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ABSTRACT

SYNTHESIS AND METABOLISM OF ASMONOUNSATURATED FATTY ACIDS IN DEVELOPING
SEED OF UMBELLIFERAE SPECIES AND THUNBERGIA ALATA
By

Edgar Benjamin Cahoon

Studies were conducted to characterize the synthesis and metabolism
of the unusual fatty acids petroselinic acid and A®hexadecenoic acid.
Petroselinic acid, the cisA® isomer of octadecenoic acid (18:1), composes
up to 85 wt% of the seed oil of Umbelliferae (Apiaceae), Araliaceae, and
Garryaceae species, and A®hexadecenoic acid (16:1A%) accounts for more
than 80 wt$ of the seed oil of Thunbergia alata. Both fatty acids have
potential economic value.

Results of '“C-radiolabeling studies performed with seed endosperm
of coriander (Coriandrum sativum), an Umbelliferae species, suggested that
petroselinic acid is formed through an acyl-acyl carrier protein (ACP)
desaturation pathway. Consistent with this, antibodies raised against the
avocado A%stearoyl (18:0)-ACP desaturase detected a 36 kDa peptide on
western blots that was specific to tissues that synthesize petroselinic
acid. A cDNA for this peptide was isolated from a coriander endosperm
cDNA library and introduced into tobacco. The resulting transgenic calli
produced nearly 5 wt$ each of petroselinic acid and A*hexadecenoic acid
(16:1A*), neither of which was detected in control calli. Further
metabolic studies with coriander endosperm and transgenic tobacco cell
cultures revealed that the 36 kDa peptide is functionally a A‘palmitoyl
(16:0) -ACP desaturase. As such, the biosynthetic pathway of petroselinic
acid likely involves the A* desaturation of palmitoyl-ACP followed by two-
carbon elongation of the resulting 16:1A*-ACP. Extending these results
to the biosynthesis of AShexadecenoic acid, the activity of a soluble
A6palmitoyl-ACP desaturase was detected in extracts of T. alata endosperm.
A cDNA for the A®palmitoyl-ACP desaturase was isolated from a T. alata

endosperm cDNA library using PCR with oligonucleotides designed against




conserved regions of A°18:0-ACP desaturases of various species. Amino
acid sequences deduced from cDNAs for the coriander A*16:0-ACP desaturase
and the T. alata A®16:0-ACP desaturase share significant identity with the
A%18:0-ACP desaturase. These results indicate that variations in the
primary structures of acyl-ACP desaturases can result in enzymes with
altered substrate recognition and double bond positioning properties.
In addition, incubation of endosperm of the Umbelliferae carrot
(Daucus carota) and coriander in [1-!“C]acetate revealed that petroselinic
acid readily enters phosphatidylcholine (PC) prior to deposition in
triacylglycerol. This result indicates that PC can participate in the

metabolism of an unusual fatty acid in developing seeds.
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CHAPTER 1
Introduction

Seed oils of plants can contain a diversity of unusual fatty acids.
The term "unusual" indicates that a given fatty acid is found in only a
limited number of families or species. In addition, the chemical
structures of unusual fatty acids of seed oils often differ significantly
from those of the common C;4 and C;3 acyl moieties such as palmitic acid
(16:0) and oleic acid (18:1A°). 1In fact, more than 200 different unusual
fatty acid structures have been identified in plants (Badami and Patil,
1981; van de Loo et al., 1993). Structural divergence in these acyl
moieties can include variations in carbon chain lengths as found in
medium-chain fatty acids (Cgz-C,,) such as lauric acid (12:0) and decanoic
acid (10:0) and in very long chain fatty acids (2C,,) such as erucic acid
(22:1A'®). Unusual fatty acids can also contain functional groups such
as hydroxyl residues and epoxide rings as present, for example, in
ricinoleic acid (18:1A%,12-OH) and vernolic acid (18:1A%,12-epoxy),
respectively.

A more subtle variation observed in the chemical structures of
certain unusual fatty acids involves the positioning of double bonds in
monounsaturated acyl chains. Present in various amounts in nearly all
seed oils is oleic acid which has a double bond at the A® carbon atom.
However, monounsaturated fatty acids with double bonds at positions other
than the A® carbon are known to exist as major components of the seed oil
of a few families or species of plants. This thesis examines two examples
of such acyl chains, the cisA® monounsaturated fatty acids petroselinic
acid and A®hexadecenoic acid (Figure 1.1). O0ils containing these unusual
fatty acids are of potential economic value. Despite this, the synthesis
and metabolism of petroselinic acid and A®hexadecenoic acid have received
little previous characterization. '

Natural Occurrence of Petroselinic Acid and A®Hexadecenoic Acid

Petroselinic acid was first identified in the seed o0il of parsley

(Petroselinum sp.), an Umbelliferae (or Apiaceae) species, by Vongerichten



Figure 1.1. Comparison of the chemical structures and melting points of

oleic acid (A), petroselinic acid (B), and A®hexadecenoic acid (C).
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and Kohler (1909) and was later detected in the seed oil of English ivy
(Hedera helix), an Araliaceae species, by Palazzo and Tamburello (1914).
Since these early reports, petroselinic acid has been identified in a wide
range of Umbelliferae, Araliaceae, and Garryaceae species where it can
compose up to 85 wty of the seed o0il (Kleiman and Spencer, 1982).
Petroselinic acid has also been found in the seed oil of a few genera of
other families including the Cornaceae (Kleiman and Spencer, 1982; Breuer
et al., 1987) and Simarubaceae (Spencer et al., 1970). Furthermore, small
amounts of petroselinic acid have been detected in human hair (Weitkamp
et al., 1947) and other human tissues (Ohlrogge et al., 1981).

