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Abstract 
The acylation of plant natural products is widely observed in nature and this 
modification often confers novel bioactivities. In nature, each of these acylations is 
selectively catalysed by a coenzyme A-dependent acyltransferase and 
biotransformations with these enzymes offer several potential advantages, including 
pre-disposed regio- and substrate- selectivity, reduced side-reactions and increased 
yield. 

The enzymatic introduction of non-natural acyl groups into natural product 
biosynthesis has the potential to diversify the application of these acylating enzymes, 
with several examples of unnaturally acylated natural products being reported to have 
novel bioactivity. To explore the potential for biosynthesising such acylated-
derivatives in vivo, feeding studies with both natural and fluorinated 
phenylpropanoids were carried out in Arabidopsis thaliana and Petunia hybrida. In 
petunia, feeding with natural phenylpropanoids caused hyper-accumulation of 
acylated flavonoid products. This enhancement was particularly apparent when 
spraying the plants with the phenylpropanoyl methyl ester. Using the methyl esters, 
4- hydroxycinnamic acid and its 4- fluorocinnamic acid analogue were apparently 
incorporated into quercetin 3- O- diglycoside biosynthesis in petunia. However, only 
the endogenous phenylpropanoids were able to be incorporated into acylated-
anthocyanin biosynthesis in arabidopsis. 

In order to understand the factors that govern substrate selectivity in coenzyme A-
dependent acyltransfer, the associated enzymic mechanisms were investigated in 
vitro. Plants utilise a coenzyme A acyl donor substrate formed through the action of 
an ATP-dependent CoA ligase, and the respective enzyme (At4CLl) from arabidopsis 
was cloned and expressed in E.coli. The purified enzyme was shown to form a 
diverse range of CoA esters with phenylpropanoid derivatives bearing 4- or 3- 4-
hydro, hydroxyl, fluoro and / or methoxy groups, in addition to 4- azidocinnamic acid 
substituents. These aromatic substituents were found to have a strong influence upon 
acyl substrate selectivity. A CoA-dependent acyltransferase which acylates cyanidin 
3- 5- O- diglucoside in Gentiana triflora with phenylpropanoids was also cloned, 
expressed in E. coli and biochemically characterised. The acyltransferase was able to 
transfer various 4- and 3-4- substituted phenylpropanoids. However, in this instance 
substrate selectivity was not as strongly influenced by phenylpropanoid aromatic 
substitution, which was indicative of a 'pre-screening' role of the CoA ligase with 
respect to acyl substrates. The in vitro biosynthesis of acylated flavonoids was 
optimised to transfer aromatic acids onto natural product acceptors using a one-pot 
biosynthetic approach, combining 4CL and acyltransferase activities. Consequently, 
coenzyme A was able to be efficiently re-cycled and was used on a much reduced 
scale. 

In addition, new strategies have been developed to isolate interesting acyltransferase 
biocatalysts based on their inhibition by a biotinylated fluorophosphonate probe. This 
approach showed that it was possible to identify CoA-dependent acyltransferases 
from crude protein preparations by recovering affinity labelled enzymes using a 
streptavidin sepharose solid support. The reactivity of the probe toward BAHD 
acyltransferases could be enhanced in the presence of UV irradiation, whilst labelling 
was abolished in the presence of the acyl acceptor. This afforded the ability to isolate 
enzyme activities according to their substrate recognition. 
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cv. Cultivar 

Da Dalton 

DAD Diode array detection 

DEPC diethyl phosphorocyanidate 

dNTP's deoxynucleotide triphosphates 

DTT dithiothreitol 

E-64 trans-Epoxy succinyl-L-leucyl-amido(4-guanidino)butane 

EDTA ethylenediaminetetraacetic acid 

Fer Ferulic acid 

FP Fluorophosphonate ester 

FPP Fluorophosphonate probe 

Gent5AT 5-O-aromatic acyltransferase from Gentiana triflora 
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HPLC High performance liquid chromatography 

HRMS High resolution mass spectrometry 

IPTG Isopropyl (3-thiogalactoside 

KDG Kaempferol 3-Odiglucoside 

MALT Malonyl transferase 

mRNA Messenger RNA 

MS Mass spectrometry 

PAL Phenylalanine ammonia lyase 

PAGE Polyacrylamide gel electrophoresis 

PCR Polymerase chain reaction 

PMSF Phenyl methane sulphonyl fluoride 

PPT Phenylpropanoyl transferase 

QDG Quercetin 3-O-diglucoside 

SDS Sodium dodecyl sulphate 

TLC Thin layer chromatography 

TLCK tosyl-L-lysine chloromethyl ketone 

TPCK tosyl-L-phenylalanine chloromethyl ketone 

UV-Vis Ultra violet-visible light spectrometry 
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Tor Meredith 
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Chapter 1 

Acylation of natural products 

15 

This chapter will discuss the background and work already documented on the subject 

of enzymatic acyl transfer. Initially, the chapter will define the process and method of 

acyl transfer. The metabolites capable of acyl donation will be discussed and an 

overview of the current application of enzymatic acyltransfer will be given. 

The biochemical literature upon coenzyme A-dependent acyltransfer pathways in 

natural product metabolism will be reviewed, including a section on the acylation of 

flavonoids. The literature on acylation in this class of natural products is vast, owing 

to the sheer number of acylated flavonoids found. 

Several coenzyme A-dependent acyltransferases from plants have previously been 

identified and will be reviewed. This will include aspects of their endogenous activity 

and their potential application as highly specific biocatalysts for the biosynthesis of 

synthetically-challenging natural products. 

Finally, the existing application and previously identified biotechnological potential 

of coenzyme A-dependent acyltransfer will be discussed. 
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1.1 Acylation 

1.1.1 Nucleophillic substitution of carboxylic acid derivatives 

16 

Acylation, in chemical terms, can be defined as the introduction of an acyl group into 

a compound. Acyl groups can be incorporated onto various functional groups upon a 

molecule. However, the focus of this thesis will be upon the acylation of alcohols, 

amines or thiols, to produce esters, amides and thioesters respectively. 

Acylation is one of the simplest, but most common reactions in chemistry. The 

synthesis of esters, amides and thioesters proceeds via nucleophillic addition at a 

carbonyl group, to form a tetrahedral intermediate. In basic conditions, the tetrahedral 

intermediate is unstable and elimination of the most favourable leaving group occurs. 

When the leaving group is one that existed on the original molecule, nucleophillic 

substitution (Sn2) is completed (Figure 1.1). Carboxylic acid derivatives (RCOX) that 

will normally undergo nucleophillic substitution with alcohols, amines or thiols in 

acidic or basic conditions, include acid chlorides', acid anhydrides', N-

hydroxysuccinimide esters2 and imidazolium amides3. 

Figure 1.1 Nucleophillic substitution (SN2) of carboxylic acid derivatives in basic conditions 

o Nu X X x R X R Nu R OC 
0 Nu © + X 

Strong acid catalysts are able to promote ester formation at carboxylic acid derivatives 

with bad leaving groups, such as carboxylic acid, by increasing the electrophillicity of 
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the carbonyl group through protonation of carbonyl oxygen and lowering the pKan of 
a hydroxyl leaving group, also through protonation (Figure 1.2). However, this 
process is readily reversible by nucleophillic substitution with water and requires an 
excess of alcohol to drive the reaction toward ester formation. 

O O' " ® U „ - || - H C X . O H w HO^,OH - H O J / Q - H 
A H ^ <S)H ^@Oj—R - ^ o 

.OH 
I-

H R R 
R'"~" ' Tetrahedral 

intermediate 

O Ov> A 
Ester 

Product 

OR ^ OR 

Figure 1.2 Acid catalysis of nucleophilic substitution (SN2) 

1.1.2 Enzymatic catalysis of heteroatom acylation 

Throughout this thesis, acylations of heteroatoms that are catalysed by acyltransferase 

enzymes will be termed 'acyltransfers'. Equally, the electrophillic carboxylic acid 

derivatives that undergo nucleophillic substitution will normally be termed acyl 

donors and substrates that become acylated through nucleophillic addition to carboxyl 

groups will normally be termed acyl acceptors. 

Similarly to chemical methodology, enzymes can catalyse acylations utilising 

carboxylic acid derivatives bearing both good and bad leaving groups. Various 
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carboxylic acid derivatives, or acyl donors, are employed by enzymes that catalyse 
acylations. Enzymatic acylation is observed during the synthesis of primary 
metabolites such as lipids4 and proteins5 and acyltransfer is also predominant in 
secondary metabolism, where enzymes catalyse the acylation of natural products6. 

• 7 8 

Carboxylic acids and carboxyl esters are the simplest examples of acyl donor 

substrates in acyltransfer. Certain enzymes in the hydrolase family have been found to 

perform acylation reactions using these acyl donors and heteroatom acyl acceptors -

the reverse reaction of their natural 'hydrolysis' function. Hydrolase enzymes able to 

catalyse acyltransfer, including lipases9 and serine proteases10, have been recruited for 

esterification in many natural and non-natural biotransformations". 

The vast majority of hydrolases, and many acyltransferases, possess a combination of 

serine, histidine and aspartate residues as part of an active site catalytic t r iad 7 1 2 . Each 

of these residues has a role in generating the nucleophillic potential of the serine 

oxygen atom. The aspartate forms a hydrogen bond with the imidazole group of 

histidine, aligning the group with the serine alcohol, whilst increasing the pK a and 

basicity of the imidazole. During catalysis, the histidine imidazole accepts a proton 

from serine, becomes positively charged and forms a transient salt bridge with 

aspartate (Figure 1.3). The oxyanion formed following nucleophillic addition of 

serine, is often stabilised by hydrogen bond interaction with main chain amide 

residues, termed the 'oxyanion hole'. Variations in this mechanism include 

replacement of serine for a cysteine nucleophile, orientation of the main chain amino 

acids surrounding the nucleophile and the proximity of aspartate to histidine12. 
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Figure 1.3 Hydrolysis (R 3 = H) or transesterification (R 3 = alkyl)) of carboxylic acid derivatives by 

certain Ser-His-Asp-based hydrolases 

In nature, serine carboxypeptidase-like proteins catalyse the acyltransfer of acyl 

groups from 1-O-acyl-P-glucose to C-2 of a second molecule of 1-O-acyl-P-glucose, 

forming glucose polyesters in lipid biosynthesis7. The glucose acyl donor is initially 

biosynthesised from a carboxylic acid and UDP-glucose, comprising a 2-enzyme 

pathway of acyltransfer: initial biosynthesis of an acyl donor bearing a good leaving 

group prior to acyltransfer13. 
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Similarly, 2-enzyme pathways are employed to biocatalyse several other acyltransfers 
in nature. Each of the following pathways biosynthesise an 'acyl donor' bearing a 
good leaving group, from a carboxylic acid and adenosine 5'-triphosphate (ATP), 
prior to acyltransfer. However, the strategies employed to produce the acyl donors 
varies remarkably. 

During protein biosynthesis, amino acids are substrate to ATP-dependant amino acyl 

transfer tRNA synthetase enzymes. The acid group of each amino acid is converted 

into an acyl phosphate. This acyl donor is enzymatically transferred onto a specific 

tRNA alcohol acceptor, before this secondary acyl donor is bound to a ribosome for 

peptidyl transfer (Figure 1.4 A) 3 . Conversely, acetyl coenzyme A biosynthesis in 

bacteria is catalysed by an acetate kinase and a phosphotransacetylase. The kinase 

converts acetic acid into acetyl phosphate with ATP as cofactor. The acyltransfer is 

catalysed by a phosphotransacetylase, which promotes the nucleophillic substitution 

of acetyl phosphate with the free thiol of coenzyme A (Figure 1.4 B) 1 4 . In plants a 

single enzyme, coenzyme A ligase, uses both ATP and CoA as cofactors to convert 

acids into acyl-CoA thioesters, via acyl-phosphoadenylate (Figure 1.4 C) 1 5 . Plant 

coenzyme A thioesters are subsequently utilised as acyl donors by coenzyme-A 

dependent acyltransferases (CADATs) in fatty acid biosynthesis16 and in secondary 

metabolism6. 
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Figure 1.4 Biosynthesis of acyl donors required for multi-enzyme acyltransfer pathways 

The acyltransferases which utilise biosynthesised acyl donors (with the exception of 

peptidyl transfer), catalyse acyltransfer by a similar nucleophile-based mechanism to 

7 19 17 IR 

a hydrolase ' ' ' . Therefore the production of an acyl donor with a good leaving 

group is unlikely to be a necessary modification for enzyme catalysis as serine 

catalytic triads are known to use carboxyl esters or acids as 'acyl donor' substrates. 

More likely is that biosynthesis of the acyl donor allows for a more substrate-specific 

acyltransfer, by effectively pre-screening the carboxylic acids with a CoA ligase and 

subsequent 'recognition' of the synthesised carboxylic acid derivative by the 

respective acyltransferase. Thus a highly substrate-selective acyltransfer is achieved. 
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1.1.2.1 Biocatalysis of acyltransfer 
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Of the different enzymes able to catalyse acyltransfer only lipases, and to a lesser 

extent serine proteases, have been recruited for industrial biotransformations. Lipases 

have been used in organic chemistry for many years and a wealth of research has been 

compiled on their use19. Their success in this role arises from several characteristics. 

A high stability toward organic solvents allows metabolism of hydrophobic molecules 

and catalysis of condensation or transesterification with increased efficiency, in the 

absence of water9. Biochemical advantages of the use of hydrolases for the 

biocatalysis of acylation, include their broad substrate selectivity, no dependance on 

cofactors and high regio-, chemo- and stereoselectivity19. However, matching a lipase 

to an application is hard to predict and requires extensive screening, particularly with 

respect to large molecules that bear multiple, potentially reactive groups. Research in 

this area is underway and intensive". 

In nature, one of the most diverse enzymatic acylations from species to species occurs 

in plant secondary metabolism. The vast majority of these acylations are catalysed by 

coenzyme A ligases and coenzyme A-dependent acyltransferases (CADATs), 

otherwise known as BAHD acyltransferases. The term BAHD was taken from the 

first four examples of this class of enzymes to be characterised - benzylalcohol O-

acetyltransferase (BEAT), anthocyanin O- hydroxycinnamoyltransferase (AHT), N-

hydroxycinnamoyl/benzoyltransferase (HCBT), deacetylvindoline 4- O-

acetyltransferase (DAT). Research into the characterisation of these pathways is 

steadily increasing, with a view toward regiospecific acylation of several bioactive 

natural products found in plants2 0'2 1. The major advantage of the use of these enzymes 
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for biotransformations, is the prospect of recruiting the actual enzyme which catalyses 
a particular regiospecific acyltransfer onto a natural product, without the need for 
screening. Secondly, CADATs are able to catalyse an extremely diverse array of 
acylations and are capable of transfering a large array of carboxylic acids in a specific 
manner, where at least the carboxyl substrate is predictable for success 6 . However, 
the industrial application of these enzymes is hindered by the requirement of two 
enzymes, expensive cofactors, unknown substrate selectivity and the limited number 
of enzymes characterised to date. 

The following sections review the topic of coenzyme A-dependent acyl transfer in 

plant secondary metabolism, in order to guage the potential of these enzymes for 

applied biotransformation in the future. 

1.2 Biosynthesis of coenzyme A acyl donors in plant secondary metabolism 

1.2.1 Carboxylic acids incorporated into coenzyme A-dependent secondary 

metabolism 

Plants synthesise an array of simple aliphatic and aromatic carboxylic acids from 

99 9^ 

primary metabolites ' . The metabolites shown in figure 1.5 are common substrates 

in enzymatic acyltransfer onto natural product scaffolds. 
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Figure 1.5 Common carboxylic acid substrates for acyltransfer in secondary metabolism 

Phenylalanine is the initial substrate for the biosynthesis of most aromatic acids in 

plants, via numerous pathways. The phenylpropanoid pathway is one example. This 

pathway is known to produce the functionalised (£T)-3-phenylprop-2-enoic acids 

(phenylpropanoids) shown in figure 1.523. These are common substrates for 

acyltransfer in the flavonoid pathways24.The aromatic acids generated via these 

pathways, rarely accumulatve as either the free acids or CoA esters due to the toxicity 

and lability of the respective metabolites25. Although the phenylpropanoids frequently 
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accumulate as esters of glycosides in many plants . Aliphatic acids are largely sourced 

from primary metabolic pathways, such as fatty acid metabolism16. 

1.2.2 Coenzyme A ligases 

Coenzyme A ligase activity has been well documented in metabolism. Kinetic studies 

upon a fatty acid CoA ligase from bovine liver, demonstrated coenzyme A ligase 

activity was based upon a double-displacement mechanism, where ATP and 

carboxylic acid bind primarily 2 6. Competition studies with pyrophosphate and AMP 

respectively, revealed that pyrophosphate was eliminated from the active site first and 

prior to coenzyme A binding. Therefore acyl phosphoadenylate ester was concluded 

to be an enzyme-bound intermediate as previously described (Figure 1.4). 

Plant coenzyme A ligase biosynthesis of phenylpropanoyl, benzoyl and malonyl 

coenzyme A-thioesters has been described in Arabidopsis thalianaiS, Clarkia 

27 28 

breweri and Rhizobium trifolii respectively. In particular, 4-coumarate: coenzyme 

A ligases (4CL) in Arabidopsis thaliana have have been characterised with respect to 

several endogenous phenylpropanoids15. There are 4 isoenzymes of 4CL in 

arabidopsis, At4CLl, At4CL2, At4CL3, and At4CL4, each with different 

characteristics and predicted roles. 

Kinetic data was acquired for each isoenzyme toward endogenous phenylpropanoid 

substrates. This data was sourced from multiple publications although only one 

quoted the activity of substrate toward a known amount of purified recombinant 

protein (At4CL2 toward caffeic acid in /jkats mg' pure 4CL)29. The specific activities 
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stated below are therefore based upon comparisons made between this known activity 

and related data quoted for each enzyme toward acids15. 

Enzyme Substrate Ku(fjM) kcat (S ) 

kcai / KM 

(fiM1 s') 

Cinnamic acid 6230 71 1.1 x I0"2 

Coumanc acid 38 70 1.8 

At4CLl CalTeic acid 11 19 1.7 

Ferulic acid 199 37 1.8 x 10'' 

Sinapic acid n.c. - -

Cinnamic acid 6630 4 6.0 x 10 J 

Coumaric acid 252 18 7.1 x 10 2 

At4CL2 CalTeic acid 

Ferulic acid 

Sinapic acid 

20 

n.c. 

n.c. 

13 6.5 x 10'1 

Cinnamic acid 2070 19 9.2 x lO 0 

Coumaric acid 23 12 5.2 x 10"' 

At4CL3 CalTeic acid 374 15 4.0 x 10 ! 

Ferulic acid 166 10 6.0 x I0"2 

Sinapic acid n.c. - -

Cinnamic acid n.c. - -

Coumaric acid 432 6 1.4 x I0'2 

At4CL4 CalTeic acid 186 12 6.5 x I0"2 

Fcrulic acid 26 10 3.8 x I0'1 

Sinapic acid 20 7 3.5 x 10"' 

Figure 1.6 Kinetic data for Arabidopsis thaliana 4CL isoenzymes toward endogenous 

phenylpropanoid substrates l 5 , 3 ° . (n.c. = no conversion of substrate) 

At4CLl generally demonstrated a 3-4 fold higher activity when compared with 

isoenzymes 2, 3 and 4 and had broader tolerance toward phenylpropanoid substrates. 

At4CL2 and At4CL3 were efficient toward hydroxylated phenylpropanoids, coumaric 
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and caffeic acid, whilst At4CL4 was selective toward 3- or 3- 5- methoxylated 

phenylpropanoids. 

Further to these kinetic studies, KM and kcal values for enzyme mutants of At4CL2 

toward caffeic and ferulic acids were obtained29. Mutation of Met293 to proline 

allowed At4CL2 to bind ferulic acid. A second mutant improved the ÂM of ferulic 

acid by replacement of Lys320 with alanine. However, no improvement on kcat or KM 

was achieved for several At4CL2 mutants toward caffeic acid. They concluded that 

the rational design of coenzyme A ligase substrate selectivity was possible and further 

work has been carried out on this topic 3 1. 

1.3 Coenzyme A-dependent acyltransfer in plant secondary metabolism 

1.3.1 The flavonoid pathway 

1.3.1.1 Flavonol acyl acceptors 

Flavonoids are the must abundant and diverse acylated metabolites in plant secondary 

metabolism and to date variations upon such compounds are known in over half of all 

angiosperm species32. The flavonoid pathway is first committed by a chalcone 

synthase-catalysed condensation of coumaroyl Co A and three molecules of malonyl 

CoA, yielding a tetrahydroxychalcone. Many classes of natural products are formed 

from this point, for example the condensed tannins, the anthocyanins, the flavones, 

the flavonols and the isoflavonoids33. Figure 1.7 shows the biosynthetic routes derived 

from the flavonoid pathway. However, only a few examples of the huge variety of end 

products are shown. 
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Figure 1.7 The flavonoid pathway generates a large diversity of natural products, many of which are 

frequently modified via glycosylation and acylation 
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Each of the basic flavonolic structures may be subject to hydroxylation and/or 
methoxylation, which allows for a diverse array of compounds. Further modification 
of the flavonoids is commonly observed. Most flavonoids are glycosylated34 and 
many of these are found to be acylated by aliphatic and/or aromatic acids32. 

Each of the major class of flavonoid has generic UV-Vis absorption properties, which 

are characteristic and are often used in detection/identification35. Phenylpropanoids 

(Figure 1.8 A), flavonols (Figure 1.8 B) and anthocyanins (Figure 1.8 C) all have their 

own characteristic UV traces24. Phenylpropanoids typically absorb in the range 260-

315 nm, with one absorption maximum. Flavonoids have characteristic absorbance 

maximum around 330 nm with the B ring absorbing in the range 260-300 nm. Upon 

acylation, a phenylpropanoid absorption maximum may also be observed in the same 

260-300 nm region as a shoulder. Similar absorption effects are seen in the 

anthocyanins in the 260-300 nm region, however extended conjugation with the 

oxycation gives characteristic absorption in the 400-600 nm region. 
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Figure 1.8 UV spectroscopy of A) phenylpropanoid, B) flavonol, and C) anthocyanin core structures. 

A large proportion of acylated flavonol glycosides are based on the substitution of 

kaempferol and quercetin (Figure 1.9). A variety of glycosyl substitutions are seen, 

although the majority occur at the 3- and / or 7- carbons as indicated in figure 1.9. 

OH 

I 1 1 
HO HO v i 

6 in OH 10 OH 
OH O OH O 

Kaempferol Quercetin 

Figure 1.9 The major aglycones of acylated flavonol glycosides 

Common aromatic esters of flavonoids include coumarate, ferulate and caffeate, 

whilst sinapate esters are much rarer. Abe et. al.36 described only the second and third 

sinapate esters of flavonol glycosides as recent as 1996, from the leaves of Thevetia 

peruviana (Figure 1.10). The metabolites were based on 3-O-glycosylated kaempferol 

and quercetin analogues, with mono- and di- sinapoyl acylation. 
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Figure 1.10 Kaempferol 3-(6'"-0- sinapoylglucoside)[l-2] galactoside - A rare sinapoylated flavonol 

glycoside 

Petunia mitchell is a good example of a plant which accumulates a diverse array of 

flavonol glycosides. Bloor et. al.^1 described both kaempferol and quercetin 

derivatives of phenylpropanoylated 3-O-sophorosides and phenylpropanoylated 3-0-

sophoroside 7-O-glucosides (Figure 1.11). Each of these structural variations is 

divergent and was exclusively located in the leaves. This suggests that these structures 

were produced for an evolving or diverse function. 
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Figure 1.11 The array of acylated flavonol glycosides found in the leaves of Petunia mitchell 

Cabbage also accumulates a complex mixture of over 20 flavonolic compounds with a 

range of acylations described ' . A recent comprehensive extraction of cabbage 

leaves yielded four new kaempferol tetraglucoside compounds (Figure 1.12). The role 

of flavonoids in cabbage was hypothesised to be as subtle signalling compounds in 

plant-herbivore interactions and have evolved to be effective against different 

herbivorous species . The biosynthesis of metabolites with three potential acyl 

moieties at the same position upon a natural product is not commonly observed. 

Whether there are three different enzyme activities responsible for each product, or a 

common enzyme pathway is unknown. 
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Figure 1.12 Varying acylation of tri- and telra- glucosides observed in cabbage leaves 

Schnitzler et. al. recently isolated 2 novel flavonol 3-0-(3"- 6"-dicoumaroyl) 

glucosides in Scots pine seedlings (Pinus sylvestris)40 (Figure 1.13). These two 

compounds were induced by simulated solar radiation, whilst a non-acylated analogue 

was not induced. It was proposed that the acylation was favoured by plants under 

light-induced oxidative stress, to maximise UV absorbing properties. 
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Figure 1.13 Diacylated kaempferol and quercetin 3-0- glucosides 

The diversity of acylated flavonol glycosides implies that they have multiple 

functions. In the scope of this review, there are far too many anomalies and structural 

variations to discuss all possible acylated variants. Summarised in figure 1.14 is an 

overview of the acylation of the simplest flavonols reported in the recent literature. 

From these compounds, some generalisations can be assumed. Firstly, the most 

common acyl acceptors by far, have either a kaempferol or quercetin aglycone. 

Secondly, 3-0- glycosylation is predominant and 6"-0- acylation of 3-0- glycosides 

is also common. 7-0- glycosylation of flavonols is well known, but saccharides upon 

this carbon are frequently acylated by aliphatic as opposed to aromatic acylating 

moieties. Fourthly, the regiospecificity of flavonol-glycoside acylation, is dependent 

upon the identity of the glycoside. 
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Acylating position 

Acyl acceptor Acyl donor (aglycone/ 

saccharide) 

Species 

Kaempferol glucoside coumaroyl 3 /6" Umbelliferae 

caffeoyl 3 /6" Dennstaedtiaceae 

caffeoyl 3 /6" Cruciferae 

sinapoyl 3 /6" Apocynacea 

Di-coumaroyl 3 / 3" and 6" Pteridaceae 

coumaroyl 7 / 2 " Liliaceae 

feruloyl 712" Liliaceae 

Kaempferol apioside feruloyl 3 / 5 " Dennstaedtiaceae 

Kaempferol rhamnoside Di-coumaroyl 3 / 2" and 4" Epacridaceae 

Di-coumaroyl 3 / 2" and 4" Lauraceae 

Quercetin glucoside sinapoyl 3 /6" Apocynacea 

ii malonyl 3 /6" Ranunculaceae 

ii feruloyl 3 /6" Ranuncul aceae 

Quercetin gentiobioside caffeoyl 3 /6" Caprifoliaceae 

Quercetin 

isophorobioside 
caffeoyl 3 /6" Leguminoceae 

Figure 1.14 A general overview of the simplest flavonol glycosides reported from a variety of species 

2 4 3 2 * Four feruloyl, sinapoyl and caffeoyl derivatives were also reported for this species 

1.3.1.2 Anthocyanin acyl acceptors 

Anthocyanins are biosynthesised from flavonols to form a similar metabolite, but with 

a cyclic oxonium ion/extended chromophore (Figure 1.15)33. Anthocyanins are also 
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commonly glycosylated and/or acylated or polyacylated. Glycosylation of the 
anthocyanins is similar in complexity and regioselectiivity to the flavonols. The most 
common saccharide is glucose, but galactose, sophorose, xylosylglucose, rutinose, 
xylosylgalactose and arabinose are also frequently observed24. The most common 
acylations are upon 3-O-glycosylated anthocyanins and include coumaroyl, caffeoyl, 
feruloyl, sinapoyl and malonyl moieties. 
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Anthocyanin R1 R2 R3 

Cyanidin OH OH H 

Delphinidin OH OH OH 

Malvadin OMe OH OMe 

Petunidin OMe OH OH 

Peonidin OMe OH H 

Pelargonidin H OH H 

Figure 1.15 Commonly acylated Anthocyanin aglycones 

The most obvious function of the anthocyanins is pigmentation in flowers and fruits 

owing to the extended conjugation created by formation of the oxonium ion41. 

Anthocyanins, along with other flavonoids, may also be important in the resistance of 

plants to insects as anti-feedants24. For example, acylated cyanidin 3-O-glucosides 
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were shown to protect cotton leaves against the tobacco budworm42. Acylation is 
frequently essential for the activity of anthocyanins in these roles. 

Delphinidins are thought to be the major anthocyanidin base of blue flower colour. 

Bloor et. al. initiated a search for stable pigments with vibrant blue colouration for the 

dye industry34. For the first time, delphinidin 3- 7- 3'- 5'-0-tetraglucosides were 

reported which were coumaroylated upon all four glycosides, as shown in figure 1.16. 
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OH 
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HO 

Figure 1.16 Polyacylated delphinidin 

Along with the array of acylated flavonol glycosides reported in the previous section, 

Petunia mitchell was also shown to accumulate acylated anthocyanins in the petals. 

Bloor et. al. observed the accumulation of four acylated anthocyanins by HPLC-MS 4 3 , 

including the major compound petunidin 3-0-(coumaroylrutinoside) 5-O-glucoside. 

Interestingly, they successfully transfected a foreign gene, responsible for regulation 

of anthocyanin biosynthesis, into Petunia mitchell. This transfection caused petunidin 

3-0-(coumaroylrutinoside) 5-O-glucoside to accumulate in the leaf tissue where 

previously it was only found in the petals. The coumaroylated petunidin structure was 
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preserved in the presence of caffeoylated and ferruloylated kaempferol and quercetin 

glycosides. This demonstrated high specificity of anthocyanin acyltransferases toward 

acyl donor and acceptor substrates. 

Arabidopsis thaliana represents an ideal organism for biochemical characterisation 

due to the availability of its genome sequence, allowing convenient identification of 

proteins and their respective genes. In arabidopsis, the major flavonoid end product is 

cyanidin 3-0-[2-0-(2-0-(sinapoyl)-xylosyl) 6-0-(4-0-(glucosyl) coumaroyl-

glucoside] 5-0- 6-0-(malonyl)glucoside], as shown in figure 1.1735. The aromatic 

acyltransferases responsible for the incorporation of the coumaroyl and sinapoyl acyl 

moieties into the parent anthocyanin are as yet uncharacterised, although the malonyl 

transferase which effects malonylation of 5-0-glucose has recently been identified44. 
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Figure 1.17 The major anthocyanin found in Arabidopsis thaliana 
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1.3.1.3 Regulation of flavonoid biosynthesis 

39 

Flavonoids have also been reported to have antibacterial and antifungal properties in 

plants45. Application of the fungus Botrytis cinerea to grape vine (Vitis vinifera) 

resulted in up-regulation of phenylpropanoid pathway enzymes46. However, fungal 

treatment of cell cultures of carrot (Daucus car rota) failed to increase anthocyanin 

content despite a significant increase in the activity of the key flavonoid biosynthetic 

enzymes phenylalanine ammonia lyase and 4-coumarate coenzyme A ligase (Figure 

1.18)47. 

UV irradiation is another method that has been used to artificially regulate flavonoid 

biosyntheses in various plant systems48. Li et. al. used Arabidopsis thaliana flavonoid 

mutants, deficient in chalcone synthase and chalcone isomerase, to portray the 

regulation of flavonoids with UV treatment49. The results clearly showed 

accumulation of UV absorbing compounds in wild-type plants upon UV treatment, 

whereas the mutants were completely lacking the same compounds. Although up-

regulation of existing metabolites was achieved in the wild-type plants, no new 

compounds accumulated and UV absorbing compounds present normally were simply 

proportionally increased. Therefore flavonoid biosynthetic enzymes: PAL (phenyl 

ammonia lyase), 4CL (4- coumarate CoA ligase), and CHS (chalcone synthase); can 

be regulated by stress, including UV-induced oxidative damage and microbial 

infection. Whereas latter phase biosynthetic enzymes: FVS (flavone synthase), FLS 

(flavonol synthase), LAD (leucoanthocyanidin dioxygenase) and AATs (aromatic 

anthocyanin acyltransferases); appear to be more selective in their response (Figure 

1.18). 
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Figure 1.18 A schematic of flavonoid biosynthesis depicting metabolic responses of grape and 

Arabidopsis plants toward 'stress inducing' environmental conditions. 

A less utilised approach toward upregulation of flavonoids in plants has been to feed 

metabolic precursors to a plant. The intention being to create a 'flood effect' whereby 

all avenues of related pathways are forced into production of terminal metabolites in 

an attempt to 'soak up' the excess of substrates. To this effect, Harborne et. al. fed the 

petioles of leaves with aqueous solutions of phenylpropanoid compounds50. In his 

findings, he reported several 1-0-acylated saccharides as the major accumulated 
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products, speculating that they could be activated precursors to more complex 

metabolites. 

Utilising a different methodology, Dougall et. al. successfully perturbed the 

accumulation of acylated anthocyanin natural products in cell cultures of wild carrot 

(Daucus carota)5X. This was achieved by addition of carboxylic acids direct to cell 

culture media. Whether the acyl donor was endogenous to the species or not, the fed 

metabolites were observed in the accumulated acylated anthocyanin (Figure 1.19). An 

array of endogenous and exogenous phenylpropanoid precursors were ably 

incorporated into anthocyanin acylation. However, the enzymes responsible for 

chalcone formation could not be shown to overproduce flavonoids in the presence of 

excess phenylpropanoid substrate. 
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Figure 1.19 Incorporation of phenylpropanoid acylation precursors into flavonoid metabolism in cell 

cultures of wild carrot (Daucus carota) 

Thus manipulation and regulation of the phenylpropanoid and flavonoid pathways in 

plants has been well documented and many of the results have hinted towards the 

endogenous purpose of the terminal products of these pathways. These studies have 

demonstrated a number of approaches toward attaining plant material, which is 

actively expressing flavonoid biosynthetic proteins such as the acyltransferases. 
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However, none of the described approaches were able to upregulate the whole 

pathway. 

1.3.2 Coenzyme A-dependent acyltransferases isolated from the flavonoid 

pathway 

1.3.2.1 Aliphatic acyltransferases 

The commercial availability of malonyl coenzyme A has facilitated the purification of 

malonyl CoA: anthocyanin transferases . Malonylation occurs as the penultimate step 

of anthocyanin biosynthesis, conferring solubility, stability and pH balance to the 

18 

metabolite , therefore the non-acylated anthocyanin malonyl acceptor can be 

identified and readily isolated from plant tissue sources in relatively good yield, due 

to the lability of the malonic ester bond. 

Suzuki et. al. purified the first example of a 3-0- glucoside specific aliphatic 

transferase, malonyl CoA: anthocyanidin 3-0- glucoside 6"-0- malonyltransferase 

(Pm3MATl) from Pahlia flowers, using an HPLC assay based on malonyl CoA 

transfer to pelargonidin 3-0- glucoside to monitor the activity of the enzyme. The 

specificity of the enzyme toward acyl donors was determined, with only malonyl CoA 

and close homologues such as succinyl CoA being used as substrates (Figure 1.20). 

Pf particular note, caffeoyl CoA was not transferred onto pelargonidin by the action 

of Dm3MATl. Glycosyl moieties upon the aglycone structure were also found to 

affect acytransferase activity toward acyl acceptors. Pnly metabolites bearing the 

exact combination and positioning of 3-0- glycoside residues were MAT substrates. 

In contrast conservation of the aglycone structure itself was found to be less critical. 
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An array of anthocyanins, and the flavonol quercetin, all conferred reasonable levels 
of transferase activity. 
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Figure 1.20 Activity of Dm3MATl toward various acyl acceptors and donors. Acyl donors are 

determined versus pelargonidin 3-0- glucoside and acyl acceptors versus malonyl CoA 
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Studies based upon anthocyanin 5-0- malonyl transferases in Salvia splendins 
(SsMATl), subsequently explored the catalytic properties of anthocyanin 
transferases53. Application of substrates in assays of SsMATl (Figure 1.31) revealed 
coenzyme A was a competitive inhibitor with respect to malonyl CoA. The deduction 
made from this result was the ordered binding of the substrate malonyl CoA and 
eviction of coenzyme A from the active site is the last event in the catalytic cycle. 
Acyl donor substrates are therefore bound furthest into the enzyme core, or possibly 
'activate' sequential binding of the acyl acceptor. 

Utilising antisera to SsMATl, Suzuki et. al. immunoprecipitated studies a further 

MAT, SsMAT2, which carried out a successive malonylation shown in figure 1.21. 
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Figure 1.21 Malonyl transferases present in Salvia splendins. The primary malonylation of the 5- O-

glucoside must be present in order for the second malonylation to take place 

The sequence of SsMAT2 was aligned with those of Dm3MATl and Ss5MATl. 

However, the alignment showed unexpected results with Dm3MATl and Ss5MATl 

bearing close homology, but SsMAT2 being only distantly related. It was proposed 

that the difference arose from the site of acylation upon the aglycone. SsSMATl and 

Dm3MATl acylate at 6"- OH of the saccharide, whereas SsMat2 transfers malonyl 

onto the 4"- OH of a saccharide. 
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1.3.2.2 Aromatic acyltransferases 
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As reflected in the comparative number of aliphatic anthocyanin acyltransferases 

versus aromatic anthocyanin acyltransferases identified in plant secondary 

metabolism, developing activity-based purification strategies of the latter has proved 

more difficult. As a result, only three aromatic acyltransferases associated with 

flavonoid metabolism have been isolated, despite considerable interest in other 

aspects of the pathways. 

Fujiwara et. al (1997) purified to homogeneity caffeoyl CoA: delphinidin 3- 5- O-

diglucoside 5-0- glucoside 6"-0- caffeoyltransferase (Gent5AT) from blue petals of 

Gentiana triflora with a single protein with a mass of 52 kDa being identified. 

