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atty acid biosynthesis is essentially

the same in all plant species. Yet,

different plants have unique fatty
acid profiles which differentiate one vegetable
oil from another. The oil palm produces differ-
ent oils in the mesocarp and kernel. These two
oils have distinct fatty acid profiles. Palm oil
is rich in palmitic and oleic acids while palm
kernel oil is a rich source of lauric and myristic,
i.e. medium chain fatty acids. The role of
different biochemical factors in controlling fatty
acid composition in the oil palm was investi-
gated. The studies confirmed that fatty acid
composition was not controlled by a single
enzyme. Instead, a number of enzymes work in
concert to produce the distinct fatty acid com-
position of palm and palm kernel oil. Beta
ketoacyl ACP synthase |1, acyl ACP thioesterases
and acyltransferases have an important role in
determining the fatty acid profiles of palm and

palm kernel oil.

INTRODUCTION

he oil palm is a unique crop in that it
produces two distinct types of oil. The oil
palm fruit produces palm oil in the mesocarp
and palm kernel oil in the seed. Both these
storage oils have unique fatty acid profiles. The
mesocarp accumulates predominantly palmitic
(C16:0) and oleic (C18:1) acids while the kernel
accumulates medium chain fatty acids, i.e.
lauric (C12:1) and myristic (C14:1) acids.
The pathway for fatty acid biosynthesis is
essentially the same in all plants (Figure I).
Palmitic and the shorter chain fatty acids are
produced from acetyl-CoA and malony-CoA by
a series of two carbon addition reactions which
are catalyzed by a complex of enzymes known
as fatty acid synthase (FAS). Palmitic acid is
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Figure 1. Fatty acid biosynthesis.

then elongated to stearic acid (C18:0) by a lar for all plant lipids, the fatty acid profiles
condensing enzyme known as [B-ketoacyl ACP of different commercial oils are obviously dif-
synthase Il (KAS I1). Desaturation of stearic ferent. What determines the chain length of a
acid by A9 stearoyl ACP desaturase results in fatty acid and what are the mechanisms that
the formation of oleic acid {C18:1). All these determine fatty acid composition of a particular
reactions require acyl carrier protein (ACP) as oil?
a cofactor and take place in the plastid. Enzymes In the oil palm, the question to be raised
known as acyl ACP thioesterases cleave the is why palmitic acid accumulates in the
fatty acid from ACP. The released fatty acids mesocarp accounting for about 44% of the total
can then move out of the plastid into the fatty acid composition whereas it generally
cytoplasm where other modification reactions does not accumulate in the storage oils of other
oceur. plant species. Both the mesocarp and kernel
While this mechanism of synthesis is simi- are part of the fruit, yet the kernel produces
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Figure 2. Relationship between KAS Il activity
and fruit ripening.

mainly lauric and myristic acids. What is the
mechanism(s) that differentiates the oil in
these two tissues?

These questions prompted us to investigate
the role of different fatty acid biosynthetic
enzymes in determining the fatty acid compo-
sition of palm and palm kernel oil. This paper
briefly reviews the biochemical factors that
control oil composition in the oil palm.

BETA-KETOACYL ACP SYNTHASE Il
(KAS 1)

This is a condensing enzyme that adds two
carbon atoms to palmitic acid resulting in the
formation of stearic acid. Another condensing
enzyme, KAS | catalyzes most of the conden-
sation reactions during succcessive rounds of
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the chain-lengthening process. KAS Il however,
is exclusively responsible for the conversion of
palmitic acid to stearic acid (Harwood, 1988).
Therefore, there is considerable interest in this
enzyme with respect to its role in determining
the ratio of CI6 to C18 fatty acids {Kridl et al.,
1992).

KAS II Activity during Fruit Development

Qil palm fruits from 12 weeks after anthesis
(WAA) to 22 WAA were screened for KAS II
activity. Activity was first observed around 15
WAA and showed a progressive increase until
it reached a maximum at 20-21 WAA (Figure
2) (Umi Salamah, 1995; Umi Salamah and
Sambanthamurthi, 1996a). This was similar
to the pattern of triglyceride synthesis in oil
palm mesocarp which starts at 16 WAA and
reaches a maximum around 20 WAA (00 et
al., 1985).