Petroselinic acid is apparently a seed-specific fatty acid in plants
as only trace amounts have been found in leaves and roots of at least two
Umbelliferae species examined (Ellenbracht et al., 1980; Dutta and
Appelqvist, 1991). In addition, cell cultures of a number of Umbelliferae
species have been established, and the use of such systems for the study
of petroselinic acid synthesis has been proposed (Ellenbracht et al.,
1980). However, in the case of callus cultures of parsley (Petroselinum
crispum) (Ellenbracht et al., 1980) and embryogenic cultures of carrot
(Daucus carota) (Dutta and Appelqvist, 1989), petroselinic acid was found
to compose <1% of the total fatty acid. In contrast to these results,
levels of petroselinic acid are "strongly increased" in triacylglycerol
during somatic embryogenesis of the Umbelliferae anise (Pimpinella
anisum), as reported in a recent meeting abstract (Theimer et al., 1993).
Disregarding this preliminary report, the virtual lack of petroselinic
acid in carrot embryo cultures may suggest that synthesis of this fatty
acid in Umbelliferae seed is associated with endosperm, as this is the
predominant cell type, rather than embryo, in this tissue.

In contrast to petroselinic acid, A®hexadecenoic acid is a
relatively obscure fatty acid. This is due in part to its more recent
discovery as a major component of a plant seed oil (Spencer et al., 1971).
The most significant natural source of A®hexadecenoic acid is seed of

Thunbergia alata (or black-eyed susan vine), which is generally classified
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in the Acanthaceae family (Cronquist, 1988). The oil of this tissue
contains more than 80 wt$ A°hexadecenoic acid (Spencer et al., 1971).
Whether the occurrence of this fatty acid is limited to the seed of T.
alata has not been determined (though, given what is known of the typical
tissue distribution of unusual fatty acids, this is presumed to be the
case). Trace amounts of A®hexadecenoic acid have also been detected in
seed extracts of plants including English ivy (Grobois, 1971) and
Pricamnia selowii (Spencer et al., 1970). In addition, A®hexadecenoic
acid has been identified in lipids of human skin (Shinohara, 1970) and
adipose tissue (Jacob and Grimmer, 1968).
Physical, Nutritional, and Industrial Properties of Petroselinic Acid

The presence of unsaturation at the A® carbon atom instills
petroselinic acid with properties distinct from those of its A° isomer
oleic acid. Perhaps the most dramatic divergence in the physical
properties of petroselinic acid and oleic acid is the difference in
melting points of these fatty acids. Depending on the reference, the
melting point of petroselinic acid is either 30°C (The Merck Index) or
33°C (The Lipid Handbook). As a result, petroselinic acid and
tripetroselinin (m.p. 28°C, The Lipid Handbook), a triacylglycerol
containing exclusively petroselinic acid, exist as solids at room
temperature. In contrast, the melting point of oleic acid is
approximately 14°C (The Lipid Handbook) or well below room temperature.
The high melting point of tripetroselinin has implications for nutritional
uses of this oil. For example, tripetroselinin and possibly other oils
rich in petroselinic acid could be used in the manufacture of unsaturated
margarines without requiring hydrogenation. This process is currently
used to convert conventional polyunsaturated plant oils to a solid form
as is necessary for margarine production. Hydrogenation of
polyunsaturated oils, however, results in extensive conversion of cis
double bonds to the trans configuration (Weidermann, 1978). Trans
unsaturated fatty acids fed to humans have been shown to result in

lipoprotein levels that favor the onset of cardiovascular disease (Zack

b



and Katan, 1992; Siguel and Lermann, 1993). Therefore, a margarine

produced from petroselinic acid-rich oils may have more favorable health-
related properties than one produced from conventional plant oils.

Because of the location of its double bond at the A® carbon atom,
petroselinic acid can also serve as a precursor of two valuable industrial
chemicals: lauric acid (12:0) and adipic acid (6:0 dicarboxylic). These
compounds are formed by the oxidative cleavage of petroselinic acid at its
double bond through methods such as ozonolysis. Lauric acid, the C,,
product of this cleavage, is used extensively in the production of
detergents and surfactants and is derived commercially from palm kernel
and coconut. Neither palm (Elaeis guineensis) nor coconut (Cocos
nucifera) is grown for oil production in the U.S. or other nations of
temperate climate (Battey et al., 1989). An oilseed that produces large
amounts of petroselinic acid and that was adapted to climatic conditions
of the U.S. could therefore serve as a potential domestic source of lauric
acid. In addition, adipic acid, the C; product of petroselinic acid
oxidation, is a precursor of nylon 6,6. This polymer is the most
extensively manufactured nylon and is used primarily in the production of
carpet fibers (Putscher, 1984). Though adipic acid is derived
commercially from cyclohexane (Danly and Campbell, 1985), a petroleum by-
product, plant oils rich in petroselinic acid could provide a renewable
source of this compound.

Furthermore, it has been reported that triacylglycerols containing
petroselinic acid as well as other C;g monounsaturated fatty acids with
double bonds between the A% to A’ positions are resistant to hydrolysis
by porcine pancreatic lipase (Heimermann et al., 1973). In contrast,
triacylglycerols containing oleic acid are more readily digested by this
enzyme. A similar phenomenon has also been observed with lipases of
cotyledons of germinating Brassica napus seeds (Hills et al., 1990). 1In
this case, it was speculated that differences in rates of 1lipase
hydrolysis of oleic acid and petroselinic acid may relate to the different

syn-/anti- orientations of the double bonds of these fatty acids.
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(Because its unsaturation is positioned at an even-numbered carbon, the
double bond of petroselinic acid exists in an anti- orientation relative
to the carboxyl group. Conversely, the A° double bond oleic acid is
present in a syn- configuration.) If it is assumed that human pancreatic
lipase functions in the same manner as its porcine counterpart, then plant
oils rich in petroselinic acid would likely not be hydrolyzed as well as
conventional vegetable oils (i.e., those containing oleic acid and its
polyunsaturated derivatives) in the small intestine. As a result,
petroselinic acid-rich oils could be potentially useful as low-caloric
edible oils.