Gent5AT catalysed the transfer of caffeic acid onto delphinidin 3- 5- O- diglucoside 

to form Gentiodelphinidin, the major anthocyanin accumulated in Gentian flowers 

(Figure 1.32)54. Owing to the low levels of acylated delphinidin 3-, 5- O- diglucoside 

compared to its 3'-0- acylated / glucosylated counterpart, Fujiwara was able to 

predict the sequence of biosynthesis of gentiodelphinidin (Figure 1.22). 
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Figure 1.22 Order of biosynthesis of gentiodelphinidin 

Utilizing synthesised caffeoyl and coumaroyl CoA donors and delphinidin and 

cyanidin 3- 5- O- diglucoside acceptors isolated from extracts of Verbena hybrida, 

acyltransferase activity toward all four of the identified enzyme activities was 

determined. Isolation of a range of other acyl acceptors from various plant sources, 

which were not present in Gentiana iriflora, including 5-0- monoglucosides and 3-, 

5- 3'- O- triglucosides, demonstrated the importance of conservation of 3- 5- O-

glucosylation of delphinidin or cyanidin in Gent5AT activity. In addition a range of 

metallic cofactors (1 mM) were applied to the acyltransferase assay with little effect 

except manganese 5 5 , which conveyed a 151 % increase in activity of Gent5AT. 

However, EDTA had minimal detrimental effect on activity, which called into 

question whether Mn 2 + was essential. 
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In a related study, Fujiwara et. al56 isolated a caffeoyl CoA: 3-0- glucoside 
delphinidin 6"-0- caffeoyltransferase (Per3AT), which carries out the transfer of 
caffeoyl to a 3-0- glucoside of delphinidin in Perilla frutescens (Figure 1.23). 
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Figure 1.23 Per3AT activity in Perilla frutescens 

A similar set of anthocyanin acceptors was screened against Per3AT activity with 

respect to substrate preference. Surprisingly, some activity was observed toward 3- 5-

O- glucosylated delphinidin. A positive effect of manganese 5 5 was also noted of 

Per3AT transferase activity, whilst a series of other metallic cofactors all had 

detrimental effects, particularly zinc 5 5 which reduced activity to 61 %. Interestingly 

diethylpyrocarbonate and Af-ethylmaleimide had inhibitory effects on Per3AT, 

suggesting important roles of histidine and cysteine amino acid residues, although no 

other inhibitors were screened. 



P.P.Cunningham 51 

1.3.3 Coenzyme A-dependent acyltransferases isolated from other secondary 

metabolic pathways 

1.3.3.1 Vinorine synthase 

A considerable amount of research has been invested in the acetyltransferase Vinorine 

synthase, present in the Indian medicinal plant Rauvolfia serpentine and represents the 

most thoroughly characterised member of the coenzyme A-dependant BAHD 

acyltransferase family. Vinorine synthase catalyses the transfer of an acetyl group to 

an aldehyde in a concerted ring - closure mechanism (Figure 1.24). The acetyl group 

enhances the stability of vinorine, preventing spontaneous epimerisation at 16- C 

causing breakdown of the product to vellosamine, a product not incorporated into the 

same pathway. Similarly to the interest in the morphinal and taxol acetyltransferases, 

vinorine synthase was initially isolated in order to provide a route to the biosynthesis 

of the pharmaceutically important natural product, the antiarythmic ajmaline. 
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Figure 1.24 Acetyl transfer to 16- epi- vellosimine traps the ring-closed metabolite vinorine. In vitro 

enzymatic activity is found to be reversible although in the absence of enzyme vinorine is stable 

Gerasimenko et. al. (2004) initially identified vinorine synthase activity in hybrid cell 

suspension cultures in Rauvolfia serpentina by feeding the cell cultures with 

deacetylvinorine57. Having identified the acetyltransfer reaction, they subsequently 
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developed an HPLC-based assay to isolate and characterise the acetyltransferase 
activity. Proteolytic cleavage of the purified protein with the endoproteinase LysC 
delivered four peptide fragments, which were subsequently sequenced. Alignment of 
the four peptides showed high homologies to other acetyltransferases (30-70 % ) , such 
as deacetylvindoline acetyltransferase58 and salutiridinol acetyltransferase59. 

Bayer et. al. observed that the 160HxxxD164 and a 360DFGWG364 residues in the 

translated sequence of vinorine synthase, were highly conserved in all BAHD 

acyltransferases, in addition to a series of serine and cysteine residues which were 

semi-conserved60. A series of classic inhibitors were screened against vinorine 

synthase in order to ascertain their importance (Figure 1.25). 

Inhibitor Type of inhibitor Relative 

inhibition (%) 

10 mMAEBSF Serine specific 100 

0.023 mME-64 Cysteine specific 50 

0.12 mMTLCK Serine / Cysteine 50 

0.2mMTPCK Serine / Cysteine 100 

ImMPMSF Serine / Cysteine 58 

0.2mMHg2+ SH group modifier 100 

WmMDEPC Unselective Histidine 100 

Figure 1.25 Effects of various catalytic residue targeting inhibitors on vinorine synthase activity 
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The residues serine, histidine and, to a lesser extent, cysteine were all targeted by their 
respective inhibitors. In particular the selective serine inhibitor 4-(2-Aminoethyl) 
benzenesulphonyl fluoride gave complete inhibition as well as the Ser-Cys modifying 
agent N-tosyl L-phenylalanine chloromethylketone. Neither selective cysteine 
inhibitor N-(N-(t-3- trans- carboxirane 2-carbonyl)-L-leucyl)-agmantine nor the series 
of Ser-Cys modifiers caused total loss of activity. Whereas the His targeting 
diethylpyrocarbonate inhibitor caused total inhibition of vinorine synthase. 

Based on these findings, Bayer et. al. concluded that histidine, serine and cysteine are 

likely to have some catalytic role, in addition to the highly conserved aspartate 

residues (D164 and D362). In order to further enhance their predictions, a series of 

site-specific alanine mutations were carried out upon the vinorine synthase residues. 

The totally conserved l 6 0 H x x x D 1 6 4 motif was initially targeted and muteins Hisl60Ala 

and Asp 164Ala were produced. Both of these mutations caused a total loss of activity, 

implying that these residues are part of the catalytic process. A series of cysteine and 

serine residues were also replaced by alanine, causing significant loss of relative 

activity - less than 25 % - at Ser29AJa, Ser243Ala and Cysl49Ala indicating a 

potential role in catalysis. Interestingly, all of these mutations retained low KM values 

for substrates, indicating a tight binding of the mutant enzymes to their substrate, 

indicating a product / byproduct release role of nucleophillic residues. 

Ma et. al. crystallised vinorine synthase in order to gain further molecular insight into 

the activity of BAHD acyltransferases61. Vinorine synthase is comprised of two 

domains, connected by a loop (residues 201 - 213), which creates a solvent channel 

between the two which has been shown to bind both CoA and acetyl CoA from one 
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face and the acceptor substrate from an alternative face. The catalytic residues 
160HxxxD164, present in domain 1, are found in the centre of the solvent channel. 
However, the Asp 164 residue is directed away from the catalytic site, which implies 
that it does not form a catalytic dyad with His 160 despite the total loss of activity 
upon mutation. Asp 164 is alternatively involved in the formation of a salt bridge with 
the conserved Arg279, suggesting the importance of a highly orientated active site. 
Based on these results, Ma et. al. proposed a catalytic mechanism of vinorine synthase 
(Figure 1.26). 

160 160 160 His Hs His CoA / 
HS 

HN ^ HN ^ HN ^ CoA , r 3 CoAS o N, NH N 
H 

O H 
16 

16 16 16 

N N N N 
H H H H 

16- Epi- vellosimine 17-Deacetyl vinorine Tetrahedral intermediate Vinorine 

Figure 1.26 A proposed catalytic mechanism for Vinorine synthase 

The highly conserved DFGWG motif present in all coenzyme A-dependent 

transferases identified to date appears to have no direct role in the catalytic binding of 

coenzyme A in the vinorine synthase crystal structure, the site being remote to the 

catalytic centre (Figure 1.27). Instead these residues are believed to play a structural 

role, with the sequence being located at a tight turn between p-11 and (i-12. Hydrogen 

bonding occurs between Asp362, Try365 and Gly366 therefore aspartate seems to be 

important in maintaining the turn. To this effect, mutation of the aspartate to alanine 

results in a 65 % loss of activity in vinorine synthase activity . The conservation of 
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this motif throughout all BAHD transferases suggests its role is related to a common 
denominator and is involved in selective binding of coenzyme A. 

Histidine 160 

1 
< 

i Aspartate 164 

360DFGWG364 

Figure 1.27 A crystal structure of vinorine synthase. The amino acid residues Histidine 160 and 

aspartate 164 are shown, although aspartate is not proximate to histidine. Additionally the conserved 

DFGWG sequence is removed from the catalytic centre 

Ma et. al. proposed that several other residues have contact with the catalytic centre, 

although there is less conservation of these residues across the BAHD spectrum. The 

large range of acyl acceptors and acyl donors, aside from the common CoA factor, all 

with different chemical natures, could conceivably cause the opposite effect of 

disarray of location of active residues in transferases to cope with differing catalytic 

loci, sterics of substrate and relative activation energy of reaction. 
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1.3.3.2 Taxol Biosynthesis 
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The natural product paclitaxel (Taxol) can be isolated in small quantities from pacific 

yew species (Taxus brevifolia) and has proved to be an important drug for the 

treatment of cancer . In mitotic cells, taxol promotes the binding of tubulin hetero-

dimers, stabilises microtubule assembly, disrupts cellular division and ultimately 

causes apoptosis64. Commercially, 10- deacetyl baccatin II I (Figure 1.28) is isolated 

from natural sources (European yew) and synthetic approaches toward paclitaxel are 

undertaken, including lO-0-acetylation, use of a (3- lactam synthon to incorporate a 

13-Ophenylpropanoyl side chain and further benzoylation of the phenylpropanoid 

amine following deprotection65. However, new routes toward production of acylated 

Taxol are continually being explored66. This has included successful biosynthesis in 

cell cultures, derived from the bark of Yew trees67. To enhance the productivity of this 

process a series of feeding experiments with elicitors, such as methyl jasmonate, and 

the taxol pathway precursors phenylalanine and benzoic acid 6 8. Phenylalanine and 

benzoic acid were found to be effective in increasing Taxol production in Taxus cell 

cultures. 

Within the biosynthesis of taxol, five of twelve enzymatic reactions are catalysed by 

an acyltransferase. Recently, all of these steps have been characterised and the 

respective transferases cloned 6 4 ' 6 9" 7 2. Acylation of taxol initiates with 2-0-

benzoylation of 2- debenzoyltaxane, the final intermediate in the synthesis of the core 

diterpenoid structure. From this point, 4 distinct acylation steps are carried out in 

succession to yield the active product taxol (Figure 1.28). 
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Figure 1.28 Taxol biosynthesis 

The order of biosynthesis concerning 13-0-phenylpropanoyl side chain and its 

modifications in the latter stages was determined using ring per-deuterated amino 

acids. The order shown in figure 1.28 was concluded when studies showed per-

deuterated phenylalanine and per-deuterated N-benzoyl phenylalanine moieties were 

not incorporated into the pathway, whereas per-deuterated 3- aminocinnamic acid was 

successfully incorporated. Essentially, this was the step allowing the crucial 13-O-

phenylpropanoyl transferase to be isolated, as the known substrates could now be 

screened against protein extracts 73 
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Importance of the acylation of taxol, was studied with respect to its ability to promote 
tubulin binding in mitotic cells. It was shown that the C-4 oxetane bridge, the 2-0-
benzoyl group and the benzoylated 13-O-phenylpropanoid side chain were all vital for 
the molecule's pharmaceutical activity 6 9. 

1.3.3.3 Morphine biosynthesis 

The Opium poppy Papaver somniferun produces some of the world's most heavily 

used pharmaceuticals, the most desirable being the narcotic analgesic morphine, but 

also codeine is produced as a close morphine homologue. To date, numerous total 

syntheses of morphine have been reported74, although none surpass the commercial 

viability of extraction of the pharmacon direct from the plant. This fact has driven 

interest toward the biosynthesis of morphine. Biosynthetic methods could also allow 

facile inter-conversion of extracted morphine intermediates to the desired pharmacon. 

Zenk et. al.15 originally elucidated the majority of the initial pathway (Figure 1.28) 

and more recently T. Kutchan et. al.59 characterised the four penultimate enzymatic 

steps, including a transfer of acetyl to the 7-0- of salaturidinol. In this case the 

transfer of an acyl group promotes nucleophillic attack of 4-OH, whereby enhanced 

leaving group ability of the acetyl favours the reaction (Figure 1.29). 
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Figure 1.29 The latter stages of Morphine biosynthesis 

1.3.3.4 Vindoline biosynthesis 

Vindoline is a monoterpenoid indole alkaloid found in Catharanthus roseus and has 

been found to possess anti-cancer properties after coupling to Catharanthine, the 

product of a separate biosynthetic pathway. Vindoline possesses a terminal 
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acetylation step (Figure 1.30), which has received attention in both synthetic76 and 
biosynthetic58 literature as a prerequisite for synthesis of the Catharanthine dimer. 
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Figure 1.30 The latter stages of Vindolene biosynthesis 

Studies carried out by Van der Heijden et. al. revealed only a small amount of the 

bioactive dimer was present in Catharanthus roseus, thus hindering the commercially 

viable extraction of the pharmaceutical77. They consequently produced several cell 

lines one of which produced high levels of the alkaloids catharanthine and 

tabersomine (a vindoline precursor), although the final acetylated vindoline 

metabolite was not produced. St-Pierre and De Luca established that tabersomine is 

converted into vindoline over 6 enzymatic steps and as such revealed the most 

C O 

promising route toward vindoline synthesis . The terminal O- acetyltransferase step 
C O 

was elucidated by De Luca et. al. in 1998 . In contrast to the other 5 enzyme 
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activities, metabolite studies showed the acetyltransferase activity was not present in 
either the cell culture lines or wild type mature plants. The activity was subsequently 
noted in light-treated developing seedlings and further refinement revealed the latter 
stages of vindoline biosynthesis are highly light dependent and developmental stage -
specific. 

1.3.3.5 Other acylated plant natural products with bioactive properties 

An increasing number of acylated plant natural products are being identified as having 

pharmaceutical properties where the acylating moiety is identified as being crucial for 

the bioactivity of these natural products. To this effect, three new dammar-type 

triterpenoid caffeates were isolated from Celastrus rosthornianus78. Of the three 

compounds, one of which is shown in figure 31, each showed strong antitumor 

activity against the human cervical squamous carcinoma cell line. Hydrolysis of the 

caffeoyl moiety in each case considerably reduced bioactivity. 

OH 
OH 

HO OH 

HOOC 

O 

OH 

Figure 1.31 Trihydroxyl dammarene caffeate from Celasrtus rosthornianus 

Reserpine is one of several natural products which has been isolated from Rauvolfia 

serpentina (Figure 32). The properties of this natural product have been intensively 
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researched owing to its anti-hypertensive properties79. Reserpine bears an unusual 3-
4- 5- methoxygallate acyl moiety. 

N 
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O 
o 

o \ 

\ 

Reserpine 
Rauvolfia serpentina 

Decreases blood pressure 

Figure 1.32 Reserpine from Rauvolfia serpentina 

1.4 Potential applications of coenzyme A-dependent acyltransferases 

1.4.1 Heterologous expression of coenzyme A-dependent acyltransferases 

cDNAs of several CADATs have been expressed as soluble catalytically-active 

enzyme in heterologous expression systems using yeast80'81 and Eschericia coif0'83 as 

host strains. In particular, the 10-0-acetyltransferase from taxol biosynthesis (section 

1.3.3.2), having been overexpressed in unlysed E.coli cells, was able to acylate 

exogenously-fed 10-deacetyl baccatin II I within the bacteria84. It was postulated that 

endogenous acetic acid was able to be converted into acetyl coenzyme A acyl donor 

by bacterial acetyl coenzyme A ligases, before acyltransfer. Furthermore a CADAT 

cDNA has successfully been transfected into a petunia plant, where the expressed 

protein allowed for the malonylation of anthocyanins in v/vo1 8. Thus successful 

expressions of CADATs should be able to form the basis of successful methods in 

biotransformation. 
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1.4.2 Biosynthesis of natural products 

63 

Whilst there are currently no commercial biotransformations making use of CADATs, 

several scenarios where they might be applied have been suggested in the literature. 

The most common of these is in the biosynthesis of acylated natural products that 

exhibit desirable properties, such as those reviewed earlier in this chapter (Section 

1.3)66. CADATs have been suggested as biocatalyst candidates in this role owing to 

their inherently high substrate-, regio- and stereoselectivity, overcoming the 

requirement for screening of non-endogenous enzymes. Therefore their proposed use 

is as replacement of chemical syntheses where yield of reaction is low due to non­

specific reactions and unwanted consumption of what is often a valuable acyl 

85 

acceptor . To this effect, CADATs have been characterised in several instances in 

light of emerging pharmaceutical properties of acylated natural products that are 

complex and possess multiple reactable groups. This is mostly with a specifc view to 

future biosynthesis of the natural product 2 0 ' 5 8 , 6 1 ' 8 6. 

Thus, with regard to commercial application of CAD biotransformations there 

remains aspects of their activity that remain sufficiently detrimental to commercial 

viability in the present. Such aspects are likely to include reliance upon expensive 

cofactors (ATP and/or CoA), required synthesis of an acyl donor and low number of 

previously characterised CADATs. However, relatively little research has been 

carried out upon optimisation or improvements in these areas, in comparison to 

acyltransfer processes involving hydrolase biocatalysts. 
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1.4.3 Modification of the functional properties of compounds by unnatural 

acylation 

In terms of potential application of CADATs to either biocatalyse acyl transfer to 

non-endogenous acceptors or to transfer non-natural acyl moieties, there is again little 

precedent or research. Although Nakayama et. al. suggested that CADATs would 

potentially be suitable for the former role above, owing to the fact that an acyl 

substrate is known for a given enzyme and could therefore be screened for activity 

toward one substrate, the acyl acceptor, as opposed to both2 1. Furthermore, 

exogenously-fed, non-natural acids bearing halogens have previously been 

successfully incorporated into anthocyanin biosynthesis in carrot cell suspension 

cultures and therefore there is potential to further increase the range of carboxylic 

acids able to be transferred using CAD AT biocatalysts51. Dougall et. al suggested that 

CADATs may have application in production of second generations of natural 

products. 

To this effect, several bioactive natural product scaffolds have successfully been 

acylated with non-natural acyl moieties, by synthetic means, in order to regulate 

and/or alter the compounds pharmaceutical effect 8 7 ' 8 9. For example, second-

generations of the pharmaceutical taxol have been synthesised85. Novel fluorinated 

acylating moieties were reacted with the core acyl acceptor structure, Baccatin II I , 

although regiochemical control was limited resulting in reduced yield and loss of 

starting material (Figure 1.33). Cytotoxity studies of the two novel compounds were 

evaluated against 5 human cancer cell lines and were found to be significantly more 

potent than their paclitaxel counterpart85. 
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F i g u r e 1.33 Synthesis o f the second generation taxanes 2 - (3 - f luorobenzoyl) pacli taxel and 3 ' -

f luoromethyl docetaxel increased the cytotoxicity o f taxanes toward cancer cel l l ines and diversif ied 

the range o f cancers treatable by these natural product homologues 

The biochemical importance of halogenation has been likened to activation of non-

reactive carbon centres by halogens, an effect commonly exploited in chemical 

synthesis90. Introduction of a halogen can activate a molecule toward bioreceptors, 

making the metabolite bioactive by the chemical activation of a carbon centre. Walsh 
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et. al.91 characterised the halogenase 'CmaB'. They likened the role of halogenation 
to the effect of hydroxylation in most biological systems, whereby hydroxylation 
increases the reactivity of a substrate within a particular active site. Therefore, the 
reactivity / binding of a substrate toward catalytic residues within an active site can be 
altered by activation of key carbon centres i.e. by hydroxylation, bromination, 
chlorination or fluorination. Equally, the strategic positioning of a halogen atom upon 
a pharmacon or metabolite can prevent the action of site-specific enzymes which are 
found to modify or degrade the compound, thus intercepting the compound before it 
can reach its biological target65. 

Fluorine, in particular, has been found to impart desirable pharmokinetic and 

pharmacodynamic characteristics upon many bioactive agrochemical and 

pharmaceutical compounds . As the most electronegative atom in the periodic table, 

fluorine simultaneously modulates electronic93, lipophillic 9 4 and steric95 parameters of 

compounds, all of which can critically influence the properties of bioactive molecules. 

As the smallest atom in the periodic table aside from hydrogen, fluorine (1.47 

angstrom van der waals radii) can be utilised as a bioisosteric substitution, for 

hydrogen (1.20 angstrom) or oxygen (1.52 angstrom)95. This has been an important 

advance in modifying pharmaceuticals as portrayed by the range of fluorine 

substitutions for hydrogen (Figure 1.34A) 9 2' 9 6 and hydroxyl (Figure 1.34B)92'97 

groups on pharmaceuticals currently synthesised for experimental or clinical use. 
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F i g u r e 1.34 Ef fect ive fluorine substitution o f ( A ) methylated and ( B ) hydroxy lated pharmaceuticals to 

produce successful second generations o f pharmaceuticals 

Therefore the production of second generations of acylated natural products by 

biocatalysis is of interest and potentially useful. Many natural products have been 

identified as having a potential pharmaceutical or agrochemical role, although 

relatively few of these metabolites have been elaborated upon to produce refined 

analogues which are potentially more suited for a desired application. 

Furthermore, radiolabelling of various drugs with l 8 F has been an important 

diagnostic tool, allowing of cell, nerve tissue and tumour imaging by positron 

emmision tomography98. Katznellenbogen et. al" utilized this technique for imaging 

of the absorption, distribution, site of action and excretion of anti-tumour drugs 

bearing F labels. It was noted that the incorporation of fluorine into pharmaceuticals 

promotes the treatment of drugs as xenobiotics by biological systems, presumably due 

to the lack of fluorine containing endogenous metabolites. 
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Combination of these factors makes fluorine a valuable modification of 
pharmaceuticals and agrochemicals. However, chemical incorporation of fluorine into 
molecules post-synthesis is generally non-specific and often necessitates harsh 
conditions93. Both factors are undesirable in the synthesis of complex bioactive 
molecules and which have generated interest in bioactive fluorination methods, 
similar to those being researched for chlorination90. 

1.4.4 In vivo and in vitro biosynthesis of acylated flavonoids 

There has been intensive research that indicates that flavonoids are beneficial to 

human health1 0 0. One of the most commonly cited reasons for this is the excellent 

antioxidant capacity of flavonoids 1 0 1 ' 1 0 2. Increased flavonoid content has also been 

cited to be a critical factor that contributes to enhancing the length of time plant-based 

food stuffs can be stored post-harvest, owing to their antioxidant capacity33. Aromatic 

acylation of flavonoids has been shown to enhance the antioxidant capacity of 

flavonoids in several studies103, in addition to being shown to be critical for exhibition 

of several other beneficial properties, such as antimicrobial properties104. 

Such studies have led to increased research into acylated flavonoid production via 

biocatalysis of flavonoid acylation in vitro104 and upregulation of endogenous 

flavonoid biosynthesis in vivo105. In vivo methodologies include genetic modification 

of plants to affect the regulation of key flavonoid biosynthetic genes such as 

isoflavone synthase106 and chalcone isomerase107. External regulatory factors are also 

employed to upregulate flavonoid biosynthesis in vivo, such as gamma irradiation of 

I A O 

fruits to boost flavonoid content during storage 
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Mellou et. al. produced acylated derivatives of a monoglycosylated flavonoid using 
an immobilised Candida antarctica lipase and vinyl laureate as acyl donor1 0 4. The 
acylated flavonoids were found to have increased antioxidative activity toward low-
density lipoprotein and serum model, respectively through increased lipophilicity. 

There has been growing interest in the modification of the functional properties of 

anthocyanins and other flavonoids, by means of specific acylations21. Several 

flavonoid metabolites have been shown to possess beneficial health properties, such 

as antioxidant109 and antimutagenic110 properties. Acylation is thought to increase 

such health benefits of flavonoids by enhancing the chemical stability, solubility, 

membrane permeability and intestinal absorption of a metabolite 5 1 1". For example, 

phenylpropanoyl esters of 3-sophorose 5-glucose cyanidin and peonidin from sweet 

potato (Ipomaeo batatas) were shown to have antimutagenic properties, where 

hydrolysis of the caffeoyl ester significantly decreased these properties'". A further 

study suggested selective absorption of the caffeoyl esters occured in rats and humans 

112 

post-ingestion . To this effect, recent studies have been undertaken to develop 

methods of production of supplementary acylated anthocyanins, by means of cultured 

cells of sweet potato and heterologous expression systems' ' 3 . 
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1.5 Modern proteomic probe approaches toward the isolation of specific enzyme 

activities 

Recently, chemical probes have been developed that covalently modify the active site 

of specific proteins within a complex proteome, effectively labelling particular 

enzymes based upon their activities"4. Traditionally, incorporation of either a 

fluorescent moiety or a biotin affinity moiety into the probe allowed rapid detection 

and purification of labelled proteins. Recently, it was demonstrated that both of these 

functional aspects of chemical probes could be effectively incorporated into a 

trifunctional probe based upon a linker consisting of the amino acid lysine, in order to 

accelerate protein discovery and characterisation"5 (Figure 1.35). 
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F i g u r e 1.35 ( A ) A trif imctional chemical probe designed to detect and isolate speci f ic proteins from 

within a complex proteome compr is ing a reactive moiety capable o f covalent modif icat ion o f speci f ic 

enzyme activit ies, ( B ) a biotin residue, routinely used for isolation o f labelled biological molecules 

from mixtures and (C) a fluorophore w h i c h a l lows identification o f proteins that are speci f ica l ly 

labelled by the probe 

Several covalent inhibitors of enzymes have been coupled to chemical probes based 

upon this structure115. There are differing methods of covalent modification of 
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specific enzyme activities, which can be classed into two subgroups, mechanism 
specific inhibitors and affinity-substrate inhibitors. The former targets specific 
catalytic amino acid residues involved in the mechanism employed by a particular 
class of enzyme. This probe is known as a chemotype probe as it mimics the 
chemistry of the enzyme substrates allowing initiation of catalytic binding of the 
probe, but subtle differences in chemical nature means the protein is unable to 
eliminate the bound substrate"6. In the case of fluorophosphonate inhibition of serine 
hydrolases (Figure 1.36 A), nucleophillic attack of water results in the elimination of 
ethanol from the phosphonate as opposed to elimination of the serine alcohol. As a 
result the phosphonate remains bound to the serine and a second water molecule 
cannot access the active site to undergo a second nucleophillic substitution. 

The latter class of chemical probe mimics the structure of an enzyme substrate and is 

therefore preferentially bound by a protein target, whereupon a non-specific reactive 

moiety forms a covalent bond with the protein's infrastructure"7. The example shown 

in Figure 1.36B, is a substrate bearing an azido moiety. The azide is photoreactive and 

forms a nitrene under UV irradiation, following elimination of nitrogen. The nitrene 

reacts rapidly with proximate covalent bonds (in this case a carbon-hydrogen bond) 

by a free radical mechanism. The probe is finally covalently bound to the proteins 

active site. 
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Once a protein has been labelled and subsequently isolated from a proteome, 
identification is necessary. This is most commonly achieved by proteomics using 
either matrix-assisted laser desorption (MALDI) mass spectrometry or MS-MS based 
sequencing. In MALDI-based proteomics the protein is identified from established 
data based upon its unique pattern of peptide fragments, derived from predictable 
tryptic digestion . In MS-MS based proteomics the tryptic peptides are individually 
sequenced by fragmentation to derive their sequential amino acid content"9. 

1.6 Conclusion 

In conclusion, the literature review highlights the diversity of acylation in plant 

secondary metabolism. Identification of novel acylated natural products is occurring 

at a steady rate and many of these compounds have been found to be bioactive. In 

contrast the isolation and characterisation of the acyltransferases responsible for these 

biotransformations has not been so readily achieved. It would therefore be of interest 

to determine whether or not chemical probes could therefore be useful tools in the 

facile and generic discovery of CADATs, which are otherwise challenging 

biochemical targets. Increasing the speed of discovery, and therefore characterisation, 

of these enzymes could considerably increase their potential as biocatalysts. 

Development of acyltransferases for commercially-viable biotransformation has only 

been achieved with hydrolases as biocatalyst. However, coenzyme A-dependent 

enzymes in plant secondary metabolism can catalyse the transfer of a diverse array of 

carboxylic acids to many types of natural product acceptors. In particular, a vast 

number of CADATs in flavonoid biosynthesis are able to perform specific acylations 
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with both aliphatic and aromatic acids, although a much greater diversity of aromatic 
acids are known substrates. Thus this class of enzymes could add a whole new array 
of potential substrate-biocatalyst combinations to the existing library of enzymes able 
to perform acylation. Furthermore, CADATs could be recuited directly to biocatalyse 
their respective natural reactions, where they acylate many desirable natural products. 

Taxol is an example of an acylated plant natural product with pharmaceutical 

properties and great commercial value, which could be semi-synthesised almost 

exclusivly by CADATs from 10-deacetylbaccatin I I I isolated from European yew 

trees. However, despite each of the CADATs required for the biosynthesis of Taxol 

being cloned, solubly expressed and shown to be active, Taxol remains to be 

produced by chemical methods. However, relatively little research has been 

undertaken into applied biocatalysis with CADATs and the reasoning behind this 

appears to be a deference toward chemical acylation. This is presumed to be 

associated with the cost of enzymatic production, for example with respect to 

requirement of cofactors, in comparison to a synthetic or lipase-mediated biosynthetic 

approach. 

One advantage of harnessing the potential of CADATs as biocatalysts would be the 

ability to predict the nature of the acid each enzyme is able to transfer and the acyl 

acceptor, which is not always the case with unnaturally-recruited biocatalysts such as 

lipases. Furthermore plant CADATs have been proposed to have potential for 

application in biotransformations in vivo, where endogenous acyltransferases, 

expressed in cell cultures, have been manipulated to either boost the existing 

production of valuable natural products (Taxol) or perform non-natural 
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biotransformations with exogenously-fed carboxylic acids (Flavonoid metabolism). 
To this end, substitution of halogens and in particular fluorine, has been particularly 
effective in the modification of the properties of natural products and carboxylic acids 
bearing halogens have been successfully introduced into CADAT metabolism in 
plant-derived cell cultures. However, of the CADATs that have been isolated, most 
have only been characterised with respect to their endogenous substrates and close 
analogues. 

1.7 Aims and objectives 

• To characterise aromatic coenzyme A-dependent acyltransferases and coenzyme 

A ligases of flavonoid metabolism with regard to performing biotransformations 

both in vivo and in vitro 

• Specifically, acyltransfer of phenylpropanoids will be characterised, as the most 

diverse and abundant substrates of acyltransfer in flavonoid metabolism 

• To ascertain the ability of both CoA-dependent enzymes to turnover non-natural, 

fluorinated aromatic acids and to establish the effect substitution has upon activity 

• To synthesise the required coenzyme A conjugates of both endogenous and non-

natural acylating groups for use in enzyme studies 

• To develop facile routes toward the isolation and identification of coenzyme A-

dependent acyltransferases from plants, in order to accelerate the production of a 
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library of biocatalysts to add to the existing library of hydrolase-based 
acyltransferases 
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Chapter 2 

Materials and Methods 

2.1 Materials 

Materials for the synthesis of trifunctional probes were obtained from Pierce 

biotechnologies, Rockford IL. 4-Azidocinnamic acid was obtained from Professor 

Rob Field, Dept. of Biological Chemistry, John Innes Centre, Norwich.. Cyanidin 3-

5- O- diglucoside was obtained from Apin chemicals. DNA primers were synthesised 

by MWG-Biotech, Ebersberg, Germany. Other reagents and enzymes for molecular 

biology were obtained from Boehringer-Mannheim (now part of Roche, Basel, 

Switzerland) and all other chemicals and materials were obtained from Sigma -

Aldrich, except where stated otherwise. All chemicals were of analytical grade unless 

specified. 
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2.2 Methods 

2.2.1 Plants 

2.2.1.1 Whole Plants 

79 

One tray o f moist potting compost for each species was sown with seed prepared as 

detailed in figure 2.1. These trays were kept in a growth room for a total growing 

time specified below. 

Species Seed preparation Total growth time (days) 

Arabidopsis thaliana none 21 

Triticum aestivum Soaked in water over night 21 

Petunia hybrida none 28 

Gentiana triflora none 50 

Figure 2.1 Preparation of seed and total time employed for growth of each of the species in this study 

Growth time depended on germination efficiency and growth rate, as plants were only 

harvested when they had produced sufficient material for extraction (~10 g or more). 

Growth room conditions were 16 hours light, 8 hours dark. In the light periods the 

temperature was maintained at 24 °C, which was dropped to 22 °C for the dark 

periods. The light intensity was 80 uEinstein m" 2 s"2 in the photosynthetically active 

range. The compost was kept moist wi th regular watering. At harvest, the plants 

were flash frozen in liquid nitrogen and then stored at - 80 °C until extracted. 
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2.2.1.2 Arabidopsis Suspension Culture 

80 

Growth medium for Arabidopsis suspension culture contained 30 g sucrose and 4.43 g 

Murashige and Skoog basal salts wi th minimum organics (MSMO), dissolved in 

distilled water. Then 0.5 m L 1 mg/mL N A A and 50 ul 1 mg/mL kinetin were added 

and the pH adjusted to pH 5.7 using potassium hydroxide. The volume was made up 

to 1 1 using distilled water. Conical flasks to be used for tissue culture were prepared 

by f i l l i ng with water and autoclaving for 15 minutes at 121 °C to remove any residual 

detergent. Medium (80 mL) was decanted into each 250 m L flask. The flasks were 

stoppered with cotton wool, covered with fo i l , then autoclaved as above. Seven days 

after sub culture, a 10 m L inoculation o f A. thaliana (Columbia) suspension culture 

was decanted into each flask under sterile conditions. The cultures were then 

incubated at 25 °C in the dark with shaking at 120 rpm. After seven days, the cultures 

were filtered to remove the medium and the cells flash-frozen in liquid nitrogen 

before being stored at -80 °C. 

2.2.1.3 Regulation of plant metabolism 

2.2.1.3.1 Elicitation of Arabidopsis thaliana cell cultures with yeast elicitor 

Yeast elicitor was prepared by the method outlined by Kessman and Edwards 1 2 0 . 

Yeast elicitor (10 ul) was added to cell cultures grown to mid - log phase as 

previously described . 
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2.2.1.3.2 Regulation of flavonoid metabolism in plants with UV-B irradiation 

81 

A seed tray containing 24 plants was transferred to an enclosed UV lamp visualisation 

box. A C A M A G U V lamp with two 8 W light tubes was used to treat plants with U V 

- B (254 nm) irradiation for 10 minutes. After treatment the plants were removed and 

reintroduced into normal growth conditions for time periods in between 0 and 76 

hours, as required, before harvesting o f the leaf and stem tissue. 

2.2.1.3.3 Regulation of flavonoid metabolism in plants with continuous high -

light treatment 

Seed trays, each containing 24 plants, were transferred into a Sanyo versatile 

environmental test chamber during the morning period o f a given day. Conditions 

2 2 

within the growth chamber were set to 24 hours o f light (160 u. einstein m" s") per 

day, at 17 °C. Seed trays were removed f rom the growth chamber at given time 

intervals, whereupon their leaf and stem tissue was immediately harvested. 

2.2.1.4 Phenylpropanoid feeding studies 

2.2.1.4.1 Phenylpropanoid feeding studies in Arabidopsis thaliana cell suspension 

cultures 

Methanol solutions o f each phenylpropanoid were prepared to a concentration o f 60 

m M . These solutions were added to 250 mL conical flasks containing 80 mL o f mid -

log phase cell cultures 1 2 1, as prescribed in figure 2.2. 
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Volume of 60 mMphenylpropanoid Final concentration of cell culture 

added (/J) (MM) 

67 50 

134 100 

201 150 

Figure 2.2 Addition of phenylpropanoid solution to cell cultures of Arabidopsis 

Cells were harvested by vacuum filtration upon fine gauze at predetermined time 

points after addition o f phenylpropanoid. Control experiments consisted o f addition 

o f 200 ul o f methanol. 

2.2.1.4.2 Phenylpropanoid feeding studies in plants 

Methyl esters o f each phenylpropanoid were prepared (section 3.2.1.14) for this study. 

Each phenylpropanoid ester was solubilised in 50 mL 0.1 % Triton X detergent at 1 

m M concentration. Phenylpropanoid - containing detergent was applied to plants as a 

fine spray at a rate o f 25 mL per seed tray (800 cm 2 ) containing 24 plants. Plants were 

harvested at predetermined time points after application. 

2.2.2 Protein extraction 

Frozen plant material was ground to a powder wi th a pestle and mortar under liquid 

nitrogen and was then extracted into 5 volumes o f chilled 0.1 M Tris-HCl buffer pH 

8, containing 1 m M DTT, 2 m M EDTA and 5% w/v polyvinylpolypyrrolidone 
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(PVPP). The extract was centrifuged at 10000 g for 15 minutes at 4 °C, and the 
supernatant was decanted and retained while the pellet was discarded. Ammonium 
sulphate was added to the supernatant to 40 % saturation, and the resulting suspension 
was recentrifuged (10000 g, 15 minutes). The pellet was discarded and ammonium 
sulphate was added to the supernatant to a saturation o f 80%, followed by a final 
centrifugation. The pellet f rom this final centrifugation was stored at -20 °C. Prior to 
use, protein was dissolved into 0.1 M potassium phosphate or 0.1 M Tris - HC1 at the 
desired pH, then desalted using a HiTrap™ desalting column (Amersham 
Biosciences). This was carried out on a Bio-Rad HRLC system, with a Bio-Rad 
model 1740 UV/Vis monitor used to observe when the protein eluted f rom the 
column. The concentrations o f the desalted protein solutions were determined using 
Bio-Rad Protein Assay according to the manufacturer's instructions. 

