
Durham E-Theses

Studies on membrane-associated and soluble enoyl
reductases from oil seed rape (Brassica napus)

Fowler, Anne

How t o cite:

Fowler, Anne (19 96) Studies on membrane-associated and soluble enoyl reductases from oil seed rape
(Brassica napus) , Durham the se s, Durham University. Availa ble at Durham E-Theses Online:
http://etheses.dur.ac.uk/5264 /

Use p olicy

The full-text may b e used and/or repro duced, and given to third parties in any format or medium, without prior p ermission or
charge, for p ersonal research or study, ed ucational, or not-for -pro�t purp os es provided that:

� a full bibliographic reference is made to the original source

� a link is made to the metadat a record in Durham E-Theses

� the full-text is not changed in any way

The full-text must not b e sold in any for mat or medium without the formal p ermission of the copyright holders.

Please consult the full Durham E-Theses p olicy for further details.

http://www.dur.ac.uk
http://etheses.dur.ac.uk/5264/
 http://etheses.dur.ac.uk/5264/ 
http://etheses.dur.ac.uk/policies/


Academic Supp ort O�ce, Dur ham University, Univer sity O�ce, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107

http ://eth es es.d ur.ac.uk

2

http://etheses.dur.ac.uk


Studies om Membraime-Associated amid Soluble Emioyl Reductases 

fro mm ©ill Seed Rape {Erassica napus). 

By 

Anne Fowler B.Sc. (Hons.) 

A thesis submitted for the degree of Doctor of Philosophy 

in the University of Durham 

The copyright of this thesis rests with the author. 

No quotation from it should be published without 

his prior written consent and information derived 

from it should be acknowledged. 

Department of Biological Sciences 

University of Durham 

February, 1996. 



To Mum and Dad 

ii 



Stadlks fflim Memlbranne-Assffidatedl amndl S<n>limlbk Emifflvl M©dM£ttase§ ffmmimn O i 

Seed Hap© {Brassicm nmpm\ 

Submitted for the degree of Doctor of Philosophy by Anne Fowler B.Sc. (Hons.) 

February 1996. 

Three forms of enoyl reductase have been identified in Brassica napus seeds, one 

soluble, which is involved in the synthesis of fatty acids up to CI8, and two membrane-

associated forms, which elongate VLCFA's. NADH-utilising membrane-associated and 

soluble enoyl reductases have been differentiated by their pH profiles and the fact that 

they are immunologicalry distinct. Despite their differing properties, both enzymes 

reduce C20:2-CoA[/2, e l l ] with NADH and so adequate controls are essential to 

remove contaminating soluble enoyl-ACP reductase from microsomes when studying the 

membrane-associated enzyme. The importance of these controls and extensive washing 

procedures to remove such contamination have not previously been stressed in the 

literature. In addition to the NADH membrane-associated enoyl reductase, a NADPH-

utihsing form also exists and these two enzymes have been differentiated by their thermal 

stabilities. 

Several methods were attempted to solubilise the membrane-associated enoyl reductases. 

Initial observations indicating their solubilisation by LDAO were later proved to be due 

to contaminating soluble enoyl-ACP reductase, again highlighting the importance of 

appropriate controls. Solubilisation of both forms was achieved using guanidinium 

thiocyanate, which is a inhibitor of soluble enoyl-ACP reductase. The sohibilised 

enzymes were unusually stable at high temperature but were shown to be proteinaceous 

and to have molecular weights of greater than 30 kDa. 

Attempts to obtain a cDNA encoding a membrane-associated enoyl reductase using a 

probe from a soluble enoyl-ACP reductase cDNA were unsuccessful. However, a cDNA 

encoding the soluble enzyme was isolated which showed high homology in the open 

reading frame to, but substantial differences in the 5' and 3' non-translated regions from, 

the previously isolated cDNA, and so represents a differently regulated enoyl-ACP 

reductase. 
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1.1 The roles of fatty acids in plants. 

Fatty acids play many different roles in plants. For example, they provide structure 

through membrane systems, are involved in biosynthesis as acyl-CoA's and acyl-

ACPs, that act as intermediates in complex lipid biosynthesis, and are major storage 

components. The study of fatty acids has a long chemical history, and as a result, 

many of the fatty acids have trivial names; a summary of the systematic and trivial 

names of several of the common fatty acids is given in table 1.1. 

Table 1.1 Systematic and trivial names of common fatty acids. (Adapted from Slabas 

etal, 1992a.) 