A number of other physical properties and possible economic uses of
petroselinic acid have been reviewed previously by Placek (1963).

In contrast to petroselinic acid, the melting point and other
physical properties of A®hexadecenoic acid have not been reported.
However, like petroselinic acid, A®hexadecenoic acid can be oxidatively
cleaved at its double bond to produce adipic acid for nylon synthesis.
The other compound formed in this process, decanoic acid (or capric acid)
(10:0), is used in the manufacture of artificial fruit flavorings and
perfumes (The Merck Index). It is also 1likely that oils rich in
A%hexadecenoic acid are resistant to hydrolysis by pancreatic lipase and,
as such, could serve as a component of low-caloric edible oils. In
addition, the use of A®hexadecenoic acid in cosmetics and skin creams has
been patented (Steifel, 1977). These formulations apparently have
excellent skin-care properties, and as A®hexadecenoic acid is a natural
component of skin lipids (Shinohara, 1970), the likelihood of allergic
response to such cosmetics is minimal (Steifel, 1977).

Biosynthesis of Petroselinic Acid and A’Hexadecenoic Acid

Prior to the research presented in this thesis, no studies of
A%hexadecenoic acid biosynthesis had been reported. In addition, the only
previous work that directly addressed the metabolic origin of petroselinic
acid was a proceedings paper by Grobois and Mazliak (1978). In these

studies, “C-acetate was provided to intact English ivy seeds and membrane
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fractions of this tissue. The radiolabel was incorporated into
petroselinic acid which was associated primarily with polar lipids. From
these results, it was speculated that petroselinic acid may arise from
reactions involving phospholipid precursors.

With such 1little background information available, attempts to
characterize the biosynthesis of petroselinic acid and A®hexadecenoic acid
must take into consideration all potential pathways (as summarized in
Figure 1.2). Based on what is known of the synthesis of other unsaturated
fatty acids, one possibility is that the double bonds of petroselinic acid
and A%hexadecenoic acid result from aerobic desaturation of an acyl moiety
bound to either a glycerolipid (Browse and Somerville, 1991) or coenzyme
A (CoA) (Cook, 1985). Fatty acids formed via glycerolipid-linked
desaturation include, for example, linoleic acid, which can be derived
from the A!? (or n-6) desaturation of oleic acid esterified to
phosphatidylcholine in plant and algal cells (Gurr et al., 1969; Slack et
al., 1978). 1In addition, acyl-CoA desaturation is the primary route of
monounsaturated fatty acid (particularly oleic acid) biosynthesis in
animals (Cook, 1985). Though such reactions have yet to be conclusively
demonstrated in plants, evidence has been presented for the involvement
of an acyl-CoA desaturase in the formation of A’eicosenoic acid (20:14%)
in meadowfoam (Limanthes alba) seed (Pollard and Stumpf, 1980; Moreau et
al., 1981).

If produced through either acyl-CoA or glycerolipid-linked
desaturation, the 1likely precursors of petroselinic acid and
A®hexadecenoic acid would be esters of stearic acid and palmitic acid,
respectively. Seed oils of species which synthesize petroselinic acid and
A%hexadecenoic acid typically contain 70 to 85 wt$ of these fatty acids.
Therefore, such species would not only require a likely A® desaturase but
also a mechanism for the release of large amounts of stearic acid and
palmitic acid from the de novo reactions of fatty acid synthesis, in order
to generate the appropriate acyl-CoA or glycerolipid substrate for the

desaturase. The stearic acid or palmitic acid needed as precursors in the



Figure 1.2. Potential pathways for the biosynthesis of petroselinic acid.
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Potential Pathways of Petroselinic Acid (18:1A6°’s) Biosynthesis

A) Desaturation on a Glycerolipid

18:0 18:148
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18:14° 18:1A°
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B) Desaturation of an Acyl-CoA
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D) Isomerization of an Unsaturated Precursor
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18:1A%X ——F  18:14%X
(X= glycerolipid, CoA, ACP, etc.)
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above biosynthetic scenario could result from an acyltransferase or
thioesterase specialized for the efficient removal of these moieties from
acyl carrier protein (ACP).

Routes of petroselinic acid and A®hexadecenoic acid synthesis
involving desaturation of an acyl moiety bound to a glycerolipid or CoA
would therefore seemingly require both a unique desaturase and a unique
acyl-ACP thiocesterase or acyltransferase. The degree of metabolic
specialization necessary for such a pathway is not without precedent. For
example, o0il of meadowfoam is composed of approximately 60 wt% of
A%eicosenoic acid (Pollard and Stumpf, 1980). It has been proposed that
this fatty acid arises from the activity of a A’eicosanoyl-CoA desaturase,
as alluded to above (Pollard and Stumpf, 1980; Moreau et al., 1981). The
eicosenoyl-CoA substrate is believed to originate from palmitoyl-CoA or
stearoyl-CoA that is elongated by reactions separate from those of de novo
fatty acid synthesis. The pathway for A’eicosenoic acid formation would
therefore need an unprecedented desaturase, a non-ACP-track fatty acid
elongation system, and a means of releasing significant amounts of
palmitic acid or stearic acid from pools of acyl-ACPs.