2.2.2.1 SDS-PAGE 

SDS-PAGE (sodium dodecyl sulphate- polyacrylamide gel electrophoresis) gels were 

prepared using the mini-PROTEAN I I kit f rom Biorad according to the method of 

Laemmili (1970). Resolving gels were polymerised f rom 10 % or 12.5 % acrylamide/ 

6/s-acrylamide (Sigma) in 375 m M Tris/ HC1, pH 9.0 containing 0.1 % (v/v) TEMED 

(Promega, Madison, W I , USA), 0.1 % (w/v) SDS and 0.1 % (w/v) ammonium 

persulphate. The stacking gel was polymerised f rom 4 % acrylamide/ £/s-acrylamide, 

126 m M Tris/ HC1, pH 6.8, 0 .1% (v/v) TEMED, 0.1 % (w/v) SDS and 0.05 % (w/v) 

ammonium persulphate. Protein samples were diluted with an equal volume of 2 x 

SDS loading buffer (100 m M Tris-HCl, pH 6.8, 20 % glycerol, 200 m M DTT, 4% 

w/v SDS, 0.2 % w/v bromophenol blue) and incubated at 95 °C for 5 min prior to 



O.D.Cunningham 84 

loading on to gel. The samples were loaded into the wells and electrophoresed in 
SDS-PAGE running buffer (25 raM Tris, 192 m M glycine, 0.1 % SDS, pH 8.3) at 100 
V for the first 10 min and then at 200 V until the dye front reached the bottom of the 
gel. Gels were washed thoroughly with water to remove the SDS and then i f required, 
stained with Coomassie blue reagent (0.01 % w/v coomassie brillant blue, 5 % v/v 95 
% ethanol:water (95:5 v/v) and 10 % v/v phosphoric acidrwater 85:15 v/v). 

2.2.2.2 Western blotting and detection of polypeptides bearing strep - tag II 

Strep - tagged polypeptides were separated by SDS - PAGE (see above) and then 

electroblotted onto a PVDF membrane (Hybond-P, Amersham Biotech) using a mini 

Trans-Blot cell (Biorad) according to manufacturers instructions. After blotting the 

membrane was blocked with 3 % skimmed milk powder in Tris-buffered saline (TBS; 

1.93 % w/v Tris, 9 % w/v glycine) for 1 hr. S7rep-tactin - alkaline phosphatase 

conjugate ( IBA technologies) was then added at a 1: 2000 to 1: 5000 dilution and 

incubated at 1- 2 hr at room temperature or overnight at 4 °C. The membrane was 

then washed twice for 10 min with TBST (TBS plus 0.1 % v/v Triton X-100) and then 

for a further 10 min with TBS. The membrane was rinsed in 100 m M Tris - HC1, pH 

8.5 and then developed in 5 m L 100 m M Tris - HC1, pH 8.5 containing 15 ul 5-

Bromo 4- chloro 3' indolyphosphate p- toluidine salt (1 m M ) and 15 ul nitro - blue 

tetrazolium chloride (1 mM) . When optimal colouration o f strep - tagged proteins 

was achieved, the blot was rinsed thoroughly with distilled water. 
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2.2.3 Plant metabolites 

2.2.3.1 Metabolite extraction 

2.2.3.1.1 Extraction of methanol - soluble metabolites 

Plant samples were extracted with ice-cold methanol (10 v/w) using a pestle and 

mortar wi th acid-washed sand as an abrasive. After centrifugation (16 000 g / 5 

minutes) the extract was concentrated to ~1 mL under reduced pressure. Chloroform 

(1 mL) and high - purity water (200 \x\) were added and the resulting emulsion was 

centrifuged (16 000 g / 1 minute) or until a biphasic solution was achieved. The upper 

layer (methanolic) was removed and retained for further analysis. 

2.2.3.1.2 Extraction of anthocyanins 

Anthocyanins were extracted with 5 % metaphosphoric acid (1 m L per gram plant 

tissue) using a pestle and mortar with acid-washed sand as an abrasive. After 

centrifugation (16 000 g / 5 minutes) the extract was used without further preparation. 

2.2.3.2 Metabolite profiling 

HPLC - MS (high - performance liquid chromatography mass spectrometry) analysis 

o f natural products was performed with a Waters 2790 HPLC chromatography 

system. A pre - column and a Synergi Polar-RP (250 x2 mm) column (Phenomenex, 

Macclesfield, Cheshire) were used to separate metabolites. The eluents were solvent 

A, 0.5 % formic acid and solvent B, acetonitrile containing 0.5 % formic acid. 

Metabolites were eluted by a linear increase o f 5 % to 100 % solvent B from 0 to 45 
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min, followed by isocratic elution with 100 % B for a further 6 min. A volume o f 20 
ul per sample was injected, unless otherwise stated. The f l ow rate was 0.2 mL min" 1 

and the eluant was monitored by diode array detection for U V - Vis absorbing 
metabolites between 200 nm and 600 nm, using a Waters 996 photodiode array 
detector. The eluant was subsequently analysed by ESI-TOF MS on a Micromass 
LCT mass spectrometer operating in positive or negative ion mode as required, with 
the cone voltage set at 20 V , desolvation temperature at 200 °C and sample cone 
heated to 120 °C. 

2.2.4 Assays 

2.2.4.1 Assay of phenylammonia lyase by UV spectrometry 

Crude protein (0.1 mL) was dissolved in 990 uL o f 50 m M Tris - HC1 buffer pH 8.5 

and 12.1 m M L - phenylalanine. The rate o f formation o f cinnamic acid was 

determined at 37 °C, through measurement o f the change in absorbance at 290 nm in 

quartz cuvettes and over a time period o f 2 hours. D - phenylalanine was not used as 

substrate and therefore was used as control. 

2.2.4.2 Assay of 4- coumarate coenzyme A ligase by UV spectrometry 

Protein (2.5 fag) was dissolved in 50 uL o f 100 m M Tris - HC1 buffer pH 8.0 

containing 10 m M dithiothreitol. To this was added 550 uL o f 100 m M Tris - HC1 

buffer pH 8.0 containing 1.6 m M coenzyme A, 8.3 m M ATP and 8.3 m M MgCb. 

The rate o f formation o f coenzyme A esters was determined at 30 °C, through 

measurement o f the change in absorbance as specified below in quartz cuvettes. 
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Measurements were taken over a time period o f 30 minutes. The extinction 
coefficients o f coenzyme A esters used in this project are also specified below (Table 
C-Figure 2.3). Raw data is shown for novel compounds 4- fluorocinnamoyl coenzyme 
A (Table A ) and 3- 4- fluorocinnamoyl coenzyme A (Table B). Extinction 
coefficients o f natural coenzyme A esters were comparable to those identified in 
recent literature 1 5 (Appendix C). 
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A ) 
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Reaction product 
Cone. 
(mM) 

Absorbance Absorbance 

4- Fluorocinnamoyl 
0.001 0.015 0.015 

coenzyme A 
4- Fluorocinnamoyl 

0.01 0.151 0.153 
coenzyme A 

0.151 

4- Fluorocinnamoyl 
0.05 0.760 0.762 

coenzyme A 
4- Fluorocinnamoyl 

0.1 1.535 1.539 
coenzyme A 

B) 

Reaction product 
Cone. 
(mM) 

Absorbance Absorbance 

3- 4- Difluorocinnamoyl 
0.001 0.015 0.014 

coenzyme A 
0.015 

3- 4- Difluorocinnamoyl 
0.01 0.149 0.144 

coenzyme A 
0.01 0.149 

3- 4- Difluorocinnamoyl 
0.05 0.729 0.715 

coenzyme A 
0.05 0.729 

3- 4- Difluorocinnamoyl 
0.1 1.430 1.420 

coenzyme A 
0.1 1.430 

C) 

Reaction product 
Wavelength 

(nm) 

Extinction coefficient 

(mM'cnf1) 

Coumaroyl coenzyme A 333 20.3 +/- 0.08 

Caffeoyl coenzyme A 347 18.1+/-0.11 

Feruloyl Coenzyme A 350 19.0+/-0.07 

4- Fluorocinnamoyl 
308 15.3 +/- 0.02 

coenzyme A 

3- 4- Difluorocinnamoyl 
310 14.3 +/- 0.09 

coenzyme A 

Figure 2.3 A) Raw absorption data for 4- fluorocinnamic acid B) Raw absorption data for 3- 4-

fluorocinnamic acid C ) Absorbance maxima and extinction coefficients of the phenylpropanoid 

coenzyme A thioesters by U V spectrophotometry 
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2.2.4.3 Assay of 4- coumarate coenzyme A ligase by High-Performance Liquid 

Chromatography (HPLC) 

Reactions, as detailed above, were stopped by addition o f 100 uL methanol and the 

samples were centrifuged (16000 g, 5 minutes), to pellet precipitated protein. 150 uL 

of supernatant was decanted for analysis by HPLC: 

System: Dionex GP50 gradient pump with a Dionex U V D 340U U V / 

Vis detector and AS 50 autosampler 

Mobile phase: A: 0.5 % formic acid 

B: HPLC grade acetonitrile containing 0.5 % formic acid 

Stationary phase: Synergi Polar-RP (250 x 2 mm) column (Phenomenex, 

Macclesfield, Cheshire) 

Flow rate: 0.8 mL / min 

The column was equilibrated with 5 % B. Two minutes after injection o f the sample 

(30 uL), a linear gradient increasing solvent B up to 100 % was carried out over 

twelve minutes. The column was then washed with 100 % B for two minutes before 

returning to the start conditions in preparation for the next sample. Eluate f rom the 

column was analysed for U V absorbance by a diode array and detected at the 

wavelengths specifically detailed in figure 2.3. Standards were used to confirm the 

retention time of the substrates. Product formation was quantified by calibrating the 

HPLC with known amounts o f product. 



O.D.Cunningham 

2.2.4.2 Assay of chalcone synthase by H P L C chromatography 
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Crude protein (50 uL) in 100 m M Tris - HC1 buffer pH 8.0 containing 20 m M 

ascorbic acid, was added to 350 uL o f 100 m M Tris - HC1 buffer pH 8.0 containing 1 

m M malonyl coenzyme A and 1 m M coumarol coenzyme A. The rate o f formation o f 

tetrahydroxychalcone at 30 °C was determined after 30 minutes by HPLC 

chromatography. The reaction was stopped by addition o f 350 uL methanol and the 

samples were centrifuged (16000 g, 5 minutes), to pellet precipitated protein. 150 uL 

of supernatant was decanted for analysis by HPLC: 

System: Beckman System Gold 125P Solvent Module and 166 

Detector with Gilson 234 Autoinjector 

Mobile phase: A: 0.5 % formic acid 

B: HPLC grade acetonitrile containing 0.5 % formic acid 

Stationary phase: 4.6 x 45 mm Beckman Ultrasphere ODS column 

Flow rate: 1 mL / min 

The column was equilibrated with 5 % B. Two minutes after injection o f the sample 

(30 uL), a linear gradient increasing solvent B up to 100 % was carried out over eight 

minutes. The column was then washed with 100 % B for two minutes before 

returning to the start conditions in preparation for the next sample. Eluate f rom the 

column was analysed for U V absorbance at 287 nm. Tetrahydroxychalcone (Apin 

chemicals) was used as authentic standard for analysis o f product formation. 
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2.2.4.2 Assay of BAHD acyltransferases by H P L C 
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Crude protein (50 uL) or recombinant protein (2.5 ug) in 100 m M Tris - HC1 buffer 

pH 8.0 containing 2 m M dithiothreitol, was added to 50 uL o f 100 m M Tris - HC1 

buffer pH 8.0 containing 0.5 m M acyl acceptor and 0.5 m M coenzyme A acyl donor. 

The reaction was incubated at 37 °C and the formation o f acylated product was 

determined after 10 minutes by HPLC chromatography except where stated 

otherwise. The reaction was stopped by addition o f 50 uL acetonitrile and the samples 

were centrifuged (16000 g, 1 minute), to pellet precipitated protein. 100 uL of 

supernatant was decanted for analysis by HPLC: 

System: Dionex GP50 gradient pump with a Dionex U V D 340U U V / 

Vis detector and AS 50 autosampler 

Mobile phase: A : 0.1 % trifluoroacetic acid 

B: HPLC grade acetonitrile containing 0.1 % trifluoroacetic 

acid 

Stationary phase: Synergi Polar-RP (250 x 2 mm) column (Phenomenex, 

Macclesfield, Cheshire) 

Flow rate: 0.8 mL / min 

The column was equilibrated with 5% B. Two minutes after injection o f the sample 

(30 uL), a linear gradient increasing solvent B up to 100% was carried out over 16 

minutes. The column was then washed with 100% B for two minutes before returning 

to the start conditions in preparation for the next sample. Eluate f rom the column was 
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analysed for U V absorbance at 520 nm and enzymatic products were analysed by 
mass spectrometry as detailed in section 2.2.3.2. 

2.2.5 Gene cloning and expression 

Oligonucleotide primers were designed to amplify At4CL 1 and Gent5AT as 

described in the relevant chapters 5 and 6 and obtained f rom M W G - Biotech 

Ebersberg, Germany. 

2.2.5.1 mRNA extraction and reverse transcription 

Plant material (100 mg) was ground in liquid nitrogen and extracted with 1 mL t r i -

reagent (Sigma). The extract was spun at 12 000 g for 15 minutes at 4 °C. The upper 

phase was retained and 0.5 mL isopropanol added. After five minutes incubation at 

room temperature, the mixture was spun again at 12 000 g. The pellet was washed 

with 75 % ethanol, then dried and dissolved in 25 uL sterile water. The RNA solution 

was then transferred to ice for five minutes. 4 uL 5 x incubation buffer (250 m M 

Tris-HCl, 200 m M KC1, 30 m M M g C l 2 , 50mM dithiothreitol pH 8.3), 1 uL RNase 

block, 2 uL dNTPs (mixture o f dATP, dTTP, dGTP and dCTP each at 10 m M ) and 1 

uL M - M u L V reverse transcriptase was then added, and the reaction incubated at 37 

°C for 90 minutes. The cDNA produced was kept at -20 °C. 

2.2.5.2 Polymerase chain reaction 

The reaction mix listed below was made up in 0.5 m L PCR tubes. 

5 uL 10* buffer (Supplied with KOD HiFi polymerase) 



O.D.Cunningham 93 

5 uL 0.2 m M dNTP mix (dATP, dCTP, dTTP and dGTP) 

5 uL M g C l 2 20 m M 

2.5 uL 20 m M forward primer 

2.5 uL 20 m M reverse primer 

2 uL template (cDNA) 

30.5 uL d H 2 0 

0.5 uL KOD polymerase (Added during step 1 in figure 2.4) 

The mixture was then subjected to the program detailed in Figure 2.4 in an Eppendorf 

Mastercycler Gradient PCR machine 

Step Temperature (°C) Duration (min. sec) 

1 94 2:00 

Repeat steps two to four inclusive 30 times 

2 94 0:30 

55 °C (at4cl 1) 
3 0:45 

62 °C (gent5at) 

4 72 1:30 

After repeats, proceed to step five 

5 72 10:00 

END 

Figure 2.4 Temperature program used for PCR of A t 4 C L 1 and Gent5AT respectively 
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PCR products were analysed on a 0.8 % agarose gel, and i f required, purified from the 

gel using a Promega Wizard® SV Gel and PCR Clean-Up kit (Promega U K , 

Southampton, UK) . 

2.2.5.3 Restriction 

Restriction digests were carried out on 0.5 - 1 |a.g D N A using the restriction enzymes 

detailed in Chapters 5 and 6. 2 U o f each restriction enzyme (where 1 U of enzyme 

w i l l digest 1 (a.g o f substrate D N A in a total reaction volume o f 50 [i\ using the 

optimal buffer) was added to the appropriate buffer and the solution was made up to a 

total volume of 20 uJ. Digests were incubated at 37 °C for 1-16 hr before analysis o f 

the reaction products by agarose gel electrophoresis. 

2.2.5.4 Ligation 

1 uL 10 x ligation buffer (as supplied with enzyme) and 1 uL T4 ligase (Promega) 

were incubated with a 3: 1 ratio o f gene insert to plasmid for ligation (total reaction 

volume 10 uL) at 15 °C overnight. 

2.2.5.5 Transformation 

Transformation o f competent cells was carried out fol lowing the manufacturer's 

instructions. In brief, 20 uL competent cells were incubated on ice with 1 uL plasmid 

for 5 minutes. The cells were then heat-shocked at 42 °C for exactly 30 seconds 

before being returned to ice for a further minute. 80 uL L B medium (10 g/L NaCl, 10 
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g/L bacteriological peptone, 5 g/L yeast extract) was added and the cells were then 

incubated at 37 °C for one hour. The cells were then plated on to LB agar (as for LB, 

with 15 g / L agar) with appropriate antibiotic selection. 

2.2.5.6 Minipreps 

10 raL cultures of transformed bacteria were grown and the cells were pelleted. 

Plasmids were purified from the cells using a Promega Wizard® Plus Minipreps DNA 

Purification System. 

2.2.5.7 Expression conditions and recombinant His 6- At4CLl purification 

A single transformed Escherichia coli (E. coli) colony was used to inoculate a 10 mL 

LB starter culture, containing 100 ug / mL kanamycin and 35 fig / mL 

chloramphenicol. The culture was incubated overnight at 37 °C with shaking at 200 

rpm. A 500 mL culture was then inoculated with 5 mL of the starter culture, and the 

cells grown under the same conditions until they achieved an optical density at 600 

nm of approximately 0.7. The cells were then induced with 1 mM IPTG (unless 

stated otherwise) and incubated for a further three hours. The bacteria were then 

centrifuged at 10 000 g for 10 minutes. The pelleted bacteria were resuspended in 5 

mL 0.1 M Tris-HCl pH 7.8 with 20 mM imidazole (buffer A) and sonicated whilst on 

ice three times for 30 seconds with 10 seconds between each burst. After the bacterial 

lysate had been centrifuged (16 000 g, 5 minutes), it was loaded on to a HisTrap HP 

column (Amersham Biosciences). After washing with buffer A the retained protein 

was eluted by raising the imidizole concentration to 300 mM. Further purification 
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was achieved by reapplying the His-tagged protein to a fresh metal chelate affinity 

column and following the above procedure. The protein was desalted as described in 

section 2.2.2. 

2.2.5.8 Expression conditions and recombinant Strep-Gent5AT purification 

A single colony of transformed Arcticexpress™ Escherichia coli (Stratagene) 

harbouring Cpn 60 and Cpn 10 chaperonins from O. antarctica was used to inoculate 

a 10 mL LB starter culture, containing 100 ug/mL kanamycin and 35 ug/mL 

chloramphenicol. The culture was incubated overnight at 37 °C with shaking at 200 

rpm. A 500 mL culture was then inoculated with 5 mL of the starter culture, and the 

cells grown under the same conditions until they achieved an optical density at 600 

nm of approximately 0.6. The cells were then cooled to 4 °C and induced with 0.1 

mM IPTG and incubated for a further 12 hours. The bacteria were centrifuged at 

5000 g for five minutes and resuspended in 10 mL 0.1 M Tris-HCl pH 8 with 150 mM 

sodium chloride and 1 mM EDTA (buffer A) and sonicated three times for 20 seconds 

with 10 seconds between each burst. After the bacterial lysate had been centrifuged 

(4200 g, 15 minutes), it was loaded on to a Strep-tactin column (IBA technologies). 

After washing with buffer A, retained protein was eluted by addition of 5 mL buffer B 

(0.1 M Tris-HCl pH 8 with 150 mM sodium chloride, 1 mM EDTA and 2.5 mM 

desthiobiotin). The protein was desalted as described in section 2.2.2. 
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2.2.5.9 Agarose gel electrophoresis 
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Agarose gels were prepared by microwaving TAE (4.84 % w/v Tris base, 1.14 v/v 

glacial acetic acid) and 0.8 - 1.5 % molecular biology grade agarose (Helena 

Biosciences) until the agarose had melted. The gel mix was cooled to approximately 

60 °C and ethidium bromide added at a concentration of 10 ul L" 1. The gel was 

poured into the casting tray of HORIZON® 58 horizontal gel electrophoresis 

apparatus (GibcoBRL®, Paisley, UK). Samples were prepared by diluting with 6x 

loading buffer (0.25 % w/v bromophenol blue, 0.25 % v/v xylene, 15 % w/v Ficoll) 

and the gel loaded with a lane of markers (1 Kb DNA ladder, GibcoBRL®) prior to 

electrophoresis TAE buffer at 120 V for 20 min. 

2.2.5.10 DNA sequencing and analysis 

Double stranded cDNAs were sequenced using automated florescent sequencers 

Applied Biosystems 377 DNA sequencer X L or the 373 DNA sequencer using the 

University of Durham sequencing service. 

DNA sequences were edited, translated into three frames and restriction sites 

determined using the DNA sequence editing and analysis program DNA for Windows 

2.4.0 (software written by Dr D. P. Dixon, School of Biological and Biomedical 

Sciences, University of Durham). DNA and protein sequences were aligned using 

122 

CLUSTALW and sequence similarities were determined using BLAST (Basic 

Local Alignment Search Tool) 1 2 3 . 
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2.2.6 Proteomic probes 

2.2.6.1 Inhibition of proteins with 4- azidocinnamic acid and 4- azidocinnamoyl 

coenzyme A substrate-affinity probes 

Aliquots (100 uL) of the protein (10 ug) to be labelled were placed into a microtitre 

plate. 10 uL of a methanol solution of 4- azido cinnamic acid (1 mg / mL) was added 

to the aliquots of protein. The microtitre plate was put on ice and placed inside a Bio-

link crosslinker (BLX), where it was irradiated with 0.12 Joules / cm 2 of ultraviolet 

light (254 nm). 

2.2.6.2 Proteomic profiling with fluorophosphonate trifunctional probe (FPP) 

Frozen plant material, pulverised in a chilled mortar and pestle was extracted with 0.1 

M Tris / HC1 pH 8 with 1 mM DTT and 5% cross-linked polyvinylpolypyrrolidone at 

4 °C. The mixture was centrifuged at 15 000 g for 15 minutes, then FPP (Details of 

preparation are given in Chapter 3) was added to the supernatant to a final 

concentration of 5 uM. The resulting solution was incubated at room temperature for 

one hour. The solution was then passed through a PD-10 desalting column 

(Amersham Bisciences) to remove excess probe. Subsequently, SDS was added to a 

final concentration of 0.2 % (w/v) and the resulting solution heated to 95 °C for 5 

minutes. After cooling, 20 uL of a 50 % streptavidin sepharose bead slurry was 

added and the mixture was incubated for one hour at 4 °C with end-over-end mixing. 

The beads were then washed twice with 0.2 % SDS, then twice with distilled water, 

and the bound proteins were eluted by heating the beads to 95 °C for five minutes in 

lx SDS-PAGE loading buffer. Eluted bands were then run on an SDS - PAGE gel as 
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described in section 2.2.6. Use of UV treatment during FPP labelling of proteins was 

carried out as described in section 2.2.5.1. 

2.2.6.2.1 Visualisation, quantification and identification of labelled proteins 

The fluorescently labelled proteins in the gel were visualised using a Fujifilm FLA-

3000, exciting at 532 nm and reading the emission at 580 nm. Quantification of 

fluorescence was carried out using Aida Image Analyser version 3.11.002. Bands 

were excised and submitted for MA LD I proteomics as described in section 2.2.5.2.2. 

2.2.6.2.2 Identification of Purified Proteins by MALDI-TOF Mass Spectrometry 

Polypeptide-bands were excised from the gel and digested with trypsin. The samples 

were then analysed by the Durham University proteomic service. 

Method 

ID band transferred to a well of a 96-well microtitre plate (Genomic Solutions). The 

96-Well plate is transferred to the ProGest Workstation (Genomic Solutions Ltd.) 

where the samples are digested with trypsin using the ProGest long trypsin digestion 

protocol :-

• Each gel plug was equilibrated in 50ui of 50mM ammonium bicarbonate and 

subsequently reductively alkylated with 10mM DTT and lOOmM 

iodoacetamide, followed by destaining and desiccation with acetonitrile. Gel 

plugs were re-hydrated with 50mM ammonium bicarbonate containing 6.6% 

(w/v) trypsin (Promega) and digested overnight. Peptides were extracted using 

50% (v/v) acetonitrile, 0.1% (v/v) TFA into a final volume of 50ul (2 x 25ul 

extractions) 
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The resulting extracts were then freeze-dried and re-suspended in 10 u.1 of 0.1% 

formic acid. This is done using the 'thin-film' method:-

• Approx. 0.2 ul of matrix is spotted to the target plate. Matrix is a-cyano-4-

hydroxy-cinnamic acid in nitrocellulose/acetone. 1 jxl of digested sample is 

applied to the thin f i lm & allowed to dry. The samples are washed in-situ with 

0.1% TFA and left to dry again 

MALDI-ToF PMF was then performed using a Voyager-DE™ STR 

BioSpectrometry™ Workstation (Applied Biosystems, Warrington, UK). De-isotoped 

and calibrated spectra are then used to generate peak lists, these are searched using 

MASCOT (www.matrixscience.com) mass spectrometry database search software. 

2.2.7 Bioinformatics 

2.2.7.1 Identification of previously characterised BAHD acyltransferases 

Position specific iterative BLAST (PSI-BLAST, 

http://www.ncbi.nlm.nih.gov/BLAST/) was run through four iterations with an 

inclusion threshold of 10"10, and the results were examined to identify all complete, 

non-redundant Arabidopsis thaliana sequences. 

http://www.matrixscience.com
http://www.ncbi.nlm.nih.gov/BLAST/
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Chapter 3 

Synthesis of metabolites and biological probes of acylating enzymes 

3.1 Introduction 

Acyltransferases have previously been identified, isolated and characterised via the 

synthesis and/or purification of their acyl donors124 and acyl acceptors respectively56. 

Aside from benzoyl coenzyme A, aromatic coenzyme A thioester donors are not 

commercially available. This has been overcome in the past by chemical synthesis of 

the CoA thioester substrates81 5 6 6 9 . In most cases, phenylpropanoid CoA donors were 

synthesised from the respective imidazolium 1 2 4 or yV-hydroxysuccinimide ester 1 2 5 of 

the phenylpropanoid. 

Acyl acceptors cannot be synthesised easily, due to their structural complexity and are 

normally isolated from the plant of interest54'82. However, this is dependent upon the 

presence of the precursors to the terminal natural product and is therefore a major 

challenge to the characterisation of acyltransferases requiring acyl acceptors that are 

not present within the plant. For example, the flavonoid acyl acceptors utilized by 

Fujiwara et. al.56, Kaffarnik et. al.126 and Yonekura-Sakakibara et. al.80 were isolated 

from a wide array of plant sources through necessity, as they were not accumulated in 

the plants of interest. 

This chapter explores synthetic routes toward (1) the acyl donors required for the 

identification and characterisation of aromatic BAHD acyltransferases; (2) 

phenylpropenoyl esters for the identification of the acyl donors and acyl acceptors of 

flavonoid metabolism by feeding and incorporation of metabolites; and (3) chemical 
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probes with potential activity toward CADATs in order to facilitate the isolation of 
these enzymes in future studies. 

3.2 Experimental 

Unless otherwise noted, starting materials and reagents were obtained from 

commercial suppliers and were used without further purification. 

Chemicals and solvents were purchased from Fisher Scientific or Sigma-Aldrich and 

were used as received unless otherwise stated. Al l reactions were performed in flame 

or oven-dried glassware under a positive pressure of nitrogen or argon unless 

otherwise stated. Diethyl ether (Et20) and tetrahydrofuran (THF) were dried by 

refluxing with sodium-benzophenone under an atmosphere of N2 and collected by 

distillation. Dichloromethane (DCM) was dried by heating under reflux over calcium 

hydride and distilled under an atmosphere of nitrogen. Triethylamine was dried over 

KOH pellets. 

'H and l 3 C NMR spectra were measured on a Briiker Advance 400 instrument. J 

values are quoted in Hz. Chemical shifts are calibrated with reference to the residual 

proton and carbon resonances of the solvent ( C D C I 3 : SH = 7.26, 6C = 77.0 ppm). 

Assignment of spectra was carried out using DEPT, COSY, HSQC and HMBC 

experiments. 

Low and high resolution mass spectrometry was carried out as follows. 10 of a 

sample was injected onto an UPLC™ BEH with C18 column (1.7 um, 2.1 x 100 mm; 
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Waters Acuity). The column was then eluted at 0.2 mL min"1 with a mixture of 0.5 
% formic acid (solvent A) and acetonitrile containing 0.5 % formic acid (solvent B) 
using a linear gradient of 5 % to 95 % solvent B over 9 min, followed by isocratic 
elution with 95 % B for a further 2 min. The eluant was then analysed by MS after 
electrospray ionization using a Micromass QTof spectrometer operating in positive or 
negative ion mode as required. Settings were sample cone voltage = 41 kV, capillary 
voltage = 2.55 kV, extraction cone voltage = 5 kV, source temperature = 100 °C, 
desolvation temperature =180 °C and for high resolution mass spectrometry injection 
of leucine enkephalin at 5 second intervals was used as lock mass for real-time 
recalibration. 

Fourier Transform Infra-red (FT IR) spectra were recorded on a Perkin Elmer Paragon 

1000 FT spectrometer. Absorption maxima are reported in wavenumbers (cm"1). 

Analytical thin-layer chromatography (TLC) was performed on pre-coated TLC plates 

SIL G-25 UV254 (layer 0.25 mm silica gel with fluorescent indicator UV254) 3 . 

Developed plates were air dried and analysed under a UV lamp, Model UVGL-58 

(Mineralight LAMP, Multiband UV254/365 nm) and where necessary stained with 

iodine on silica or a solution of eerie ammonium molybdate (CAM). Flash column 

chromatography was performed using silica gel (40-63 urn, Fluorochem). 

Where compounds had been synthesised previously and a literature preparation was 

followed the literature reference(s) are given in the sub-title to the relevent protocol. 

Unless otherwise stated all characterisations were in accordance with values found in 

the literature. 
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3.2.1 Synthesis of metabolites 
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The trans- 3-phenylprop-2-enoic acid derivatives used in this thesis are shown in 

figure 3.1. They will be generically termed 'phenylpropanoids' or by their non-

systematic name (also given in figure 3.1), in line with current biochemical literature. 

Structure Non-systematic name Compound 
number 

OMe 

OMe 

O 

OH 

OH 

OH 

Cinnamic acid 

Coumaric acid 

Caffeic acid 

Ferulic acid 

Sinapic acid 

4- Fluorocinnamic acid 

3- 4- Difluorocinnamic 
acid 

3- 4- 5- Trifluorocinnamic 
acid 

Figure 3.1 trans- 3-Phenylprop-2-enoic acid structures and terminology used 
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3.2.1.1 Synthesis of coumaroyl imidazole 

This compound has previously been synthesised and similar methodology was used in 

this instance1 2 4 , 1 2 5. 

O O o 
A 

10 
N N N N N 9 1 N OH 8 8 

THF 6 6 HO HO 

2 9 

To a solution of coumaric acid (2)(0.5 g, 3.05 mmol) in tetrahydrofuran (5 mL) was 

added carbonyl diimidazole (2.47 g, 15.25 mmol). The reaction was stirred for 30 

minutes at room temperature, before the solvent was removed in vacuo to afford a 

pale yellow powder. Immediately, diethyl ether (20 mL) was added to the solid and 

then decanted. This was repeated until clear ether was removed. Coumaroyl imidazole 

(9) was obtained as a pale yellow solid (0.50 g, 2.38 mmol, 78 % ) . 

Characterisation: FTIR (NaCl disc) v/cm"':1480, 1616 (C=C), 1667 (CON), 2590 

(C=N), 3014 (sp2 carbon un-saturation), 3450 (phenol); 'H NMR (400 MHz, CDC13): 

7.10 (1H, d,J7,8l6.5 Hz, lxH8), 7.41 (2H, m, lxH3, lxH5), 7.59 (1H, d, y / A / 2 1-5 Hz, 

lxH12), 7.65 (1H, d, J,2,n 1.5 Hz, I x H l l ) , 7.79 (2H, m, lxH2, lxH6), 8.05 (1H, d, 

J8,716.5 Hz lxH7), 8.32 (1H, s, lxHIO); l 3 C NMR (125.7 MHz, CDC13): 117.6 (C8), 

122.3 (C2,6), 130.5 (C3,5), 131.6 (C7), 132.8 (CI), 136.5 (C12), 137.7 ( C l l ) , 148.3 

(C10), 152.1 (C4), 161.7 (C=0); MS m/z (ES+):215 ( [M + H ] + = 215). 
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3.2.1.2 Synthesis of coumaroyl coenzyme A 
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This compound has previously been synthesised and similar methodology was used in 

this instance 1 2 4 1 2 5. 

O 
10 CoA CoASH 

1 1 N 8 8 
NEt3 11 12 

10 

NH 
N N ^ 

OH OHO HO O H H N, O N N N o SH 
O 

HO O CoASH 

HO OH 

A solution of triethylamine, acetonitrile and distilled water (1: 1: 3) and a 1 mL 

portion of acetonitrile were thoroughly degassed. To a solution of coenzyme A (2 mg, 

2.61 umol) in triethylamine, acetonitrile and distilled water (1: 1: 3) was added 

coumaroyl imidazole (2) (1 mg, 5.22 umol) in acetonitrile (0.1 mL). The reaction 

mixture was stirred under argon and on ice for 30 minutes. The resulting solution was 

purified by size exclusion chromatography (mobile phase: dLkO, stationary phase: 

Biorad P2 SEC gel, wavelength detection at 310 and 340 nm). Fractions containing 

the first eluted compound (retention time = 1.2 min) were collated and lyophilized to 

yield coumaroyl coenzyme A (3). 

Characterisation: See following section 
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3.2.1.3 Syntheses of phenylpropanoyl coenzyme A esters 
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The indicated compounds (*) have previously been synthesised and similar 

methodology was used to synthesise each of the compounds in this instance1 2 4'1 2 5. 

O Parhnnul - O 

9 OH 
^ Carbonyl 
' diimidazole 

2) 
CoASH 

NEt3 

,CoA 

1-8 10-17 

The synthesis of cinnamoyl, coumaroyl, ferruloyl, caffebyl, sinapoyl, 4-

fluorocinnamoyl, 3- 4- difluorocinnamoyl and 3- 4- 5- trifluorocirtnamoyl coenzyme 

A was carried out in parallel following the method detailed in section 3.2.1.1 and 

section 3.2.1.2. 

Characterisation: 

Compound 

number 
R. R2 R3 

[M - HV 

Da 

m/z (ES") 

Da 
A ppm 

UV-Vis 

^ m a x (nm) 

10* H H H 896.1498 896.1495 0.33 315 

11* H OH H 912.1447 912.1451 0.44 333 

12* OH OH H 928.1396 928.1402 0.64 347 

13* OMe OH H 942.1553 942.1556 0.32 353 

14* OMe OH OMe 972.1658 972.1653 0.51 350 

15 H F H 914.1404 914.1409 0.55 308 

16 F F H 932.1310 932.1306 0.43 312 

17 F F F 950.1215 950.1221 0.63 313 

* = Coenzyme A ester previously synthesised 124,125 
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3.2.1.4 Synthesis of methyl phenylpropanoate esters 

A standard ester synthesis was used to produce each of the compounds in this section, 

as detailed by numerous sources. 

o 

if 
o 

c CI 
o 1 

R R 1 1 DCM/DMF 
8 8 

2 MeOH 
R R 

18-24 1-8 

Phenylpropanoid derivative (0.91 mmol) was charged to a flask in dichloromethane (5 

mL) and dimethylformamide (4 uL) was added. Oxalyl chloride (1.82 mmol) was 

subsequently added dropwise and the solution was stirred for 30 minutes. The 

reaction mixture was washed with water (3 x 10 mL) and dried over magnesium 

sulphate. Concentration in vacuo afforded the corresponding methyl cinnamate 

derivative as pale yellow - brown oil (86 - 96 % yield). Methyl phenylpropanoate 

esters were purified by reverse-phase preparatory HPLC. 

Characterisation: 

Methyl ester R. R2 R3 

[M + H ] + 

Da 

m/z (ES+) 

Da 

Yield 

% 

18 H OH H 179 179 92 

19 OH OH H 209 209 89 

20 OMe OH H 209 209 92 

21 OMe OH OMe 239 239 91 

22 H F H 181 181 86 

23 F F H 199 199 95 

24 F F F 217 217 86 
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3.2.2 The synthesis of trifunctional proteomic probes 
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All compounds within section 3.2.2 were designed and synthesised by Adam et. al. 

The methods employed in this section were directly derived from the method 

described by Adam et. a/."5. Observations at each stage were found to be in 

accordance with those previously found and mass spectrometry was comparable to the 

characterisation achieved by Adam et. al.U5. 

3.2.2.1 Synthesis of a rhodamine and biotin bearing bifunctional lysine backbone 

H H NHFMOC NHFMOC H H 
1. EDC, NHS, DMF O N N HO 

NHBOC NHBOC H 
2. Biotm-NH,, MeOH 

26 25 

HN NH / 
T o N 

\ 

1. Morphohne, DMF 
2. NHS-TAMRA, NEt 3, DMF 

N 
\ / 

N H HN \ 
N 

NH? 
O 

4N HCI, Dioxane O 28 
HN NH N 
Y 
o 

H 
NH R 

NHBOC 

27 
NH HN 

¥ o 

Fmoc- 7V(E)- BOC- L- lysine (25) (0 .24 g, 0.5 mmol) was dissolved in dimethyl 

formamide ( 1 2 mL) and 1- ethyl- 3- (3 - dimethylaminopropyl) carbodiimide (EDC) 

(0.128 g, 0.66 mmol) and N- hydroxysuccinimide (NHS) (0 .128 g, 1.1 mmol) were 
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added. The solution was stirred over night at 25 °C, before addition of saturated 
NaHC03 (30 mL). The resulting suspension was extracted with ethyl acetate (3 x 30 
mL). The organic fractions were washed with water (30 mL) and brine (30 mL), 
before being dried over magnesium sulphate and concentrated in vacuo. The resulting 
white powder was redissolved in methanol containing 1 % chloroform (10 mL) and 
biotin amine (60 mg) was added. After stirring at room temperature for 1 hour, the 
solution dried in vacuo. The resulting white solid was washed with ethyl acetate (2 x 
20 mL) and chloroform was added (20 mL) and the suspension was stirred for 3 hours 
at room temperature. The resulting white solid was isolated by filtration affording 
compound 26 (76 mg, 0.1 mmol, 20 % ) . MS m/z (ES+):779 ([M+ H ] + = 779). 