Structure Systematic name Trivial name 

C2.0 H-ethanoic acetic 

C4:0 «-butanoic butyric 

C10:0 «-decanoic capric 

C12:0 n-dodecanoic lauric 

C16:0 w-hexadecanoic palmitic 

C18:0 «-octadecanoic stearic 

C18:l[c9] cis- 9- octadecanoic oleic 

C20:0 «-eicosanoic arachidic 

C22:0 «-docosanoic behenic 

C22:l |cl3] cw-13-docosenoic eracic 

1 



The chemical nomenclature neerl for fattv nr.idk is ac f o l l o w s ; tinmhor ;ifi2T the C 

denotes the length of the hydrocarbon chain with the largest number of carbon 

atoms, the number after the colon indicates the number of double bonds, and the 

type (cis [c] or trans [t]) and position of the double bond, defined from the carboxyl 

end of the hydrocarbon chain, is indicated in the square bracket. 

The variability in fatty acid composition of storage oils is exceptionally high and due 

to their chemical properties, they have important commercial applications (Knauf, 

1987). The major applications of some vegetable oils are summarised in table 1.2. 

Table 1.2 Major applications of vegetable oils. (From Knauf, 1987.) 

Fatty acid Plant source Application 

Laurie acid (C 12:0) Palm, coconut soaps, detergents 

Palmitic acid (C 16:0) Palm margarine 

Oleic acid (C18: l[c9]) Olive, rapeseed cooking oil 

Erucicacid (C22: l [c l l ] ) High erucic rapeseed solvents and high 

temperature lubricants 

Plant oils are of major economic importance and as a consequence, there is 

substantial interest in exploring the degree to which genetic methods can be used to 

modify the oil composition of seeds. In many cases, relatively large alterations can be 

made in the fatty acid composition of the storage triacylglycerol without exerting any 

obvious deleterious effects on the growth and development of the organism. For 

example, expression of cDNA encoding a laurate-ACP thioesterase from 

Umbellularia californica (California bay) in Arabidopsis thaliana seeds resulted in 

2 



the accumulation of medium chain fattv acids at the evnenea o f \nno rh*m o n&\ 

ones (Voelker et al., 1992). Consequently, great potential exists for genetically 

engineering plant lipids, providing that there is sufficient information on the 

biochemical pathways involved, in addition to the temporal and tissue specific 

expression of the genes. 

At present, there is interest in seed oils rich in erucic acid (C22:l[cl3]) for the 

production of solvents and high temperature lubricants (Andrews and Ohlrogge, 

1991). The original variety of Brassica napus (oil seed rape) contains high levels of 

erucic acid, which accounts for approximately 40 % of the total fatty acids 

accumulated in the seed (Hilditch and Williams, 1964). However, studies carried out 

on rats showed that consumption of large amounts of erucic acid caused cardiac 

lipidosis and necrosis (Roine et al., 1960), and consequently, low erucic acid rape 

(LEAR) was developed, by classical breeding methods (Stefansson et al., 1961). 

These observations caused several Western countries in the 1970's to limit the erucic 

acid content of oils destined for human consumption to less than 5 % (Sauer and 

Kramer, 1983), yet so far there have been no reports to suggest toxicity in human 

populations consuming rapeseed oil (Laryea et al., 1992). Recently, the demand for 

erucic acid has increased because of its commercial value, and therefore, research is 

underway to increase the erucic acid content of Brassica napus, by genetic 

modification. Such modification of the triacylglycerol biosynthetic pathway in 

Brassica napus seeds, with the aim of an enhanced erucic acid production, requires a 

detailed understanding of the biosynthesis and storage of very long chain fatty acids 

(VLCFA's). 

Genetic modification has already been used to alter the fatty acid composition of 

plants. For example, a decrease in the level of oleic acid, with an increase in stearic 

acid has been achieved in transgenic Brassica napus by modulation of stearoyl-ACP 
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(A9) tlesaiurase, using antisemse tecnnoiogy (Knutzon et at., 1992). As a 

consequence of this, up to 40 % of the fatty acid content was stearic acid, making 

the oil potentially useful as a substitute for cocoa butter. As previously stated, 

termination of fatty acid elongation can be altered by genetic engineering (Voelker et 

al., 1992). Additionally, the chilling resistance of plants has been increased. Tobacco 

plants transformed with acyl-ACP: glycerol-3-phosphate acyltransferase from 

Arabidopsis thaliana, a plant resistant to chilling, had an increased level of 

unsaturation of phosphatidylglycerol and the plants were chilling tolerant (Murata et 

al., 1992). 