The involvement of aerobic desaturation in the synthesis of
petroselinic acid and A%hexadecenoic acid could also entail reactions that
use acyl-ACPs as substrates. The only previously identified acyl-ACP
desaturase is the A9stearoy1 (18:0)-ACP desaturase, which catalyses the
production oleoyl-ACP from 18:0-ACP. This enzyme was originally
identified in photoauxotrophic cultures of Euglena gracilis (Nagai and
Bloch, 1965), and its activity was subsequently detected in tissue and
chloroplast extracts of higher plants (Nagai and Bloch, 1968; Jacobson et
al., 1974; Jaworski and Stumpf, 1974; McKeon and Stumpf, 1982). In
contrast to all other known desaturases, the A%18:0-ACP desaturase
displays soluble activity (Nagai and Bloch, 1968). 1In addition, this
enzyme uses reduced ferredoxin as its electron donor rather than
cytochrome b;, in contrast to the membrane-bound desaturases of animals

and the endoplasmic reticulum-localized desaturases of plants (Nagai and
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Bloch, 1968). The soluble nature of the A%18:0-ACP desaturase has
facilitated its purification from tissues of higher plants (McKeon and
Stumpf, 1982; Cheesbrough and Cho, 1990; Kinney et al., 1990; Shanklin and
Somerville, 1991; Thompson et al., 1991) and a number of cDNAs encoding
this enzyme have recently been isolated (Kinney et al., 1990; Shanklin and
Somerville, 1991; Shanklin et al., 1991; Thompson et al., 1991; Nishida
et al., 1992; Sato et al, 1992; Slocombe et al., 1992; Taylor et al.
1992).

If petroselinic acid and A®hexadecenoic acid result from the
activity of an analogous enzyme, the most direct pathways would involve
the ASesaturation of 18:0-ACP and palmitoyl (16:0)-ACP, respectively.
Tissues that synthesize petroselinic acid, however, also produce oleic
acid. Therefore, in order to form the large amounts of petroselinic acid
typically found in seed oils, a AS18:0-ACP desaturase would potentially
hawve to "outcompete" the A°18:0-ACP desaturase for their common substrate
(assuming that these enzymes occur together in plastids and in comparable
amounts). This competition could be effectively avoided if the double
bond of petroselinic acid were inserted prior to the C;; stage of de novo
fatty acid synthesis. Alternatively, a A® desaturase could have a lower
K, for 18:0-ACP than the A%18:0-ACP desaturase.

A further possibility is that petroselinic acid and AShexadecenoic
acid are formed by isomerization of double bonds of pre-existing
monounsaturated fatty acids. For example, Shibahara et al. (1990) have
Presented data suggesting that the A’ double bond of oleic acid can be
enzymatically shifted to the A'! position to form cis-vaccenic acid in
Pulp of kaki (Diospyros kaki). This reaction is apparently reversible as
the Al double bond of cis-vaccenic acid can also be moved to the A°
carbon to produce oleic acid. These results were obtained by monitoring
the metabolism of deuterated fatty acids using GC-MS. However, the
mechanism through which double bond migration occurs, including the exact
form of the substrate, has yet to be determined. If a similar reaction

is associated with petroselinic acid synthesis, it could be envisioned
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that the double bond of oleic acid is isomerized to the A® position. In
the case of A®hexadecenoic acid, such a biosynthetic pathway is more
difficult to propose. Seeds typically contain only trace amounts of C,q
monounsaturated fatty acids (Harwood, 1980). Therefore, a potential
precursor of A®hexadecenoic acid would likely be absent in developing seed
of Thunbergia alata.

Another form of double bond isomerization is observed in the
anaerobic reaction leading to the synthesis of palmitoleic acid (16:1A%)
and cis-vaccenic acid (18:1A'') in Escherichia coli. The double bond of
these fatty acids has been shown to arise from an isomerization step that
occurs between the C; and C,, stages of de novo fatty acid biosynthesis.
More specifically, the double bond of the transA?decenoyl (10:1)-ACP
intermediate is shifted to the cisA® configuration by the activity of the
3-hydroxydecanoyl-ACP dehydrase (Bloch, 1970). The resulting cisA3-
decenoyl-ACP is subsequently elongated to yield palmitoleic acid and cis-
vaccenic acid. Because double bonds of petroselinic acid and
AShexadecenoic acid are located at even-numbered carbon positions, the E.
coli pathway of unsaturated fatty acid formation cannot be easily related
to the synthesis of these fatty acids. Instead, schemes involving, for
example, the isomerization of a transA%enoyl-ACP intermediate to a cisA?
moiety could be proposed. 1In the case of petroselinic acid, such a
pathway would likely entail the conversion of transA?tetradecenoyl (14:1)-
ACP to cisA?tetradecenoyl-ACP followed by four-carbon elongation.

Though petroselinic acid and A’hexadecenoic acid could arise through
other biosynthetic scenarios, those described above are the most likely
routes based on what is known for the synthesis of other unsaturated fatty
acids in various organisms.

Metabolism of Petroselinic Acid and A®Hexadecenoic Acid

As with the synthesis of petroselinic acid and A%hexadecenoic acid,
the routes through which these fatty acids are incorporated into
glycerolipids of developing seeds have not been determined. With regard

to A®hexadecenoic acid, there have been no previous reports of the levels
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of this fatty acid in specific glycerolipid classes of Thunbergia alata
seed. Previous studies, however, have indicated that amounts of
petroselinic acid are disproportionately distributed between the storage
lipid triacylglycerol and polar or membrane-type glycerolipids in
Umbelliferae seed. In the report by Prasad et al. (1987), petroselinic
acid was found to compose approximately 70 wt$ of the seed oils of carrot
and coriander but only 16 to 22 wts of the fatty acids of the total
phospholipid fraction. Similar results have been reported for developing
carrot seed (Dutta and Appelqvist, 1991). In this case, triacylglycerols
contained >75 wt% petroselinic acid , whereas polar lipids contained <15
wt$ of this fatty acid. This difference in amounts of petroselinic acid
in polar and storage lipids was observed despite the fact that polar
lipids synthesis occurs simultaneous to periods of rapid petroselinic acid
formation and deposition into triacylglycerols (Dutta and Appelqvist,
1991). It would thus appear that Umbelliferae seed possess some mechanism
for limiting the accumulation of petroselinic acid in membrane-type
glycerolipids while concentrating this fatty acid into a storage form in
triacylglycerols.