Relationship between KAS Il Activity and
Unsaturation Level in the Oil Palm
Mesocarp

Various oil palm fruits from PORIM's
germplasm collection were screened for KAS 11
activity, fatty acid composition and iodine value
(LV.). lodine value is a measure of the level
of unsaturation of the oil. Table 1 shows the
relationship between KAS Il activity, fatty acid
composition and I.V. Table 2 shows the mul-
tiple regression analysis. Positive correlation
was observed between KAS Il activity and 1.V.
Positive correlation was also observed between
KAS I activity and the level of C18:1 and C18:2
individually. However, the correlation was much
stronger when these two fatty acids were
considered in combination. The total level of
unsaturated CI8 fatty acids (C18:1 + C18:2 +
C18:3) also correlated positively with KAS Il
activity. However, KAS Il activity had little
effect on C18:3 individually thus, indicating
that the strong positive correlation observed for
KAS 11 vs(C18:1 + C18:2 + C18:3) was actually
contributed by C18:1 and C18:2. Interestingly,
the level of C16:0 was negatively correlated to
KAS |1 activity and the level of C18:1. These
findings provide strong evidence that limiting
KAS II activity contributes towards palmitic
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TABLE 1. RELATIONSHIP BETWEEN KAS Il ACTIVITY IODINE VALUE AND FATTY ACID COMPOSITION

Fatty acid composition (%)

C18:3

Sample KAS 11 lodine
activity value C16:0 Ci18:0 C18:1 C18:2 C18:3 C18:1 + Ci8:2 +

E. guineensis 2.15 60.80 30.80 6.60 49.00 11.70 0.50 61.20
E. guineensis 1.85 57.30 36.50 4.50 50.30 8.00 0.21 58.50
E. guineensis 1.19 57.80 36.10 7.40 43.90 11.70 0.30 55.90
E. guineensis 1.01 54.60 38.40 5.60 46.30 7.80 0.96 55.06
E. guineensis 0.45 50.10 39.80 4.00 47.70 7.60 0.21 55.50
Suriham hybrids 3.93 67.80 24.10 nd n.d nd nd nd
Surinam hybrids 3.90 64.10 24.00 2.60 65.70 5.90 0.82 71.62
Surinam hybrids 3.39 63.80 22.20 2.60 69.20 5.40 0.40 75.00
Surinam hybrids 2.25 62.10 26.90 2.30 63.90 5.40 0.61 69.90
Surinam hybrids 1.52 58.90 40.50 4.40 38.30 14.60 52.90
E. oleifera 7.51 88.50 17.70 0.82 56.80 22.70 1.10 80.60
E. oleifera 6.90 85.80 13.40 0.86 68.70 15.20 1.10 85.00
E. oleifera 5.60 84.30 16.40 0.90 61.80 18.70 0.97 81.50
E. oleifera 5.30 83.40 15.00 0.87 59.90 21.50 1.30 82.70
E. oleifera 4.13 84.00 18.90 1.30 60.20 17.30 0.98 78.50

Key: n.d: not determined

TABLE 2. REGRESSION ANALYSIS OF RELATIONSHIP BETWEEN KAS Il ACTIVITY, FATTY ACID

COMPOSITION AND IODINE VALUE (IV)

Variable Correlation Regression
coefficient coefficient t value P

KAS I'l vs LV, 0.94151 0.156525 10.074 <(.001
KAS Il us C16:0 0.92004 -0.208826 -8.466 <0.001
KAS 11 vs C18:1 0.66193 -0.151869 3.059 <0.01
KAS 11 us C18:2 0.69005 -0.259508 3.303 <{.01
KAS Il ps C18:3 0.76302 4.220126 4.089 <0.01
KAS 11 ps (C18:1 + C18:2 + C18:3) 0.92004 -0.174740 8.186 <0.001
KAS 11 us C18:1 and C18:2 0.95030 0.149917 6.960 <0.001

(for 18:1) (for 18:1)

0.256442 7.264

(for 18:2) (for 18:2)
KAS Il yg C18:1, C18:2 and C18:3 0.95039 0.147070 4,775 <0.001

(for 18:1) (for 18:1)

0.251861 5.031

(for 18:2) (for 18:2)

0.121757 0.136

(for 18:3) (for 18:3)
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acid accumulation in the oil palm mesocarp.
The results also indicate that A9 desaturase is
not limiting in the oil palm mesocarp and
efficiently converts A9 stearoyl ACP to oleoyl
ACP. Oleate desaturase is also quite active in
converting oleic acid to linoleic acid in the oil
palm mesocarp as seen from the strong corre-
lation between KAS Il activity and C18:2
individually or in combination with C18:1.
Increasing KAS 11 activity is thus likely to
result in increase in oleic acid as well as linoleic
acid content. Antisensing of the oleate desa-
turase gene may thus be necessary to obtain
high oleic acid without a concomitant increase
in linoleic acid.