1.2 Fatty acid biosynthesis. 

1.2.1 The reactions involved in fatty acid synthesis. 

The component reactions involved in de novo fatty acid synthesis are shown in figure 

1.1. The acyl-ACP product of the reaction is used as a substrate with malonyl-ACP 

in the next cycle of chain elongation resulting in the addition of two carbon units to 

the growing acyl-ACP chain per cycle, and this proceeds until the acyl chain is 18 

carbons in length. The enzymes involved in fatty acid biosynthesis form the fatty acid 

synthase (FAS), of which there are two types, I and H 

Type I is a non-dissociable multi-functional protein found in animals and yeast. In 

animals, FAS consists of two identical multi-functional polypeptide subunits in an oc2 

dimer (Buckner and Kolattukudy, 1976). A schematic diagram of animal FAS is 

shown in figure 1.2. 
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Figure 1.1 The component reactions in fatty acid biosynthesis. 
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Figure 1.2 A schematic diagram of animal fatry acid synthase. (From Stryer, 1988.) 

Each chain consists of three domains. Domain 1 contains acetyl transferase (AT), 

malonyl transferase (MT) and (3-ketoacyl-ACP synthase (condensing enzyme; CE), 

domain 2 contains acyl carrier protein (ACP). 3-ketoacyl-ACP reductase (KR). 

p-hydro\yacy]-ACP dehydrase (DH) and enoyl reductase (ER); domain 3 contains 

thioesterase (TE). 

Acetyl-CoA and malonyl-CoA enter FAS by attachment to the transferases. The 

acetyl group is then transferred to KAS (the condensing enzyme) and the malonyl 

unit is transferred to the ACP of the other chain in the dimer, hence domain 1 of 

each chain of the dimer interacts with domains 2 and 3 of the other chain. Therefore, 

each of the two functional units of the synthase consists of domains from both chains 

(Tsukamoto etai, 1983). 

In yeast, FAS consists of tri- and penta-functional subunits in an a6[36 hexamer. The 

a subunit comprises of KAS, 3-ketoacyl-ACP reductase and ACP domains. The 
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dehydrase and enoyl reductase (Schweizer et al., 1986). 

Type n FAS is typically present in plants and micro-organisms (Shimakata and 

Stumpf, 1982a and Simoni et al., 1967, respectively). This FAS is composed of 

dissociable enzymes. 

Since this research is based on membrane-associated and soluble enoyl reductases 

from Brassica napus (oil seed rape), a description of fatty acid biosynthesis will 

concentrate on the system found in plants. 

1.2.2 Fatty acid biosynthesis im plants. 

Fatty acid biosynthesis, i.e. the incorporation of [ 1 4 C ] acetate into palmitate (C16:0) 

and oleate (CI8:1 [c9]) in plants occurs in plastids; subcellular fractionation of 

disintegrated Persea americana (avocado) mesocarp on a sucrose density gradient 

produced a dense particulate fraction containing FAS activity, and electron 

microscopy showed that this fraction contained plastids (Weaire and Kekwick, 

1975). Previous studies had lead to the conclusion that fatty acid synthesis occurred 

in the supernatant, but these experiments had been performed using a rigorous 

disintegration procedure that disrupted plastids (Weaire and Kekwick, 1975). 

The substrates required for the first round of fatty acid synthesis are acetyl-CoA and 

malonyl-CoA. Acetyl-CoA probably does not cross the chloroplast envelope and so 

it is presumed to be synthesised in situ, either from precursors derived from 

photosynthetic carbon fixation within the organelle, or from precursors imported 

from the cytosol. Incorporated acetate would be converted to acetyl-CoA by 

acetyl-CoA synthase, whereas pyruvate could be converted to acetyl-CoA by 

pyruvate dehydrogenase. Research into the true precursors for fatty acid biosynthesis 



is somewhat controversial since in ne» l^af ^ h W m O n c t ^ citrate, pyruvate, acetate 

and acetylcarnitine all serve as sources of acetyl groups for fatty acid synthesis 

(Masterson et al., 1990). Acetylcarnitine was the best substrate. It was incorporated 

into fatty acids at a rate that was at least 5 fold higher than those achieved with the 

other substrates. Acetate was incorporated at the second highest rate. Conversely, it 

was later reported that in chloroplasts isolated from spinach, pea or maize, 

acetylcarnitine was not a substrate for fatty acid synthesis (Roughan et al., 1992). 

Additionally, in 1995, it was determined that in oat seedlings, acetate was used by 

chloroplasts for fatty acid biosynthesis, but in etioplasts, pyruvate was preferred 

(Lichtenthaler and Golz, 1995). Clearly, there is confusion over the mechanism used 

to import acetate groups. It is possible that there could be a variety of different 

sources of substrate for fatty acid synthesis dependent on the tissue and physiology 

of the plant. However, it is known that the second substrate, malonyl-CoA, is 

formed from acetyl-CoA. 

1.2.2=1 Acetyl-CoA carboxylase. 

Acetyl-CoA carboxylase (ACCase) catalyses the ATP-dependent carboxylation of 

acetyl-CoA to form malonyl-CoA (figure 1.3). 