This phenomenon is similar to that which has been previously
described for the metabolism of other unusual fatty acids (as reviewed by
Browse and Somerville, 1991; Stymne et al., 1990), particularly acyl
moieties whose chemical structures differ significantly from those of
common fatty acids such as oleic acid. For example, in seeds that
synthesize high levels of medium-chain (Slabas et al., 1982; Bafor et al.,
1990) and very-long chain fatty acids (Gurr et al., 1974; Pollard et al.,
1980), these unusual acyl chains typically compose less than a few weight
percent of the fatty acids of polar lipids but can account for 50 to 90
wts of the fatty acids of triacylglycerols. In theory, the ability of
seeds to limit the accumulation of unusual fatty acids in polar lipids
insures that "proper" membrane function is not disrupted by the divergent
chemical structures of these acyl moieties (Stymne et al., 1990). 1In this

regard, the melting point of petroselinic acid is approximately 30°C.
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Therefore, T,s of polar lipids that contain large amounts of this fatty
acid would likely be quite elevated compared to those containing primarily
oleic acid and 1linoleic acid. As a result, bilayers containing
glycerolipids rich in petroselinic acid might exist in the non-
physiological gel phase at normal ambient temperatures. Furthermore,
because additional double bonds are not inserted into petroselinic acid,
the presehce of large amounts of this fatty acid in polar lipids might
reduce the ability of cells to adjust levels of membrane unsaturation in
response to changes in their environment.

The mechanism through which developing seeds 1limit amounts of
unusual fatty acids in membrane-type glycerolipids while accumulating
these acyl moieties in triacylglycerols (TAG) has been the subject of
considerable speculation in the literature. One idea is that enzymes
involved in polar 1lipid and TAG metabolism have different substrate
specificities. In this regard, phosphatidylcholine (PC) is usually the
most abundant polar lipid in seeds (Harwood, 1980). 1In addition, PC and
TAG are both derived from diacylglycerol (DAG). The conversion of DAG to
PC and TAG 1is catalyzed by the enzymes CDP-choline:DAG choline
phosphotransferase (choline phosphotransferase) and DAG acyltransferase,
respectively. As such, the incorporation of unusual fatty acids into PC
could be avoided if choline phosphotransferase discriminates against DAG
rich in unusual acyl moieties. Through the selective use of DAG species
containing common fatty acids for PC synthesis, a pool of DAG enriched in
unusual fatty acids would remain for incorporation into TAG. In contrast,
results reported by Bafor et al. (1990) have indicated that the opposite
scenario is involved in the deposition of medium-chain fatty acids such
as decanoic acid (10:0) into TAG of developing seeds of Cuphea
lanceolata. In these studies, diacylglycerol acyltransferase rapidly and
preferentially converted DAG containing medium chain fatty acids into TAG.
By channeling DAG rich in medium chain fatty acids into the synthesis of

storage lipids, these molecules were made unavailable for conversion to
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PC. Such a mechanism thus effectively precludes the accumulation of
medium-chain fatty acids in membranes.

Based on the above discussion, the unequal distribution of
petroselinic acid in polar and storage lipids could be explained by the
fact that choline phosphotransferase uses DAG species containing common
fatty acids in preference to those containing petroselinic acid (see
Figure 1.3). Alternatively, DAG acyltransferase may rapidly shunt DAG
rich in petroselinic acid into TAG, leaving behind molecules containing
reduced amounts of this unusual fatty acid for subsequent incorporation
into PC. Either scenario could be used to explain results reported by
Dutta et al. (1992) regarding the metabolism of petroselinic acid. 1In
these studies, '“C-glycerol-3-phosphate provided to carrot seed microsomes
was converted primarily to phosphatidic acid and TAG in the presence of
petroselinoyl-CoA. Little of the radiolabel, however, was detected in PC.
This finding suggests that, through some mechanism, movement of
petroselinic acid into polar lipids such as PC is partially prevented (as
shown in Figure 1.3, Pathway A).

Another possibility is that petroselinic acid is not excluded from
polar lipids (as shown in Figure 1.3, Pathway B). Instead, an "editing"
mechanism might exist which prevents high levels of petroselinic acid
accumulation in polar lipids. Such a scenario could arise, for example,
if choline phosphotransferase is incapable of distinguishing DAG moieties
that contain petroselinic acid from those containing oleic acid. Grobois
and Mazliak (1979), for example, reported that 1large amounts of
radiolabeled petroselinic acid appear in polar lipids following incubation
of English ivy seeds in !“C-acetate. In addition, PC has been shown to
readily participate in the movement of fatty acids into TAG in seeds of
species (e.g., safflower, soybean, and linseed) that synthesize primarily
C,s polyunsaturated fatty acids such as linoleic acid (18:24%:!2) and «-
linolenic acid (18:3A%!%2:'%)(Slack et al., 1978). In such seeds, oleic

acid first enters PC where it can serve as a substrate for one or
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Figure 1.3. Potential pathways for the metabolism of petroselinic acid.
Diacylglycerol (DAG) is formed through reactions of the "Kennedy" pathway
(Kennedy, 1961). Alternatives routes of DAG metabolism may explain why
petroselinic acid 1is typically found in much lower amounts in
phospholipids such as phosphatidylcholine (PC) than in triacylglycerols
(TAG): (1) DAG rich in petroselinic acid may be partially excluded from
incorporation into PC (Pathway A). This partial exclusion may result
from the substrate specificities of choline phosphotransferase (CPT) or
diacylglycerol acyltransferase (DAGAT) (as described in the text). (2)
Alternatively, DAG rich in petroselinic acid may be incorporated into PC
and TAG at comparable rates (Pathway B). Petroselinic acid may then be
removed or "edited" from PC by the reverse reaction of CPT or by
phospholipases that cleave this fatty acid directly from the glycerol
backbone. In the latter case, petroselinic acid may be replaced by CoA
esters of common fatty acids (e.g., oleic acid, 18:1A%) from the acyl-CoA
pool. G 3-P, glycerol-3-phosphate; GPAT, G 3-P acyltransferase; LPA,
Lysophosphatidic acid; LPAT, LPA acyltransferase; PA, phosphatidic acid;
PA  P'tase, PA phosphatase; DAG, Diacylglycerol; CPT, choline
Phosphotransferase; PC, Phosphatidylcholine; DAGAT, DAG acyltransferase;
TAG, Triacylglycerol.
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two desaturation steps. The resulting polyunsaturated acyl moieties may
then be incorporated into TAG. A similar route of metabolism has also
been described for the unusual fatty acids ricinoleic acid in castor
(Ricinus communis) endosperm (Bafor et al., 1991) and y-linolenic acid
(18:3A%:%-12) in borage (Borago officinalis) seed (Griffiths et al., 1988).
However, as with C,;g polyunsaturated fatty acids, the synthesis of these
fatty acids occurs on PC from oleic acid or linoleic acid (Bafor et al.,
1991; Stymne and Stobart, 1986).

