA detected
in PhCHD-RNAI lines (Fig. 3D) is a priori assumed to be se-
questered in the peroxisome and not available in the cytosol.
Formation of benzylbenzoate and phenylethylbenzoate occurs
in the cytosol (13), but requires BA-CoA largely produced via the
peroxisomal p-oxidative pathway (Fig. 1) (13, 17, 18). The open
question now is how BA-CoA moves from the peroxisome to the
cytosol, because the polar nature of the CoA moiety likely pre-
cludes free diffusion across the membrane. It is possible that BA-
CoA is directly exported from peroxisomes in a transporter-me-
diated fashion (scheme in Fig. 4), but to date precedent only exists
for fatty acyl-CoA import into this organelle (35-37). Alterna-
tively, peroxisomes may contain thioesterases capable of hydro-
lyzing BA-CoA to its free acid, BA, which could then be
transported and reconverted to its CoA form via different mech-
anisms (Fig. 4) and used for benzylbenzoate and phenyl-
ethylbenzoate biosynthesis. Upon cleavage of the CoA-thioester
linkage in peroxisomes, the resulting BA might either freely dif-
fuse across the membrane or be transported and serve as substrate
for cytosolic CoA-ligases such as Ph4CL1 (17) and BZL (15), or

Phe

+ :
CA BA-CoA

]
? .
il core B-oxidative

pathway
— — — — BA-CoA

o]

¥
CA

BA-CoA
peroxisome

1
i

A 4

cytosol BA — BA-CoA
Ph4CL1
IBZL

Fig. 4. Possible routes for benzoic acid trafficking out of peroxisomes.
Dashed arrow indicates hypothetical diffusion of free protonated acids.
Solid arrows with gray boxes indicate putative transporter-mediated steps.
Solid arrow with black box indicates a possible membrane-associated CoA
ligase coupled to passage of benzoic acid across the peroxisomal membrane.
BA, benzoic acid; BA-CoA, benzoyl-CoA; BZL, benzoate:CoA ligase (15); CA,
cinnamic acid; Ph4CL1, petunia 4-coumarate:CoA ligase 1 (17); Phe, phenyl-
alanine; and TE, thioesterase.

Qualley et al.

may be reactivated to BA-CoA by an unknown membrane-asso-
ciated ligase during export from the peroxisome (Fig. 4). The
latter model has already been proposed for passage of free fatty
acids across the plasma membrane in cyanobacteria (38) and
through the outer plastid envelope in plants (39). The potential for
conversion of BA-CoA to BA before transport from peroxisomes
is supported by the recent discovery of peroxisomal thioesterases
capable of hydrolyzing aromatic acyl-CoA substrates, including
BA-CoA, in Arabidopsis (40). Thus, we assayed the same petunia
peroxisomal preparation used to confirm subcellular localization
of PhCHD activity (Table 2) for BA-CoA thioesterase activity.
Indeed, BA-CoA thioesterase activity was enriched (18.1 + 2.65
compared with 1.60 + 0.27 pkat mg™" protein in peroxisomes
versus crude extract, respectively) similar to Ph\CHD (Table 2),
suggesting these types of enzymes are not unique to Arabidopsis.
Moreover, in humans it has been proposed that peroxisomal CoA-
thioesterases serve auxiliary roles in lipid p-oxidation by convert-
ing pathway products to transportable forms and maintaining free
CoA-SH pools (41). Thus, in addition to investigating the role of
the unidentified plant BA-CoA thioesterase in formation of BA
for export out of peroxisomes, it should be studied whether the
enzyme also has a regulatory role in maintaining organellar CoA-
SH levels, and whether it exerts control over the pathway by using
other BA p-oxidative pathway CoA intermediates.

In conclusion, the discovery of PhCHD provides evidence of
a plant MFP acting on aromatic acyl-CoAs. This completes
elucidation of the core B-oxidative pathway (CA — CA-CoA —
3H3PP-CoA — 303PP-CoA — BA-CoA) for BA biosynthesis in
plants, although an auxiliary thioesterase(s) likely exists, which
should be explored for regulatory roles in product transport,
cofactor recycling, and pathway control. Furthermore, to fully
understand the molecular mechanisms connecting the peroxi-
somal p-oxidative pathway to the benzenoid network in the cyto-
sol, it should also be investigated whether acyl-CoA transporters
present in peroxisomes, and/or membrane-associated acyl-CoA
ligases contribute to BA metabolism in plants.