1 

ATP + HC0 3 - + BCCP <=> ADP + Pi + BCCP-C0 2 

2 

BCCP-C0 2 + acetyl-CoA <=> BCCP + malonyl-CoA 

Figure 1.3 Acetyl-CoA carboxylase catalysed carboxylation of acetyl-Co A. 

BCCP - biotin carboxyl carrier protein 

1 - biotin carboxylase 2 - carboxyl transferase 
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liiis reaction is considered to oe an important rate-lrmiting reaction of de novo fatty 

acid biosynthesis in chloroplasts (Post-Beittenmiller et al., 1992). There is interest in 

studying plant ACCase because it is the primary target site of major classes of grass 

specific herbicides and the use of herbicides has been used to prove the existence of 

two ACCases in maize. The major isoform (230 kBa) is more sensitive to inhibition 

by aryloxphenoxypropionates and cyclohexanediones than the 220 kDa form 

(Herbert et al., 1994). 

The molecular organisation of ACCase differs with different enzyme sources. The 

mammalian form (type I) is a large multifunctional polypeptide of > 200 kDa (Takai 

et al., 1988), consisting of three fused domains: biotin carboxylase, biotin 

carboxylase carrier protein and carboxyltransferase. By comparison, in Escherichia 

coli (E. coli), a type I I ACCase exists, consisting of three separate proteins 

(Guchhait et al., 1974). 

Studies indicate that plants can contain both dissociable and non-dissociable forms of 

ACCase. The single polypeptide form of ACCase has been purified from wheat and 

has a molecular weight of 220 kDa (Elborough et al., 1994). cDNA clones isolated 

from wheat (Elborough et al., 1994) and maize (Ashton et al., 1994a) represent a 

220 kDa ACCase and the derived amino acid sequences have homology to ACCase 

from animal sources. 

The second form of ACCase, which contains a 60 kDa biotinylated polypeptide, has 

been identified in carrot embryos (Nikolau et al., 1995). Antibodies raised against 

this polypeptide result in the immunoprecipitation of half the ACCase activity 

present in extracts of carrot embryos, suggesting that the 60 kDa biotinylated 

polypeptide is a second form of ACCase. Using streptavidin, which detects biotin, it 

has been determined that pea chloroplasts contain a dissociable ACCase because a 

biotin protein of low molecular mass (approximately 35 kDa) was identified. In 

9 



comnarisnn nea leaves r.nntain htyth fort^E o f ACCESS (Sscaki c.' ~/., 1995). It is iiot 

known why two types of ACCase exist, but they may synthesise malonyl-CoA for 

different pathways, since malonyl-CoA is required for fatty acid biosynthesis and 

synthesis of secondary compounds, such as flavonoids in plants (Sasaki et al., 1995) . 

1.2.2.2 Conmpomeimts ©ff plamt FAS. 

Extensive research has been performed on the FAS components from plants and a 

summary of the findings is given below. 

Acyl carrier protein (ACP) plays a vital role in fatty acid biosynthesis. The 

incorporation of [ 1 4 C ] malonyl-CoA into fatty acids by homogenates of Spinacia 

oleracea (spinach) leaf is totally ACP dependent; the addition of an anti-ACP 

antibody results in 98 % inhibition of fatty acid biosynthesis (Ohlrogge et al., 1979). 

ACP contains a phosphopantetheine prosthetic group attached to a serine residue 

and the sulfhydryl group joins to the carboxyl carbon of fatty acids to form a 

thioester. This results in the activation of the acyl group so that it can be acted upon 

by the other FAS enzymes. Thus ACP is an essential component of fatty acid 

biosynthesis. 

Immunogold labelling has been used to study the distribution of ACP in Persea 

americana (avocado) mesocarp and Brassica napus (oil seed rape) seeds; over 95 % 

of ACP was localised to plastids (Slabas and Smith, 1988). cDNA clones encoding 

ACP from Brassica napus embryos have been isolated and sequenced, and analysis 

of the sequence data revealed that ACP clearly has a transit peptide for entrance into 

the plastid (Safford et al., 1988). 
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ACP was the first protein of plant lipid metabolism to be purified to homopenfiity 

and the purified protein from Persea americana (avocado) mesocarp and Spinacia 

oleracea (spinach) leaf is heat stable, contains an abundance of acidic amino acids 

and has a molecular weight of approximately 10 kDa (Simoni et al., 1967). 

Purification of ACP from Brassica napus (oil seed rape) seed required different 

procedures from the purification of the protein from leaf material, because the seed 

form is not freely soluble and requires detergent sohibilisation; neither is the seed 

form heat or acid stable and biological activity is rapidly lost following 

chromatography. Despite this, purification to homogeneity was achieved using 

acyl-ACP synthase from E. coli to radiolabel partially purified ACP with [ 1 4 C ] 

palmitic acid. This introduced a tag to follow ACP and converted the protein from a 

non-hydrophobic species to a hydrophobic one, and this was used as the basis for 

purification (Slabas et al., 1987). 