The removal of fatty acids from PC for subsequent storage in TAG can
occur by release of the intact glycerol backbone from PC and subsequent
incorporation of the resulting DAG into TAG as has been shown by
experiments of Slack et al. (1978). The conversion of PC to DAG can
potentially result from the reverse reaction of choline phosphotransferase
(Slack et al., 1983) or by phospholipase C activity. Results of other
studies have also indicated that fatty acids synthesized on PC can be
directly removed from the glycerol backbone of this lipid and be exchanged
with other fatty acids in the acyl-CoA pool (Stymne and Stobart, 1987).
The released fatty acids are subsequently re-incorporated as CoA esters
onto glycerol backbones targeted for TAG synthesis. This direct removal
of fatty acids from PC may occur through activity of phospholipases (e.g.,
phospholipases A;, A,, or B). In this regard, Banas et al. (1992) have
demonstrated the existence of phospholipases in plant extracts that cleave
unusual oxygenated fatty acids from PC. This activity likely prevents the
accumulation of unusual fatty acids such as ricinoleic acid and vernolic
acid in PC following their synthesis on this lipid (Stymne, 1993). Based
on the above examples, if petroselinic acid does readily enter PC and
other polar lipids in developing Umbelliferae endosperm, accumulation of
this fatty acid could be restricted by conversion of phospholipids rich
in petroselinic acid to DAG or by the direct removal of petroselinic acid
from the glycerol backbone of phospholipids.

A final consideration regarding the metabolism of petroselinic acid

and A®hexadecenoic acid in developing seeds is the substrate specificities
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of acyltransferases that give rise to DAG. This molecule is formed
through reactions of the Kennedy pathway (Kennedy, 1961) involving the
successive incorporation of two acyl-CoA moieties onto glycerol-3-
phosphate and the subsequent removal of the phosphate residue from the sn-
3 carbon of the glycerol backbone. The first acylation step is catalyzed
by glycerol-3-phosphate acyltransferase (GPAT). This enzyme has a rather
broad substrate specificity in seeds of species examined to date
(Ichihara, 1984; Griffiths et al., 1985; Lohden and Frentzen, 1992;
Eccleston and Harwood, 1990) and can incorporate CoA esters of unusual
fatty acids (Sun et al., 1988). 1In contrast, the substrate specificity
of lysophosphatidic acid acyltransferase (LPAT), the enzyme that catalyzes
the second acylation step of the Kennedy pathway, is typically more
defined. Studies reported by Ichihara et al. (1987), for example, have
shown that LPAT of safflower seed microsomes displays a marked preference
for fatty acids such as oleic acid and linoleic acid that contain A°
unsaturation. Significantly less activity was detected in the presence
of saturated substrates or unsaturated substrates such as petroselinic
acid with double bonds at positions other than the A® carbon.

The narrow substrate specificity of LPAT may explain that rapeseed
TAG, for example, contains significant amounts of erucic acid in only the
sn-1 and sn-3 positions of TAG. As a result, the oil of this plant can,
in theory, contain no more than 67 mol$% erucic acid. However, TAG of
certain species are composed of significantly more than 67 mol% of a given
unusual fatty acid. Examples of this include the seed oil of many Cuphea
species and the kernel oil of palm which can contain 80 to 90% medium
chain fatty acids (The Lipid Handbook). This composition suggests that
LPAT of such tissues is specialized for the incorporation of these unusual
acyl chains. In the case of both palm kernel and Cuphea embryo extracts,
LPAT has been shown to catalyze the incorporation of medium chain acyl-
CoAs (0o and Huang, 1989; Bafor et al., 1990). This was particularly true
when the acceptor molecule for the acyltransferase was lysophosphatidic

acid that contained a medium chain fatty acid. Such results are of
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relevance to genetic engineering studies of seed oils. In this regard,
transgenic Brassica species have recently been developed that synthesize
significant amounts (>25 mol% of the total seed o0il) of lauric acid
(Voelker et al., 1992). Levels of lauric acid accumulation in excess of
67 mols in o0ils of these plants, however, may also require the
introduction of an LPAT such as present in Cuphea embryo and palm kernel
that is specialized for the metabolism of this fatty acid.

TAG of species that produce petroselinic acid and A®hexadecenoic
acid can contain 70 to 85 molsg of these unusual fatty acids. In addition,
Gunstone (1991) has demonstrated using !3C-NMR that petroselinic acid can
compose nearly 50% of the sn-2 position of TAG in several Umbelliferae
species. The contributions of acyltransferases to levels of petroselinic
acid in Umbelliferae seed oils has been examined by Dutta et al. (1992).
In these studies, the ability of acyltransferases of carrot seed
microsomes to incorporate oleoyl-CoA and petroselinoyl-CoA onto glycerol
backbones was compared. In the case of GPAT, the rate of oleoyl-CoA
incorporation was nearly twice that of petroselinoyl-CoA. LPAT also
incorporated oleoyl-CoA at rates significantly higher than that for
petroselinoyl-CoA. However, relative to those of rapeseed and safflower,
microsomes of carrot seed were the only plant extract examined that could
introduce petroselinoyl-CoA onto a petroselinoyl-lysophosphatidic acid
acceptor. Still, the rate of this esterification was four-times lower
than that observed for oleoyl-CoA. These findings suggest that
acyltransferases may contribute somewhat to the total 1levels and
stereospecific distribution of petroselinic acid found in Umbelliferae
TAG. However, other factors may be of equal or greater importance. Such
factors may include, for example, the relative levels of petroselinoyl-CoA
present in acyl-CoA pools that are available for incorporation on to
glycerol backbones in vivo.