To a solution of biotinylated lysine intermediate (26) (30 mg, 39 ujmol) dimethyl 

formamide (2 mL) and morpholine (0.3 mL) were added. The solution was stirred at 

25 °C for one hour, before the solution was concentrated in vacuo. A solution of 

anhydrous dimethylformamide (2 mL), containing NHS-TAMRA (18 mg, 34 \xmo\) 

and triethylamine (50 was used to re-dissolve the resulting white solid. The 

solution was stirred for two hours at room temperature, before all volatiles were 

removed in vacuo. Compound 27 (30 mg, 30 umol, 77 %) was isolated by HPLC 

(Phenomenex, RP - C|g preparatory column, 5 - 1 0 0 % acetonitrile gradient, 30 

minutes). MS m/z (ES+):969 ([M + H ] + = 969). 

To a solution of compound 27 (15 mg, 15 nmol) in anhydrous methanol (0.3 mL) was 

added 4N HC1 in dioxane (3 mL) and the solution was stirred for 1 hour at room 

temperature. The volatiles were removed under a stream of nitrogen. The de-protected 

compound 28 was solubilised and subjected to HPLC for analysis. The de-protection 
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was found to be 100 % successful and therefore, compound 28 was utilised in future 
steps with no further purification. MS m/z (ES+):899 ([M + H ] + = 899). 

3.2.2.2 Synthesis of N- hydroxysuccinimide esters of chemotype labelling moieties 

3.2.2.2.1 Synthesis of benzene sulphonoyl decanoic acid 

O | o c , Q 
HO 

30 
29 

RuCI 
NalO Q a 1.DAST O 2. NHS N 

OH 

32 31 

To a solution of benzene sulphonyl chloride (1.04 g, 5.40 mmol) in pyridine (4 mL) 

was added (o - undecylenyl alcohol (29)(0.5 g, 3.00 mmol) in pyridine (4 mL). The 

resulting solution was stirred at 0 °C for 6 hours, before being taken up into ethyl 

acetate (50 mL) and washed with water (3 x 40 mL), 10 % HC1 (2 x 50 mL) and brine 

(50 mL). The organic phase was dried over magnesium sulphate and concentrated in 

vacuo. Purification by column chromatography on silica (hexane: EtOAc, 98: 2) gave 

benzyl sulphonyl- 10- undecene (30)(0.90 g, 2.88 mmol, 96 %) as a colourless oil. 

Compound 30 (0.90 g, 2.88 mmol) was dissolved in a biphasic solution composed of 

CCU: C H 3 C N : H 2 O (10 mL: 10 mL: 15 mL) and treated sequentially with sodium 

periodate (2.53 g, 11.80 mmol) and ruthenium trichloride hydrate (0.005 g, 0.02 

mmol). The reaction was stirred at 25 °C overnight before partitioning with 

dichloromethane (100 mL) and 1 N aq. HC1 (2 x 100 mL). The organic layer was 

washed with saturated aq. NaCl (100 mL), dried over magnesium sulphate and 

concentrated under reduced pressure. Column chromatography (40% EtOAc/Hex) 
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afforded benzene sulphonyl decanoic acid (31) as a white solid (0.65 g, 1.99 mmol, 69 
% ) . 

Characterisation: HRMS ES+ m/z: 352.1202 ( [M + H ] + = 352.1189). 

To a solution of compound 31 (0.009 g, 0.027 mmol) in anhydrous dichloromethane 

(1.5 mL) at -78 °C, was added DAST ((diethylamino)sulphur trifluoride) (81 \x\, 0.3 

mmol). The solution was warmed to room temperature over 10 minutes and N-

hydroxysuccinimide (0.15 g, 1.3 mmol) was added in dimethylformamide (0.5 mL). 

After 15 minutes, EtOAc (50 mL) was added and the solution was washed with brine 

(4 x 50 mL) and dried over magnesium sulphate. The solvent was removed in vacuo 

to afford benzene sulphonyl- N- (hydroxysuccinyl)decanamide (32) as a yellow oil 

which was used without further purification (0.011 g, 0.026 mmol, 98 % ) . 

3.2.2.2.2 Synthesis of 10-(fluoroethoxyphosphinyl)-/V-(hydroxysuccinyl) 

decanamide 

TMSBr HO ' O 
34 33 

RuC 
NalO 

O 
1. DAST O 2. NHS II i N 

HO OH 
O O 

f 35 36 

A solution of 33 (0.31 g, 1.07 mmol) in dichloromethane (4 mL) was treated dropwise 

with trimethylsilyl bromide (0.17 mL, 1.28 mmol). The reaction was stirred at 25 °C 

for 1 h, quenched with aq. KHSO4 solution (5 mL, 5 % w/v) and stirred vigorously for 

5 minutes. The reaction mixture was partitioned between ethyl acetate (100 mL) and 
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water (100 mL), and the organic layer was washed with saturated aq. NaCl (200 mL), 
dried over magnesium sulphate and concentrated under reduced pressure to give 34 as 
a colourless oil (0.22 g, 0.86 mmol, 80 % ) . 

The synthesis of compound 35 (0.17 g, 0.62 mmol, 72 %) was carried out as 

described for compound 31 in section 3.2.2.2.1. 

Characterisation: MS m/z (ES+): 262 ( [M + H ] + = 262). 

The synthesis of compound 36 was carried out as described for compound 32 in 

section 3.2.2.2.1 and was utilised without further purification. 



O.D.Cunningham 114 

3.2.2.3 Synthesis of trifunctional probes bearing biotin, rhodamine and 
chemotyping-reactivc groups 

/ 
N 

O O 
O 

N 

O HN H H O N N 
N 

ft 

H H ° O 

NH HN 
T 
O 

37 

/ 
N 
\ 

O 

N 
\ 

HN H H 
O N N 

N 
H H 

NH HN 38 

O 

To a solution of the deprotected compound 28 (5 mg, 5.5 fxmol) in methanol (3 mL), 

was added compound 32 (9.4 mg, 22 u.mol) and NaHC03 (5 mg). After stirring for 4 

hours at room temperature, the reaction mixture was filtered and concentrated in 

vacuo. The trifunctional phenyl sulphonate probe (37) was purified by HPLC 

(Phenomenex, preparatory RP-Cu column: 5-100 % acetonitrile in 0.1 % 



trifluoroacetic acid). The same method was used to synthesise 38 from compound 28 

and 36. 

Characterisation 37: MALDI - MS m/z: 1180.50 ([M + H ] + requires 1180.52). 

Characterisation 38: MALDI - MS m/z: 1134.38 ([M + H ] + requires 1134.38). 



O.D.Cunningham 116 

Chapter 4 

Regulation and modification of natural product acylation in vivo with 

exogenously-fed carboxylic acids 

4.1 Introduction 

Characterisation of biochemical pathways requires the activity of interest to be 

identifiable at the point of experimentation. Secondary metabolic enzymes are 

expressed when a metabolic response is required to counteract an external 

environmental change. CADATs and their associated coenzyme A ligases have been 

shown to be regulated under UV-irradiating conditions and post-fungal infection 

(Section 1.3.1.3). Having identified active acyltransferase activity, the identity of the 

acyl acceptor(s) will be sought by LC-MS metabolic profiling as a prerequisite for 

their isolation and biochemical characterisation in future chapters. 

Upon establishing acyltransferase activity, it was of interest to attempt to incorporate 

exogenous carboxylic acids (phenylpropanoids) into flavonoid metabolism. Firstly, 

this would enable assessment of the potential for CADATs and CLs to use unnatural 

substrates, such as fluorinated aromatic acids, in biosynthesis of unnaturally-modified 

natural products (Section 1.4.3). Secondly, the effect of feeding phenylpropanoids to 

plants will be guaged with respect to regulation of natural product biosynthesis and in 

particular flavonoid production. To this effect, exogenously-fed phenylpropanoids 

have previously been incorporated into, and caused upregulation of, flavonoid 

metabolism in plant-derived cell cultures in order to produce acylated flavonoids, for 

use as potential health products (Section 1.4.4). It was envisaged that transfer of this 

technology into plants could have application in enhanced production of beneficial-
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natural products and/or unnaturally-acylated analogues directly in harvestable plants. 
To this effect upregulation of acylated flavonoid biosynthesis in to-be-harvested plant 
material is a topic of great interest to crop producers (Section 1.4.4). The antioxidant 
properties of fiavonoids, and in particular acylated flavonoids, are observed to 
enhance shelf life in addition to increasing the potential health benefits of the 
foodstuff (Section 1.4.4). 

Thus the aims and objectives which are associated with this chapter are as follows: 

• To characterise aromatic coenzyme A-dependent acyltransferases and coenzyme 

A ligases of flavonoid metabolism with regard to biosynthesis of natural products 

both in vivo and in vitro 

• To ascertain the ability of both CoA-dependent enzymes to turnover non-natural, 

fluorinated aromatic acids and to establish the effect substitution has upon enzyme 

activity 

Specifically the objectives of experiments in this chapter were three-fold: To identify 

phenylpropanoyl coenzyme A-dependent acyltransfer in plants and elucidate the 

nature of the acyl acceptor by metabolic profiling; To screen fluorinated 

phenylpropanoids against CL and CADAT activities in vivo; and finally to establish 

the effect of feeding aromatic acids to flavonoid metabolism in plants. 

The model plant Arabidopsis thaliana will be characterised with a view to 

identification of two putative CADATs, a coumaroyl and a sinapoyl transferase35, 

which are to date unknown. Whilst feeding studies will be undertaken in two separate 
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plant species, with contrasting flavonoid acylation. Arabidopsis thaliana, which 

accumulates phenylpropanoylated anthocyanins, and Petunia hybrida, which 

accumulates phenylpropanoylated flavonols, will be used for this purpose. 

4.2 Results 

4.2.1 Identification of anthocyanin acyl acceptors in Arabidopsis thaliana 

Several anthocyanin metabolites have been identified in the foliage of Arabidopsis 

thaliana , the majority of which are acylated with esters of malonic acid, coumaric 

acid and sinapic acid. An anthocyanin-malonyl transferase has recently been isolated 

and characterised44, but the enzymes which catalyse the acyltransfer of coumaric acid 

and sinapic acid are currently unidentified. Equally, the identity of the acyl acceptor 

required for each aromatic acyltransfer is to date unknown. 

4.2.1.1.1 Arabidopsis thaliana cell suspension cultures 

Methanolic extraction of metabolites from arabidopsis cultured cells, concentration of 

the sample and analysis by HPLC-diode array, failed to identify any metabolites 

which absorb in the range 300-600 nm. This is despite known solubility of the 

i f 

arabidopsis anthocyanins in methanol . Thus, the cells were concluded to be dormant 

with regard to this particular secondary metabolic pathway and measures to instigate 

its activity were attempted. 
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4.2.1.1.2 Elicitation of Arabidopsis thaliana cell suspension cultures 

119 

Three gateway enzymes of flavonoid biosynthesis, phenylalanine ammonia lyase 

(PAL), 4- coumarate Coenzyme A ligase (4CL) and chalcone synthase (CHS) are all 

known to be enhanced by biotic or abiotic stress treatments47. For example, elicitation 

with yeast cell wall fragments has been shown to regulate enzymes involved in 

secondary metabolism in Arabidopsis thaliana127. 

Attempts were made to instigate flavonoid biosynthesis by regulation of the external 

environment of the cells. Cell cultures were treated with a yeast elicitor and PAL , 

4CL (Section 1.3) and CHS activity (Figure 4.1) were monitored and compared to 

control (untreated) cell cultures. 

O 

SCoA 

HO p-Coumaroyl CoA 

Chalcone 
Synthase 

3 C 0 2 + 4 CoASH 
OH 

^ 5 

OH HO 

Tetrahydroxy 
Chalcone 

3 Malonyl CoA 

OH O 

Figure 4.1 Conversion of phenylpropanoids to chalcones by chalcone synthase 

PAL activity was assayed by monitoring the conversion of phenylalanine to cinnamic 

acid by increase in absorbance at 290 nm due to cinnamic acid. Successful induction 



Q.D.Cunningham 120 

of PAL activity was achieved following elicitation and activity peaked after eight 

hours, with a 14-fold increase in activity (Figure 4.2). 

PAL activity in elicited Arabidopsis cell cultures 

" T S 600 

g-g 400 

I Yeast elicited At cell 
cultures 

I Control At cell cultures 

0 2 4 8 24 

Hours post elicitation 

Figure 4.2 Phenylalanine ammonia lyase activity in yeast-elicited arabidopsis cell cultures. Values 

shown are means of two replicates, with error bars showing the range 

Similarly. 4-CL activity also increased in activity 4-fold after 8 hours of elicitor 

treatment (Figure 4.3). 

4-CL activity toward coumaric acid in elicited arabidopsis cell 
cultures 

500 
£ S 400 

0 4 8 
Hours post elicitation 

|Yeast elicited At cell cultures 
•Control At cell cultures 

Figure 4.3 4-Coumarate coen2yme A ligase activity in yeast-elicited arabidopsis cell cultures. Values 

shown are means of two replicates, with error bars showing the range 
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PAL and 4CL activities were successfully up-regulated by elicitor treatment above the 
basal levels of enzyme activity required to synthesise lignin and sinapoyl malate. 
However, the chalcone synthase assay, monitored by HPLC and mass spectrometry, 
was unsuccessful and no chalcone synthase activity was shown in protein extracts 
from either control or elicitor-treated cells. 

Equally, no UV-Vis absorbant metabolites could be observed in methanolic extracts 

as a consequence of elicitation. Thus all percieved avenues of ascertaining active 

flavonoid metabolism in arabidopsis cell cultures were exhausted. 

4.2.1.2 Arabidopsis thaliana plants 

An initial metabolic profile (methanol soluble) was obtained from wild type 

Arabidopsis thaliana plants to establish endogenous levels of flavonoid metabolism. 

However, no characteristic UV-Vis or mass spectra could be observed across the 

metabolic profile, despite the use of similar growth conditions to those described for 

the previous characterisation of the major anthocyanin metabolites35. 

High intensity light sources have been effective in producing an increased level of 

flavonoid biosynthesis48, due to the role of the metabolites as photoprotectants and 

antioxidants (Section 1.3.1.3). A treatment of prolonged (> 16 hours) exposure to the 

highest available levels of artificial visible light (160 p. einstein m" s") was devised. 

After 76 hours of exposure, a red tinge was observed in vascular regions of the plants 

and 4 metabolites were observed to have accumulated, detected by HPLC with UV-

Vis analysis at 520 nm (Figure 4.4). All four of these compounds displayed UV traces 
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characteristic of polyphenolic anthocyanins (Section 1.3.1.1), with absorption in the 
visible region arising from the extended conjugation of the oxycation34. Mass 
spectrometry (ES^, mass fragmentation patterns and UV-Vis spectrophotometry 
allowed tentative identification of the four metabolites as the previously described 
major anthocyanin in Arabidopsis thaliana (Section 1.3.1.2) and its precursors 
(Figure 4.4 and Appendix A). 

Structural information for each of the anthocyanins was derived from MS/MS (ES+) 

fragmentation (Appendix A). Primarily, a prevalent mass ion of 287 Da corresponded 

to cyanidin (M) + for each metabolite. Fragmentation of 3-O-glucose and it's 

substituents from cyanidin gave 535 Da corresponding to cyanidin 5-0-(6-0-

malonyl)glucose (M) + or 449 Da when malonyl was not present originally (cyanidin 

5-0-glucose (M) + ) . Mass ions were also observed for sinapoyl fragments at 207 Da 

(M + ) when present. For each compound, the mass of the 3-0-glucose and any 

substituents was observed from cleavage of 5-0-glucose. 

Each parent mass ion and UV-Vis spectrum were comparable to previous 

characterisation carried out by Bloor et. a/.35. Whilst no NMR characterisation of 

these metabolites was performed in this study, the regiochemistry of the metabolites 

shown in figure 4.4 was based upon NMR evidence obtained by Bloor et. al. for 

AtAN 2 3 5 . 

Figure 4.4 (overleaf) The four major anthocyanins accumulated in Arabidopsis lhaliana after a 76 

hour treatment of high-light conditions 
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AtAN 2 was originally thought to be the terminal anthocyanin product, in accordance 
with the literature35, and the other metabolites were presumed to be precursors to the 
most substituted metabolite. However, the four metabolites could not be placed in a 
sequential order of biosynthesis, with AtAN 3 the apparent precursor to both AtAN 1 
and AtAN 4. This divergence was therefore indicative of the four metabolites being 
end-products in their own right and this assumption was further backed up by the 
malonylation of each metabolite, which is often seen to effectively 'cap' flavonoids in 

1 8 89 198 
the final step of their biosynthesis ' ' 

If this was the case, then the acyl acceptors upon which the aromatic acylating groups 

were imparted were still unknown. Although, there would potentially be four 

anthocyanin malonyl transferases present in Arabidopsis thaliana, of which one has 

previously been characterised44. Therefore an attempt to identify the precursors of the 

four anthocyanins was required and a more detailed time course of high-level light 

treatment was undertaken in an attempt to establish i f any precursors to aromatic 

acylation could be observed (Figure 4.5). 

Figure 4.5 (overleaf) Metabolite profiles (520 nm) of anthocyanins in Arabidopsis thaliana taken at 

intervals over a 76-hour period of high-light treatment. Plant extracts were normalised to one gram of 

plant tissue per mL of extract to allow comparisons to be made. AtAN 1-4 were accumulated as before, 

whereas AtAN 5-9 were new metabolites to this study and metabolite X was found to not be an 

anthocyanin product 
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Several previously unseen metabolites were seen to temporarily accumulate over a 
76-hour period, either prior to, or during, the biosynthesis of AtAN 1-4. At time 
points after 76 hours no further accumulation of anthocyanins was observed, although 
solely AtAN 1-4 remained present. However, plants exposed to continuous high-light 
treatment for periods longer than 76 hours became increasingly wilted and it was 
postulated that the cessation of anthocyanin biosynthesis was a side-effect of the 
declining condition of the plants. Alternatively, anthocyanin concentrations may have 
reached capacity, where further accumulation would be toxic toward the plants. 

The metabolites denoted AtAN 5-9 in figure 4.5 were found to be structurally-related 

to AtAN 1-4 based upon MS/MS (ES+) fragmentation (Appendix A) and 

characteristic UV-Vis absorption spectra (Figure 4.6). Parent mass ions of 1051, 611, 

1257, 889 and 1095 Da were found for AtAN 5, AtAN 6, AtAN 7, AtAN 8 and AtAN 

9 respectively (Figure 4.6). The identities of the anthocyanins were deduced from 

these values, mass fragmentation data, UV-Vis spectra and comparison of this data to 

prior characterisation of arabidopsis anthocyanins 3 4 , 4 4 (Figure 4.19 and Appendix A). 

Whilst no NMR characterisation of these metabolites was performed in this study, the 

regiochemistry of the metabolites shown in figure 4.6 is based upon the structural 

characterisation of AtAN 2, for which *H NMR evidence was obtained by Bloor et. 

al34. The metabolite labelled X in figure 4.5 did not possess the same mass 

fragmentation pattern as the anthocyanins and did not bear a characteristic UV-Vis 

absorption spectrum and was therefore not characterised further. 

Figure 4.6 (overleaf) Proposed structures and UV-Vis spectra of AtAN 5, AtAN 6, AtAN 7, AtAN 8 

and AtAN 9 
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To date, AtAN 1, AtAN 2, AtAN 4 (Bloor et. al.), AtAN 5 and AtAN 7 (D'Auria et. 
al.) have been reported in the literature. Each of the anthocyanins AtAN 5-9 were 
concluded not to be degradation products of AtAN 1 -4 as they could not be identified 
by mass spectrometry in duplicate experiments of plants treated with 76 hours of 
high-light, despite these plants having the highest quantity of metabolites. 

Thus AtAN 3, 6, 8 and 9 were proposed to be previously unknown metabolites, which 

accumulated under the unnatural-upregulation of the anthocyanin pathway. Their 

accumulation was analysed alongside that of AtAN 1, 2, 4, 5 and 7 to draw tentative 

conclusions concerning the order of anthocyanin biosynthesis. 

Firstly, AtAN 6 and AtAN 8 were unique, accumulating early in anthocyanin 

biosynthesis and approximately doubled in quantity within 24 hours of high-light 

treatment. Therefore these metabolites were thought to be the precursors to the latter 

stages of anthocyanin biosynthesis. However, AtAN 6 was not the precursor of AtAN 

8, as the former anthocyanin would have required simultaneous modification by 

transfer of both xylosyl and coumaroyl moieties, in order to produce the latter. Thus 

an intermediary anthocyanin, with a mass of 757 Da i f coumaroyl transfer was the 

primary modification or 743 Da i f xylosylation occurred first, was expected to 

accumulate within the same time frame as AtAN 6 and 8. However, single-ion 

monitoring of mass spectral data did not identify anthocyanins of either mass. 

Therefore the intermediary compound was concluded to be present only transiently 

during biosynthesis, which suggests purposeful accumulation of its precursor, AtAN 

6. Contradictory to this however, was that AtAN 6 was only observed whilst 
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biosynthesis of anthocyanins was active, suggesting that a relatively slow rate of 

coumaroylation and / or xylosylation caused accumulation of AtAN 6. 

AtAN 8 appeared to be modified by three different enzymes, a glucosyl transferase in 

biosynthesis of AtAN 5, a sinapoyl acyltransferase in biosynthesis of AtAN 9 and a 

malonyl acyltransferase in biosynthesis of AtAN 3. Equally, AtAN 5, AtAN 7 and 

AtAN 9 were also thought to be acyl acceptors for malonyl transferase(s) during 

biosynthesis of AtAN 1, AtAN 2 and AtAN 4 respectively. 

However, there was ambiguity over the biosynthesis of AtAN 7, which could have 

been committed by either a sinapoyl transferase (metabolic route 1) or a glucosyl 

transferase (metabolic route 2)(Figure 4.7). It was observed that AtAN 9 was absent 

after 30 hours of high-light treatment, when all other non-terminal anthocyanins were 

present, and was only observed to accumulate after 48 hours. This implies that this 

particular anthocyanin was not a precursor to further modification, malonylation 

aside, and therefore metabolic route 1 (Figure 4.7) was thought to be the active 

pathway. 

These tentative conclusions were collated as a proposed order of anthocyanin 

biosynthesis (Figure 4.7). 
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Figure 4.19 A proposed order of anthocyanin biosynthesis in Arabidopsis thaliana 
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Thus AtAN 8 and AtAN 5 were proposed to be acyl acceptors for a sinapoyl 
acyltransferase(s) in Arabidopsis thaliana. Although the identity of the acyl acceptor 
for the coumaroyl acyltransferase could not be determined it was proposed to be 
either AtAN 6 or a xylosylated derivative of AtAN 6. Additionally, the time period 
during which both of these aromatic acyltransferases were expressed and found to be 
active following initiation of continuous high-light treatment, was inferred from the 
rates of accumulation of the associated metabolites in figure 4.5. This suggested that a 
coumaroyl transferase was active between 8 and 56 hours of continuous high-light 
treatment, whereas sinapoyl transfer was only observed between 24 and 56 hours. 

The characterisation of anthocyanin biosynthesis in Arabidopsis thaliana undertaken 

in this study, has led to identification of potential acyl acceptors for both sinapoyl and 

malonyl acyltransferases and the identity of the acyl acceptor for coumaroyl 

acyltransfer is tentatively proposed to be one of two possible structures. The 

conditions required for up-regulation of anthocyanin biosynthesis in arabidopsis 

plants were also determined, which wil l allow for future biochemical characterisation 

of the respective acyltransferase enzymes. 

4.2.2 Feeding studies with exogenously-supplied phenylpropanoids 

4.2.2.1 Feeding studies in Arabidopsis thaliana 

Having established conditions under which acylation of flavonoids was active we 

were able to ascertain the potential of 4CLs and CADATs in arabidopsis plants to 

incorporate exogenously-fed phenylpropanoids into the biosynthesis of acylated 

anthocyanins. To this end, arabidopsis plants were sprayed with detergent 
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formulations containing phenylpropanoids (1 mM)(Compounds 2-7) after 4 hours of 
high-light treatment; prior to up-regulation of anthocyanin biosynthesis. The solution 
was applied at a rate of 25 mL per seed tray, with each tray containing 24 plants. The 
treated plants were harvested and weighed after 76 hours of high-light treatment and 
their metabolic extracts analysed by HPLC-MS to ascertain any effect of the 
exogenous phenylpropanoids (Figure 4.8). The concentrations of anthocyanin 
metabolites in each study, was calculated using the extinction coefficient of cyanidin 
3-5-O-diglucoside at 520 rati as a close approximation to the cyanidin-based 
metabolites accumulated (Appendix C). 
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Figure 4.8 (A) Metabolite profiles of high-light induced Arabidopsis thaliana plants fed with various phenylpropanoids. (B) 

Analysis of the peak area at 520 nm of endogenous anthocyanins and conversion into nmoles/gram of tissue (mean of three 

biological replicates + / - standard deviation) (* = values significantly greater than control (P < 0.05) 
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Significant differences to observations under control conditions were observed in the 
accumulation of anthocyanins in plants treated with continuous light for 76 hours, 
when they were fed with coumaric and sinapic acids respectively. Only feeding with 
these phenylpropanoids was seen to have an effect upon endogenous anthocyanin 
content and no anthocyanin structures were found to be acylated with any other 
phenylpropanoid variant. 

The effect of elevated coumaric and sinapic acid concentrations upon the 

accumulation of the terminal anthocyanins in arabidopsis was calculated as a 

percentage relative to the control (Figure 4.9). 

Increase in anthocyanin content when fed 

with phenylpropanoid (%) 

Anthocyanin Coumaric acid Sinapic acid 

AtAN 1 41 34 

AtAN 2 61 33 

AtAN 3 132 60 

AtAN 4 131 90 

Figure 4.9 The effect of elevated coumaric acid and sinapic acid concentration upon the relative 

concentration of AtAN I , AtAN 2, AtAN 3 and AtAN 4 

Both sinapic acid and coumaric acid were found to cause the accumulation of each of 

the major anthocyanins, which indicated that the plants' response to the exogenous 

phenylpropanoids was to increase anthocyanin accumulation to conjugate the excess 

metabolites. However, blanket up-regulation of terminal anthocyanin products was 

not observed and malonylated metabolites arising from anthocyanin products 
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immediately downstream of the proposed coumaroyl (AtAN 3) and sinapoyl (AtAN 
4) acyltransfer reactions (Figure 4.7) were the most influenced metabolites. 

Feeding studies with methyl coumarate and methyl sinapate resulted in a modest 

increase in each of AtAN 1-4, but had particular influence upon the malonylated 

products of their respective proposed acyltransfers. Coumaric and sinapic acids were 

fed at an approximate rate of 350 nmoles/g (based upon the average weight of 

harvested plants being 1 g +/- 0.3). Thus approximately 6.7 % of fed coumaric acid 

was incorporated into anthocyanin biosynthesis and approximately 2.6 % of sinapic 

acid. 

Modest incorporation of the endogenous phenylpropanoids coumaric and sinapic acid 

was achieved, whilst non-natural phenylpropanoids were not incorporated into 

flavonoid biosynthesis when applied to Arabidopsis leaves. The reason(s) for lack of 

incorporation of non-natural phenylpropanoids was unclear. Further studies were 

undertaken in Petunia hybrida, which produces a diverse array of aromatically 

acylated flavonoids (Section 1.3.2). 

4.2.2.2 Feeding studies in Petunia hybrida 

4.2.2.2.1 Identification of flavonol acyl acceptors in Petunia hybrida 

Aromatic acylation with phenylpropanoids is the terminal modification of many 

flavonoids found in Petunia hybrida. Petunia has previously been shown to possess an 

array of aromatically acylated quercetin and kaempferol diglucosides, which are 

found in the leaves . 
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Metabolite profiling (HPLC-DAD-MS) of petunia leaf tissue led to the observation of 

each of the compounds previously characterised by Bloor et. al?1, through UV-Vis 

detection, mass spectrometry (ES+) and the corresponding fragmentation (Appendix 

B). The metabolites kaempferol 3-0-(6"-0-caffeoyl)diglucoside (KDG-Caf), 

kaempferol 3-0- (6"-0-feruloyl)diglucoside (KDG-Fer), quercetin 3-0-(6"-0-

caffeoyl)diglucoside (QDG-Caf), kaempferol 3-0- diglucoside (KDG), quercetin 3-0-

diglucoside (QDG) and rosmarinic acid (R) were found (Figure 4.10) . The 

regiochemistry of the compounds shown in figure 4.10 is based upon the 

17 

characterisations carried out by Bloor et. al. . 
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Figure 4.10 The UV-Vis absorbing metabolites identified in Petunia hybrida 
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4.2.2.2.2 Light-mediated regulation of flavonoid acylation in petunia 

137 

The relative amounts of the metabolites previously identified (Section 4.2.2.1) were 

compared in plants treated with continuous high-level illumination for 24 hours (160 

u einstein m"2 s"2) with plants grown under a conventional (80 u einstein m"2 s"2) 

lighting regime for 12 hours in 24 (Both were treated with blank detergent). The 

relative abundance of the individual compounds were similar in each of the extracts, 

although the overall flavonolic content was approximately tripled by the high light 

treatment (Figure 4.11). Spraying with detergent had no significant effect on the 

accumulation of the metabolites, when compared with unsprayed controls, so the 

results shown are derived from plants sprayed with formulation. 

< 10 
High-light Treatment 

and sprayed with 
detergent 

E 
o 

B 

1 2 J 4 R 

Normal Sghl conditions 
and sprayed with 

detergent 

1200 14 00 1600 1800 
Time (minutes) 

Figure 4.11 Comparison of normalised metabolite extracts (1 g/mL) from petunia plants exposed to 

high-light conditions for 24 hours and from plants grown under normal conditions, with U V - V i s 

detection at 330 nm 
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4.2.2.2.3 Feeding with methyl esters of phenylpropanoids in Petunia hybrida 

138 

Following only modest incorporation of fed-phenylpropanoids into flavonoid 

biosynthesis in arabidopsis, an attempt to increase the efficiency of uptake of 

phenylpropanoids, and therefore increase substrate concentration relative to existing 

CL / CADAT metabolism, was made in petunia. To this effect, synthesis of carboxyl 

esters is one method that has previously been employed to enhance translocation of 

herbicides bearing polar groups, such as carboxylic acids, into plant cells 1 2 9. Once 

internalised proherbicide carboxyl esters are substrate to hydrolytic enzymes, which 

yield the active herbicide129. Such hydrolases are more often found to have activity 

toward small alkyl esters, such as methyl, than bulky alkyl chains130. Therefore the 

effect of feeding methyl esters of phenylpropanoids, as opposed to carboxylic acids, 

was assessed in petunia with respect to flavonol acylation. 

Methyl esters of phenylpropanoids (compounds 2-8) were synthesised (Section 

3.2.1.4). Petunia plants were sprayed with two separate detergent formulations in 

duplicate, one containing caffeic acid - an endogenous acylation precursor in 

flavonoid metabolism - (compound 3)(lmM) and the other containing methyl caffeate 

(compound 19)(1 mM). Each plant was harvested after a further 8 hours. An 

equivalent mass of leaf tissue was taken from each study, rinsed in methanol ( 2 x 5 

mL) to remove extraneous metabolite and was finally extracted in methanol. The 

methanolic extracts were concentrated to 100 p.L and subjected to analysis by HPLC 

with detection at 287 nm (Figure 4.12). 



O.D.Cunningham 139 

3000 

XL 
Methanol extract of 

petunia fed with caffeic 
acid 

2500 

2000 Methanol extract of 
petunia fed with methyl 

caffeate 
e 

| 1500 

3 

1000 

500 

Caffeic acid 

0 
10 15 20 25 30 35 40 

T i m e ( m l n ) 

Figure 4.12 Metabolite profiles of petunia leaves fed with methyl caffeate, as opposed to caffeic acid, 

and with comparison to a caffeic acid standard 

Identical studies were undertaken in petunia for each of the other phenylpropanoids 

and their respective methyl esters (Appendix D). In each case the carboxylic acid and 

not the methyl ester was found to be present, indicating that the methyl ester was 

efficiently hydrolysed by endogenous esterase activity. Phenylpropanoids were 

accumulated in far greater quantity when fed with the methyl ester in comparison to 

the carboxylic acid. The effect of increased phenylpropanoid concentration upon 

incorporation of phenylpropanoids into flavonol acylation will be assessed in the 

following section. 
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4.2.2.2.4 Effect of feeding methyl phenylpropanoid esters upon flavonolic 
acylation in Petunia hybrida 

Methyl esters of known flavonol acyl donor precursors coumaric, caffeic and ferulic 

acid (Compounds 18-20), and non-natural methyl fluorocinnamate compounds 

(Compounds 22-24), were applied to leaves of petunia in the same manner as 

described for the feeding studies in Arabidopsis thaliana (Section 4.2.2.1). The plants 

were extracted into methanol and analysed by HPLC-UV-Vis with detection at 330 

nm (Figure 4.13). The individual metabolites were then quantified based on their 

absorbance at 330 nm, using a standard curve prepared from quercetin-3-0-

diglucoside (Appendix C). By quantifying at 330 nm the concentration of the parent 

flavonoids was determined, with minimal interference from the aromatic acylating 

groups. Two new metabolites were accumulated in plants sprayed with methyl 

coumarate and methyl 4-fluorocinnamate, metabolite 6 and metabolite 7 respectively. 

The characterisation of these compounds will be discussed in section 4.2.2.4.1. 

Figure 4.13 (overleaf) The effect of the indicated exogenous ly-fed methyl esters of phenylpropanoids 

upon the accumulation of acylated metabolites in Petunia hybrida. (A) H P L C profiles with detection 

at 330 nm of treated plants and (B) quantification of significantly different peak areas for comparison. 

Plants sprayed with detergent were grown under ambient lighting (=Con L L ) or were sprayed with 

formulated treatments then exposed to high level lighting for 24 h. (=Con H L ) . Values are the mean of 

two biological replicates +/- standard deviation (* = values significantly greater than control H L (P < 

0.05))(A = occured at the same retention time as fed caffeic acid). 
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The application of a methyl caffeate derivative led to over a 10-fold increase in the 
pool size of QDG-Caf (3) and a 3-fold enhancement in KDG-Caf (4). Although 
caffeic acid was found to co-elute with QDG-Caf (3), analysis of the UV-Vis 
spectrum found for this metabolite suggested that the majority of metabolite 3 was 
flavonolic and not caffeic acid (Figure 4.14). 

: | [ V 1 A UV-Vis spectrum of metabolite 3 
W 2 0e-i found in feeding study with methyl caffeate 

(Figure4.13-metabolite 3) 
i o i r IT • I • • I • 

•Mi'l 

5 Oe-1 UV-Vis spectrum of QDG-Caf (3) 
2 5e-l 

4 f : ] J:;r 

315 

UV-Vis spectrum of Caffeic acid 

• ! 1 1 225 250 275 300 325 350 375 dOO <J25 <150 500 

Figure 4.14 U V - V i s absorption spectrum for metabolite 3 found in feeding study with methyl caffeate 

in petunia and comparison to spectra of Q D G - C a f (Appendix B) and caffeic acid 

Feeding with methyl caffeate also increased the pool sizes of all the other UV-

absorbing metabolites except for QDG In addition to the originally identified 

compounds, feeding with methyl caffeate led to the appearance of a series of 

unidentified polar UV-absorbing metabolites. Concentrating on the major effects 

determined on the HPLC profiles of the flavonols, treatment with the other natural 

acyl donor, ferulic acid, resulted in a selective 40-fold enhancement in KDG-Fer 

(Figure 4.13). Feeding with methyl coumarate resulted in a large enhancement in the 

levels of KDG and its feruloyl ester (Figure 4.13). 

Having established substantial perturbation in flavonol acylation following feeding 

with naturally occurring phenylpropanoids, analysis of the study was extended to 
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feeding of methyl esters of 4- fluoro-, 3- 4- difluoro- and 3- 4- 5- trifluorocinnamate 
methyl esters. The mono- and tri-fluorinated compounds did not significantly perturb 
the accumulation of the endogenous metabolites, while feeding with methyl 3- 4-
difluorocinnamate led to a selective decline in QDG-Caf (3), KDG-Fer (5) and 
rosmarinic acid (R). To look for incorporation of the fluoroacyl donors into novel 
flavonols, the eluting metabolites were fragmented by MS and monitored for evidence 
of fluorcinnamoyl cationic fragments, as found for other acyl fragments (Appendix 
B). Using this approach we were unable to find any evidence for incorporation of 3-
4-difluorocinnamic acid (167 Da) or 3- 4- 5- trifluorocinnamic acid (185 Da). 
However, a compound fragmenting to release a 149 Da fragment characteristic of 4-
fluorocinnamoyl cation was identified in a minor peak eluting just after KDG 
(Metabolite 7). 

4.2.2.2.4.1 Characterisation of novel metabolites identified in petunia feeding 

study 

Firstly, each of the metabolites 6 and 7 had distinctive UV-Vis absorption spectra 

(Figure 4.15 A), which was consistent with other acylated flavonols (Appendix B). 