Two forms of ACP have been identified by Western blotting in Spinacia oleracea 

(spinach) leaves, yet only one form was detected in seed material (Ohlrogge and 

Kuo, 1985). It would have been predicted that seed would contain two forms of 

ACP, a core FAS component and a separate form involved in storage 

triacylglyceride biosynthesis (Slabas et al., 1992b). There is also considerable 

evidence for different forms of ACP at the genetic level. For example, a cDNA 

encoding ACP, isolated from Spinacia oleracea leaves, does not cross-hybridise to 

Spinacia oleracea ACP in seeds or roots, suggesting that there are a number of 

forms of ACP in Spinacia oleracea (Scherer and Knauf, 1987). In addition, analysis 

of several Brassica napus embryo ACP clones revealed sequence heterogeneity, 

providing evidence for an ACP multigene family consisting of six genes encoding 

five different mature ACP polypeptides (SafFord et al., 1988). Northern blot analyses 
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using sequence specific probes nave shown that at least one ACP cDNA in Brassica 

napus is seed specific and is not expressed in leaf tissue (S afford et al., 1988). 

Prior to the condensation reaction which adds an extra two carbons onto the 

growing acyl chain, rnalonyl-CoA is converted to malonyl-ACP by malonyl-CoA: 

ACP transacylase (MCAT) so that it can be used as a substrate by FAS. Two forms 

of MCAT exist in soybean leaves and both are soluble proteins with a molecular 

weight of approximately 43 kDa (Guerra and Ohlrogge, 1986). The isoforms were 

differentiated on the basis of their binding to ion-exchange or blue dye affinity 

chromatographic supports. Isoform I does not bind to these matrices, but isoform II 

does and requires salt for elution from them. In comparison to leaf material, only 

isoform I is present in seeds (Guerra and Ohlrogge, 1986). This tissue expression is 

the same as that for ACP which is present as two forms in Spinacia oleracea leaf 

material, but only one form in seed material. 

The condensation between an activated acyl group and malonyl-ACP is catalysed by 

(3-ketoacyl-ACP synthase (KAS), and therefore, the enzyme is often referred to as 

the condensing enzyme. Two forms of KAS were originally purified from Spinacia 

oleracea leaves; isoform I catalyses the condensation of C2 to C14 acyl-groups to 

malonyl-ACP, whereas KAS II can only utilise C14 and C16 acyl substrates 

(Shimakata and Stumpf, 1982b). Current evidence suggests that the elongation of 

fatty acids from C16 to C18 requires a specific KAS only; the other enzymes 

involved are the same as those involved in the elongation from C2 to C16. The two 

forms of KAS can be differentiated by the effect the antibiotic cerulenin has on them; 

50 % inhibition of KAS I is achieved by the addition of 2 \xM cerulenin, but for KAS 

n, 50 % inhibition is only obtained in the presence of 50 \\M cerulenin (Shimakata 

and Stumpf, 1982b). 
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The role of KAS's was complicated in 1987. when KAS I I I was identified in K. cnli 

as a cerulenin-resistant condensing enzyme that catalyses the initial steps in chain 

elongation (Jackowski and Rock, 1987). Furthermore, evidence suggested that KAS 

HI utilised acetyl-CoA instead of acetyl-ACP and this finding promoted debate as to 

whether acetyl-ACP was the substrate for fatty acid biosynthesis. It was later shown 

that acetyl-ACP was the least effective primer for fatty acid synthesis in Spinacia 

oleracea extracts, when compared to acetyl-CoA, butyryl-ACP or hexanoyl-ACP 

(Jaworski, et al., 1992). This lead to the hypothesis that the major primer of fatty 

acid biosynthesis in plants is acetyl-CoA, with acetyl-ACP playing only a minor role. 

This was substantiated when KAS III was purified from Spinacia oleracea and its 

properties investigated (Clough et al., 1992). The enzyme was highly specific for 

acetyl-CoA and malonyl-ACP; acetyl-, butyryl- and hexanoyl-ACFs would not 

substitute for acetyl-CoA as substrates, suggesting that the physiological function of 

KAS HI was to catalyse the initial condensation reaction in fatty acid synthesis. The 

presence of KAS III would eliminate the requirement for a separate acetyl-CoA: 

ACP transacylase (ACAT), which converts acetyl-CoA to acetyl-ACP, and raised 

doubts over the existence of ACAT (Clough et al., 1992). However, previous results 

implied that ACAT was the rate-determining enzyme in fatty acid biosynthesis 

(Shirnakata and Stumpf, 1983), suggesting a requirement for both enzymes. 