. 10mM
O1mM

Relative activity (%)

: al

Control t'.?u2+ Ca®

Figure 3. Effect Of divalent cations on
KAS 11 activity.
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Fig. 4: Effect of EDTA on KAS Il Activity
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Figure 4. Effect Of EDTA on KAS 1l activity.

Purification and Characterization of KAS
11

KAS Il was purified about 10 000- fold from
oil palm mesocarp (Umi Salamah, 1995). The
pure enzyme had optimum activity between pH
4.5 and 5.0. Maximum activity was observed
at 30°C with significant reduction in activity
at higher temperatures. The influence of diva-
lent cations on KAS Il activity was determined
in the presence of various cations at 1mM and
10mM concentration respectively. Activity in-
creased 3- to lo-fold in the presence of Zn*,
Mg and Mn?* at both concentrations (Figure
3). The highest stimulation was observed with
Mn?*. Exogenously supplied EDTA (chelating
agent) decreased KAS Il activity by approxi-
mately 50% (Figure 4}). However, prior incuba-
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tion of KAS Il with divalent cations (Mn?* or
Mg*) prevented/reduced the inhibitory action
of this chelating agent. Cu?* and Ca?* at both
concentrations reduced KAS Il activity signifi-
cantly.

While the above results were obtained under
in vitro conditions, it would be interesting to
know how these results translate to field
conditions. Would there be a decrease in oleic
acid content at temperatures above 30°C since
KAS 11 activity decreases and there is strong
positive correlation between KAS Il activity
and oleic acid content? Similarly, what role do
fertilizers such as Mg? play in affecting fatty
acid composition? Would soils rich in magne-
sium promote higher unsaturation?

ACYL ACP THIOESTERASES

Acyl ACP thioesterases play a very important
le in the termination of chain elongation.
These enzymes cause the release of fatty acids
from ACP so that they can be exported out of
the plastid into the cytoplasm where they can
be incorporated into triglycerides (storage oil).

Acyl ACP Thioesterases in the Oil Palm

The high palmitic and oleic acid content of
palm oil suggested the presence of acyl ACP
thiocesterases with high specificity for palmitoyl
ACP and oleoyl ACP in the oil palm mesocarp.
Investigation of thioesterase activity in crude
extracts of oil palm mesocarp showed a marked
preference for palmitoyl ACP followed by oleoyl
ACP as substrates (Figure 5) (Sambanthamurthi
and Qo, 1990; Abrizah et al.,1992: Abrizah and
Sambanthamurthi, 1995). The results confirmed
that palmitic acid was cleaved from palmitoyl
ACP in the growing fatty acid chain, thus
resulting in palmitic acid moving out of the
plastid and being esterified to triglycerides by
the action of acyltransferases in the cytoplasm
(endoplasmic  reticulum).

This mechanism would thus result in accu-
mulation of triglycerides containing high levels
of palmitic acid. Similarly, the high activity of
thioesterase towards oleoyl ACP explains the
high levels of oleic acid in oil palm mesocarp.

There was some thioesterase activity towards
stearoyl ACP and very low activity towards
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Figure 5. Thioesterase activity in oil palm
mesocarp.

lauroyl ACP and myristoyl ACP in crude
mesocarp extracts. Stearic, lauric and myristic
acids are present in only small amounts in palm
oil (Table 3). With the advent of genetic ma-
nipulation, it is now possible to tailor fatty acid
compositions of different oils. Increasing the
level of oleic acid at the expense of palmitic acid
is one such target. It was thus of interest to
us to investigate whether palmitoyl ACP thio-
esterase and oleoyl ACP thioesterase activities
resided on a single protein or separate proteins.
If it was a single protein, then manipulation
for lower palmitic acid would result in a corres-
ponding decrease in oleic acid.

Similarly, manipulation for increased oleic
acid would result in elevated levels of palmitic
acid. However, if they were different proteins,
then they could be manipulated independently.
Protein purification was thus carried out and
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TABLE 3: PERCENTAGE FATTY ACID TABLE 4: FATTY ACID
COMPOSITION OF PALM OIL’ COMPOSITION OF PALM KERNEL OIL’
Fatty acid Percentage Fatty acid Percentage
composition (mean) composition (mean)

12.0 0.2 Cé 0.3

14.0 1.1 Ccs8 4.4

16.0 44.0 CIo 3.7

. 161 0.1 C12 48.3

r18.0 4.5 Cl4 15.6

18.1 39.2 Clé 7.8

18.2 10.1 Cl8 2.0

18.3 0.4 C18:1 15.1

20.0 0.4 C18:2 2.1

lodine value 53.3 Other 0.2

lodine value 17.8

‘Extraction from Tan and Oh (1981).