Materials and Methods

Chemicals and Reagents. All hydroxycinnamic acid-CoA esters, CA-CoA, pCA-
CoA, CAF-CoA, and FA-CoA, with exception of BA-CoA, were synthesized
enzymatically and purified as described previously (42). Crotonoyl-CoA was
synthesized and purified as described (43). All other chemicals were from
Sigma-Aldrich) unless noted.

Growth Conditions and Generation of PhCHD-RNAI Transgenic Plants. Petunia
hybrida cv. Mitchell plants (W-115; Ball Seed) were grown under standard
greenhouse conditions (44) with a light period from 6:00 AM to 9:00 PM.
Generation of the PACHD-RNAI construct was performed as previously de-
scribed (17) with some modifications (S/ Materials and Methods). PhCHD-
RNAi transgenic plants were generated via Agrobacterium tumefaciens
(strain GV2260 carrying plasmid pL/S-PhCHD-RNAI) transformation using the
standard leaf disk transformation method (45).

gqRT-PCR. Sample collection, isolation of RNA and qRT-PCR analyzed relative to
the reference gene elongation factor 1-a for PhCHD, TC10274, TC7383,
FN000667, TC12800, TC9756, and TC10560 using gene-specific primer pairs
(Table S2), were performed as previously described (17). For absolute
quantification of PhCHD transcript levels by qRT-PCR see S/ Materials
and Methods.

Peroxisome Isolation. Peroxisome isolation from petunia corollas of 2-d-old
flowers harvested at 8:00 PM and marker assays to determine integrity and
enrichment were done as described previously (17).

Enzyme Assays. Recombinant PhCHD (S/ Materials and Methods describes
cloning and purification) activity with aromatic, short, medium, and long-
chain acyl-CoAs was determined by measuring consumption of acyl-CoAs at
Ao (46) using an HPLC-based assay described in S/ Materials and Methods.
The standard reaction (100 pL) contained 50 mM Bis-Tris propane pH 9.5,
2 mM MgCl,, 1 mM pyruvic acid, 400 uM acyl-CoA, 1 mM NAD*, 2 mM CoA, 2
units of lactate dehydrogenase (Calzyme Laboratories), and 0.15 ug purified
PhCHD protein. The reaction was initiated by adding the acyl-CoA substrate
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and incubated for 60 min at room temperature before termination with
50% (wt/vol) trichloroacetic acid [final concentration 5%]. Ten microliters of
the reaction product was analyzed by HPLC-diode array detector (DAD)
spectrophotometry as described in S/ Materials and Methods. Assays con-
taining all reaction components with boiled protein were used as negative
controls. Determination of kinetic parameters for recombinant PACHD with
CA-CoA and pCA-CoA were carried out using 15-min assays also containing
7.5 pg of recombinant PhKAT1 (18). Kinetic data were evaluated by hyper-
bolic regression analysis (HYPER.EXE, version 1.00, 1992). Triplicate assays
were performed for all data points for kinetic analysis. Verification of re-
action products was performed by LC TOF/MS (SI Materials and Methods).
Native PhCHD activity in crude extracts (3 pg protein, see SI Materials and
Methods for preparation) and peroxisomes (84 ng protein) was determined
as described above except using 30- to 60-min assays. Thioesterase assays to
measure the hydrolysis of BA-CoA were performed spectrophotometrically
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using a slightly modified 5,5’-dithiobis-(2-nitroBA) (DTNB) method (40) de-
scribed in S/ Materials and Methods.

Targeted Metabolite Profiling. Floral volatiles were collected from control and
PhCHD-RNAI petunia flowers at the peak of emission, 4:00 PM to 10:00 PM,
on day 2 postanthesis in 2-h segments by a closed-loop stripping method and
analyzed as previously described (14, 23). To determine the internal pools of or-
ganic acids and CoA esters, petal tissue was collected from transgenic and control
plants at 9:00 PM on day 2 postanthesis to minimize the effect of rhythmicity. The
level of organic acids was determined as described (S/ Materials and Methods).
Extraction and quantificaiton of CoA esters was performed as described (47).
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