The hypothesis that both KAS HI and ACAT are required was substantiated by the 

separation of ACAT from KAS III in Persea americana (avocado) by ion exchange 

chromatography (Gulliver and Slabas, 1994). The sizes of the enzymes were 

compared; KAS in has a subunit molecular weight of 37 kDa and a native molecular 

mass of 69 kDa, suggesting that the enzyme exists as a dimer. In comparison, the 

native molecular mass of ACAT is 18.5 kDa. Clearly, both enzyme activities exist in 

vivo, yet, the roles are not fully understood since if the initial reaction of plant FAS is 

determined by KAS in, why does ACAT activity exist? The use of anti-sense 

13 



constructs in transgenic nlants would enable thp rr>r>Hiti«-mc i m H w which the tv/c 

systems are utilised to be investigated (Gulliver and Slabas, 1994). 

The first reduction in fatty acid biosynthesis is catalysed by (3-ketoacyl-ACP 

reductase. The enzyme has been purified from Spinacia oleracea (spinach) leaves 

and Carthamus tinctorius (safflower) seeds, and in both cases the reductant NADPH 

was much more effective than NADH (Shimakata and Stumpf, 1982c and Shimakata 

and Stumpf, 1982a, respectively). In Carthamus tinctorius, the activity detected with 

NADH was only 1 % of the activity detected with NADPH. It is not known if the 

activities with NADPH and NADH are caused by one enzyme that is non-specific for 

pyridine nucleotide, or whether two enzymes exist. In comparison, .two separate 

forms of P-ketoacyl-ACP reductase have been partially purified from Persea 

americana (avocado) mesocarp, that utilise NADH and NADPH, respectively 

(Caughey and Kekwick, 1982). The two enzymes were affected differently by pH; 

the NADH-specific enzyme showed an unpronounced optimum at pH 7.0, whereas, 

the NADPH-specific form showed a sharp optimum at pH 6.5. The NADPH-specific 

(3-ketoacyl-ACP reductase was later purified to homogeneity from the mesocarp of 

Persea americana and no activity was detected with the purified enzyme when 

NADH was used instead of NADPH (Sheldon et ai, 1990). In order to maintain 

enzymatic activity, purification of the enzyme was performed at room temperature 

using buffer solutions of as high an ionic strength as possible. Analysis of internal 

amino acid sequence data showed similarity with the putative gene products encoded 

by the nodG gene from the nitrogen-fixing bacterium, Rhizobium meliloti. The nodE 

and nodF gene products, which may be part of the same operon, show similarity to 

the condensing enzyme and ACP, respectively, therefore, it appears that these genes, 

which determine host specificity, encode enzymes catalysing a similar pathway to 

that of fatty acid synthesis (Sheldon et al., 1990). 

t 
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(3-ketoacyl-ACP reductase was first purified from seed tissue in 1992. It was purified 

from Brassica napus (oil seed rape) seeds and like the enzyme from Persea 

americana mesocarp, activity was best maintained by high ionic strength and 

moderate rather than low temperature (Sheldon et al., 1992). A cDNA clone 

encoding the NADPH-specific (3-ketoacyl-ACP reductase was isolated from a 

Brassica napus developing seed library (Slabas et al., 1992c) and was used to 

construct an over-expression vector that produces large amounts of the protein in 

E. coli BL21(DE3) (Thomas et al., 1995). As a result of this, it is now possible to 

produce and purify milligram quantities of active (3-ketoacyl-ACP reductase with 

ease, which will facilitate future detailed structural and mechanistic studies. 

The keto group formed by P-ketoacyl-ACP reductase is converted to a trans-2 

double bond, as a result of the removal of a water molecule by the action 

of 3-hydroxyacyl dehydrase. This enzyme has been partially purified from 

Carthamus tinctorius (safflower) seeds (Shimakata and Stump £, 1982a) and purified 

to homogeneity from Spinacia oleracea (spinach) leaves (Sbimakata and Stumpf, 

1982c). The Spinacia oleracea enzyme has a subunit molecular weight of 19 kDa 

and a native molecular mass of 85 kDa, suggesting that it exists as a tetramer. Unlike 

P-ketoacyl-ACP reductase and enoyl-ACP reductase which can reduce both 

acyl-CoA's and acyl-ACPs, 3-ketoacyl-ACP reductase is inactive with acyl-CoA's 

(Shimakata and Stumpf, 1982c). 

Reduction of the trans-2 double bond is catalysed by enoyl-ACP reductase which 

will be discussed in section 1.4. 

After the synthesis of fatty acids, they can be subjected to desaturation. Desaturation 

affects the physical properties of lipids and several plants change the degree of 

unsaturation in response to cold acclimatisation so that membranes can retain their 
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degree of fluidity, allowing the biochemical activities that occur in membranes to 

continue (Murata, 1983). In plants, both soluble and membrane-bound desaturases 

exist; the latter present a much greater challenge in purification, due to their 

membrane requirement. 