‘Extraction from Tan and Oh (1981).

two major peaks were resolved by chromatog-

raphy (Figure 6). Thioesterase activity towards
12 palmitoyl ACP and oleoyl ACP was thus con-
firmed to be on two separate peaks (Abrizah,
1995; Abrizah et al. 1994}, i.e. they are two:
separate proteins and would be amenable to
genetic manipulation independent of each other.
Palmitoyl ACP thioesterase clones have been
isolated from mesocarp cDNA library. Prelimi-.
nary investigation was also carried out on oil.
palm kernel, 12 WAA. Table 4 shows the fatty
acid composition of palm kernel oil. Palm,
kernel comprises 48% lauric, 16% myristic and|
15% oleic acids. High thioesterase activity war;
observed with lauroyl ACP, myristoyl ACF’
and oleoyl ACP as substrates (Figure 7}
(Sambanthamurthi et al., 1996).

These results suggest the presence of spe-
cific medium chain thioesterase(s) in palm
kernel in addition to oleoyl ACP thioesterase.
These results are in contrast to those report& |
by Ohlrogge et al. (1978). Coconut oil contains; |
mainly lauric (32%) and myristic acids (25%:)
with oleic acid accounting for only 10% of
the total fatty acid composition. Yet, it was

Relative hydrolysis rate

0.0 LA o e 180 181 reported to contain high thioesterase activity
ACP ACP ACP ACP ACP with little activity towards lauroyl or myristoyl
ACP. Thus, although both palm kernel and
Figure 6. Thioesterase activity in oil palm coconut are rich in lauric and myristic acids.,
kernel. the mechanism of accumulation of these
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fatty acids appears to be different in the two
crops. In the oil palm kernel, medium chain
thioesterases appear to be responsible for
accumulation of lauric and myristic acids.

Stearoyl ACP Desaturase

Oleic acid is formed by the aerobic
desaturation of stearic acid by the action of
A9 stearoyl ACP desaturase. This enzyme is
highly specific for stearoyl ACP {as-substrate)
but palmitoyl ACP can act as a poor substrate
to produce palmitoleic acid. This explains why
palmitate and oleate are the main products of
de nove fatty acid biosynthesis. Palm oil con-
tains 39% oleic acid and <5% stearic acid
indicating that the A9 stearoyl ACP desaturase
of oil palm mesocarp is very active and effec-
tively converts almost all the stearoyl ACP to
oleoyl ACP. Despite the fact that palm oil
contains 44% palmitic acid, palmitoleic acid
only accounts for about 0.1%-0.3% of the total
fatty acids indicating that the palmitoyl ACP
is a poor substrate for A9 stearoyl ACP desa-
turase.

However, under certain conditions, the
desaturase changes its preference dramati-
cally. It was shown that protoplasts isolated
from both mesocarp and embryogenic cultures
of oil palm synthesized palmitoleic acid in
excess of 30% of the total fatty acid composition
(Sambanthamurthi et al.,, 1987; 1996). The
stearic acid content also increased, showing
that the desaturase had changed its preference
for stearoyl ACP and was instead acting on
palmitoyl ACP. The C18:1 content was about
30%. However, almost all of this was cis-
vaccenic acid which must have been formed by
the elongation of palmitoleic acid. There is
pharmaceutical demand for palmitoleic acid as
it has antithrombotic properties. Cis-vaccenic
acid also has industrial applications. It may
thus be useful to produce these fatty acids on
a large scale in the oil palm.

ACYLTRANSFERASES

Various fatty acid biosynthetic enzymes can be
manipulated in order to increase or decrease
specific fatty acids. However, the final product
of interest is the oil. Unless the modified fatty
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acids are esterified to form triglycerides, they
will probably be broken down. Acyltransferases
are enzymes that catalyze the esterification of
fatty acids. The active fatty acids are in the
acyl CoA form. Different acyltransferases
catalyze esterification at different positions on
the glycerol backbone. The first enzyme is
glycerol-3-P acyltransferase (GPAT) which adds
an acyl group to the first position on the
glycerol-3-P  molecule resulting in the formation
o f 1l-monoacylglycerol-3-phosphate (lysophos
phatidate). Studies have indicated that this
enzyme prefers saturated fatty acyl-CoA
(Harwood and Page, 1994).