Interestingly, absorbance normally associated with aromatic acylation was at 305 nm 

and 291 nm for metabolite 6 and 7 respectively, indicating a different aromatic 

acylating group in each instance. Mass spectrometry of the metabolites (Figure 4.15 

B) indicated parent masses of 787 Da and 789 Da, for metabolite 6 and 7 respectively. 

A difference of 2 Da is consistant with substitution of a hydroxyl for a fluorine group. 

Equally, positive ion (ES+) fragments with masses with 2 Da difference were 

observed in positive fragments 147 Da (Metabolite 6) and 149 Da (Metabolite 7), 
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which is consistant with fragmentation to produce coumaroyl and fiuorocinnamoyl 
cations respectively. 

Figure 4.15 (overleaf) (A) UV-Vis spectra found for metabolite 6 and 7. (B) Mass spectra of 

metabolites 6 and 7 and (C) analysis of fragmentations 
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However, further fragments were generated that corresponded to both quercetin 
(M+H = 303 Da) and kaempferol (M+H = 287 Da) in each study131 (Appendix B). In 
addition, only a fragment corresponding to glucosyl-glucuronide ( M + = 339 Da) was 
identified, whilst the diglucoside fragment (325 Da) found in studies on QDG (1) and 
KDG (2) was absent(Appendix B). Therefore no firm conclusion concerning the 
identification of the structures was reached in either instance. Although it was thought 
possible that a coumaroyl (metabolite 6) or a fluorocinnamoyl (metabolite 7) group 
had been transferred onto a quercetin-diglycoside (glucose-glucuronyl) structure, 
according to the parent mass ion observed and the limited data shown. 

In light of this tentative observation and the unexplained interference of 3-4-

difluorocinnamic acid upon endogenous acyltransfer, it was decided that a 

biochemical study in vitro would afford the most detailed insight into enzymatic 

acyltransfer of fluorinated phenylpropanoids within a controlled environment. 

Equally, the tolerance of both 4CLs and CADATs could be assessed on an individual 

basis. 

4.3 Discussion 

4.3.1 Identification of metabolites 

Metabolites in this chapter have been tentatively identified by comparison of obtained 

UV-Vis absorption and mass spectrometry data, to that available for similar 

metabolites with resolved structures - quercetin 3-(9-diglucoside131 and cyanidin 3-5-

Odiglucoside3 5. Prior structural resolution of flavonoids has been achieved by 

performing 1 and 2D NMR experiments upon metabolites isolated in sufficient 
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quantity . Such characterisation has afforded resolution of regioisomerism of 
enzymatic modifications such as glycosylation and/or acylation, geometric chemistry 
of cisltrans isomers and confirmed the stereochemistry of glycosyl residues109. Owing 
to the relatively large number of structurally-related examples of flavonoids isolated 
and fully characterised to date, predictability in their UV-VIS absorption and mass 
fragmentation has been observed. These patterns occur due to common chromophores 
present or predictable fragmentation events and this has recently allowed for the rapid 
profiling of these metabolites in plants by comparison of data generated by these 
techniques to that obtained for fully characterised metabolites1 0 9'1 3 1. 

To this end, the products of predictable flavonoid fragmentations in positive ion mass 

spectrometry have previously been proposed 1 0 9 1 3 1, which were consistent with those 

found in this study. Flavonoid-glycoside ether bonds were observed to fragment to 

produce the glycoside cation (M) + and the oxygen-retaining protonated aglycone 

(M+H) + respectively (Figure 4.16). Equally, phenylpropanoid-glycoside esters were 

frequently observed to fragment to produce the phenylpropanoyl carbocation (M) + 

and the oxygen-retaining protonated glycone (M+H) + respectively (Figure 4.16). 

Combination of these fragmentations were also observed, which each molecule to be 

assembled sequentially. Each of the suggested carbocations were proposed to be 

stabilised by a mesomeric effect and therefore favourable. Characteristic UV-Vis 

absorption of flavonoid chromophores was previously discussed in Chapter 1 (Section 

1.3.1.1). 
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Figure 4.16 Proposed origin of fragments in positive ion electrospray mass spectrometry arising from 

fragmentation of A) flavonoid-glycoside ether bonds and B) phenylpropanoyl-glycoside ester bonds 

Limitations of metabolite identification by mass fragmentation and UV-Vis 

spectroscopy are therefore untold regio- and stereochemistry. However, these 

variables are relatively conserved in flavonoid biosynthesis (Section 1.3). Whilst it is 

recognised that the region of acyltransfer would be a key factor in any potential 

biosynthesis of acylated products, in the scope of biocatalysis in this thesis the focus 

will remain upon the acyl donor in the absence of a suitably valuable product. 

Equally, the flavonol, glycoside and/or acyl components of the proposed acyl 

acceptors for aromatic acyltransfer in arabidopsis (AtAN 5, AtAN 8 and AtAN 6 or 

AtAN 6-Xyl) have been identified, whilst the regio- and stereochemistry of the 

structures are based upon previous characterisation of the parent anthocyanins and 

were not known for each individual compound35. Precedent in accumulation of 
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multiple anthocyanins comprising the same aglycone and glycoside residues suggests 
that the region of glycosylation and the isomeric form of the glycoside are 
conserved . This scenario is assumed in this study, particularly in light of the novel 
metabolites accumulating immediately prior to the observed accumulation of the 
structurally-resolved metabolite AtAN 2 and not being present as degradation 
products in extracts of plants that had accumulated maximal levels of anthocyanin 
(Section 4.2.1.2). 

Other, more conclusive, methods have been employed to establish metabolic 

precursors and pathways and could be utilised to conclusively establish the course of 

the arabidopsis anthocyanin pathway in further studies. Of relevance, an anthocyanin 

malonyltransferase from Arabidopsis thaliana was characterised by a reverse-genetics 

approach by D'Auria et. al.44. They observed that this particular transferase knockout 

line prohibited the accumulation of both AtAN 1 and AtAN 2, although the effect 

upon levels of AtAN 3 and AtAN 4 was not reported. They concluded that the 

malonyl transferase was responsible for malonylation of all of the anthocyanins found 

in arabidopsis and therefore had a large tolerance of vastly differing acyl acceptors 

and was therefore highly unusual. However, biochemical characterisation of the 

enzyme toward malonyl CoA and AtAN 5 and AtAN 7 respectively, demonstrated 

that the enzyme was significantly biased toward AtAN 7. Therefore it would be of 

interest to establish whether there is a second or third malonyl transferase. 
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4.3.2 Use of methyl phenylpropanoid esters in feeding studies 

150 

Methyl esters of phenylpropanoids were found to be incorporated with far greater 

efficiency than their carboxylic acid analogues. After incorporation of the methyl 

ester, only the carboxylic acid could be observed in the plant extract in each study. 

Hydrolysis of the ester after internalisation can be likened to the mechanism exploited 

to allow internalisation of proherbicide esters, before hydrolysis yields the active 

herbicide . However, the lack of incorporation of the underivitised 

phenylpropanoids was unexpected. Particularly, in light of the modest effect fed 

coumaric and sinapic acids had upon anthocyanin metabolism in arabidopsis. One 

possible explanation for this could be heightened-channeling of these metabolites into 

lignin biosynthesis (Figure 4.17). 

0 O 

R ATP AMP + PPi R 
OH SCoA r HO HO CoASH 
Coenzyme A ligase R 

2 NADPH + H r 
R = H, OH or OMe 

CoASH 

H 
R 

OH 
Lignin 

Free-radical HO 
Polymerisation 

Figure 4.17 LigniMcation - a metabolic pathway that is able to incorporate phenylpropanoids 

With respect to the levels of incorporation of the applied methylated-acyl donors in 

contrast to applied carboxylic acids in petunia; these could not be calculated with any 

confidence for the naturally occurring phenylpropanoids in the absence of isotopic 
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labeling. For example, whereas only approximately 200 nmol/g of methyl caffeate 
was sprayed onto the plants, the large increase in the levels of caffeoylated flavonols 
could account for over four times the applied dose. The scale of this enhancement is 
suggestive of metabolic regulation by positive feedback from the end products of the 
pathway. This conclusion is enhanced by the scale of the accumulation of the acylated 
flavonoids greatly exceeding the depletion in the levels of QDG and KDG 
intermediates, implying that the pool was being replenished by de novo flavonoid 
biosynthesis. 

These results may be of great utility in selectively regulating acylated natural products 

in plants. As alluded to in section 4.1, the accumulation of flavonoid antioxidants has 

potential advantages in prolonging the shelf life of harvested plants, as well as 

boosting the levels of those flavonoids proposed to have beneficial health properties. 

Alternatively, this methodology could be transferred into medicinal plants, to boost 

the natural ly-occuring levels of desirable acylated natural products. 

4.3.3 Novel metabolites in petunia feeding study 

Metabolite 6 and metabolite 7 accumulated in petunia when fed with methyl 

coumarate and methyl 4-fluorocinnamate respectively. MS analysis of each 

compound was similar, although they differed by fragments corresponding to a 

coumaroyl cation (metabolite 6 -147 Da) in contrast to a 4-fluorocinnamoyl cation 

(metabolite 7 -149 Da) and a respective increase of 2 Da in the parent mass ion of 

metabolite 7 (789 Da) in contrast to metabolite 6 (787 Da). Each metabolite did not 

fragment to produce an observable diglucoside cation (325 Da), as found for each of 
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the other flavonols found in petunia (Appendix B), but did produce a 339 Da 
fragment, which could be attributed to a glucosyl-glucuronide fragment. This 
glycosylation is known in plant flavonoid metabolism133 although not in species of 
petunia. However, identification of fragments typical of a flavonol aglycone is 
confused by the presence of ions corresponding to kaempferol (287 Da) and quercetin 
(303 Da) in both studies. Although assimilation of the masses corresponding to 
phenylpropanoid, glucoside-glucoronide and quercetin components give the observed 
parent mass ions, 787 and 789 Da. It was tentatively proposed that metabolites 6 and 
7 were based upon a quercetin (phenylpropanoyl-)glucosyl-glucuronide structure of 
unknown isomeric form. 
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Chapter 5 

Biosynthesis of phenylpropanoyl-coenzyme A acyl donors 

5.1 Introduction 

One of the potential advantages of recruiting characterised CADATs for biocatalyses 

is the ability to predict successful acyl substrates, eliminating the requirement for 

screening against this particular variable. However, within this scope it would be 

useful for a biocatalyst to have facility to utilise as large a range of foreign substrates 

as possible. To this end, previous literature has suggested that fluorinated 

phenylpropanoids are able to undergo acyltransfer to flavonoids via coenzyme A-

dependent pathways. Results shown in chapter 4 also suggested that this may be 

possible and further characterisation in vitro was concluded to be the optimal way 

forward for elucidating the true effect of phenylpropanoid fluorination upon CAD 

biocatalysis, as opposed to functional characterisation of enzymes in planta. It was 

also envisaged that information about the effect of varying aromatic substituents upon 

coenzyme A-dependent acylation pathways would be gained. 

Coenzyme A ligases (Section 1.2.2) have previously been thoroughly characterised 

with respect to endogenous phenylpropanoid substrates bearing oxygen containing 

substituents, although little is known about their tolerance to non-natural aromatic 

compounds15, particularly those with electron-withdrawing groups such as fluorine. 

This chapter will therefore aim to elucidate the tolerance of coenzyme A ligases 

toward fluorination of phenylpropanoid derivatives. 
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Of the CLs previously reviewed in Section 1.2.2, the enzymes from Arabidopsis 
thaliana represented a well-characterised set of potential biocatalysts with respect to 
natural phenylpropanoid substrates. With regard to biocatalysis of unnatural 
carboxylic acid-coenzyme A ligations, At4CLl was the stand-out candidate owing to 
its broader substrate tolerance and superior turnover number with respect to every 
phenylpropanoid variant. Thus this chapter will document the characterisation of 
At4CLl activity toward fluorinated phenylpropanoids, as per the following aim:-

• To ascertain the ability of both CoA-dependent enzymes to turnover non-natural, 

fluorinated aromatic acids and to establish the effect fluorine substitution has upon 

activity 

5.2 Results 

5.2.1 Cloning and expression of a 4-coumarate coenzyme A ligase (At4CLl) from 

Arabidopsis thaliana 

Complementary primers were designed for the 5' and 3' termini of At4CLl. The 5' 

primer included an Ncol (CCATGG) restriction site immediately upstream of the 

start codon. The 3' primer included a codon corresponding to a histidine residue in 

place of the stop codon, which was followed by a further 5 identical codons to encode 

for a six-residue histidine tag for purification of the recombinant protein. An Xhol 

(CTCGAG) restriction site was added to the 3' primer sequence immediately after the 

histidine sequence. 
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Preparation of a cDNA template from mRNA was necessary to exclude introns 
present in the At4CLl gene. RNA was extracted from Arabidopsis thaliana plants, 
which had been grown under high-light conditions for 48 hours to stimulate flavonoid 
production and 4CL expression47. Reverse transcription of the RNA produced cDNA, 
which was used as template for PCR of at4cll. PCR in the presence of both primer 
oligonucleotides gave rise to two amplification products, one minor (approximately 
1100 bp) and a major product (approximately 1700 bp). The latter corresponded to the 
1781 bp PCR product expected for at4cll (Figure 5.1). 

PCR M 

Major PCR product • \ J < 1636 bp 
+ 1000 bp 

Figure 5.1 PCR of at4cll from Arabidopsis thaliana mRNA. M denotes size markers of varying 

double stranded DNA fragments and PCR denotes the PCR from the cDNA template to derive a -1700 

bp amplification product 

After confirming the identity of the PCR product by restriction analysis, it was ligated 

into a complementary pET 24a (Promega) kanamycin-resistant expression vector. The 

recombinant plasmid was then electroporated into XLIO-Gold ultra-competent cells. 

Four kanamycin-resistant colonies were achieved, two of which were prepared and 

sequenced to confirm that they harboured authentic sequence. 
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IPTG was added to the bacterial cultures to stimulate recombinant protein expression. 
A soluble recombinant protein of approximately 62 kDa was identified in the pET 
24a-at4cll cultures, when analysed by SDS-PAGE following purification of His-
tagged proteins by Ni chelate affinity chromatography. This protein was absent in a 
similarly treated empty vector control. The expected mass for recombinant At4CLl 
was 61280 Da. Histidine fusion-tagged recombinant At4CLl was bound selectively to 
a Ni 5 5 column in low concentration of imidazole and eluted with 5 mL of buffer at 
high imidazole concentration. Partially-purified recombinant At4CLl was recovered 
by elution in 4 x 1 mL fractions and the polypeptides present analysed by SDS-PAGE 
(Figure 5.2). 

M FT 1 2 3 4 5 M 

I 97 kDa 
65 kDa 

45 kDa 

h i 
[ 

At4CI1 

Figure 5.2 SDS-PAGE gel of Ni chelate affinity purified His-tagged recombinant At4CLl. M denotes 

pre-calibrated molecular mass markers, FT denotes flow-through protein which would not bind to the 

column and 1 -5 denote fractions collected with increasing concentration of imidazole. 

Further purification of the semi-pure protein was achieved by application to a second 

Ni chelation column and the recovered fractions were dialysed to remove 
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imidazolium salt. The two-stage purification yielded highly enriched At4CLl (Figure 
5.3). 

45 kDa — • 

Figure 5.3 SDS-PAGE gel of highly enriched At4CLl 

5.2.2 Biochemical characterisation of recombinant At4CL I 

Initial activity of purified At4CLl was determined toward coumaric acid using a 

colorimetric assay120. The activity of At4CLl toward coumaric acid was also 

monitored by HPLC using diode array detection (X max. 333 nm). Product formation 

was compared to a control experiment, which utilised denatured protein. A reaction 

product with a UV-Vis absorption maximum of 333 nm, which accumulated over 5 

minutes in the presence of At4CLl was confirmed (Figure 5.4). This product co-

chromatographed with synthetic coumaroyl coenzyme A (Section 3.2.1.3). High 

resolution (ES+) mass spectrometry of biosynthesised coumaroyl coenzyme A gave a 

parent m/z ion of 914.1605 Da (M + FT = 914.1598 Da) and UV-Vis absorption 

confirmed that biosynthesised coumaroyl coenzyme A had an identical absorption 

maximum to previously synthesised coumaroyl coenzyme A (Section 3.2.1.3). 
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Figure 5.4 HPLC assay of At4CLl activity toward coumaric acid including diode array analysis of the 

accumulated product 

Using the colourimetric assay, the activity of At4CLl was determined toward 

coumaric acid by monitoring the biosynthesis of coumaroyl CoA in duplicate over a 

time course of 5 minutes. It was found that a linear rate of product formation was 

achieved over this period in the presence of 21 jug At4CLl. No non-enzymatic 

accumulation of coumaroyl coenzyme A occurred in the presence of denatured 

protein, nor in the absence of coumaric acid or native At4CLl. 

5.2.2.1 Biosynthesis of phenylpropanoyl coenzyme A acyl donors 

Having optimised the assay conditions under which coumaroyl coenzyme A could be 

biosynthesised, the tolerance of At4CLl toward fluorinated cinnamic acids was 

determined. Each of the previously described fluorinated phenylpropanoids was fed in 
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turn to assays containing 21 \xg of At4CLl, 20 mM Co A, 20 mM ATP and incubated 
for 30 minutes, so as to enhance biosynthesis of products. HPLC-DAD-MS (ES") 
(Figure 5.5) and subsequent HRMS (ES+) (Appendix E) confirmed successful 
biosynthesis of coumaroyl, caffeoyl, feruloyl, 4- fluorocinnamoyl and 3-4-
difluorocinnamoyl coenzyme A esters, although no activity could be observed toward 
trifunctionalised cinnamic acids. Each of the successfully biosynthesised coenzyme A 
esters co-chromatographed with the respective synthetic coenzyme A ester and had 
identical UV-Vis absorption maximum (Section 3.2.1.3). 
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The purified synthetic coenzyme A esters were utilised to quantify the rate of 
biosynthesis of coumaroyl, caffeoyl, ferruloyl, 4- fluorocinnamoyl and 3-4-
difluorocinnamoyl coenzyme A esters via calculation of molar absorption extinction 
coefficients (Section 2.2.4.2, Appendix C). Activity of At4CLl (2.5 u.g) toward 
coumaric acid (1 mM) with Co A (20 mM) and ATP (20 mM) at 37 °C was found to 
produce 0.162 +/- 0.009 umoles of coumaroyl coenzyme A in 1 minute. Whereas 
activity of twice the amount of At4CLl (5 u.g) toward coumaric acid (1 mM) with 
CoA (20 mM) and ATP (20 mM) at 37 °C was found to produce 0.330 +/- 0.011 
umoles of coumaroyl coenzyme A in 1 minute. Thus enzyme added was the limiting 
factor upon rate of product formation under these conditions. Under these conditions, 
rate of product formation, v (turnover number, s"1), was measured for assays 
comprising decreasing concentrations of each phenylpropanoid from a starting 
phenylpropanoid concentration where the maximum observable rate was achieved. 
The kinetic constants kcai and AM were determined for each phenylpropanoid against 
At4CLl (Figure 5.6) by non-linear regression analysis of a fitted hyperbola 
(Appendix F). 
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Phenylpropanoid ^cat (s ) 

OMe 

40.4 +/-3.7 

12.0+/-1.2 

182.2 +/-12.9 

68.3 +/-1.37 

21.5 +/-0.4 

45.5 +/- i.o 

1.7 

1.8 

0.25 

856.0+/-70.7 

1610 +/- 177.2 

62.2 +/- i.i6 

7.7 +/-0.25 

0.07 

0.005 

6230' 71' 0.011 

Figure 5.6 kcal and KM values determined for each phenylpropanoid against At4CLI (Values shown are 

+/- standard deviation; * = literature value for comparison ) 

In conclusion fluorinated phenylpropanoids were able to undergo biotransformation to 

produce phenylpropanoyl coenzyme A thioesters. The effect of 4- and 3-4-

fluorination upon phenylpropanoid binding and rate of catalysis was ascertained. In 

comparison to hydroxylated analogues, each fluorocinnamic acid exhibited a far 

greater KM value. Whilse only a small decline in rate of catalysis was observed for 4-

fluorocinnamic acid substrate in comparison to coumaric acid, rate of catalysis of 3-4-

fluorocinnamic acid substrate was significantly reduced in comparison to caffeic acid. 

Thus the lack of metabolism of 3-4-fluorinated cinnamic acids observed in feeding 

studies in petunia and arabidopsis (Chapter 4) may have been due to a low turnover 
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number. Whilst the binding of this substrate was weak, the observed decrease in 
accumulation of QDG-Caf, KDG-Fer and rosmarinic acid (Section 4.2.3) when 
treated with 3-4-difluorocinnamic acid derivatives, could be attributed to competitive 
inhibition when present in sufficient quantity. 

5.3 Discussion 

With regard to the UV-Vis spectra obtained for each of the phenylpropanoyl CoA 

thioesters, differing aromatic substitution caused differentiation in the Xmax observed. 

Hydroxyl and methoxy substituents are able to withdraw electrons through induction, 

but also donate electrons through resonance. However, electron donation is the 

dominant effect and therefore these substituents produce electron-rich aromatic 

systems. Whilst fluorine substituents also exhibit both of these effects, the dominant 

effect upon an aromatic system is strong electron withdrawal through induction. 

Electron-rich aromatic systems exhibit a bathochromic shift of UV-Vis absorption in 

comparison to electron-poor aromatics and this is in line with the UV-Vis absorbance 

data obtained in this chapter.. 

Equally, differing aromatic substitution caused variation in substrate affinity 1 3 4 . This 

decrease in affinity could be attributed to steric hinderance when considering 

At4CLl's relatively high affinity for coumaric acid, which bears a small hydrogen 

meta- substituent. However, the presence of a slightly charged hydrogen in both the 

para- position (contrast with 4-fluorocinnamic acid) and meta- position (contrast with 

3-4-difluorocinnamic acid) appeared to be key aspect of substrate affinity in At4CLl. 
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This suggested the formation of hydrogen bonds to substituents in these positions was 

important. 

To this effect, several amino acid residues have been found to be important in the 

selective binding of phenylpropanoyl substrates in Arabidopsis 4CL activity 2 9 ' 3 1. Site-

specific mutagenesis of the Arabidopsis 4CL isoenzymes found two active site amino 

acid residues that interacted with phenylpropanoid substituents in the meta- position3 1. 

Lysine320 was proposed to be a hydrogen bond acceptor for meta- hydroxy 

substituents in At4CL2, although hydrogen bonds could also be formed with main 

chain carbonyl groups. 

With regard to the turnover number, substrates bearing substituents that donated 

electrons through resonance to the site of reaction - the carbonyl carbon - were 

favourable, para- Hydroxyl residues (a p = -0.38) are highly electron donating, whilst 

para- fluorine (a p = 0.06) and hydrogen (a p = 0) are relatively neutral with respect to 

electron density at the carbonyl carbon. However, meta- substituents are unable to 

donate electrons through resonance to the carboxylic acid and therefore fluoro (a m = 

0.34), methoxy (a m = 0.10) and hydroxyl (a m = 0.13) substiruents all withdraw 

electrons from the carbonyl when in this position. On this basis substrates bearing 

electron withdrawing substituents were observed to exhibit lower rates of turnover. 

Although electron donation does not necessarily promote rate of catalysis. 

As reviewed in Chapter 1, Coenzyme A ligases operate by a double-displacement 

mechanism, whereby phenylpropanoids react with ATP to form an adenylate 

intermediate and release PPi before coenzyme A binds and substitutes for the leaving 



O.D.Cunningham 165 

adenylate group. I f nucleophillic substitution of CoA was the rate-determining step 

(RDS) then electron withdrawing groups would be likely to enhance rate of turnover 

due to increased electrophilicity of the carbonyl carbon. However, optimal rate of 

turnover where electron donating or neutral groups (EDG) are present suggests 

nucleophillicity of the carboxylate group (at pH 8) is important in the RDS and this 

could be explained through formation of the adenylate intermediate (Figure 5.7). 
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Figure 5.7 Speculation on the effect of aromatic substituents on turnover and the nature of the rate 

determining step 

Thus the formation of the phenylpropanoyl-adenylate intermediate is tentatively 

proposed to be the rate determining step. In this scenario electron withdrawing groups 

would decrease the rate of reaction by stabilising a carboxylate anion. Kinetic analysis 

of the substrates detailed in figure 5.8 and construction of a Hammett plot would be 

useful further analysis of the effect of meta- and para- substituents in this 

mechanism155. 
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Figure 5.8 Proposed diagnostic substrates for a linear free energy relationship 

Activity of At4CLl toward 4-azidocinnamic was detected in studies in Chapter 7, 

however the rate of catalysis was too low to obtain kinetic data in saturating 

conditions. p-Azido groups are highly electron withdrawing and this adds weight to 

the structure-activity relationship observed for substituents in the para- position. 

The most efficient catalysis (kcai/KM) was observed for coumaric and caffeic acid 

substrates. This is indicative of At4CLl having a role in lignin biosynthesis in 

arabidopsis as lignin biosynthesis requires both coumaroyl and caffeoyl coenzyme A 

as substrate132. 
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Chapter 6 

Coenzyme A-dependent biocatalysis of flavonoid fluoroacylation 

6.1 Introduction 

Results from previous chapters suggested that fluorinated phenylpropanoids were able 

to be enzymatically-transferred onto flavonols in petunia in vivo (Chapter 4), with 

results from Chapter 5 showing that it was possible to generate the respective CoA 

thioester acyl donors in vitro utilising a CoA ligase. It was therefore aimed to 

determine the nature of the successive acyltransfer of the fluorinated acyl moieties 

from the donor substrates to natural product acceptors. 

Having cloned and expressed both a CL and CADAT, a further aim of this thesis was 

to characterise the application of CAD enzymes with regard to performing viable 

biotransformations. One area where efficiency of CAD acyltransfer can be improved 

is dependence upon the cofactors coenzyme A and ATP. 

Thus the aims relevant to this chapter are as follows: 

• To characterise aromatic coenzyme A-dependent acyltransferases and coenzyme 

A ligases of flavonoid metabolism with regard to performing biotransformations 

both in vivo and in vitro 

• Specifically, acyltransfer of phenylpropanoids will be characterised, as the most 

diverse and abundant substrates of acyltransfer in flavonoid metabolism 

• To ascertain the ability of both CoA-dependent enzymes to turnover non-natural, 

fluorinated aromatic acids and to establish the effect of substituents upon activity 
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6.2 Results 

6.2.1 Cloning of a coenzyme A-dependent phenylpropanoyltransferase 

168 

At present, nine BAHD acyltransferases have been shown to catalyse transfer from 

aromatic acyl donors with three enzymes specific for flavonoid acceptors, as reviewed 

in chapter 1. A summary of the characterised phenylpropanoyltransferases is shown in 

Figure 6.1. 

Enzyme Originating Coenzyme A acyl Acyl acceptor 
name plant species donor (X- = denotes the region of acyltransfer) 

SagPPTI m Salvia Hydroxycinnamoyl Pelargonidin 3- 0 - 5- O - diglucoside 

PerPPTl 3 6 

splendins 
PerPPTl 3 6 Perilla Hydroxycinnamoyl Delphinidin 3- O - glucoside 

Gent5AT 5 5 

frutescens 
Gent5AT 5 5 Gentiana Hydroxycinnamoyl Delphinidin 3- 0 -, 5- 0 - diglucoside 

trijlora 

Figure 6.1 Previously characterised coenzyme A-dependent hydroxycinnamoyltransferases in plant 

secondary metabolism and their substrates 

The characterised aromatic: 5- anthocyanin acyltransferase (Gent5AT) from Gentiana 

trijlora catalyses the acyl transfer of caffeoyl acyl groups onto delphinidin 3-5-0-

diglucoside (Figure 6.2). This enzyme had previously been found to have activity 

toward both caffeoyl and coumaroyl coenzyme A acyl donors and was able to be 

expressed heterogenously in soluble form. Thus this enzyme was selected for 

characterisation as biocatalyst of fluoracyltransfer. 
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Figure 6.2 Endogenous activity of Gentiana aromatic 5- O- anthocyanin acyltransferase 

mRNA was prepared from pale blue flower buds from Gentiana triflora expressing 

o I 

Gent5AT as described by Fujiwara et. al. . cDNA was then prepared as a template 

for PCR amplification of gent5at. Primers were designed to incorporate a strep - tag 

within the N- terminus allowing for the affinity purification of Gent5AT by affinity to 

strep-tactin. The 5' primer also incorporated a Pad restriction site (TTAATTAA) 4 

base pairs (CCAT) upstream of the start codon, where the 3' primer incorporated a 

Sail restriction site immediately downstream of the stop codon. PCR reactions were 

then performed in the presence of the reverse transcribed cDNA template at an 

annealing temperature of 55 °C (Figure 6.3). 
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2 kbp 

1.6 kbp 

Figure 6.3 PCR of Gent5AT from pale blue petals, M = graduated double stranded DNA markers, 1 

PCR at 55 °C annealing temperature and 2 = 60 °C annealing temperature. Two PCR products of 

approximately the correct size were produced, in addition to other anomalous bands, due to non -

specific annealing of the primers. No PCR could be achieved at 65 °C annealing temperature 

The amplification product of 1.4 kbp was of the expected size for gent5at (1410 bp) 

and was restricted and ligated into a complementary Petstrep3 plasmid (D. Dixon et. 

al. unpublished data). The plasmid was then transformed into XLIO-Gold 

ultracompetent cells by electroporation. Upon sequencing, the recombinant plasmid 

was found to contain two non - silent mutations as compared with the previous 

reported sequence81. A second cloning process was undertaken which yielded gent5at 

containing identical anomalies. Thus it was concluded that the amplified product 

corresponded to a natural variation in gent5at probably due to varietal variation in the 

biological sources. The location of the mutations at either termini, suggested that they 

were unlikely to influence catalytic activity (Figure 6.4). 

Figure 6.4 (overleaf) Recombinant gent5at contained two non-silent mutations (marked *) as 

compared with the literature sequence 



1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 
ATGGAGCAAATCCAAATGGTGAAGGTTCTTG/AAAAATGCCAAGTIGCPCCACCATCTGACACAACAGATGTCGAGTTATC 

M E Q I Q M V K V L E K C Q V A P P S D T T D V E L S 

8 1 9 1 1 0 1 1 1 1 1 2 1 L E J 1 3 1 1 4 1 1 5 1 
GCTACCGGTAACATTCTTTGATATCCCCTGGTTGCACTTGAATAAGATGCAGTCCCTTCTGTTTTACGACTTTCCGTACC 

L P V T F F D I P W L H L N K M Q S L L F Y D F P Y 

1 6 1 1 7 1 1 8 1 1 9 1 2 0 1 2 1 1 2 2 1 2 3 1 
CAAGAACACATTTCTTGGACACTGTCATCCCTAATCTTAAGGCCTCTTTGTCTCTCACTCTAAAACACTACGTTCCGCTT 
P R T H F L D T V I P N L K A S L S L T L K H Y V P L 

2 4 1 2 5 1 2 6 1 2 7 1 2 8 1 2 9 1 3 0 1 3 1 1 
AGCGGAAATTTGTTAATGCCGATCAAATCGGGCGAAATGCCAAAGTTTCAGTACTCCCGTGATGAGGGCGACTCGATAAC 

S G N L L M P I K S G E M P K F Q Y S R D E G D S I T 

3 2 1 3 3 1 3 4 1 3 5 1 3 6 1 3 7 1 3 8 1 3 9 1 
TTTGATCGTTGCGGAGTCTGACCAGGATTTCGACTACCTTAAAGGTCATCAACTGGTAGATTCCAATGATTTGCATGGCC 

L I V A E S D Q D F D Y L K G H Q L V D S N D L H G 

4 0 1 4 1 1 4 2 1 4 3 1 4 4 1 4 5 1 4 6 1 4 7 1 
TTTTTTATGTTATGCCACGGGTTATAAGGACCATGCAAGACTATAAAGTGATCCCGCTTGTAGCCGTGCAAGTAACCGTT 
L F Y V M P R V I R T M Q D Y K V I P L V A V Q V T V 

4 8 1 4 9 1 5 0 1 5 1 1 5 2 1 5 3 1 5 4 1 5 5 1 
TTTCCTAACCGTGGCATAGCCGTGGCTCTGACGGCACATCATTCAATTGCAGATGCTAAAAGTTTTGTAATGTTCATCAA 

F P N R G I A V A L T A H H S I A D A K S F V M F I N 

5 6 1 5 7 1 5 8 1 5 9 1 6 0 1 6 1 1 6 2 1 6 3 1 
TGCTTGGGCCTATATTAACAAATTTGGGAAAGACGCGGACTTGTTGTCCGCGAATCTTCTCCCATCTTTTGATAGATCGA 

A W A Y I N K F G K D A D L L S A N L L P S F D R S 

6 4 1 6 5 1 6 6 1 6 7 1 6 8 1 6 9 1 7 0 1 7 1 1 
TAATCAAAGATTTGTATGGCCTAGAGGAAACGTTTTGGAACGAAATGCAAGATGTTCTTGAAATGTTCTCTAGATTTGGA 
I I K D L Y G L E E T F W N E M Q D V L E M F S R F G 

7 2 1 7 3 1 7 4 1 7 5 1 7 6 1 7 7 1 7 8 1 7 9 1 
AGCAAACCCCCTCGATTCAACAAGGTACGAGCTACATATGTCCTCTCCCTTGCTGAAATCCAGAAGCTAAAGAACAAAGT 

S K P P R F N K V R A T Y V L S L A E I Q K L K N K V 

8 0 1 8 1 1 8 2 1 8 3 1 8 4 1 8 5 1 8 6 1 8 7 1 
ACTGAATCTCAGAGGATCCGAACCGACAATACGTGTAACGACGTTCACAATGACGTGTGGATACGTATGGACATGCATGG 

L N L R G S E P T I R V T T F T M T C G Y V W T C M 

8 8 1 8 9 1 9 0 1 9 1 1 9 2 1 9 3 1 9 4 1 9 5 1 
TCAAATCAAAAGATGACGTCGTATCAGAGGAATCATCGAACGACGAAAATGAGCTCGAGTACTTCAGTTTTACAGCGGAT 
V K S K D D V V S E E S S N D E N E L E Y F S F T A D 

9 6 1 9 7 1 9 8 1 9 9 1 1 0 0 1 1 0 1 1 1 0 2 1 1 0 3 1 
TGCCGAGGACTTCTGACGCCCCCGTGTCCGCCTAACTACTTTGGCAACTGTCTTGCGTCATGCGTTGCAAAAGCAACACA 

C R G L L T P P C P P N Y F G N C L A S C V A K A T H 

1 0 4 1 1 0 5 1 1 0 6 1 1 0 7 1 1 0 8 1 1 0 9 1 1 1 0 1 1 1 1 1 
TAAAGAGTTAGTTGGGGATAAAGGGCTTCTTGTTGCAGTTGCAGCTATTGGAGAAGCCATTGAAAAGAGGTTGCACAACG 

K E L V G D K G L L V A V A A I G E A I E K R L H N 

1 1 2 1 1 1 3 1 1 1 4 1 1 1 5 1 1 1 6 1 1 1 7 1 1 1 8 1 1 1 9 1 
AAAAAGGCGTTCTTGCAGATGCAAAAACTTGGTTATCGGAATCTAATGGAATCCCTTCAAAAAGATTTCTCGGGATTACT 
E K G V L A D A K T W L S E S N G I P S K R F L G I T 

1 2 8 1 1 2 9 1 1 3 0 1 1 3 1 1 1 3 2 1 1 3 3 1 1 3 4 1 1 3 5 1 
TGCAGAATTGATTTATGTGATTCAGTCCAGGGATTTCGAAAAAGGTGTGGAGATTGGAGTATCATTGCCTAAGATTCATA 

A E L I Y V I Q S R D F E K G V E I G V S L P K I H 

1 3 6 1 1 3 7 1 1 3 8 1 1 3 9 1 1 4 0 1 1 4 1 1 
TGGATGCATTTGCAAAAATCTTTGAAGAAGGTTTTTGCTTlTTGTCATAG 
M D A F A K I F E E G F C F L S * 
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6.2.2 Expression and purification of Gent5AT 
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The sequenced plasmid was initially transformed for expression into Rosetta 2 

competent cells. However, standard expression conditions of 1 mM IPTG at 37 °C 

failed to produce soluble Gent5AT. Instead it appeared that the recombinant protein 

was expressed in the inclusion bodies. To overcome the insolubility of Gent5AT, 

petstrep3 - gent5at was transformed into ArcticExpress™ RIL competent expression 

cells, which are utilised to assemble polypeptides at low temperatures and therefore 

reduce the rate of protein synthesis. The slow synthesis of proteins has previously 

been shown to reduce protein mis - folding and hence increase the amount of soluble 

protein in a given lysate136. Transformed E. coli was then subjected to mild expression 

conditions (0.1 mM IPTG at 4 °C for 12 hours) and the soluble and insoluble proteins 

in the respective lysate were analysed by SDS-PAGE (Figure 6.5). The petstrep3-

gent5at transformed bacteria accumulated an insoluble -54 kDa polypeptide, which 

was absent in similarly treated cells containing an empty petstrep3 plasmid. This 

corresponded to the expected molecular mass of recombinant Gent5AT (expected 

53592 Da). To determine whether any of the recombinant protein was present in the 

soluble fraction, the lysate supernatant was applied onto a Strep - tactin affinity 

column and affinity retained proteins were recovered (Figure 6.5). Whereas no 

recombinant Gent5AT (54 kDa) was observed a 60 kDa polypeptide could be 

recovered which was absent in the lysate from similarly processed control bacteria. 
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M INS S O L FT 1 2 3 

97 kDa 

65 kDa 

45 kDa 

Unknown 60 kDa 
polypeptide 

Figure 6.5 SDS - PAGE analysis of insoluble (INS) and soluble 1 3 7 proteins in the lysate of IPTG -

induced E. coli harbouring petstrep3 - gentSat. The soluble lysate was subjected to strep-tactin affinity 

purification and non - binding polypeptides (INS) were removed from affinity - retained polypeptides, 

which were recovered in three fractions (1 - 3). A 60 kDa protein was recovered in the soluble fraction 

which did not correspond to the molecular weight of Gent5AT 

The unknown 60 kDa protein was not observed in fractions taken from affinity 

purification of lysate from control cells, therefore the protein was concluded to be 

associated with the expression of Gent5AT and, to this effect, the O. antarctica 

chaperonin Cpn60 (60 kDa) which is employed in the arctic expression host cells, was 

thought to be a potential candidate. However, non - tagged proteins such as a 

chaperonins would not have affinity toward strep-tactin and as such would not be 

expected to be purified to homogeneity by this method, as was observed. The 

isolation of the chaperonin polypeptide was postulated to be due to an association 

with small amounts of strep-tactin - bound Gent5AT. Based upon this conclusion, a 

large - scale purification of lysates from the Gent5AT expression was undertaken and 

the strep - tagged polypeptides were analysed by SDS-PAGE. A protein of the correct 

molecular weight (55 kDa) for Gent5AT was observed (Figure 6.6 A - lane 1). To 
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investigate the reason for the recovery of the 60 kDa protein its association with strep-
tactin bound recombinant Gent5AT was disrupted in the presence of ATP (20 mM). I f 
the 60 kDa protein was the chaperonin Cpn60 such a treatment should cause its 
selective release from the strep - bound Gent5AT 1 3 8. Successive washing steps 
released the 60 kDa protein and yielded partially - pure Gent5AT (Figure 6.6 A -
lanes 2 - 4). The identity of the 55 kDa protein was confirmed to be Gent5AT by 
screening a western blot with strep-tactin - alkaline phosphatase probe, which 
selectively binds to strep - tagged proteins. Resulting strep - strep-\ac\h\ complexes 
were then identified by application of BCIP (5- Bromo 4- chloro 3' indolyphosphate 
p- toluidine salt), a colourless substrate of alkaline phosphatase, which forms an 
insoluble purple dye with nitro-blue tetrazolium chloride upon enzymatic conversion 
(Figure 6.6 B). The identity of the 54 kDa polypeptide was thus confirmed to have 
been produced utilising the harboured gentSat sequence. 