Rationale
As described above plant oils containing petroselinic acid and

Ahexadecenoic acid have potential industrial and nutritional value, yet
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there are currently no established oilseed crops that accumulate large
amounts of these fatty acids. Such crops, however, could be produced by
introducing genes encoding enzymes specialized for the synthesis and
metabolism of petroselinic acid and AShexadecenoic acid into existing
oilseeds such as a rapeseed and sunflower. Limiting this endeavor is the
lack of understanding of pathways of biosynthesis and metabolism of these
unusual fatty acids. Studies presented in this thesis are an attempt to
provide such information.

In addition to the biotechnological implications of this work,
aspects of the synthesis and metabolism of petroselinic acid and
A%hexadecenoic acid are of general significance to plant 1lipid
biochemistry. For example, studies of the biosynthetic origin of the
double bonds of these fatty acids would likely provide new information
regarding desaturation mechanisms in plants. Also, characterization of
pathways through which petroselinic acid and A®hexadecenoic acid are
incorporated into TAG of developing seeds may be useful for understanding
the metabolism of other unusual fatty acids.

Studies of petroselinic acid biosynthesis presented in this thesis
were conducted primarily with developing endosperm of the Umbelliferae
coriander (Coriandrum sativum) (Figures 1.4A, 1.5). This tissue
accumulates petroselinic acid in its seed oil to levels of nearly 75 wt%
of the total fatty acid (Kleiman and Spencer, 1982). In addition, unlike
many Umbelliferae, coriander is an annual rather than a biennial. As
such, seeds can be harvested year-round from this plant without requiring
vernalization of roots. Furthermore, the endosperm of coriander is larger
than that produced by many other annual Umbelliferae, which makes this
tissue particularly attractive for biochemical studies. Studies in
Chapter 4 were performed with endosperm of the Umbelliferae wild carrot
(Daucus carota) (Figure 1.5) as well as with endosperm of coriander.
Petroselinic acid composes at least 70 wt% of the seed oil of carrot
(Kleiman and Spencer, 1982). 1In addition, the campus of Michigan State

University has extensive natural stands of wild carrot that typically
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Figure 1.4. Examples of plants that accumulate petroselinic acid (A) or
A®hexadecenoic acid (B) in their seed oil. Shown in A are flowers of
coriander (Coriandrum sativum), an Umbelliferae species. The seed oil
of this plant can contain petroselinic acid at levels of more than 75 wt%
of the total fatty acid. Shown in B are vines and flowers of Thunbergia

alata. A°Hexadecenoic acid can compose more than 80 wt% of the seed oil

of this plant.
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Figure 1.5. Mericarps (fruits) and dissected endosperm of carrot (Daucus
carota) and coriander (Coriandrum sativum) (left to right). Studies in
Chapters 2, 3, and 4 were conducted using endosperm (white tissue above)

of either of these plants.
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bloom in August. The ready availability of developing seeds of this plant
was a major reason for its use in studies detailed in Chapter 4.
Experiments described in Chapter 5 were conducted with endosperm of
Thunbergia alata (Figure 1.4B), which is the only plant identified to date
that accumulates large amounts of A°hexadecenoic acid in its seed oil.
Advantageous qualities of this plant include its perennial growth habit
(under greenhouse conditions) and the fact that it flowers bountifully
throughout its life cycle.

Finally, the chapters that follow are presented as publication
units. However, studies in Chapters 2 and 3 are complementary as a
portion of the research presented in the latter chapter provided the basis

for experiments described in Chapter 2.
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CHAPTER 2!

Expression of a Novel Coriander Desaturase Results in Petroselinic Acid

Production in Transgenic Tobacco

Abstract

Little is known about the metabolic origin of petroselinic acid
(18:1A%i2) | the principal fatty acid of the seed 0il of most Umbelliferae,
Araliaceae, and Garryaceae species. To examine the possibility that
petroselinic acid is the product of an acyl-acyl carrier protein (ACP)
desaturase, western blots of coriander (Coriandrum sativum L.) and other
Umbelliferae seed extracts were probed with antibodies against the
A°stearoyl-ACP desaturase of avocado. In these extracts, proteins of 39
and 36 kDa were detected. Of these, only the 36 kDa peptide was specific
to tissues that synthesize petroselinic acid. A cDNA encoding the 36 kDa
peptide was isolated from a coriander cDNA library, placed under control
of the cauliflower mosaic virus 35S promoter, and introduced into tobacco
via Agrobacterium tumefaciens-mediated transformation. Expression of this
cDNA in transgenic tobacco callus was accompanied by the accumulation of
petroselinic acid and A‘hexadecenoic acid, both of which were absent in
control callus. These results demonstrate the involvement of a 36 kDa
putative acyl-ACP desaturase in the biosynthetic pathway of petroselinic
acid and the ability to produce fatty acids of unusual structure in

transgenic plants by the expression of a gene for a novel desaturase.

IMaterial in this chapter was published previously [Cahoon EB,
Shanklin J, Ohlrogge JB (1992) Proc Natl Acad Sci USA 89: 11184-11188].