However, although glycerol 3-phosphate acyl
transferase prefers saturated moieties, its
specificity is much less than the second
acyltransferase, 1-acylglycerol-3-phosphate
acyltransferase or lysophosphatidate acyltrans-
ferase (LPAT) (Ichihara et al., 1987; Harwood
and Page, 1994). This enzyme exhibits strong
substrate specificity in most oilseed species. In
safflower, this enzyme prefers linoleate to
oleate and discriminates almost totally against
saturated fatty acids (Griffiths et al., 1985). In
rapeseed, erucate was an extremely poor
substrate compared to oleate (Sun et al., 1988;
Berneth and Frentzen, 1990). Together, the
first two acyltransferases determine the non-
random distribution of fatty acids at the
Sn-1 and Sn-2 positions of the glycerol back-
bone and hence, the triacylglycerols subse-
quently formed. Phosphatidate phosphohyd-
rolase hydrolyses phosphate from phosphatidate
to yield diglyceride.

The final step in triglyceride synthesis is
catalyzed by diacylglycerol acyltransferase
(DGAT) which adds the final fatty acid ta
position Sn-3. This enzyme has some level of
selectivity but in general, it has a broad
specificity (Ichihara and Noda, 1982). It is thus
obvious that the triglyceride species of a par-
ticular oil are determined largely by the action
of the three aclytransferases. In. crude palm
oil, the C50 and C52 triglyceride species ac-
count for about 43% and 41% respectively of
the total triglyceride composition (Tan and Oh,
1981). The major components of Cb0 are PPC
and POP while POO and OOP are the major
constituents of C52. It is thus obvious that all
three positions of the glycerol molecule can
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accommodate either palmitic or oleic acid in
palm oil. The Sn-2 position which is usually
quite specific for unsaturated fatty acids does
not appear to have such specificity in palm oil.
Oil palm mesocarp LPAT thus does not exhibit
high specificity. This information is useful as
it indicates that increasing oleic acid (by ge-
netic manipulation) will result in its incorpo-
ration into triglycerides.

In palm kernel oil, the major triglycerides
are those of carbon numbers 36.38 and 40. C36
comprise mainly lauric acids, while C38 and
C40 is a combination of lauric and myristic
acids. Here again, it is obvious that the Sn-2
position and hence, kernel LPAT does not
exhibit high specificity for unsaturated fatty
acids.

CONCLUSION

Several biochemical factors work in concert to
regulate the composition of oil in the mesocarp
and kernel. In the mesocarp, rate limiting KAS
Il activity impedes the conversion of palmitoyl
ACP to stearoyl ACP thus, resulting in high
palmitoyl ACP which is very efficiently con-
verted to palmitic acid by a palmitoyl ACP
thioesterase. A more active KAS Il would be
able to convert more of the palmitoyl ACP to
stearoyl ACP which would subsequently be
converted to oleoyl ACP and hence, oleic acid.
Similarly, a less active palmitoyl ACP
thioesterase would allow more of the palmitoyl
ACP to be elongated by the albeit inactive KAS
I1. These are targets of current genetic manipu-
lation efforts.

The oil palm mesocarp contains an active
stearoyl ACP desaturase. This accounts for the
high oleic acid content of palm oil. It is unlikely
that increasing the activity of this enzyme will
increase oleic acid levels further in oil palm
mesocarp as the stearic acid content of oil palm
mesocarp is less than 5%. It may however, play
a positive role if KAS Il activity is increased.
Decreasing the activity of this enzyme by
antisense technology for example, could in-
crease stearic acid levels in palm oil. This may
be useful in the production of cocoa butter
substitute.

In the kernel, medium chain thicesterase(s)
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appears to play a role in accumulating medium
chain fatty acids. The kernel also has an active
oleoyl-ACP thioesterase and stearoyl ACP desa-
turase based on its high oleic acid content (15%}.
Biotechnology applied to oils and fats has
made rapid progress in creating oil crops with
dramatically altered lipid composition (Murphy,
1994). It is imperative that the oil palm indus-
try exploits the opportunities presented by
modem biotechnology to maintain a competi-
tive edge. An understanding of the biochemical
factors and metabolic pathways regulating oil
composition is necessary for exploiting these
opportunities and tailoring the oil palm to
manufacture value-added products.
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