Stearoyl-ACP (A9) desaturase, a soluble enzyme, has been purified from several 

species including Carthamus tinctorius (safflower) seeds where it is a dimer with a 

molecular weight of 68 kDa and is highly specific for stearoyl-ACP (C18:0-ACP). 

Activity is dependent on both chain length and thiol content (McKeon and Stumpf, 

1982). Anti-sense technology has been used to inhibit stearoyl-ACP (A9) desaturase 

resulting in an increase in stearic acid (Knutzon et al., 1992). In coriander endosperm 

an unusual fatty acid, petroselinic acid (C18:l[c6]), is accumulated. Evidence 

suggests that the biosynthetic pathway involves A4 desaturation of palmitoyl-ACP 

(C 16:0) by the action of a desaturase that is structurally related to stearoyl-ACP (A9) 

desaturase, followed by a 2 carbon elongation of the resulting A4-hexadecenoyl-ACP 

(Cahoon and Ohlrogge, 1994). 

In comparison to soluble-ACP desaturases, alternative approaches have been used to 

characterise the membrane-bound desaturases rather than attempting their 

purification. For example, a series of lipid metabolism mutants in Arabidopsis 

thaliana were created so that genes could be isolated by gene walking (Somerville 

and Browse, 1991). In 1992, a gene was isolated from Brassica napus (oil seed rape) 

that complements an Arabidopsis thaliana mutant deficient in omega-3-unsaturated 

fatty acids and the derived amino acid sequence contains several strongly hydrophobic 

internal domains that could be transmembrane domains (Arondel et al., 1992). 
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Despite the existence ot alternative characterisation methods, attempts have been 

made to purify membrane-bound desaturases. Borago officinalis (borage) seeds 

accumulate the polyunsaturated fatty acids, linoleate (C18:2[c9, cl2]) and linolenate 

(C18:3[c6, c9, cl5]) whose syntheses involve A12-desaturase, and A6 and A15-

desaturases, respectively. Progress has recently been made in their characterisation 

following the solubilisation of A12-desaturase and A6-desaturase using 1 % w/v 

CHAPS (Galle et al., 1995). 

Following the synthesis of long-chain acyl-ACPs, they are either hydrolysed to free 

fatty acids, by acyl-ACP thioesterase and exported from the plastid, or they are 

incorporated into plastid lipids by acyl transferases. 

Acyl-ACP thioesterase catalyses the hydrolysis of acyl-ACP's to free fatty acids and 

ACP. An acyl-ACP thioesterase has been purified to homogeneity from Brassica 

napus (oil seed rape) seed; the enzyme has a preference for C18:l-ACP[c9], but can 

also utilise C8:0, C10:0, C12:0, C14:0, C16:0 and C18:0-ACFs. In comparison, the 

enzyme has low activity towards acyl-CoA's, typically activity is less than 10 % of 

that with acyl-ACPs (Helryer and Slabas, 1990). Such substrate specificity is 

consistent with a thioesterase which would fit into the termination step after the 

soluble stearoyl-ACP (A9) desaturase has acted. 

Saturated fatty acids are required for wax biosynthesis in epidermal cells, but it seems 

unlikely that the non-specific oleoyl-ACP thioesterase activity with C16:0 and 

C18:0-ACP's would provide an adequate supply of saturated fatty acids. Recently, 

though, two thioesterase activities, C16:0-ACP and C18:0-ACP thioesterases have 

been identified in Allium porrum (leek) epidermis and the C18:0-ACP thioesterase, 
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which essentially resides in enirtarmal pplls tine hee™ purged to "ear homogeneity. In 

sharp contrast to oleoyl-ACP thioesterase, C18:0-ACP thioesterase had high 

substrate specificity with C18:0-ACP, suggesting its role may be the termination of 

fatty acid biosynthesis in the plastid to supply saturated fatty acids for wax 

biosynthesis (Liu and Post-Beittenmiller, 1995). 

Umbellularia calif ornica (California bay) accumulates the medium chain C10:0 and 

C12:0 fatty acids, which are synthesised due to the activity of C12:0-ACP 

thioesterase. This enzyme has been separated from C18:1-ACP thioesterase by 

affinity chromatography using immobilised ACP and separation of the two enzymes 

was used to confirm that the medium chain enzyme has negligible action on 

C18:1-ACP (Davies et al., 1991). Sequencing of C12:0-ACP thioesterase enabled 

the cloning of a cDNA encoding the enzyme, and subsequent expression of the 

cDNA in Arabidopsis thaliana resulted in enzyme activity, causing the accumulation 

of medium chain fatty acids at the expense of long chain ones (Voelker et al., 1992). 