37



38

Introduction

Petroselinic acid (18:1A%¢l2) is an unusual fatty acid that occurs
primarily in seeds of Umbelliferae (or Apiaceae), Araliaceae, and
Garryaceae species (Kleiman and Spencer, 1982). This fatty acid composes
as much as 85% of the total fatty acid of Umbelliferae seeds but is
virtually absent in leaves and other tissues of these plants (Ellenbracht
et al., 1980; Kleiman and Spencer, 1982; Dutta and Appelqvist, 1991). The
structure of petroselinic acid differs from that of oleic acid (18:1A%k2)
a common plant fatty acid, by the position of its double bond. Because
of the presence of unsaturation at the A® carbon atom, petroselinic acid
is of potential industrial significance. Through chemical cleavage at its
double bond, petroselinic acid can be used as a precursor of: lauric acid
(12:0), which is a component of detergents and surfactants, and adipic
acid (6:0 dicarboxylic), which is the monomeric component of nylon 6,6
(Murphy, 1992).

The pathway for petroselinic acid biosynthesis has not been
previously determined. Monounsaturated fatty acids of plants typically
derive from the desaturation of C,; and C,z saturated fatty acids bound to
acyl carrier protein (ACP) or to glycerolipids (Browse and Somerville,
1991; Jaworski, 1987). Our preliminary results from a variety of [“C]
labelling studies suggest that petroselinic acid is the product of an
acyl-ACP desaturase (see Chapter 3). The only such enzyme to have been
identified in plants is the A’stearoyl-ACP (18:0-ACP) desaturase (EC
1.14.99.6) which catalyzes the conversion of 18:0-ACP to 18:1A%-ACP (Nagai
and Bloch, 1968; Jaworski and Stumpf, 1974). This reaction is readily
assayable in tissue extracts of most plants using [!“C]18:0-ACP and
cofactors including ferredoxin, NADPH, and ferredoxin-NADPH reductase
(Jaworski and Stumpf, 1974; McKeon and Stumpf, 1981). However, the in
vitro synthesis of petroselinic acid from [!*C]acyl-ACPs, including [1-
146118:0-ACP (or from [1-1“C]18:0-CoA), has yet to be detected using seed
extracts of the Umbelliferae species coriander and carrot (see Chapter 3).

Lack of a direct assay complicates any attempt to characterize the



39

biosynthetic pathway or to purify the acyl-ACP desaturase believed to be
involved in petroselinic acid synthesis.

As an alternative approach, the possibility that this proposed acyl-
ACP desaturase is antigenically related to A%18:0-ACP desaturase was
examined. In this study, western blots of extracts of tissues that
synthesize petroselinic acid were probed with antibodies raised against
the A%18:0-ACP desaturase of avocado (Shanklin and Somerville, 1991) to
identify any related peptides. These antibodies were also used to isolate
cDNAs from a coriander endosperm expression library to directly explore
the possible involvement of an acyl-ACP desaturase in the synthesis of

petroselinic acid.

Materials and Methods
Western Blot Analysis
Plant tissues were homogenized in 50 mM potassium phosphate (pH
7.2), 2 mM phenylmethanesulfonyl fluoride (PMSF), 5 mM sodium
metabisulfite, 5 mM EDTA, 5 mM isoascorbate (5 ml/g fresh weight) with a
Polytron PT10/35 (Brinkman), passed through two layers of miracloth
(Calbiochem), and mixed with SDS/PAGE sample buffer.

Protein extracts of transgenic tobacco calli were obtained by
homogenization of tissue with an Elvehjem homogenizer in 2 ml of a
solution of 0.7 M sucrose, 0.5 M Tris, 50 mM EDTA, 0.1 M potassium
chloride, pH 9.4, containing 2% (v/v) f-mercaptoethanol and 2 mM PMSF
added just prior to use. The homogenate was mixed thoroughly with 2 ml
of phenol and centrifuged at 3000x g for 10 min. The upper phenol phase
was recovered, and proteins were precipitated with the addition of 10 ml
of 0.1 M ammonium acetate in methanol, and overnight incubation at -20°C.
The protein pellet obtained following centrifugation was washed
sequentially with methanolic ammonium acetate and acetone then air-dried
prior to addition of SDS/PAGE sample loading buffer.

Proteins of plant extracts were separated by SDS/PAGE (Laemmli,

1970) using 11% (w/v) acrylamide gels. Proteins were transferred from
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gels and fixed to nitrocellulose as described (Post-Beittenmiller et al.,
1989). Western blot analyses were performed using polyclonal,
immunoaffinity-purified antibodies raised against the A%18:0-ACP
desaturase of avocado (Shanklin and Somerville, 1991) and colorimetric
detection as described (Jabben et al., 1989).
cDNA Library Construction

Total RNA was isolated from the endosperm and embedded embryo of
developing seed of coriander (Coriandrum sativum L.) cremocarps (fruits)
collected at stages ranging from early through mid-development. Tissue
samples were ground in liquid nitrogen, transferred to a Elvehjem tissue
grinder, and homogenized for an additional 2 min in a buffer (3.5 ml/g
tissue) preheated to 80°C consisting of 0.2 M sodium borate, 30 mM EGTA,
1 SDS, 1% deoxycholate, 2% polyvinylpyrollidone 40,000, 10 mM
dithiothreitol (freshly added), pH 8.5. The remainder of the total RNA
purification was performed as described by Hall et al. (1978). Poly A'
RNA isolation from coriander total RNA and subsequent cDNA library
construction were performed by Stratagene, Inc. cDNA was synthesized
using an oligo-dT primer and inserted into the EcoRI site of the A-ZAP II
vector (Stratagene).
Isolation and Characterization of cDNA Clones

The coriander endosperm cDNA library was subjected to immunological
screening as described (Sambrook et al., 1989) using an immunocaffinity-
purified polyclonal antibody against A°18:0-ACP desaturase of avocado
(Shanklin and Somerville, 1991). Immunopositive clones were purified to
homogeneity, and pBluescript SK(-) phagemid was excised as described
(Short et al., 1988). Nucleotide sequence was obtained for both strands
of DNA by dideoxy chain-termination using Sequenase 2.0 (U.S.
Biochemical).

To obtain a full-length Type II clone, the corian<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>