A) B) 

M 1 2 3 4 

97 kDa 
65 kDa 

45 kDa 
•* Gent5AT 

Figure 6.6 (A) Dissociation of chaperonin from strep-tactin bound - Gent5AT by washing with 20 mM 

ATP (lanes 1-4) and (B) identification of Gent5AT by screening for strep-tagged proteins upon a 

western blot with a strep-tactin - alkaline phosphatase probe (M = pre- calibrated protein size markers) 
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6.2.3 Biochemical characterisation of GentSAT 
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In order to quantify Gent5AT activity it was necessary to ascertain the concentration 

of the recombinant protein. Due to residual chaperonin contamination, determination 

of the concentration of Gent5AT was made more difficult. However, quantification 

was achieved by running the purified protein extracts on an SDS - PAGE gel, eluting 

the coomassie blue-stained Gent5AT in 50 % isopropanol containing 0.2 % SDS and 

comparing the absorbance at 595 nm to that obtained with known concentrations of 

equally stained BSA, isolated from the same gel (Figure 6.7 A ) 1 3 9 . Based upon this 

quantification, aliquots of Gent5AT were determined to be 0.24 \ig in 5 uL and 0.49 

ug in 10 uL (Figure 6.7 B). 

A B Bovine serum a bumin Gent 5AT 

0.08 0.16 
0.07 0.14 

c 0.06 c 0.12 
in 
g 0.05 o> 0.1 in y = 143.99X y = 143.83x 

o 0.08 o 0.04 
n 0.06 £ 0.03 

55 0.02 in 0.04 
< 0.02 0.01 

0.0005 0.001 0.0002 0.0004 0.0006 

Amount of protein (umoles) Amount of protein (umoles) 

Figure 6.7 (A) Quantification by coomassie blue calibration after SDS - PAGE separation of known 

amounts of BSA and (B) determination of the concentration of similarly treated Gent5 AT 

Initial activity of recombinant Gent5AT was tested towards caffeoyl CoA as acyl 

donor and cyanidin 3-5-0- diglucoside as acyl acceptor. The reaction was followed by 
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HPLC-UV-Vis with detection at 520 nm and a single reaction product was observed, 

which was absent in controls and which was analysed by ESI MS (ES+) (Figure 6.8). 

Diode array and MS analysis tentatively identified the product as the caffeoylated 

anthocyanin found in previous studies81. 

Figure 6.8 Activity of Gent5 AT toward caffeoyl CoA and cyanidin 3-5-0- diglucoside lead to 

accumulation of a reaction product at RT 19.8 min. This compound had the correct mass for cyanidin 

3-0- (5-0-caffeoyl)diglucoside by ESI MS: 773 ( [ M ] + = 773) 

In order to allow for the initial quantification of enzyme activity, the rate of 

disappearance of the acyl acceptor was determined using a calculated extinction 

coefficient (Appendix D), with the total concentration of acyl acceptor in the assay 

lowered to 0.15 mM, from the 0.4 mM utilised by Fujiwara et. al.56. Consumption of 

the acyl acceptor was converted into units of product formed (based upon a 1: 1 ratio 

of product formed) and the assay was followed over time in order to quantify the 

activity of Gent5AT toward caffeoyl CoA and cyanidin 3-5-0- diglucoside (Figure 
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Activity of Gent SAT toward cyanidin 3, 5, 
diglucoside and Caffeoyl coenzyme A 
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Figure 6.9 Product formation with reduced anthocyanin substrate concentration 

As observed in figure 6.9, formation of the acylated anthocyanin product could be 

actively monitored after 2 minutes of incubation, though the slow accumulation of 

product was indicative of a low rate of product formation. To this effect, coenzyme A 

dependent acyltransfer has previously been demonstrated to be subject to inhibition 

by the respective product1 4 0. However, this was thought unlikely in this case due to 

the relatively low level of conversion achieved after 5 minutes. Following on from 

this, the consumption of the acyl donor caffeoyl coenzyme A was monitored at 347 

nm during the same time period of the assay. It was found that 85 % of caffeoyl 

coenzyme A was consumed within 5 minutes of the assay, as compared to only 8 % of 

consumption of the acyl acceptor and conversely 8 % product formation (Figure 

6.10). A parallel study with denatured Gent5AT was undertaken, which demonstrated 

that caffeoyl coenzyme A was not consumed in the absence of native Gent5AT. 

Equally, HPLC - diode array and ESI MS analysis confirmed that caffeic acid was the 

product of caffeoyl CoA degradation. Thus degradation of caffeoyl coenzyme A was 

occurring via thioesterase activity, which has been previously reported to be a 

secondary enzymatic function of BAHD acyltransferases60. 
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Increase in absorbance due to 
acylation of anthocyanin 

.= S -0.2 

Wavelength (nm) 

Decrease In absorbance at 347 nm due to 
hydrolysis of caffeoyl coenzyme A 

Figure 6.10 Acyltransferase and thioesterase activity toward caffeoyl coenzyme A in the presence of 

native Gent5AT 

The extinction coefficient for cyanidin 3-O-glucoside 5-0- caffeoylglucoside at 520 

nm was calculated. A duplicated assay was undertaken with both acyl acceptor and 

acyl donor at 0.5 mM and quantified by product formation. A linear rate of 

acyltransfer was achieved (Figure 6.11). 

y = 0.4141X 

o- 0.5 

Time (mini 

Figure 6.11 Rate of formation of cyanidin 3-(5- (6"- O- caffeoyl)) O- diglucoside in the presence of 

Gent5AT 
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The observed product formation could be solely attributed to enzymatic activity. This 

was confirmed by the lack of accumulation of cyanidin 3-5-(6"- O- caffeoyl) O-

diglucoside in the presence of denatured protein, or in the absence of caffeoyl CoA. 

6.2.4 Biochemical characterisation of phenylpropanoyl acyltransfer 

A lot of attention has previously been attributed to understanding the tolerance of 

secondary metabolic acyltransferases to acyl acceptors6'83, whereas little attention has 

been paid to the acyl donors. Having standardised the assay conditions under which 

acylated cyanidin diglucoside could be biosynthesised efficiently, it was desirable to 

ascertain the tolerance of Gent5AT toward other phenylpropanoid coenzyme A 

donors. Coumaroyl, feruloyl, sinapoyl, 4-fluorocinnamoyl, 3-4- difluorocinnamoyl 

and 3-4-5-trifluorocinnamoyl coenzyme A esters were fed in turn to assays containing 

14 \xg of Gent5AT and cyanidin 3-5-0- diglucoside and incubated for 10 minutes. 

HPLC-UV-Vis detection showed accumulation of metabolites absorbing at 520 nm in 

the presence of coumaroyl, ferruloyl, fluorocinnamoyl and difluorocinnamoyl 

coenzyme A donors (Figure 6.12). However, product formation was not observed for 

trifunctionalised phenylpropanoid coenzyme A donors at 520 nm or with diode array 

detection. 
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Acyl donor 

' 3,4, DifluorDcinnamoyl CoA 

Fluorocinnamoyl CoA 

Ferruloyl CoA 

Caffeoyl CoA 

Coumaroyl CoA 

T V 

11 12 13 14 15 

Time (mins) 

Figure 6.12 Products of enzymatic reaction with Gent5AT in the presence of cyanidin 3-5-0-

diglucoside and an array of phenylpropanoid coenzyme A donors 

Diode array detection allowed for the characterisation of the absorption properties of 

the products with their molecular weight determined by ESI MS (ES+) (Figure 6.13 

B). The anthocyanin products were found to be acylated from the respective acyl 

donor in each case (R in figure 6.13 A). 
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(A) 
OH 

HO 
R 

0 HO 
HO 

OH OH O 
\ J HO OH \ 

OH 515 nm 

1 R = H 20 

10 
611 16 100 

. i f ' j 

ITi/Z I'l'i'H'i ii'i'M mm Wavelength (nm) 
500 600 700 800 

Figure 6.13 (and overleaf) (A) Biosynthesis of acylated products of cyanidin 3-5-0- diglucoside. (B) 

The respective acylations were characterised by (C) UV-VIS and (D) electrospray (ES+) mass 

spectrometry 
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The activity of Gent5AT toward each acyl donor was characterised with cyanidin 3-5-
O- diglucoside as a constant. Kinetic data was generated for each acyl donor (Figure 
6.14) following quantification of product formation, in each instance by calculation of 
the extinction coefficient at 520 nm (Appendix C). 

Acyl Donor ^ M ( U M ) &cat (S ') ĉat / 
o 

(Y ^ O H 198.2+/-17.4 2.75 +/-0.07 0.013 

HO" 
o 

HO^ tY ^ • O H 68.3 4/. 9.7 4.21 +/-0.13 0.061 

HO" 
0 

HO" 
OMe 

^ O H 162.9+/-13.7 3.85 +/-0.10 0.023 

O 

[ 
239.0+/-35i 3.20 +/-0.13. 0.013 

O 

224.3 +/-19.2 4.5 +/-0.18 0.020 

F 

Figure 6.14 Kinetic data for Gent5AT catalysis of acyltransfer of phenylpropanoids from coenzyme A 

to acyl acceptor. Values shown are the mean of two duplicates +/- standard deviation. 

Acyl donors with varying 3- and 3-4- aromatic substituents were well tolerated by 

Gent 5AT. However, the magnitude of the effect of aromatic substituents upon the 

kinetic constants kcaX and KM was much reduced in comparison to data found for 

At4CLl activity. With respect to KM values, this was attributed to binding of the CoA 

moiety to Gent5AT, which is consistent throughout the substrate series. Electron 

withdrawing aromatic substituents that increased the electrophillicity of the carbonyl 
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were found to have only a mild effect upon A:cat. Overall each phenylpropanoid was 

used as acyl donor with relative efficiency. 

6.2.5 Sequential biosynthesis of acylated anthocyanins from phenylpropanoic 

acids 

A one-pot biosynthetic approach toward the biosynthesis of acylated natural products 

from carboxylic acid substrates has many potential benefits in applied enzymatic 

acylation, as previously discussed (Chapter 5). In order to ascertain its feasibility, the 

effect of combining At4CLl and Gent5AT activities and their various substrates / 

cofactors was ascertained. A variety of experiments were devised and specific activity 

of the final enzymatic step, Gent5AT activity toward caffeoyl CoA (Acyl donor) and 

cyanidin 3-5-0- diglucoside (acyl acceptor), was monitored (Figure 6.15). 
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Assay conditions Specific activity 
nkat / mg protein 

A Gent5AT + acyl donor + acyl acceptor 48.9 +/- 0.89 

B Gent5AT + At4CLl + acyl donor + acyl 
acceptor + ATP 

66.0 +/- 0.67 

C Gent5AT + At4CLl + acyl donor + acyl 
acceptor + ATP + CoA 

58.3 +/- 2.09 

D Gent5AT + At4CLl + caffeic acid + acyl 
acceptor + ATP + CoA 

51.6+/-2.01 

E 
Gent5AT + denatured At4CLl + acyl donor + 

acyl acceptor + ATP 47.7+/- 1.49 

Figure 6.15 In vitro biosynthesis of acylated anthocyanins by a one - pot approach incorporating both 

coenzyme A ligase and acyltransferase activities. Acyl donor (caffeoyl coenzyme A) and acyl acceptor 

(cyanidin 3-5-0- diglucoside) were added to equimolar concentration (0.5mM) when present. 

Additional coenzyme A in assays C and D was added to 0.05 mM and caffeic acid was added to 0.5 

mM in assay D. 

In vitro acyltransferase activity was found to be significantly enhanced by the 

presence of native At4CLl (Assay B as compared with Assay A) as opposed to other 

components of 4CL activity, such as ATP or MgCb (Assay E). Potentially there were 

two explanations for this. The first of which was that the 4CL enzyme had an indirect 

effect upon acyltransferase activity, by maintaining the levels of acyl donor available 

to the acyltransferase by restoring acyl donor degraded by thioesterase activity 

(Figure 6.16). Interestingly, there appeared to be evidence of a more complex 

interaction between the two activities in Assay D, where acyltransfer occurred at a 

reasonable rate without the prior accumulation of acyl donor. It was postulated that 
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the acyl donor was being biosynthesised transiently before delivery to the 
acyltransferase, although the optimal enzyme activity for this assay would be 
expected to be achieved i f this was the case. However, further conclusions on this 
matter were difficult to ascertain by comparison, due to the associated inhibition of 
acyltransfer by the presence of coenzyme A, as observed in comparison of conditions 
B and C. Therefore the positive effect of At4CLl upon acyltransferase activity is, at 
least in part, likely to be due to its ability to bind coenzyme A and reduce inhibition of 
the acyltransferase. 

Gent 5AT 
0 Acyltransferase activity 

R-^Xg^-CoA + R'-OH * R .R' 

At4CI1 

ATP 

Increased acyltransferase activity 

Gent 5AT 
Thioesterase activity 

Figure 6.16 Effect of combined At4CLl and Gent5AT activity upon the effective biosynthesis of 

acylated anthocyanins 

The use of the coupled 4CL and CADAT to drive the in vitro biosynthesis of acylated 

anthocyanins increased the specific activity of acyltransferase activity by 5.8 % (mean 

of all values). This was proposed to occur due to the role of At4CLl in counteracting 

the enzymatic hydrolysis of acyl donors. 
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6.3 Discussion 

6.3.1 Biochemical characterisations 
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The biosynthesis of fluoracylated flavonoids was therefore achieved in vitro via a 

coenzyme A dependent acyltransfer pathway. This conclusion adds weight to the 

observations made in relation to the in vivo feeding study in Petunia (Chapter 4), 

where a mono-fluorinated phenylpropanoid appeared to be incorporated into flavonol 

biosynthesis. 

The effect of aromatic fluorination upon CADAT substrate selectivity was ascertained 

in this chapter. Comparison of Gent5AT activity toward natural and non-natural acyl 

donors revealed that substrate specificity was only mildly contrasting. In terms of KM 

Gent5AT had highest affinity for caffeoyl CoA. In comparison, reduced KM values for 

coumaroyl and feruloyl CoA substrates suggested that a meta- hydroxyl substituent 

was important for substrate affinity, possibly due to hydrogen bonding, although the 

correlation is relatively weak. In general terms, Gent5AT had greatest affinity for 

electron-rich aromatics - coumaroyl, caffeoyl and feruloyl CoA - in contrast to the 

electron-poor fluorinated substrates and therefore TI-TI interactions were thought to 

potentially be involved in binding of acyl donors. 

The effect of varying aromatic substituents upon the turnover number was again 

relatively weak. However a positive correlation between an aromatic substituents 

ability to withdraw electrons from the carbonyl carbon1 5 5 and the rate of catalysis was 

observed. Considering the mechanism of enzymatic acyltransfer (Chapter 1), electron 

withdrawal would be expected to increase the electrophilicity of a carboxyl group and 



O.D.Cunningham 188 

therefore increase the rate of catalysis where nucleophillic addition of serine to the 

electrophillic carbonyl was the rate determining step (Figure 6.17). 

Catalytic 
Jriad 

Ser -0 

O. 0<3 

Ser-O 
H 

- s 
-N 

His H 

Asp 

EWG 

Ser -O-
? 1e 

H" I 

V N 
His H 

Asp 

Ri = Phenylpropanoid 
R2 = Natural Product 

0 
R 2 

Ser-O 
1 e 

r R 2 

-N 
His H 

O, ,6' 

Y 
Asp 

Ri 
S e r - 0 — ^ = 0 

H-SCoA 

P. 
His / H 

y e 

Asp 

EWG 

S e r - 0 — ^ y O 

H-OR 2 

-N 
His H 

Asp 

Figure 6.17 The steps in enzymatic acyltransfer mechanism which could be promoted by electron 

withdrawal from the carbonyl carbon 

However, i f nucleophillic addition was the sole rate determining step, then a greater 

influence of aromatic substitution would possibly be expected155. Therefore it 

appeared possible that the rate determining step was a combination of both a 

nucleophillic addition (aromatic substituent influenced) and elimination of a 

consistent leaving group i.e. coenzyme A (Figure 6.18). 
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Figure 6.18 Elimination of coenzyme A from serine bound acyl substrate 

Therefore the coenzyme A moiety of an acyl donor was thought to contribute to both 

substrate binding and turnover. This is indicative of the role of coenzyme A ligases in 

ensuring the correct acyl moiety is transferred by the relatively less substrate-specific 

acyltransferase. This would require association of a CoA ligase with a particular 

acyltransferase, as has been previously described in complexation of other flavonoid 

biosynthetic enzymes . The use of acyl donor-specific CLs associated with natural 

product-specific CADATs is a possible method for performing natural product 

acylations with an array of acyl groups (phenylpropanoyl, benzoyl etc) using 

coenzyme A as mediator. Further experimentation upon the effect of different 

aromatic substituents (NO2, N H 3 etc) to produce a Hammett plot was discussed in 

section 5.3 and would be similarly applicable in this study. 

6.3.2 Product characterisation 

Limitations concerning the regioselectivity of the acyltransfers described were present 

in this case-study, as the described region of acyltransfer was based upon previous 
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characterisation of Gent5AT activity5 4. Without detailed structural characterisations, 
the region of acyltransfer cannot be presumed. This would have to be ascertained 
when applying CADATs to a biocatalytic process to ensure the desired 
regioselectivity was achieved for each acyl donor used. 
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Chapter 7 

Identification and isolation of BAUD acyltransferases 

7.1 Introduction 

To date, the identification of BAHD acyltransferases involved in the biosynthesis of 

several highly important natural products has been achieved. Thus acyltransferases 

involved in the biosynthesis of morphine59, taxol70, vindoline58 and vinorine62 have all 

been identified. However, the elucidation of the pathways involved in the acylation of 

these natural products took many years to establish and the biochemical 

characterisation of the respective acyltransferases proved very problematic. In order 

to harness any potential of CADATs in applied biocatalysis, a greater number of 

potential biocatalysts must be cloned and characterised than are currently known. To 

this effect it would be useful to develop facile routes toward the identification of 

novel acyltransferases. Thus this chapter concerns the aim: 

• To develop facile routes toward the isolation and identification of coenzyme A-

dependent acyltransferases from plants, in order to accelerate the production of a 

library of biocatalysts to add to existing library of hydrolase-based 

acyltransferases 

Having achieved a toolkit of the necessary substrates and plant materials for the 

identification and in vivo regulation of acyltransferases (Chapters 3 and 4), this 

chapter will ultimately explore novel routes toward the directed isolation of coenzyme 

A dependent acyltransferases and coenzyme A ligases from a given proteome, by use 

of proteomic probes (Section 1.5). As a test for their activity such probes will be first 
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tested against the previously characterised 4- coumarate coenzyme A ligase (At4CL 
1) and BAHD acyltransferase (Gent5AT). The use of these approaches toward the 
isolation of coenzyme A dependent enzymes from Arabidopsis thaliana will then be 
undertaken (section 4.2.1). 

7.2 Results 

7.2.1 Identification of target coenzyme A-dependent enzymes 

Biosynthesis of acylated flavonoids was observed in Arabidopsis thaliana and 

Petunia hybrida by metabolomic studies (Chapter 4). However, assays toward 

determining enzymatic phenylpropanoid acyltransfer in the presence of crude protein 

extract from these plants, together with phenylpropanoyl CoA donor and individual 

acyl acceptors (purified by preparative HPLC) were not successful when carried out 

according to the method of Fujiwara et. al56. As such there appeared to be no 

possibility of purifying these enzymes by conventional biochemistry. Instead the 

respective enzyme activities were thought to be suitable targets for discovery by a 

chemical probe approach (Figure 7.1). 
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Figure 7.1 Potential target biotransformations for identification by a chemical probe approach. (A) 

Coumaroyl acylation of cyanidin 3- O- (R-glucoside), 5- O- glucoside, where R = either H or xylose in 

Arabidopsis thaliana and (B) sinapoyl acylation of cyanidin 3- O- ((xylosyl)- coumaroyl glucose), 5-

O- glucoside in Arabidopsis thaliana 

Anthocyanin biosynthesis in Arabidopsis thaliana was targeted for characterisation as 

sequence data was available allowing for sequencing of isolated proteins by MALDI 

proteomics. Whereas proteins isolated from Petunia hybrida would require 

identification by MS-MS proteomics, which is more difficult. 
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7.2.2 Use of substrate-affinity chemical probes toward the covalent labelling and 

isolation of coenzyme A dependent enzymes 

As the common substrate moiety involved in both At4CLl and GentSAT activity, 

phenylpropanoates were thought to be the most likely substrate upon which to design 

a substrate affinity probe. It was also envisaged that a probe based upon a generic 

acylating motif would facilitate the labelling of a large array of both 4CL and AT 

enzyme activities, whereas a probe based upon a specific acyl acceptor would limit 

the use of the probe to specific enzymes only (Chapter 1). To this effect, an azido 

bearing phenylpropanoid was obtained through collaboration with Prof. R. Field's 

group (University of East Anglia) and a potential strategy for its use as a 

photoreactive substrate affinity probe was developed (Figure 7.2). 

0 O 

N 

UV 
irradiation 

At4CI1 

H 

OH 
CoA + ATP k , 

At4CI1 CoA 

'3 

Biosynthesis of azido bearing phenylpropnoid by At4CI1 would 
demonstrate tolerance of 4CI toward azido probe UV 

irradiation 

Gent 5AT 

H 

At4CI1 Gent 5AT 

H 
N 

O OH 

H 
N 

O' •CoA 

Figure 7.2 Strategy for the covalent labelling of A t4CL l and Gent5AT with an azido bearing substrate 

affinity probe 
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It was necessary to determine that At4CLl could use 4-azidocinnamic acid as a 

substrate, primarily to demonstrate binding of the probe to the active site prior to 

photoactivation. It was also envisaged that 4-azidocinnamoyl coenzyme A could be 

obtained in this manner, for use as a probe toward acyltransferases. Therefore 

biosynthesis of 4-azidocinnamoyl CoA was undertaken with 10 (j.g At4CLl. A 

product was observed with size-exclusion chromatography and subsequent UV-Vis 

characterisation demonstrated that this product had a different Xmssx (350 nm) to those 

observed for 4-azidocinnamic acid (325 nm) or coenzyme A (310 nm). However, 

mass spectrometry characterisation of the accumulated product was not conclusive, 

although the 766.4 mass ion corresponded to a fragmentation of coenzyme A (Figure 

7.5). 
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Figure 7.3 Activity of At4CL 1 toward 4- azidocinnamic acid. An enzymatic product with a UV 

absorption maximum of 350 nm was separated from 4- azidocinnamic acid by size exclusion 

chromatography. The product was shown to be a conjugate of coenzyme A by mass spectrometry (ES ) 

(M~ • 766, M observed = 766) 

Instead, the coenzyme A conjugate was subjected to base hydrolysis at pH 10 in order 

to determine the nature of the enzymatic product. HPLC analysis showed that the 



O.D.Cunningham 196 

conjugate had partially degraded to reform 4- azidocinnamic acid by comparison to a 
standard. Therefore the enzymatic product was concluded to be 4-azidocinnamoyl 
coenzyme A. 

With the knowledge that At4CLl could bind and turnover 4-azidocinnamic acid, the 

UV activation of the azido group was attempted (see Figure 7.1). To this effect, 

aliquots of At4CLl were assayed toward coumaric acid after UV treatment (0.12 

Joules at 254 nm) in the presence of 4-azidocinnamic acid. Comparisons were made 

against protein treated +/- UV, +/- 4-azidocinnamic acid and 4-azidocinnamic acid 

treated with UV prior to addition to At4CLl (Figure 7.4). 
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Figure 7.4 4-azidocinnamic acid inhibition of At4CL 1 by UV initiated reaction of azide moiety with 

protein infrastructure. A series of experiments were devised to determine the specificity of 4-

azidocinnamic acid as a substrate affinity probe. 

A significant reduction in activity was observed, when At4CLl was subjected to UV-

irradiation in the presence of 4-azidocinnamic acid. It was also demonstrated that 4-
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azidocinnamic acid had to be irradiated when in the presence of the enzyme to cause 
inhibition. The specific nature of the inhibition was demonstrated by the ability to 
prevent covalent modification of At4CL 1 by 4-azidocinnamic acid, by competition 
with coumaric acid (1 mM). 

Inhibition of At4CLl by 4-azidocinnamic acid could be optimised by reduction of 

total UV irradiation applied to 10 sequential treatments of 4.8 mJoules. This step-

down minimised the loss of At4CLl activity due to UV radiation alone, whilst 

achieving a greater level of inhibition when in the presence of the substrate affinity 

probe. However, the percentage of At4CL 1 found to be inhibited could not be greatly 

improved via further UV treatment nor by the addition of greater amounts of the 

probe (Figure 7.5). 
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B S 800 

*" 600 

u 400 

r 1 

I u> 200 

At4CL 1 activity with no At4CL1 in absence of AMCL1 in presence of AMCL1 in presence of 
treatment inhibitor treated with 10 inhibitor treated with 5 x inhibitor treated with 10 

x 4.8 mJoules (1 minute 4.8 mJoules (1 minute in x 4.8 mJoules (1 minute 
in between each) between each) in between each) 

Figure 7.5 Optimisation of the inhibition of At4CLl with 4-azidocinnamic acid. 

In order to demonstrate specific labelling of At4CLl (M = 61 815 Da), mass 

spectrometry of a sample of labelled protein was undertaken. This showed both 
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singular (M = 61 975 Da) and double addition (M = 62 135 Da) of the azido probe to 
At4CLl, although no further additions were observed (Figure 7.6). This observation, 
in context with the ability to out-compete the inhibition with coumaric acid substrate, 
was thought to be due to the presence of two sites capable of binding 
phenylpropanoids, one being the active site and the other being non-specific. 

61820 At4CL1 

H/NA\ // 
61980 AI4CL1 

H/NA\ // 
62140 At4CL1 

O 

OH 

OH 

OH 

1500 61750 63000 62250 62500 62750 

Figure 7.6 Mass spectrometry characterisation of 4- azidocinnamic acid labelled At4CL 1 Mass units 

are deconvoluted to 10 Da 

The labelling of Gent5AT (10 ug) with 4-azidocinnamoyl coenzyme A was then 

undertaken. A 10-minute coupled reaction with At4CLl (40 ug) was utilised (section 

6.2.5) in order to achieve biosynthesis of the azido-labelled acyl donor in situ, before 

UV irradiation (10 sequential treatments of 4.8 mJoules) of Gent5AT-bound substrate 

affinity probe was applied to achieve inhibition. The activity of Gent5AT was found 

to be reduced by 42 +/- 3.4 % in comparison to a control comprising UV treatment, 

but in the absence of azido probe. 
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The relatively low efficiency of covalent modification of Gent5AT by 4-
azidocinnamoyl coenzyme A suggested that while this reagent would be useful for 
characterising abundant acyltransferases in vitro, such a probe would have limited 
utility in identifying such low abundance enzymes in crude plant extracts. It was 
therefore concluded that 4-azidocinnamoyl CoA, in particular, was unsuitable for 
design of a generic chemical probe for acyltransferases. In contrast, mechanism-
specific inhibitors are not recognised by target proteins by their structure and, as such, 
they are more readily incorporated into chemical probes, although they are less 
specific. A potential combined approach toward utilising the contrasting probes was 
therefore envisaged. This would involve the detection and isolation of a catalytically 
homologous set of enzymes, including BAHD acyltransferases, by chemotype 
proteomic profiling, whereupon a specific phenylpropanoid inhibitor would be able to 
identify acyltransferases within this select proteome through competitive labelling. 
Thus a suitable mechanism-based chemotype inhibitor was sought. 

7.2.3 Use of mechanism-specific inhibitors toward the covalent labelling of 

BAHD acyltransferases 

Although there is minimal information concerning the mechanism of coenzyme A 

dependent acyltransferases in the literature, specific inhibitors of catalytic serine and 

cysteine residues have previously been shown to be effective inhibitors of BAHD 

acyltransferase activity82. Aliquots of Gent5AT (10 p.g) were incubated for one hour 

in the presence of various mechanistic inhibitors (5 uM) and acyltransferase activity 

subsequently monitored (Figure 7.7). 
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Inhibitor Target amino acid Specific activity 
nkats / mg 

Relative inhibition 
% 

No inhibitor 

O 
ii A) R - P N - F 

o N— 
C ) 

0 
II 
S - F 

Serine 

Cysteine 

50.4+/- 1.6 

25.1 +/- 0.9 

36.7 +/- 0.3 

Serine / Cysteine 50.12 +/- 3.2 

50.2 

29.2 

R = Trifunctional probe (section 3.2.2) 

Figure 7.7 The relative inhibition of the mechanism - based serine and / or cysteine inhibitors (A) 

ethyl fluorophosphonate, (B) benzyl sulphonate and (C) p- toluene sulphonyl fluoride of Gent5AT 

activity toward cyanidin 3- 5- O - diglucoside and caffeoyl coenzyme A 

Based upon these studies, it was decided that fluorophosphonate esters were 

promising inhibitors for use as chemotype probes toward BAHD acyltransferases. 

Ideally, total inhibition needed to be attained, in order to maximise the yield of 

enzyme achieved, as this would aid identification considerably. It was found that 

increasing the concentration of probe to 10 uM increased the proportional inhibition, 

with 59 % of original activity abolished. However, fluorophosphonate esters are also 

highly efficient inhibitors of other enzymes, in particular the carboxyl esterases143, 

and previous proteomic work in this field demonstrated that greatly elevated 

concentrations of fluorophosphonate probes (FPPs) led to non - specific binding and 

complicated subsequent separation of labelled proteins by SDS-PAGE 1 4 4 . 

Thus a novel approach to toward the selective labelling of BAHD acyltransferases 

was required in order to maximise the yield of labelled target polypeptide(s) and 
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hence enhance the potential for successful proteomic characterisation. Comparatively, 
serine carboxylesterases have been found to undergo rapid inhibition by 
fluorophosphonates (100 % inhibition within 1 hour"1), which is in contrast to 
fluorophosphonate inhibition of the acyltransferases (50.2 +/- 1.7 % after 1 hour). 

However, it was observed that the inhibition of catalytic serine by fluorophosphonate 

could be promoted by UV-irradiation, whereby enhanced reactivity of 

fluorophosphonate toward serine catalytic motifs. To this effect, 100 % inhibition of 

Gent5AT (10 ug) was achieved utilising 5 uM fluorophosphonate probe (FPP -

Figure 7.7) within one hour, when irradiated 4 times with UV light (20 mJoules - 254 

nm) at 15 minute intervals. An aliquot of Gent5AT, which was treated similarly but in 

the absence of fluorophosphonate, was found to have its activity reduced by 5 % as a 

direct result of the UV irradiation. This was an unexpected result, which had no prior 

biochemical basis to the best of our knowledge. However, it appeared a potential 

solution and therefore further studies were undertaken. 

Efficient inhibition of Gent5AT via this method, was interrogated by labelling 

Gent5AT and observing fluorescent polypeptides by electrophoresis. Therefore 

equivalent recombinant Gent5AT samples (10 u.g) were treated with 5 uM FPP for 

one hour, both with and without UV treatment, and were isolated by immobilisation 

upon streptavidin sepharose and separated by SDS-PAGE. Only Gent5AT could be 

seen to fluoresce and not the chaperonin contaminant (Figure 7.8). This suggested that 

labelling under UV-irradiating conditions was not only able to enhance inhibition, but 

was also selective. 



O.D.Cunningham 202 

M (A) (B) 

97kDa 
66kDa „ _ 

•* Gent5AT 
45kDa 

M = Protein size markers 

Figure 7.8 SDS-PAGE analysis of equivalent samples of Gent5AT (10 ng), visualised by fluorescence 

- scanning (excitation - 532 nm, emission - 580 nm) after labelling with FPP (5 uM) under A) normal 

conditions (I hour) and B) with 4 x UV treatments at 15 minute intervals. 

It was now possible to manipulate labelling conditions in order to achieve maximum 

yield of labelled acyltransferase. However, a fraction of the acyltransferase activity 

was still able to undergo labelling in the absence of UV irradiation. If this residual 

labelling could be initially prevented, activity-based separation of the multitude of 

enzymes possessing a catalytic serine residue from acyltransferase activities could be 

achieved 

To this effect, the ability to protect a protein from labelling was previously achieved 

in section 7.2.2, where coumaric acid was successfully utilised to out-compete 

labelling of At4CLl by the photoactivated inhibitor 4-azidocinnamic acid. 

Essentially, this was achieved via competitive-inhibition, which is of importance as it 

can be reversed. It was therefore of interest to see whether similar effects could be 

observed for the labelling of Gent5AT with FPP. Thus, a series of FPP inhibition 

experiments were carried out in the presence of cyanidin diglucoside (acyl acceptor -

1 mM) and caffeoyl coenzyme A (acyl donor - ImM) respectively. The amount of 

enzyme labelled was quantified in-gel, via fluorescence (excitation - 532 nm, 

emission 580 nm, section 2.2.5.2.1) and expressed as a percentage of fluorescence 
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observed for an equivalent amount of Gent5AT labelled under optimal conditions 

(Figure 7.9). 

M (A) (B) (C) 

97kDa 
66kDa 
45kDa 

M = Protein size markers 

Lane Labelling conditions 
Relative 

intensity of 
fluorescence 

(A) 
Optimally labelled 

under UV irradiation 100% 

(B) 

Labelled under UV 
irradiation with 

cyanidin diglucoside 
(ImM) 

7% 

(C) 
Labelled under UV 

irradiation with caffeoyl 
coenzyme A (1 mM) 

87% 

Figure 7.9 SDS-PAGE analysis of (A) FPP-labelled Gent5AT and equivalent amounts labelled in the 

presence of (B) cyanidin 3- 5- O- diglucoside and (C) caffeoyl coenzyme A. The labelling efficiency of 

FPP in each scenario was determined by in-gel quantification of fluorescence and expressed as a 

percentage of GentSAT labelled under optimal conditions (A). M = protein size - markers 

The acyl acceptor, cyanidin 3-5-0- diglucoside, was able to largely out-compete FPP 

from the active site of Gent5AT and reduce covalent inhibition to 7 % of that 

achieved for optimally labelled Gent5AT. In contrast, caffeoyl coenzyme A was 

found to have minimal effect upon the FPP-labelling of Gent5AT. This was further 

evidence to suggest that FPP-labelling of Gent5AT remained to be active-site specific 

under UV-irradiating conditions. 
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Having developed a good understanding of the reactivity of FPP toward recombinant 
Gent5AT, we applied these methods toward the targeting of BAHD acyltransferases 
within a complex proteome (Figure 7.10). 
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Figure 7.10 A strategy toward the isolation and identification of BAHD acyltransferases from within a 

complex proteome. Use of the acyl acceptor as a successful competing substrate means that 

acyltransferases can be prevented from labelling in a highly selective manner, allowing prior removal 

of other enzymes reactive toward FPP, before removal of the acyl acceptor renders the acyltransferase 

once more susceptible to labelling by FPP. 
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7.2.4 Proteomic profiling with chemotyping trifunctional probes 

206 

Primarily, it was desirable to demonstrate that Gent5AT could be isolated from a plant 

proteome in the same manner as the recombinant enzyme. To achieve this crude 

protein was extracted from flowers of Gentiana triflora and incubated for one hour 

with FPP (5 uM) and cyanidin 3- 5- O- diglucoside (1 mM). Proteins able to be 

labelled under these conditions were subsequently removed from the proteome by 

immobilisation upon streptavidin sepharose. The remaining soluble proteins were 

retrieved and extensively purified via several size-exclusion chromatography steps, in 

order to remove the acyl acceptor (This step was crucial - all residual acyl acceptor 

must be removed to enable FPP modification of the acyltransferase). The remaining 

protein was then subjected to a further treatment of FPP in the presence of UV and the 

absence of the non-covalent inhibitor cyanidin diglucoside (Figure 7.11). 