Cuphea spp. also accumulates medium chain fatty acids; it contains decanoic acid 

(C10:0) rich triacylglycerols. Like Umbellularia californica, two acyl-ACP 

thioesterases, specific for medium chain acyl-ACPs and C18:1-ACP, respectively, 

have been separated using Mono Q chromatography and partially purified from 

developing seeds (Dormann et al., 1992). 

1.2.2.3 Formation of complex lipids. 

Triacylglycerides (TAG) are the major storage lipids in plants. The basic structure of 

TAGs consists of a glycerol backbone to which three fatty acids are esterified. The 

positions of the fatty acids on the glycerol backbone are referred to as sn-\, 2 and 3, 
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starting from the top carbon nosition The fnrmatmn of TAG's in plants involves 

acyltransferases and proceeds via the Kennedy pathway, which involves the two step 

acylation of glycerol-3-phosphate to form initially l-acylglycerol-3-phosphate 

(lysophosphatidic acid; LPA) and then l,2=diacylglycerol=3-phosphate (phosphatide 

acid; PA). This is followed by a dephosphorylation to yield diacylglyceroL, which is 

acylated at the sn-3 position to form triacylglycerol (Barron and Stumpf, 1962). 

There is a correlation between the chilling sensitivity of plants and lipid composition. 

In chilling-resistant plants, such as pea and spinach, the acyl-ACP: glycerol-3-

phosphate acyltransferase exhibits a very strong preference for the oleoyl (CI8:1) 

group, whereas the acyltransferase from Cucurbita moschata (squash), a chilling-

sensitive plant, is less selective and incorporates a high proportion of saturated acyl 

groups found at the sn-l position (Frentzen et al., 1987). This soluble acyltransferase 

from Cucurbita moschata has been purified from greening cotyledons using ACP 

affinity chromatography and other conventional procedures, leading to the isolation of 

three isoforms. Acyltransferase (AT) 1 was separated from the other two forms by 

anion-exchange chromatography, whereas, hydroxyapatite chromatography was 

required to separate isoforms 2 and 3. All the isoforms are monomers with molecular 

masses of 30, 40 and 40 kBa, respectively (Nishida et ai, 1987). An oleate (C18:1)-

selective acyl-ACP: glycerol-3-phosphate acyltransferase has since been purified from 

pea chloroplasts and antibodies raised against this 40 kDa protein were used for 

cDNA cloning (Weber et al., 1991). However, comparison between a sensitive (pea) 

and resistant (squash) acyltransferase cDNA sequence (cloned by Ishizaki et al., 

1988) did not provide a clue for recognising the structural differences resulting in 

different selectrvities. 
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The substrate specificity of membrane-bound acvl-ACP: l-acylgrycerol-3-phosnhate 

acyltransferase, which catalyses the acylation at the sn-2 position, has been studied in 

microsomes from palm, maize and Brassica napus (oil seed rape), and showed that 

the acyl group in the sn-\ position of l-acylglycerol-3-phosphate is important in 

detenriining the acyl preference in the sn-2 position in l,2-diacylglycerol-3-phosphate 

synthesis (Oo and Huang, 1989). The acyl transferases from Brassica napus and 

maize preferred 1 -acylglycero 1-3-phosphate containing C18:1 at sn-\ rather than 

C12:0. In comparison, the enzyme from palm also prefers C18:1, but not as strongly 

as in Brassica napus and maize. However, only the l-acylglycerol-3-phosphate 

acyltransferase from palm can utilise C12:0. Therefore, due to the substrate 

specificities of acyl-ACP: l-acylglycerol-3-phosphate acyltransferase, there is a 

limitation in the production of genetically engineered plants to produce oil with a high 

lauric acid content, which is required for the production of soaps and detergents. 

There is interest in the production of oils from Brassica napus with a high erucic acid 

(C22:l) content, and consequently, the utilisation of erucoyl-CoA by acyltransferases 

from developing seeds of Brassica napus has been investigated. The fatty acid 

compositions at sn-1 and sn-3 depend on the acyl-CoA mixture available; however, at 

sn-2, selectivity is controlled by the acyl-ACP: l-acylglycerol-3-phosphate 

acyltransferase and C22:1 can not be used (Bernerth and Frentzen, 1990). This means 

that the theoretical content of erucic acid in Brassica napus oil is 66 % and 

consequently, to increase the content of C22:l in triacylgylcerols, it is not 

sufficient to increase the level of C22:l within the cell, but the properties of 

acyl-ACP: l-acylglycerol-3-phosphate acyltransferase must be modified as well. 

A potential method of increasing the C22:1 content of Brassica napus seed oil is to 

transfer an acyl-ACP: l-acylglycerol-3-phosphate acyltransferase from Limnanthes 
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