Lane Lane 
M 1 

97kDa 

65 kDa 

* 45 kDa 

31 kDa 

Band 1 

Band 2 

Band 3 

M = Protein size markers 

Figure 7.11 Fluorescence imaging of FPP - labelled proteins from the proteome of Gentiana triflora 

flowers, initially in the presence of ImM cyanidin 3-, 5- O- diglucoside (Lane 1) and subsequently 

after the removal of the anthocyanin and with UV treatment (Lane 2) 

Bands 1, 2 and 3 (Lane 2) was observed to be protected from FPP covalent 

modification in the presence of cyanidin 3-5-0- diglucoside, although only band 2 
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was found to be within the molecular weight region expected for the BAHD 
acyltransferases (48 - 60 kDa). Band 2 (lane 2) was shown to co-migrate with FPP 
labelled recombinant Gent5AT by calibration of the protein sizing markers on the 
respective gels. Recombinant FPP labelled-Gent5AT migrated to the equivalent of 
58.0 kDa and the FPP labelled-polypeptide Band 2 to 57.8 kDa. MALDI-based 
proteomics confirmed the identity of the labelled protein as Gent5AT (P = 3.4 x 10"18, 
sequence coverage = 51 %, Mowse score = 229) (Appendix I). 

The novel acyltransferase enzyme activities from Arabidopsis thaliana were targeted 

for isolation using chemotyping probes with and without the use of competing 

substrate to identify specific activity with identification by MALDI-based proteomics. 

Crude protein extracts were prepared from plants, which were actively accumulating 

both coumaroylated and sinapoylated anthocyanins, as described in Chapter 4. As the 

identity of the coumaroyl acyl acceptor remained unknown, the acyl acceptor utilised 

as competitive inhibitor in this study was AtAN 8, which is substrate for a sinapoyl 

transferase in Arabidopsis thaliana (Figure 7.12). AtAN 8 is potentially also a 

substrate for a malonyl transferase (At3g29590 - see section 4.3) which has 

previously been characterised, with the enzyme having a molecular weight of 49.5 Da 

(native protein)44. It was intended for this enzyme to be a positive control, as it was 

expected to be similarly inhibited when in the presence of AtAN 8. Figure 7.13 shows 

the sequential steps toward isolation of AtAN 8 - selected acyltransferases by 

chemotype probes. The conclusions drawn from this study are tabulated in figure 7.14 

and the data used to draw these conclusions is presented in Appendix I . 
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Figure 7.12 The anthocyanin AtAN 8 is substrate for both a sinapoyl transferase (Chapter 4) and a 

malonyl transferase125 
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Band Protein 
identification 

TAIR 
accession Comments 

1 +2 
Low abundance proteins only detected when 

the abundance of other protein is low. 

Prolyl ol igopeptidase At 1 g76140 

Ribulose bis 
phosphate 

carboxylase 
(RuBisCo) 

Glyceraldehyde 3-
phosphate 

dehydrogenase 

AtCXE12 

Atlgl3440 

At3g48690 

Serine peptidase 

Identified as RuBisCo, likely to be 
contaminant 

Carboxyl esterase known to react with T F F P 
probes 

Ribulose bis 
phosphate 

carboxylase 
(RuBisCo) 

Ribulose bis 
phosphate 

carboxylase 
(RuBisCo) 

Was only labelled in the absence of AtAN 8. 
RuBisCo likely to be contaminant 

Was only labelled in absence of AtAN 8. 
RuBisCo likely to be contaminant 

Figure 7.14 Identification of the polypeptides indicated in figure 7.13 (1 to 9) based upon MALDI-

TOF proteomic analysis. Several polypeptides were identified, however, those in the molecular weight 

region 48 - 60 kDa were due to contamination with RuBisCo 

The two polypeptides corresponding to band 8 and band 9 were found to be highly 

sensitive to the presence of AtAN 8 and as such were only observed to be labelled 

after removal of the acyl acceptor (Lane D - Figure 4.13). However, MAL DI analysis 

of all bands corresponding to polypeptides of molecular weight 49 - 60 kDa (bands 4, 

8 and 9) were found to be contaminated with ribulose 1,5,- bisphosphate carboxylase 

/ oxygenase large subunit (RuBisCo) - a common contaminant of green plant 
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proteomic studies52. RuBisCo is not labelled by FPP, but it is susceptible to non -
specific interaction with streptavidin sepharose beads due to its abundance. Extensive 
washing of immobilised proteins with detergent and water was incorporated into the 
methodology. However, although this was beneficial, it was not sufficient to remove 
RuBisCo from the relatively low abundance proteins. RuBisCo contamination was 
concluded to be an inherent problem with the method of isolation of specifically 
labelled proteins via biotin - streptavidin sepharose immobilisation. 

The two polypeptides of interest did, however, correspond to the approximate 

molecular weight expected for acyl transferases. Band 8 was found to have an 

estimated molecular weight of 54 kDa and band 9 an estimated molecular weight of 

50 kDa, by calibration of the protein size markers. These are in the correct range for 

the native anthocyanin malonyl transferase present in Arabidopsis thaliana, which has 

a native mass of 49.55 kDa 4 4. However, further studies are required to enable the 

efficient identification of acyltransferases by this method. 

7.3 Discussion 

Two contrasting proteomic strategies were explored in this chapter, with the aim 

being to isolate and identify BAHD acyltransferases efficiently. A UV-activated 

substrate affinity probe was employed as a highly specific inhibitor and was found to 

have potential as a probe toward phenylpropanoyl coenzyme A ligases. However, 

relatively weak inhibition of acyltransferase activity and a lack of bio-compatible 

reactive sites for synthetic attachment of a probe scaffold, meant that an alternative 

strategy was explored. The mechanism-based inhibitor, ethyl fluorophosphonate, was 
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found to effect selective inhibition of a high percentage of acyltransferase activity, 
particularly in the presence of UV light, and was therefore incorporated into a 
trifunctional probe scaffold. This proteomic strategy was successful in isolation of 
serine-based enzyme activities and from within this highly-enriched protein fraction, 
both known and unknown acyltransferases were identified by the selective out-
competing of the probe from acyltransferase active sites by their respective acyl 
acceptor. This apparently enzyme-specific proteomic approach represents a novel 
method for the future profiling of CADATs. 

7.3.1 Mechanism of UV 'activation' of fluorophosphonate inhibitor 

The mechanism by which UV radiation enhances the reactivity of fluorophosphonate 

toward Gent5AT was not obvious. To the best of our knowledge, there is no previous 

literature on the topic of enzyme photoinhibition which specifically relates to 

fluorophosphonate inhibitors or enzymes with serine catalytic dyads/triads. In general 

terms, inhibitors that require 'photoactivation' possess chromophores that absorb in 

the UV-A/B/C range, for example azides"7 or or/Zjo-nitrobenzyl compounds156, and 

following absorption subsequently decompose to form highly reactive species. 

However, none of the residues that are directly involved in FP inhibition - FP, serine, 

histidine or aspartate - are known to absorb UV irradiation at 254 nm. 

The residues in enzymes that absorb radiation at this wavelength are phenylalanine, 

tyrosine and tryptophan159. Although none of these residues are directly involved in 

catalysis it is possible that, i f proximate to the active site, absorbance by these 

residues could cause localised heating and enhance the rate of reaction through this 
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medium. However, widespread absorption of irradiation by these residues throughout 

the protein would ultimately lead to photo-oxidation of the protein through the 

formation of reactive excited states and radical species159. This eventuality causes 

irreversible damage to a protein's infrastructure and subsequently loss of activity. 

Although significant loss of enzyme activity was not observed under the control 

conditions utilised in this study it would be difficult to ascertain the level of 

absorption achieved by amino acid residues proximate to the active site. 

Protein absorbtion of UV-light can also be facilitated by bound prosthetic groups159. 

GentSAT activity is known to be dependent upon manganese (II) ions, although it is 

81 

not known how this ion interacts with the mechanism of acyltransfer . However, 

several manganese-dependent proteins have been characterised with respect to their 

photosensitivity157 and manganese (II) complexes were shown to be particularly 

sensitive to light in the UV-C range (100-280 nm) 1 5 7 . One such divalent manganese is 
158 * 

present in photosystem II as a histidine-manganese-glutamate complex , which 

could be comparable to a possible histidine-manganese-aspartate complex in 

CADATs (Figure 7.15). Alternatively manganese is also known to co-ordinate to 

carboxylic acid-functionalised amino acids, such as aspartate (Figure 7.15). 

O M n - - - 0 

X H N NH 
Ser W i Ser 

His His 

Figure 7.15 Co-ordination of Manganese (II) to histidine and aspartate amino acid residues 
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Excess absorption of light in the UV-C range by manganese-dependent enzymes is 
generally thought to cause inhibition by breaking the relatively weak co-ordination 
bonds that bind the metal to the enzyme157. In terms of FP inhibition of manganese 
(Il)-dependent CADATs, it is possible that removal of the metal ion increases the 
reactivity (nucleophilicity) of the enzyme toward FP. For instance, photo-dissociation 
of Mn co-ordination to aspartate could reinstate aspartate hydrogen bonding to 
histidine, in turn increasing the reactivity of serine toward FP. Alternatively, light-
induced Mn (II) dissociation may enhance both FP inhibition and acyltransfer activity. 
Therefore it may not be coincidence that acylated flavonoid photoprotectants are 
favourably produced under high-light conditions in planta (Chapter 4) and that the 
activity of the acyltransferase mechanism is potentially photosensitive.(Chapter 7). 

'Activation' of the phosphonate moiety to form a reactive species, such as a radical, 

was thought to be a further possibility. This could be initiated directly or through 

reaction with photoinduced oxygen radicals. Electron spin resonance studies could be 

performed upon fluorophosphonates to assess their ability to form radicals under UV-

irradiating conditions. However, i f formation of a highly-reactivephosphonate species 

was the reason for the observed UV-dependent rate enhancement of FP inhibition, 

then a large increase in non-specific labelling of proteins would be expected. This 

would occur through rapid reaction with non-specific amino acid residues, the 

chances of which would be increased relative to affinity-based probes owing to the 

low affinity of FP-probes for target enzymes144. 
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Contamination of the isolated polypeptides corresponding to bands 8 and 9 with 

RuBisCo, was the major flaw in the novel proteomic approach. Al l of the 

acyltransferases characterised to date have been of the molecular weight which are 

likely to be affected by this contamination and therefore future identification of these 

enzymes is likely to be similarly hindered. Further preparation of labelled proteins 

(denatured) by HPLC would allow the separation of labelled proteins from RuBisCo 

and is the most obvious solution. In addition, the bulky fluorescent tag would 

facilitate purification by affording facile identification. However, a potentially more 

elaborate approach would be to employ a non-denaturing specific release mechanism 

of immobilised labelled proteins, thus leaving non-labelled proteins and intact 

streptavidin behind. To this end, a considerable amount of research has already been 

undertaken in order to develop mild release mechanisms of biotin-streptavidin 

interactions145. For example, a directed mutagenesis study upon streptavidin was 

explored in an attempt to identify mutant proteins able to bind biotin reversibly146. A 

mutant of streptavidin was developed with an inherently weaker interaction with 

biotin, which could be displaced with successive additions of biotin, effectively 

reversing the original interaction145. The development of cleavable linkers has also 

been intensely researched and this could be applied to proteomic probes. The most 

commonly utilised is a disulphide bridge which is susceptible to cleavage under 

reducing conditions147. The reversal of the original inhibition is also an option, 

although this is a less studied approach. It is thought that there is scope for the 

reversal of the fluorophosphonate inhibition in this instance (Figure 7.16). 
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Figure 7.16 Mechanisms of specific release of labelled protein post-immobilisation upon sepharose-

Of the three possibilities, the ability to selectively reverse the covalent inhibition of 

the catalytic dyad would have application aside from achieving molecular 

identification of enzyme activities. In particular, the released protein would be active 

and could therefore be characterised biochemically. As the protein would not be 

denatured, analysis of proteins by 2-D electrophoresis would be possible. This would 

enhance separation from non-labelled proteins and increase detection of low 

abundance enzymes. 

Phosphonate inhibition of serine catalytic dyads is due to the mechanisms inability to 

catalyse a second nucleophilic addition of water / alcohol onto the phosphonate. 

Therefore the introduction of a reactive nucleophile to FP-immobilised enzyme in 

sufficient concentration could theoretically reverse the inhibition. In support of this 

theory, oximes have been found to be able to reverse the fluorophosphonate inhibition 

of acetyl choline esterase in humans . However, it may also be possible stimulate 

hydrolysis of the phosphonate ester simply by increasing the pH of the surrounding 

environment, depending upon protein stability. 

bound streptavidin supports. 
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Synthesis of a more specific inhibitor would potentially facilitate the proteomic 

probe-based isolation of acyltransferases, by reducing the amount of non-targeted 

labelling, as well as other applications such as in vivo chemical genetics149. Such 

probes would preferentially be based upon structures of acyl donors, as the least 

variable substrate in enzymatic acylation and as they posses the carbonyl chemistry 

successfully mimicked by the phosphonyl chemotype probe. The probe scaffold is 

necessarily conjugated through a carbon-phosphorous bond to prevent its hydrolysis 

upon inhibition. This dictates that the aromatic moiety be an alkoxy substituent to 

allow its elimination in preference to the serine phosphanyl ester. Incorporation of 

acyl donor motifs and phosphonate inhibitors are shown in Figure 7.17. 

Figure 7.17 Design of bioisosteric chemotype probes toward BAHD acyltransferases based upon 

phenylpropanoyl coenzyme A acyl donor and fluorine leaving group analogue 

The use of chemical probes for the discovery of BAHD acyltransferases would benefit 

greatly from achievement of the discussed improvements to methodology and 

specificity. Use of these methods would facilitate isolation of target enzymes for 

specific application, however the major advantage of this approach is the production 

of a diverse library of acyltransferase enzyme activity, which could only be achieved 

with a method for their rapid and selective isolation. Such a resource would enable 

CoA ii R XT 1 i 

R 2 R 2 

R 3 R 3 

o 

R = H, OH, OMe, or F 
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comparative structural and biochemical characterisations to be made, yielding much 
needed understanding of aspects of acyltransferase activity and substrate selectivity. 
This in turn would open up the potential for application of BAHD acyltransferases on 
a new scale, not only in biosynthesis of natural products, but also in biosynthesis of 
second generation natural products and modification of synthetic molecules. 
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Chapter 8 

Discussion and future work 

An increasing number of acylated plant natural products are being identified as having 

pharmaceutical properties where the acylating moiety is identified as being crucial for 

the bioactivity of these natural products (Figure 8.1). This study has explored the 

potential for the biological incorporation of acylating moieties onto these natural 

products, which has proved to be the only viable means of production of complex 

natural products such as Taxol (section 1.6). 

Q. p OH 

P h - ^ - N H O 

OH O 

OH OH Q ^ 

Ph 

Taxol 
Commercial anti - cancer pharmacon 

HOOC 

Trihydroxydammarene caffeate 
Strong anti tumor activity toward cervical cancer 

Reserpine 
Rauvolfia serpentina 

Decreases blood pressure 

Navelbine 
Rauvolfia serpentina 

Anti - cancer pharmacon 

Figure 8.1 Natural products bearing acyl moieties which have been shown to be crucial for 

bioactivity7 8'7 9 1 5 0'1 5 1 
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A unique insight was gained into the application of coenzyme A ligase and BAHD 
acyltransferase activity in vitro, to achieve biosynthesis of natural products bearing an 
array of acylating moieties. Through a one - pot biosynthetic approach, inherent 
problems such as the enzymatic hydrolysis of the acyl donor and competitive 
inhibition by coenzyme A were overcome. The importance of coenzyme A ligase 
activity was evident in biosynthesis of these natural products. In particular, their 
biased activity toward the acylation precursors was thought to have resulted in the 
lack of, or low level, accumulation of novel acylated flavonoids in Arabidopsis 
thaliana and Petunia hybrida, as described in Chapter 4. Thus coenzyme A ligase 
activity is likely to hinder any future attempt to preferentially biosynthesise natural 
products bearing novel acylations within the respective plant. Therefore incorporation 
of non - natural acylating moieties must be performed either in vitro or in a secondary 
host organism, which incorporates a tolerant coenzyme A ligase (Chapter 5). To this 
effect, Loncaric et. al. demonstrated the bioconversion of exogenously supplied 10-
deacetyl baccatin I I I to baccatin II I (Taxol biosynthetic pathway) in cultures of E. 
coli, which were over - expressing the respective acetyltransferase. They relied on the 
endogenous biosynthesis of acetyl coenzyme A by the bacterium to provide the acyl 
donor. However, adopting a combinatorial 4CL - AT in cultures of E. coli would 
allow both acyl acceptor and a series of novel acyl precursors to be exogenously 
provided. The modification of the coenzyme A ligase to incorporate the novel 
acylation precursors, as discussed in chapter 5, would enhance exclusive acylation by 
novel acyl moieties. Additionally, the in vivo bioavailability of the expensive 
coenzyme A and ATP would significantly reduce the cost of production. Thus 
incorporation of both acyltransferase and the desired coenzyme A ligase into the same 
expression plasmid in sequence would be of interest (Figure 8.2). 
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Figure 8.2 Co - expression of both acyitransferase and coenzyme A ligase in cells of E. coli would 

allow biosynthesis of acylated natural products in vivo. Components in red are found inside the 

bacterium, whilst the acyl acceptor (R' - OH) and acylation precursor must be supplied exogenously 

In order to biosynthesise natural products bearing non - natural acylations by this 

route, the acyl acceptor must first be extracted from the respective plant, due to the 

complexity of many natural product scaffolds. In order to prevent plants from 

imparting the endogenous acyl group onto the natural product, the respective 

acyitransferase activity must be nullified. There are several methods which could 

achieve this, including RNA interference152 or tDNA insertion mutagenesis153. 

However, it would be of interest to use the acyitransferase inhibitors developed in 

Chapter 7, in particular the fluorophosphonate ester, in a reverse chemical genetic 

approach154. Exogenous supply of the fluorophosphonate warhead to cell cultures 

expressing a given natural product pathway which incorporates acylation, would 
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allow the selective inhibition of the acyltransferase activity and cause accumulation of 
the acyl acceptor (Figure 8.3). 

Exogenous 
FP inhibitor 

Metabol ic 

pathway 
Natural product Acyl acceptor 

precursor(s) 

Accumulated metabolite 

V 
Extracted acyl 

acceptor 

Figure 8.3 Use of a fluorophosphonate inhibitor in vivo to effect accumulation of an acyl acceptor 

A more selective array of inhibitors based upon the acyl donors were envisaged for a 

chemical genetics approach. The acyl donors were thought to be the best candidates to 

form the structural basis of a chemical probe, as they are relatively conserved in 

comparison to the acyl acceptors in natural product acylation. It has been shown that 

the fluorophosphonate moieties are turned over by acyltransferases as mimics of 

carboxyl groups. Therefore the replacement of the carboxyl group present in acylating 

moieties with a fluorophosphonate group, would potentially introduce increased 

specificity of the mechanism - based probe toward acyltransferases, as opposed to 

other serine - based enzyme activities. It may also be possible to target specific 
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acyltransferases by incorporating aromatic R substituents onto phenylpropanoid and 
benzoyl probes (Figure 8.4). 

O 
R R 3 

o 
=5^ R 2 R 2 

R 3 R 1 

Phenylpropanoid probe Benzoyl probe 

O 0 

o HO 

Malonyl probe 

R x = H, OH, OMe, F 

Figure 8.4 Fluorophosphonate probes based upon acyl donor structures for use in enzyme - selective 

chemical genetics studies 

Currently, one of the major drawbacks of in vivo production of natural products is 

their subsequent separation from the resulting crude extract, which often contains 

other compounds of a highly similar chemical nature e.g. precursors or diversified 

natural products. To this effect, an unnatural acylating group bearing a recognition or 

affinity tag could be selectively incorporated onto the desired natural product scaffold 

utilising BAHD acyltransferase activity. Research in the field of targeted drug 

O f 

delivery has identified a cascade - cleavable linker group , which is conjugated to its 

pharmacon by esterification. I f a coenzyme A ligase - acyltransferase combination 

could be modified to enable selctive incorporation of this molecule into the structure 

of a bioactive natural product it would afford facile purification (Figure 8.5). 
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Figure 8.5 Potential use of B A H D acyltransferases in the derivitisation of natural products with 

selectable affinity molecules 

The mechanism by which enzymes are inhibited by fluorophosphonate esters occurs 

by the mechanism outlined in figure 8.6 (Chapter 7). Thus serine is concluded to play 

a catalytic role in acyltransferase activity as part of a serine - histidine catalytic dyad, 

as opposed to the serine - histidine - aspartate catalytic triad, which is employed in 

carboxyl esterases. 

Y H ^ N W H ° N ^ N H ° " - N ^ N H 
Ser w W Ser i 

Ser H l s His His 

Transfer of phosphonate 'Inactive' catalytic diad as water cannot 
eliminates fluorine primarily Hydrolysis of R Alkyl ester bind a second time to hydrolyse serine ester 

Figure 8.6 Inhibition of acyltransferase activity by ethyl fluorophosphonate 
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It was observed that inhibition of acyltransferases by FPP occurred at a slower rate in 
comparison to esterases. This was concluded to be an indicator of the nucleophilic 
strength of serine within its catalytic environment. The positive effect of UV 
irradiation upon the reactivity of FPP toward serine in Gent5AT is also indicative of a 
relatively soft nucleophile in acyltransferases. UV irradiation is thought to cause 
excitation of the phosphonyl moiety (reducing the bond order) and in turn increase the 
electrophillicity of phosphorous, thus promoting nucleophillic attack. A less 
nucleophilic serine is well suited to the transacylation of labile coenzyme A thioesters 
and adds weight to the probability of coenzyme A tagging of acyl moieties to ensure 
specific acyl transfer (Chapter 6). Therefore other serine - based enzyme activities 
such as esterases, amidases, dehydratases, hydrolases, N- acyltransferases, may have a 
serine of a particular nucleophilic strength to suit their respective role. To this end, the 
synthesis of a series of inhibitors of varying electrophillic strength would therefore be 
able to probe for all manner of serine - based enzyme activities and be designed with 
the chemical nature of the substrate in mind. Such inhibitors may include carbamates, 
boronic acids, sulphonyl fluorides amongst others. 

In order to realise many of the described elaborations on the potential application of 

acyltransferases, a greater understanding of these enzymes and their substrate 

selection must be achieved. The use of chemical probes to increase the rate at which 

acyltransferases are able to be isolated and characterised would enhance progress in 

this field and enable comparative structural characterisation of acyltransferases with 

activity toward varying acyl donors and / or acyl acceptors. Although the difficulties 

encountered in Chapter 7 must first be overcome. 
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AtAN 2 - MS/MS (ES+) Fragmentation (1343 Da) 
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AtAN 3 - MS/MS (ES+) Fragmentation (975 Da) 
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AtAN 4 - MS/MS ( E S + ) Fragmentation (1181 Da) 
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AtAN 5 - MS/MS ( E S + ) Fragmentation (1181 Da) 
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AtAN 6 - MS/MS ( E S + ) Fragmentation (611 Da) 
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AtAN 7 - MS/MS (ES+) Fragmentation (1257 Da) 
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AtAN 8 - MS/MS ( E S + ) Fragmentation (889 Da) 
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AtAN 9 - MS/MS ( E S + ) Fragmentation (1095 Da) 
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A p p e n d i x B 
Q D G (1) - MS ( E S + ) Fragmentation (627 Da) 
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K D G (2) - M S ( E S + ) Fragmentation (611 Da) 
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Q D G - C a f f (3) - M S ( E S + ) Fragmentation (789 Da) 

247 
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K D G - C a f f (4) - M S (ES+) Fragmentation (773 Da) 
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K D G - F e r (5) - M S ( E S + ) Fragmentation (787 Da) 
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Appendix C 

250 

Raw data for calculation of the extinction coefficient of quercetin 3-0-diglucoside 
at 330 nm (10 ul injection volume) 

Cone. (mM) Absorbance 1 Absorbance 2 

2.5 2052 2100 

1.25 1016 1029 

0.625 477 537 

0.3125 236 273 

0.15625 113 128 

Coefficient 1 = 815.54 mM"1 cm"1 

Coefficient 2 = 838.08 mM"1 cm"1 

Average +/- error = 826.80 +/- 11.27 mM"1 cm"1 

Raw data for calculation of the extinction coefficient of cyanidin 3-5- O-
diglucoside at 520 nm (10 \i\ injection volume) 

Cone. (mM) Absorbance I Absorbance 2 

1 448.6 465.4 

0.1 43.9 47.8 

0.05 21.1 24.09 

0.01 4.09 5.11 

Coefficient 1 = 448.44 mM"1 cm"1 

Coefficient 2 = 465.57 mM"1 cm"1 

Average +/- error = 457.0 +/- 8.6 mM"1 cm' 
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Raw data for calculation of the extinction coefficient of cyanidin 3-0-glucoside 5-
0-(caffeoyl)glucoside at 520 nm (10 ul injection volume) 

Cone. (mM) Absorbance I Absorbance 2 

1 501 523 

0.5 255 260 

0.1 46.2 42.09 

0.01 5.61 6.39 

Coefficient 1 = 502.33 mM"1 cm"1 

Coefficient 2 = 522.94 mM"1 cm"1 

Average +/- error = 510.3 +/- 10.3 mM"1 cm"1 

Raw data for calculation of the extinction coefficient of cyanidin 3-0-glucoside 5-
0-(feruloyl)glucoside at 520 nm (10 ul injection volume) 

Cone. (mM) Absorbance 1 Absorbance 2 

1 488 489 

0.5 246 259 

0.1 43.7 52.1 

0.01 5.10 5.41 

Coefficient 1 = 488.87 mM"1 cm 
Coefficient 2 = 496.73 mM"1 cm 

Average +/- error = 492.8 +/- 3.93 mM"1 cm"1 
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Raw data for calculation of the extinction coefficient of cyanidin 3-0-glucoside 5-
0-(coumaroyl)glucoside at 520 nm (10 \x\ injection volume) 

Cone. (mM) Absorbance 1 Absorbance 2 

1 480 512 

0.5 236 249 

0.1 42 53.6 

0.01 3.79 4.45 

Coefficient 1 = 477.93 mM"1 cm"1 

Coefficient 2 = 509.42 mM"1 cm"1 

Average +/- error = 493.7 +/- 15.7 mM"1 cm"1 

Raw data for calculation of the extinction coefficient of cyanidin 3-0-glucoside 5-
0-(4-Fluorocinnamoyl)glucoside at 520 nm (10 \i\ injection volume) 

Cone. (mM) Absorbance 1 Absorbance 2 

1 441 453 

0.5 216 234 

0.1 33.2 47.2 

0.01 3.21 4.09 

Coefficient 1 = 456.08 mM"1 cm"1 

Coefficient 2 = 438.38 mM"1 cm"1 

Average +/- error = 447.23 +/- 8.8 mM"1 cm"1 

Raw data for calculation of the extinction coefficient of cyanidin 3-0-glucoside 5-
0-(3-4-Difluorocinnamoyl)glucoside at 520 nm (10 ̂ 1 injection volume) 

Cone. (mM) Absorbance 1 Absorbance 2 

1 447 469 

0.5 227 242 

0.1 38.6 52.4 

0.01 2.82 4.78 

Coefficient 1 = 472.45 mM"1 cm"1 

Coefficient 2 = 447.85 mM"1 cm"1 

Average +/- error = 460.15 +/- 12.3 mM"1 cm 
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Raw data for calculation of the extinction coefficient of coumaroyl coenzyme A 
at 333 nm 

Cone. (mM) Absorbance I Absorbance 2 

0.001 0.018 0.020 

0.01 0.198 0.210 

0.05 0.998 1.005 

0.1 2.033 2.047 

Coefficient 1 = 20.40 mM"1 cm"1 

Coefficient 2 = 20.25 mM"1 cm"1 

Average +/- error = 20.33 +/- 0.075 mM"1 cm"1 

Raw data for calculation of the extinction coefficient of caffeoyl coenzyme A at 
347 nm 

Cone. (mM) Absorbance I Absorbance 2 

0.001 0.017 0.018 

0.01 0.176 0.179 

0.05 0.872 0.888 

0.1 1.815 1.835 

Coefficient 1 = 18.005 mM"1 cm"1 

Coefficient 2 = 18.229 mM"1 cm"1 

Average +/- error = 18.117 +/- 0.11 mM"1 cm"1 

Raw data for calculation of the extinction coefficient of feruloyl coenzyme A at 
350 nm 

Cone. (mM) Absorbance I Absorbance 2 

0.001 0.019 0.019 

0.01 0.188 0.194 

0.05 0.947 0.955 

0.1 1.897 1.911 

Coefficient 1 = 18.963 mM"1 cm"1 

Coefficient 2 = 19.110 mM"1 cm"1 

Average +/- error = 19.037 +/- 0.07 mM"1 cm 
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A p p e n d i x D 

Hydrolysis of exogenously-fed methyl phenylpropanoid esters in petunia 

Coumaric acid 
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4-Fluorocinnamic acid 
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3-4-5-Trifluorocinnamic acid 
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Appendix £ 

High-resolution mass spectrometry (ES + ) of biosynthesised coenzyme A esters 

Coumaroyl CoA 

(M + H) + = 914.1598 

U4 M l iwrtwwtw* c i | i i i i | i i i i | l i i i | ' i i t q i i i i | i i A | i i i i | i i M i | i i i i | i i i i | i i i i | i i l ' i | i i i i | i i i i | m/i 
100 150 200 250 300 350 400 450 500 550 600 650 700 750 BOO 850 900 950 1000 

914.1602 

Caffeoyl CoA 

(M + H) + = 930.1547 

iiii|^i'ii|iilj|fiii|i'ii)|iiii|ii>i|'iwi|iiii|iiiitiiit| l>inv'"i'"*1"l'i'^'i"^l viii|>M ' inm|iiii | i i iniNii | i i i i | i i i i | i i i i | i i i i|iil | i iH | i i i i | i i i i | i < 
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 

Feruloyl CoA 

(M + H) + = 944.1704 

| «H ^11 H | l ' l i f | ' ' M | I ' l i ' U F I I l # f f j f r m . | • • • • | • 

50 "100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 
T̂ini|.|i|l|,|Ai,r,f> til"' I ' " ^ 1 | H w T i ' i i f f i i i i | k i > i | i i i i | i i i l | i i i i | i n > | rn/z 

4- Fluorocinnamoyl CoA 

(M + H) + = 916.1555 

rrm l^l ' " l ' |Wl l t I t i ' i | i i u p i n I'IH'I f n i | " ' i f i i i i | i i i i ' i ' i i i i | i i i i | i i i i | ' in i | i i i i r i >n|iw>fww|iiii i < rimimifmtjrrtrirrtfHi " i n ' 
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3-4- Difluorocinnamoyl CoA 

(M + H) + = 934.1461 

100 300 350 400 450 500 550 600 650 700 750 
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Appendix F 

Kinetic data for activity of At4CLl toward phenylpropanoid substrates 

Coumaric acid 

, = 68.3 

Vmax/2 v 
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4- Fluorocinnamic acid 

260 
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Appendix G 
Kinetic data for activity of Gent5AT toward phenylpropanoyl CoA substrates 

Coumaric acid 

= 2 747 
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4-Fluorocinnamic acid 

262 
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Appendix H 

High Resolution Mass Spectrometry of Biosynthesised Acylated Anthocyanins 

Cyanidin 3-0-gIucoside 5-0-(Coumaroyl)glucoside 

(M) + requires 757.1974 

100-

I ' f ' I ' l I f I ' l ^ ' f W ' f ' I ' ^ T " ) 1 ! I I 
7 5 7 . 1 9 8 0 

11 11 n | M i i | i 11 11 i i 11 | <i i 11 | 11 i i rn /z 
1 0 0 0 1 2 0 0 1 4 0 0 2 0 0 4 0 0 6 0 0 8 0 0 

Cyanidin 3-0-glucoside 5-0-(Caffeoyl)gIucoside 

(M) + requires 773.1924 

100-
7 7 3 . 1 9 2 3 

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0 

Cyanidin 3-0-glucoside 5-0-(Feruloyl)glucoside 

(M) + requires 787.2080 

1 0 0 

2 0 0 4 0 0 6 0 0 

7 8 7 . 2 0 7 8 
^ W f p h M' j i i i i | i i i i | i i i i | i i i i | i i i i | i i i i m / z 

8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 
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Cyanidin 3-0-glucoside 5-0-(4-Fluorocinnamoyl)glucoside 

(M)+ requires 759.1935 

100 

759.1945 

100 200 300 400 500 600 700 800 900 1000 

Cyanidin 3-0-glucoside 5-0-(3-4-Difluorocinnamoyl)glucoside 

(M) + requires 777.1837 

100n 

777.1847 

100 200 300 400 500 
V f l ; 'N'|"ih'i ' ' i ' | I 'MW'HH' I" I ' | i i H ^ ^ t ^ f W ^ W p i ' V i t ' l m/Z 
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Appendix I 
MALDI-TOF identification of peptides following tryptic digestion 

G e n t 5 A T 

Probability Based Mowse Score 

Protein scor e is -10*Log(P). where P is the probability that the observed match is a random event. 
Protein scores greater than 6" are significant (p* 0.05). 

1 
§ 

i 

2".J 4'J i:,;, Probability Based Mouse Score 

1. gi|4185599 Mass: 53162 S c o r e : 229 E x p e c t : 3.4e-18 Q u e r i e s matched: 30 
A n t h o c y a n i n S - a r o r a a t i c a c y l t r a n a f e r a s e [ G e n t i a n a t r i f l o r a ] 

Protein View 
Nominal mass (Hr) : 53235; Calculated pi value: 6.15 
NCBI BLAST search of gi|S1971299 against nr 
Unformatted sequence s t r i n g for pasting into other applications 

Taxonomy: Gentiana 3cabra var. buergeri 

Fixed modifications: Carbamidomethyl (C) 
Variable modifications: N-Acetyl (Protein),Oxidation (H) 
Cleavage by Trypsin: cuts C-term side of KR unless next residue i s P 
Number of mass values searched: 90 
Number of mass values matched: 22 
Sequence Coverage: 51% 

Hatched peptides shown in Bold Red 

1 MEQIQMVKVL EKCQVTPPFD TTDVZLSLPV TFFDIPWLHL NKHQSLLFYD 
51 FPYPKTHFLD TWPNLKASL SLTLKHXVPL SGJILLMPIKS GKHPKFRYSR 

101 DEGDSITLIF AESDQDFDNL KGHQLVDSND LHALFYVHPR VIRTHQDYKV 
151 IPl.VAVgVTV FPHRGIAVAL TAHHSIADAK SFVMFIHAWA YIHKFGKDAD 
201 LLSAHLLPSF DRSIIKDPYG LEETFWNEHQ HVLEHFSRFG SKPPRFNKVR 
251 ATXVLSLAEI QKLKHKVLHL RGSEPIIRVT TFTVTCGYVW TCHVKSKDDV 
301 VSEESSHDEN EL EYE SET AD CRGLLTPPCP PNYFGHCLAS CVAKATHKEL 
351 VGNKGLLVAV AAIVEAIDKR VHNERGVLAD AKTHLSESHG IPSKRFLGIT 
401 GSPKFDSYGV DFGWGKPAKF DIISVDXAEL IYVIQSRDFE KGVEIGVSLP 
451 KIHMDAFAKI FEEGFCSLS 
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Start - End Obserred Mr(expt) M r ( r a l e ) PP"> H i s s 
1 - 1 149.0510 • 
1 8 1005.4987 0 
1 - 12 1474.7887 1 
1 - 12 1533. 8590 1532. 8517 1532.7942 38 1 
2 - 8 874.4582 0 
2 - 12 1343.7482 1 
9 - 12 487.3006 0 
9 - 42 3998.0539 1 
13 - 42 3528.7639 0 
13 - 55 5158.5540 1 
43 - 55 1647.8007 0 
43 - 67 3012.5459 1 
56 - 67 1382.7558 0 
56 - 75 2196.2518 1 
68 75 831.5066 0 
68 - 89 2394.3708 1 
76 - 89 1581. 8470 1580. 8397 1380.8748 -22 0 
76 - 89 1597. 8230 1596. 8177 1396.8697 -33 0 
76 - 92 1853 .0233 1 
90 - 92 290.1590 0 
90 - 95 646.3472 1 
93 - 95 374.1988 0 
93 - 97 677.3 683 1 
96 - 97 321.1801 0 
96 - 100 727.3766 1 
98 - 100 424.2070 0 
98 * 121 2777.2668 1 
101 - 121 2371.0703 0 
101 - 140 4564.1492 1 
122 - 140 2211.0895 0 
122 - 143 2579.3430 1 
141 - 143 386.2641 0 
141 - 149 1152.5961 1 
144 - 149 784.3425 • 
144 - 164 2417.3140 1 
130 - 164 1631. 9620 1630. 9317 1630.9820 -17 0 
150 - 180 3206.8291 1 
165 - 180 1574. 8020 1573. 7947 1573.8576 -40 0 
165 - 194 3258.7011 1 
181 - 194 1703. 8430 1702. 8337 1702.8341 -11 0 
181 - 194 1719. 8230 1718. 8157 1718.8490 -19 0 
181 - 197 2035.0389 1 
195 - 197 350.1954 • 
195 - 212 1978.0159 1 
198 - 212 1646. 7930 1645 . 7857 1643.8311 -28 0 
198 - 216 2087.12 62 1 
213 - 216 459.3057 0 
213 - 238 3198.5154 1 
217 - 238 2757.2203 0 
217 - 245 3526.6438 1 
239 - 243 788.4390 787 .4317 787.4340 -3 0 
239 - 248 1176.6404 1 
246 248 407.2169 0 
246 - 250 662.3864 1 
2 49 - 250 273.1801 0 
249 - 2 62 1589.9141 1 
231 - 262 1335 .7390 1334 .7317 1334.7443 -10 0 
251 - 264 1575.923 6 1 
2 63 - 264 259.1896 0 
2 63 - 266 501.3275 1 
2 65 - 266 260.1485 0 
263 - 271 836 .3220 833 .3147 853.5290 -17 1 
267 - 271 611 .3930 613 .3877 613.3911 -6 0 
2 67 - 278 1353.7728 1 
272 - 278 739 .4010 758 .3937 758.3922 2 0 
2 72 - 295 2792.3335 1 
279 - 295 2051.9519 0 
2 79 297 2267.0788 1 
296 - 297 233.1376 0 
296 - 322 3172 .2500 3171 .2427 3171.3098 -21 1 
2 98 - 322 2956.1828 0 
298 - 344 5373.3158 t 
323 - 344 2436 .1420 2435 .1347 2433.1433 -4 0 
323 - 348 2872.3822 1 
345 - 348 4SS.2492 0 
345 - 354 1095.603 6 1 
349 - 354 658.3 650 0 
3 49 « 3 69 2121.2408 1 
355 - 369 1480.8864 0 
3S5 - 370 1636.9875 1 
370 - 370 174.1117 0 
370 - 375 809.4256 1 
371 375 653.3245 0 
371 - 382 1307.6946 1 
376 - 382 672.3806 0 
376 - 394 1972.02 65 1 
383 • 394 1318 .6630 1317 .6357 1317.6564 -1 0 
383 - 393 1474 .7640 1473 . 7567 1473.7576 -1 1 
395 - 395 174.1117 • 
395 - 404 1074.6186 1 

Sequence 
1 
HEQIQHVK 
MEQIQHVKVLEK 
-.MEQIQNVKVLEK.C N - A c e t y l ( P r o t e i n ) ; O x i d a t i o n 
EQIQHVK 
EQIQHVKVLEK 
VLEK 
VLEKCQVTPPFDTTDVELSLPVTfTDIPWLHLNK 
C OTTP p r DTTDVELS LP VTT FDIPHL HLHK 
CQVTPPFDTTDVELSLPVTTFDIPULHLNKHQ5LLFYDFPYPK 
MQSLLFYDFPYPK 
HQSLLFYDFPYPKTHFLDTWPNLK 
THFLDTWPNLK 
THFLDTWPNLK1SLSLTLK 
ASLSLTLK 
ASLSLTLKHYVPLSGNLLHPIK 
K.HYVl'LSGHLLMPIK.S 
K.HXVFLSGHLLKPIK.S O x i d a t i o n (H) 
HYVPLSGNLLHPIKSGK 
SGK 
SGKHPK 
HPK 
BPKFR 
FR 
FRYSR 
YSR 
YSRDEGDSITLIFAESDQDFDNLK 
DEGDSITLIFAESDQDFDNLK 
DEGDSITLIFAESDQ.DFDNLKGHQLVDSNDLHALFYVHPR 
GHQLVDSNDLHALFYVHPR 
GHQLVDSNDLHALFYVHPRVIR 
V I R 
VIRTHQDYK 
THQDYK 
THQDYKVIPLVAVQVTVFPNR 
K. VIPLVAVQVTVFPHH. 9 
VIPLVAVQVTVFPNRGIAVALTAHHSIADAK 
R. GIAVALTAHHSIADAK . S 
GIAVALTAHHSIADAKSFVHFINAHAYINK 
K.SFVMF1HAWAYIHK.F 
K.SFVHFIMAHAYIIOX.F O x i d a t i o n (M) 
SFVMFINABAYDJKFGK 
FGK 
FGKDADLLSANLLPSPDR 
K. DADLLSAMLLPSFDR. S 
DADLLSANLLPSFDRSIIK 
5 I I K 
SIIKDPYGLEETFWNEMQHVLEHFSR 
DPYGLEETFBWEHQHVLEHFSR 
DPYGLEETFWNEHQ.HVLEHFSRFGSKPPR 
R.FGSKFPR.F 
FGSKPPRFNK 
FNK 
FNKVR 
VR 
VRATYVLSLAEIQK 
R.ATYVLSLAEIQK.I. 
ATYVLSLAEIQKLK 
LK 
LKNK 
NX 
K.aKVLKLR.S 
K.VLHLR.G 
VLNLRGSEPTIR 
R.GSEPTIR.V 
GSEPTIRVTTFTVTCGYVHTCHVK 
VTTFTVTCGWHTCHVK 
VTTFTVTCGYVWTCHVKSK 
SK 
K . SKDBWSEESSHBEHELEYTSFTADCR . C 
DDWSEESSNDENELEYFSFTADCR 
DDWSEESSNDENELEYFSFTADCRGLLTPPCPPNYFGNCLASCVAK 
R. GLLTPPCPPHYFGMCLASCVAK. A 
GLLTPPCPPNYTGNCLASCVAKATHK 
ATHK 
ATHKELVGNK 
ELVGNTt 
ELVGNKGLLVAVAAIVEAIDK 
GLLVAVAAIVEAIDK 
GLLVAVAAIVEAIDKR 
R 
RVHNER 
VHNER 
VBNERGVLADAK 
GVLADAK 
GVLABAKTWL3E3NGIP3K 
K.TWLSESHGIPSK.R 
K. WLSESMGIPSKR. W 
R 
RFLGITGSPK 
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396 - 404 919 3190 918.3117 918 5174 -6 0 R.FLGITOSPR.F 
396 - 419 2573 .2954 1 FLGITGSPKFDSYGVDFGWGKPAK 
403 - 419 1673 7B30 1672.7757 1672 ,7885 -8 0 K.FDSYGVDFGWGKPAK.F 
405 - 437 3785 .8617 1 FDSYGVDFGWGKPAKFMTSVDYAELIYVIQSR 
420 - 437 2132 0790 2131.0717 2131 0837 -6 0 K. FDITSVDYAELIWIQSK. D 
420 - 441 2 650 .3166 1 FDITSVDYAELIYVIQSRDFEK 
438 - 441 537 .2435 0 DFF.K 
438 - 451 1516 ,8137 1 DFIKGVXIGVSLPK 
442 - 431 998 5710 997.5637 997 .5807 -17 0 K.GVEIGVSLPK.I 
442 - 459 1911 .0287 1 GVEIGVSLPKIHHDAFAK 
432 - 439 932 4640 931.4567 931 .4305 -2 0 K.1HMDAFAK.I 
452 - 469 2100 .9648 1 IHHDAFAKIFEEGFCSLS 
460 - 469 1187 .5169 0 IFEEGFCSLS 
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Atlg76140 
Probability Based Mowse Score 

Ious score is -10*Log(P). where P is the probability that the observed match is a random event. 
Protein scores greater than "6 are significant (p- 0 05). 
Protein scores are derived from ions scores as a non-probabilistic basis for ranking protein hits 

160 ZOO 240 
Probability Based rtowse Score 

A c c e s s i o n Mass Score D e s c r i p t i o n 
1. 01130699143 82187 236 p r o l y l o l i g o p e p t i d a a e , p u t a t i v e / p r o l y l endopeptldase, p u t a t i v e / p o a t - p r o l i n e c l e a v i n g enzyme 

Protein View 

Hatch to: gi130699145 Score: 236 Expect: 5.9e-U18 
p r o l y l oligopeptidase, p u t a t i v e / p r o l y l endopeptidase, p u t a t i v e / post - p r o l i n e c l e a v i n g enzyme 

Nominal mass (H r): 82107; C a l c u l a t e d pi value: 5.18 
NCBI BLAST search of gi|30699145 against nr 
Unformatted sequence s t r i n g f o r pasting into other a p p l i c a t i o n s 

Taxonomy: Arabidopsis t h a l i a n a 

V a r i a b l e modifications: Carboxymethyl (CJ , Oxidation (H) 
Cleavage by Trypsin: cuts C-term si d e of KR unless next residue i s P 
Sequence Coverage: 11% 

Hatched peptides shown i n Bold Red 

1 MGSSSVFGEQ LQYPATRRDD SWDDYHGVK IGDPYRULED PDAEEVKEFV 
51 QSQVKLTDSV LEKCETKEKL RQNITKLIDH PRYDSPFRQG DKYFYTHNTG 

101 LQAQSVLYHQ DNLDAEPEVL LDPNTLSDDG TVALNTFSVS EDAKYLAYGL 
151 SSSGSDWTI KLHKIEDKKV EPDTLSUVKF IGITWTHDSK GFFYGRYPAP 
201 KEGEDIDAGT ETNSNLYHEL YYHFIGTDQS QDILCWRDNE NPKYHFGAEV 
251 TDDGKYLIHS IGESCDPVNK LYYCDHTSLS GGLESFRGSS SFLPFIKLVD 
301 TFDAQYSVIS NDETLFTFLT NKDAPKYKLV RVDLKEPNSH TDWEEHEKD 
351 VLASACAVWG NHLVACYHSD VKHILQIRDL KSGSLLHQLF LDIGSVSDVS 
401 ARRKDNTFFF SFTSFLTPGV IYKCDLANES PEVKVFREVT VPGFDREAFQ 
451 AIQVFYPSKD GTKIPHFIVA KKDIKLDGSH PCLLYAYGGF NISITPSFSA 
501 SRIVLSKHLG WFCFANIRG GGEYGEEWHK AGSLAKKQNC FDDFISGAEY 
551 LVSAGYTQPS KLCIEGGSNG GLLVGACINQ RPDLYGCALA HVGVHDHLRF 
601 HKFTIGHAWT SDYGCSENEE EFHULIKYSP LHHVKKPWEQ QTDHLVQYPS 
651 THLLTADHDD RWPLHSLKL LATLQHVLCT SLDNSPQMNP IIGRIEVKAG 
701 HGAGRPTQKM IDEAADRYSF HAKHVNASBT E 
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a r t - End Observed Mr(expt) H r { c a l c ) D e l t a H i s s Sequence 
1 - 1 149 0510 0 H 
1 - 17 1856 8727 0 HGSSSVFGEQLQYPATR 
1 - 18 2012 9738 1 HGSSSVFGEQLQYPATRR 
2 - 17 1725 8322 0 GSSSVF GEQLQTPATR 
2 - 18 1881 9333 1 GSSSW GEQL QYP ATRR 

IB - 18 174 1117 0 R 
18 - 30 1S03 6954 1 RDDSWDDYHGVK 
19 - 30 1347 5942 0 DDSWDDYHGVK 
19 - 36 2048 9439 1 DDSWDDYHGVKIGDPYR 
31 - 36 719 3602 0 IGDPYR 
31 - 47 2030 9585 1 I GDPYRVLEDPDAE EVK 
37 - 47 1329 6088 0 WLEDPDAEEVK 
37 - 55 2275 1008 1 HLEDPDAEEVKEFVQSQVK 
48 - 55 963 5025 0 EFVQSQVK 
48 - 63 1848 9833 1 E FVQSQVKL TD SVL E K 
56 - 63 903 4913 0 LTDSVLEK 
56 - 67 13 64 6857 1 LTD5VLEKCETK 
64 67 479 2050 0 CETK 
64 - 69 73 6 3425 1 CETKEK 
68 - 69 275 1481 0 11 
68 - 71 544 3333 1 EKLR 
70 - 71 287 1957 0 LR 
70 - 76 671 5239 1 LRQNITK 
72 - 76 602 3388 0 QNITK 
72 82 1333 7466 1 QNITKLIDHPR 
77 - 82 749 4184 0 LIDHPR 
77 - 88 1514 7630 1 LIDHPRYDSPFR 
83 - 88 783 3551 0 YDSPFR 
83 92 1211 5571 1 YDSPFRQGDK 
89 - 92 446 2125 0 QGDK 
89 - 144 6222 9167 1 QGDKYFYFHNTGLQAQSVLYHQDNLDAEPEVLLDPNTLSDDGTV ALNTFSVSEDAK 
93 - 144 5794 7148 0 YF YF HNTGLQAQSVL YHQDNL D AEPEVLLD PNTLS DD GTVALNTF SVS E D AK 
93 - 161 7622 6191 1 YFYF HNTGLQAQSVL YHQDNLDAEPEVLLDPNTLSDDGWALNTFSVSEDAKYLAYGLSS5GSD1JVTIK 

145 - 161 1845 9149 0 YLAYGLSSSG5DWTIK 
145 - 164 2218 1344 1 YLAYGLS5SG5DUVTIKLHK 
162 - 164 390 2301 0 LHK 
162 - 168 875 4786 1 LHKIEDK 
165 168 503 2591 0 IEDK 
165 - 169 631 3541 1 IEDKK 
169 - 169 146 1055 0 K 
169 - 179 1300 7027 1 KVEPDTLSHVK 
170 - 179 1172 6077 0 VEPDTLSHVK 
170 - 190 2446 2168 1 VEPDTL5HVKFTGITHTHDSK 
180 - 190 1292 6232 1291.6139 1291 6197 -Q 0038 0 K.FTOITVTHBSK.O (Ions score 33) 
180 - 196 2018 9639 1 FTGITBTHDS KGF FYGR 
191 - 196 745 3547 0 GFFYGR 
191 - 201 1301 6557 1 GFFYGRYPAPK 
191 - 196 745 3547 0 GFFYGR 
191 - 201 1301 6557 1 GFFYGRYPAPK 
197 - 201 574 3115 0 YPAPK 
197 237 4788 1714 1 YPAPKEGEDIDAGTETNSNL YHEL YYHFIGTDQSQDILC5TR 
202 - 237 4231 8705 0 EGEDIDAGTETNSNLTHELYYHFIGTDQSQDILCHR 
202 - 243 4929 1736 1 EGEDIDAGTETNSNLYHELYYHFIGTDQSQDILCURDNENPK 
238 - 243 715 3137 0 DNENPK 
238 - 255 2028 8734 1 DNENP K YH FG AEVTD DGK 
244 - 255 1331 5703 0 YHFGAEVTDDGK 
244 - 270 2981 3496 1 YHFGAEVTDDGKYLIHSIGESCDPVNK 
256 - 270 1667 7898 0 YLIHSIGESCDPVNK 
256 - 2B7 3590 6441 1 YLIHSIGE5CDPVNKLYYCDRTSLSGGLE5FR 
271 287 1940 8648 0 LYYCDHTSLSGGLESFR 
271 - 297 3004 4350 1 LYYCDHTSLSGGLESFRGS5SFLPFIK 
288 - 297 1081 5808 0 G333FLPFIK 
289 - 322 3943 9771 1 GSSSFLPFIKL VD TF D AQYSVISND ETL FTF LTNK 
298 - 322 2880 4069 0 LVD TFD AQYSVI3NDE TL FTF LTNK 
298 - 326 3291 6187 1 LVD TF D AQYSV ISNDE TL FTF LTNKD AP R 
323 - 326 429 2223 0 DAPK 
323 - 328 720 3806 1 DAPKYK 
327 - 328 309 1689 0 YK 
327 - 331 677 4224 1 YKLVR 
329 - 331 386 2641 0 LVR 
329 - 335 841 S385 1 LVRVDLK 
332 - 335 473 2849 0 VDLK 
332 - 349 2153 0276 1 VDLKEPNS¥TDWEEHEK 
336 - 349 1697 7533 0 EPNSVTDWEEHEK 
336 - 372 4058 8448 1 EPN3FTDWEEHEKDVLA3ACAVNGNHLVACYH3DVK 
350 - 372 2379 1021 0 DVLASACAVNGNHLVACYHSDVK 
350 - 378 3139 5728 1 DVLASACAVNGNHLVACYHSDVKHILQIR 
373 - 378 778 4813 0 HILQIR 
373 381 1134 6873 1 HILQIRDLK 
379 - 381 374 2165 0 DLK 
379 - 402 2506 3391 1 DLKSGSLLHQLPLDIGSVSDVSAR 
392 - 402 21S1 1240 2150.1167 2150 1331 -0 0164 0 K.SGSLLKQLPLDIOSVSDVSAR.R (Ions score 13) 
382 - 403 2306 2342 1 SGSLLHQLPLDIGSVSDVS ARR 
403 - 403 174 1117 0 R 
403 404 302 2066 1 RK 
404 - 404 146 1055 0 K 
404 - 423 2358 1936 1 KDNTTFFSFTSFLTPGVIYK 
405 - 423 2230 0986 0 DNTFFF3FTSFLTPGVIYK 
405 - 434 3415 6322 1 DNTFFFSFTSFLTPGVIYKCDLANESPEVK 
424 - 434 1203 5441 0 CDLANESPEVK 
424 _ 437 1605 7821 1 CDLANESPEVKVFR 
435 - 437 420 2485 0 VFR 
435 - 446 1420 7463 1 VFREVTVPGFDR 
438 * 446 1019 3148 1018.3073 1016 30B3 -0 0008 0 R.EVYVFGFDR.E (Ions s c o r e 16) 
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438 - 459 2527, 2747 1 
|41 - 459 1527. 7773 1326. 7700 1526, 7769 -0, 0068 0 
447 - 463 1927, ,9679 1 
460 - 463 419, 2016 0 
460 - 471 1318 7319 1 
464 - 471 917, 5408 0 
464 472 1045, ,6358 1 
472 - 472 146. 10S5 0 
472 - 475 502, ,3115 1 
473 - 475 374, .2165 • 
473 502 3228 .5913 1 
476 - 502 2872 , .3854 0 
476 - 507 3412 .7489 1 
503 - 507 558 ,3741 0 
503 - 519 1915, .0865 1 
508 - 519 1374 .7230 0 
508 - 530 2 604 .2331 1 
SM - 330 1348 5321 1247 5248 1247 .5206 0, 0042 0 
520 - 536 1774 .82 74 1 
531 - 536 545 ,3173 0 
531 - 537 673 .4123 1 
537 - 537 146 . 1055 0 
537 - 561 2767 .2799 1 
538 - 561 2639 . 1849 0 
538 - 599 6536 ,0829 1 
562 - 599 3914 .9085 0 
562 - 602 4327, . 130B 1 
600 - 602 430 ,2328 0 
600 - 627 3410 .5454 1 
603 - 627 2998 ,3232 0 
603 635 3936 ,8205 1 
628 - 633 957 5123 956 5050 956 .5879 -0 0029 0 
628 - 661 4089 .9755 1 
63 6 - 661 3151 .47B1 0 
63 6 - 669 4025 .0217 1 
662 - 669 891 .5542 0 
662 - 694 3606 .9741 1 
670 - 694 2733 .4305 0 
670 - 698 3202 .7206 1 
69 5 - 698 487 .3006 0 
695 - 709 1547 ,8532 1 

- 709 1079.3671 1070 5598 1D78 .5631 -0 0033 0 
59S - 717 1979 .9595 1 
710 - 717 919 ,4069 0 
710 - 723 1646 .7432 1 
718 - 723 745 ,3469 0 
718 - 731 1663 .7374 1 
724 - 731 93 6 ,4011 0 

EVTVPGFDREAFQAIQVFYPSK 
R.E&PQAXQVFYFSK.0 (Ioaa score 66) 
EAFQAIQVFYPSKDGTK 
DGTK 
DGTKIPHFIVAK 
IPHTIVAK 
IPBTIVAKK 
K 
KDIK 
DIE 
DIKLDGSHPCLLYAYGGFNI5ITPSFSASR 
LDGSKPCLLYAYGGFNISITPSFSASR 
LDGSHPCLLYAYGGFNISITPSFSASRIVLSK 
IVLSK 
IVLS KHLGWTC F AN IR 
HLGWFCFANIR 
HLGWFCFANIRGGGEYGEEHHK 
H.B8GEX BEEWHK.A (Wo natch) 
GGGE YGEE¥HKAGS LAK 
AGSLAK 
AGSLAKE 
K 
KGNCFDDF13GAEYLVSAGYTQPSK 
QNCFDDFI3GAEYLVSAGYTQPSK 
QNCFDDFISGAEYLV3AGYTQPSKLCIEGGSWGGLLVGACINQRPDLYGCALAHVGVHDHLR 
LCIEGGSNGGLLVGACINQRPDLYGCALAHVGVHDHLR 
LCIE GGSNGG L LVGACINQRP D LYGC AL AHVGVHDHL RF HK 
FHK 
FHRFTIGHAVTSDYGCSENEEEFBliLIK 
F TIGHAHTS D YGCSENEEEFHWLIK 
FTIGHAOTSDYGCSENEEEFH¥LIKYSPLHNVK 
K.YSPLHMVK.R [Ions acore 28) 
YSPLHNVKRPWEQQTDHLVQYPSTKLLTADHDDR 
RP ¥E QQTDHLVQYP STHLL TADHD DR 
RP VZ QQTDHLVQ YP STHL L TAD HD DRWP LHS L K 
WPLHSLK 
WPLHSLKLLATLQHVLCTSLDNSPQUNPIIGR 
LLATLQHVLCTSLDNSPQHNPIIGR 
LLATLQHVLCTSLDNSPQ.HNPI IGRIEVK 
IEVK 
IEVKAGHGAGRPTQK 
K.AOHBAORPTQK.H (Ions acore 1) 
AGEGAGRPTQKHIDEAADR 
HIDEAADR 
HIDEAJLDRYSFHAK 
YSFHAK 
YSFHAKHVNASBTE 
HVNASHTE 
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Atlgl3440 

271 

Probability Based Mowse Score 

Ions score is -10*Log(P), where P is die probability that the observed match is a random event. 
Protein scores greater than 7 6 are significant Ip 0.05) 
Protein scores are derived from ions scores as a noii-probabilistic basis for ranking protein hits 

3 • 

i , 

l r , l . . 
Probability Based dowse Score 

Accession Mass Score Description 
1. gi|1969»140 36390 127 Atlgl3440/F13B4_8 [ A r a b i d o p s i s t h a l i a n a ] 

Protein View 

Hatch t o : gi119699140 Score: 87 Expect: 0.0043 
Atlgl3440/F13B4_8 [Arabidopsxs t h a l i a n a ] 

Nominal mass <Hr) : 36890; C a l c u l a t e d p i v a l u e : 6.67 
KCBI BLAST sea r c h o f gi|19699140 a g a i n s t n r 

Unf o r m a t t e d sequence s t r i n g f o r p a s t i n g i n t o o t h e r a p p l i c a t i o n s 

Taxonomy: A r a b i d o p s i a t h a l i a n a 
L i n k s t o r e t r i e v e o t h e r e n t r i e s c o n t a i n i n g t h i s sequence f r o m NCBI E n t r e z : 
gi|15222848 f r o m A r a b i d o p s i s t h a l i a n a 
gl|15294160 f r o m A r a b i d o p s i s t h a l i a n a 
gi|1514623 6 f r o m A r a b i d o p s i s t h a l i a n a 
gi|9958054 f r o m A r a b i d o p s i s t h a l i a n a 
V a r i a b l e m o d i f i c a t i o n s : Carboxymethyl ( C ) , O x i d a t i o n (H) 
Cleavage by T r y p s i n : c u t s C-term s i d e o f KR un l e s s n e x t r e s i d u e i s P 
Sequence Coverage: 28% 

Hatched p e p t i d e s shown i n B o l d Red 

1 HADKKIRIGI NGFGR1GRLV ARWLQRDDV ELVAVNDPFI TTEYHTYHFK 
31 YDSVHGQtJKH HELKVKDDKT LI.FGEKPVTV PBIRNPEDIP WGEAGADFW 

101 ESTGVFTDKD KAAAHLKGGA KKWISAPSK DAPMFWGVH EHEYKSDLDI 
151 VSNASCTTHC LAPLAKVIND RFGIVEGLHT TVHSITATQK TVDGPSHKDW 
201 RGGRAASFNI IPSSTGAAKA VGKVLPSLKG KLTGHSFRVP TTOVSWDLT 
251 VRLEKAATYD EIKKAIKEES EGKHKGILGY TEDDWSTDF V8DBRSSIFD 
301 AKAGIALSDK FVKLVSWYDH ElfBYSSRWD LIVHHSKA 
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Start - End Observed Mr (exist) Mr(calc) Delta Miss Sequence 
1 1 149 .0510 0 I 
1 - 4 463 .2101 • HADK 
1 - 5 591 ,3050 1 HADKK 
2 - 4 332 . 1696 0 ADK 
2 - S 460 .2 645 1 ADKK 
5 - 5 146 .1055 0 K 
S - 7 415 ,2907 1 K I R 
6 - 7 287 ,1957 • IR 
e - 15 1101 ,6407 1 IRIGINGFGR 
a 15 832 ,4555 0 IGTNGFGR 
8 - 18 1158 .6621 1 IGINGFGRIGR 

16 - 18 344 .2172 0 IGR 
16 - 22 783 ,5079 1 IGRLVAR 
19 - 22 4 5 7 3013 0 LVAR 
19 - 2 7 1052 ,6818 1 LVARWLQR 
23 - 2 7 613 . ,3911 • WLQR 
23 - 50 3335. ,6457 1 WLQRDDVELVAVNDPFITTEYHTYHFK 
28 - 50 2740 ,2 652 0 DDVELVAVNDPFITTEYHTYHFK 
28 - 59 3840 ,7691 1 DDVELVAVNDPFITTEYHTYHFKYDSVHGQ.UK 
31 - 59 1119. 3 1 3 4 1118.5081 1118 3145 -0 .0064 0 K. YDSVHGQHK.H [No match) 
S I - 64 1762 .8539 1 YDSVHGQWKHHE LK 
60 - 64 662. ,3500 0 HHELK 
60 - 66 889 .5134 1 HHELKVK 
65 S 66 245 ,1739 0 VK 
65 - 69 603 .3228 1 VKDDK 
67 - 69 376 .1594 0 DDK 
67 - 84 2034 . 1149 1 DDKTLLFGEKPVTVFGIR 
70 - 84 1676 .9668 1675.9595 16 7 5 .9660 -0 .0065 0 K.TLLFGEKPVTVFGIR.H (No match) 
70 • 84 1676 9668 1675.9595 16 7 5 ,9660 -0 .0065 0 K. TlLFGEKPVTVTGIR.il (No match) 
70 109 4337 .1895 1 TLLFGEKPVTVFGIRNPEDIPHGEAGADFWESTGVFTDK 
85 - 109 2 679 .2340 • NPEDIPHGEAGADFWESTGVFTDK 
85 - 111 2922 .3SS9 1 NPEDIPWGEAGADFWESTGVFTDKDK 
H Q - 111 261 .1325 0 DK 
110 - 117 852 . .4817 1 DKAAAHLK 
112 - 117 609. ,3598 0 AAAHLK 
112 - 121 922. .5348 1 AAAHLKGGAK 
l i e - 121 3 3 1 .1856 0 GGAK 
118 - 122 4 5 9 .2805 1 GGAKK 
122 - 122 146 .1055 • K 
122 • 130 927 .5753 1 K W I S A P S K 
12 3 - 130 799, ,4803 0 W I S A P S K 
1 2 3 - 143 2 5 1 6 .1755 2515.1682 2 3 1 5 ,2780 -0 .1098 1 K.WISAPSKDSPMFWGVNEHEYK.S (No match) 
131 145 1733 ,8083 0 DAPHFWGVNEHEYK 
13 1 • 143 1 7 5 0 8771 1749.8698 1749 8031 0 .0667 (1 K.DAFMFWGVNE1CEYK.S Oxidation (H) (Ions score 
131 - 143 1 7 5 0 ,8771 1749.8698 1749. ,8031 0 .0667 0 K.SAPMFWGVNEHEYK.S Oxidation (H) (No match) 
131 166 3850. ,8215 1 DAPHFWGVNEHEYKSDLDIVSNASCTTNCLAPLAK 
131 - 166 3 8 5 0 8215 1 DAPHFVVGVNEHEYKSDLDIVSNASCTTNCLAPLAK 
146 - 166 2135. 0238 0 SOLDIVSNASCTTNCLAPIAK 
146 - 171 2732. 3473 1 SDLDIVSNASCTTNCLAPLAKVINDR 
167 171 615. 3340 0 VINDR 
167 - 190 2 629 3897 1 VINDRFGIVEGLHTTVHSITATQK 
172 - 190 2032 .0663 0 FGIVEGLHTTVHSITATQK 
172 - 198 2 8 4 7 ,451D 1 F GIVEGLHTTVHSITATQKTVDGPSHK 
191 - 198 833 .3953 0 TVDGPSHK 
191 - 201 1290 .602 6 1 TVDGP5HKDHR 
199 - 201 4 7 5 .2179 0 D8R 
199 - 204 7 4 S .3 620 1 DffRGGR 
202 204 288 ,1546 0 GGR 
202 - 219 1703 ,8954 1 GGRAA3FNIIPSSTGAAK 
205 - 219 1433 7514 0 AASFNIIPSSTGAAK 
205 - 223 1788 9734 1 AASFNIIPSSTGAAKAVGK 
220 - 223 373 ,2325 0 AVGK 
220 - 2 3 1 1181 .7132 1 AVGKVLPSLNGK 
224 2 3 1 82 6. 4912 0 VLPSLNGK 
224 - 2 3 8 1618. 8865 1 VLPSLNGKLTGHSFR 
232 - 2 3 8 810. 4058 0 LTGHSFR 
232 - 252 2290 23S5 1 LTGHSFRVPTVDV3WDLTVR 
239 - 232 1498. 8 3 7 3 1497.8300 1497 8402 -0 .0102 0 K.VPTVDVSWDLTVR.L (No match) 
239 - 2 5 5 1868 0618 1 VPTVDVSWDLTVRLEK 
2S3 - 2 5 5 388. ,2322 0 L E K 
253 - 2 63 1279. 6660 1 LEKAATYDEIK 
256 - 2 63 909. 4443 0 AATYDEIK 
256 - 2 64 1037. 5393 1 AATYDEIKK 
2 64 - 2 64 146. 1055 0 K 
264 - 2 67 458. 3217 1 KAIK 
2 65 - 2 67 330. 22 67 • A I K 
2 65 - 273 989. 5029 1 AIKEESEGK 
2 68 - 273 677. 2868 0 EESEGK 
2 68 - 2 7 5 93 6. 4222 1 EESEGKHK 
274 - 2 7 5 277. 1460 • HK 
274 - 2 9 5 2430. 1373 1 HKGILGYTEDDWSTDFVGDNR 
276 - 293 2172. 0 0 9 3 2171.0020 2171, 0018 0.0002 0 K.GILGYIEDDWSTDFVGDHR.S (Ions score 35) 
276 » 293 2172. 0 0 9 3 2171.0020 2171. 0018 0 .0002 0 K. GILGYTEDDWSTDFVGDHR. S (No match) 
276 302 2919. 3774 1 GILGYTEDDWSTDFVGDNRSSIFDAK 
296 - 302 766. 3861 0 SSIFDAK 
296 - 310 1521. 8038 1 SSIFDAKAGIALSDK 
303 - 3 10 7 7 3 . 4283 0 AGIALSDK 
303 - 313 1147. 6601 1 AGIALSDKFVK 

http://ddvelvavndpfitteyhtyhfkydsvhgq.uk
http://TlLFGEKPVTVTGIR.il
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311 - 313 3 9 2 . 2 4 2 3 0 
311 - 3 2 7 2 1 3 S . 0 1 1 2 1 
314 - 327 1761.7831 1760.7758 1760.7794 -0.0036 0 
31* - 327 1761.7831 1760.7758 176.0.7794 -0.0036 0 
314 - 3 3 7 2 8 8 2 . 4 0 6 1 1 
3 2 8 - 3 3 7 1 1 3 9 . 6 3 7 2 0 
3 2 8 - 3 3 8 1 2 1 0 . 6 7 4 3 1 
3 3 8 - 3 3 8 8 9 . 0 4 7 7 0 

FVK 
FVKLVSVYDNEBGYSSR 
K . L V S t f Y D H E W O Y S S R . V (Ions score B) 
K . L V S m i D H E W G Y S S R . V (No match) 
LVSHYDNEBGYSSRWDLIVHHSK 
W D L I V H H S K 
WDLIVHHSKA 
A 
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At3g48690 
Probability Based Mowse Score 

Protein score is -10*Log(P), where P is the probability that the observed match is a random event. 
Protein scores greater than 78 are significant (p- 0.05). 

tv 
P r o b a b i l i t y Based House Score 

1. gl|50198972 Mass: 3S773 Score: 84 Expect: 0.016 Queries matched: 16 
At3g48690 [Arabidopsis thali a n a ] 

Protein View 

Hatch t o : gi 150198972 Score: 84 Expect: 0.016 
At3g48690 [Arabidopsis thallana] 

Nominal mass ( H r ) : 35773; Calculated p i value: 5.23 
NCBI BLAST search of g i 1 5 0 1 9 8 9 7 2 a g a i n s t nr 

Unformatted sequence s t r i n g f o r p a s t i n g i n t o other a p p l i c a t i o n s 

Taxonomy: Arabidopsis t h a l i a n a 
Links t o r e t r i e v e other e n t r i e s c o n t a i n i n g t h i s sequence from NCBI Entrez: 
g i | 6 5 2 3 1 0 0 from Arabidopsis t h a l i a n a 
g i | 5 0 1 9 8 9 7 2 from Arabidopsis t h a l i a n a 
Fixed m o d i f i c a t i o n s : Carbamidomethyl (C) 
Va r i a b l e m o d i f i c a t i o n s : N-Acetyl ( P r o t e i n ) , O x i d a t i o n (M) 
Cleavage by Trypsin: c u t s C-term side of KR unless next residue i s P 
Number of mass values searched: 138 
Number of mass values matched: 16 
Sequence Coverage: 46% 

Matched peptides shown i n Bold Red 

1 MDSEIAVDCS PLLKIXKSGR IERLHGEATV PPSSEPQNGV VSKDWYSAD 
51 mn-SVRIYLP EKAAAETDSK LPLLVYFHGG GFIIETAFSP TYHTFLTTSV 

101 SASNCVAVSV DTRRAPEHPI SVPFDDSWTA LKWVFTHITG SGQEDVLMKH 
151 ADFSRVFLSG DSAGANIVHH HAHEAAKEKL SPGLHDTGIS GX1LLHPYFV 
201 SKTPIDEKDT KDETLRMKIE AFVHKASPNS KDGTDDPLLN WQSESVDLS 
251 GLGCGKVLTO VAEKDALVRQ GWGYAAKLEK SGHKGEVEW ESEGEDHVFH 
301 LLKPECDNAI EVHHKFSGFI KGGN 
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t a r t - End Obseryed Mr(expt) Mr< calc) PP"> Miss Sequence 
1 - 1 149.0510 0 X 
1 - 14 1576.7476 0 HDSEIAVDCSPLLK 
1 17 1980.9900 1 HDSEIAVDCSPLLKIYK 
1 - 17 2040 0740 2039 0667 2038.9935 33 1 -KDSEIAVDCSPLLKIYK.S N-Acetyl (P r o t e i n ) ; Oxidation 
2 - 14 1445.7072 0 DSEIAVDCSPLLK 
2 - 17 1650 9720 1849 9647 1049.9493 8 1 M.DSEIAVDCSPLLKIYK.S 

15 - 17 422.2529 0 IYK 
15 - 20 722.4075 1 IYK5GR 
18 - 20 318.1652 0 SCR 
18 - 23 717 4290 716.4217 716.3929 40 1 
21 - 23 416.2383 0 IER 
21 - 43 2424.2318 1 IERLHGEATVPPSSEPQNGWSK 
24 - 43 2026.0041 0 LHGEATVPPSSEPQNGWSK 
24 - 56 3458.6987 1 LHGE1TVPP3SEPQNGWSKDWYSADNNLSVR 
44 - 56 1431 7730 1430 7677 1430.7032 43 0 K. DWYSADHHI. SVK. I 
44 62 2194.1270 1 DWYSADNNLSVRIYLPEK 
57 - 62 762 4660 761 4387 761.4323 33 0 R.1YLPEK-A 
57 - 70 1535 8290 1331 8217 1334.7878 22 1 R. XYLPEKAAAETDSK. L 
63 70 791.3661 0 AAAETDSK 
63 - 113 5509.7180 1 AAAETDSKLPLLVYFHGGGFIIETAFSPTYIHTLTTSVSASNCVAVSVDYR 
71 - 113 4736.3624 0 LPLLVYFHGGGFIIETAFSPTYHTFLTTSVSASNCVAVSVDYR 
71 - 114 4892.4635 1 LPLLVYFHGGGFIIETAFSPTYHTFLTTSVSASNCVAVSVDYRR 

114 - 114 174.1117 0 R 
114 - 132 2166 1710 2163 1637 2165.0903 34 1 R. R4PEHPISVPFDDSWTALK.il 
115 - 132 2010 0540 2009 0467 2008.9894 29 0 R.APEHPISVPFDDSWTALK.W 
115 149 4007.9482 1 APEHPISVPFDDSITTAL1CHVFTHITGSGQED8LNK 
133 149 2018 0350 2017 0277 2016.9693 29 0 K.WVFTHITGSOgEDWLHK.H 
133 155 2730.2939 1 WFTHITGSGQEDBLNKHADFSR 
150 - 155 732 3700 731 3707 731.3331 49 0 K.HADPSR.V 
150 - 174 2725.2965 1 HADFSRVFLSGDSAGANIVHHHAHR 
156 - 174 2011.9720 0 VFLSGDSAGANIVHHHAHR 
156 - 177 2282.1412 1 VFLSGDSAGANIVHHHAHRAAK 
175 - 177 288.1797 0 AAK 
175 179 545.3173 1 AAKEK 
178 - 179 275.1481 0 IK 
178 - 202 2784.4850 1 EKLSPGLNDTGISGIILLHPYFHSK 
180 - 202 2526 4330 2527 4257 2527.3474 31 0 K.LSPOLKDTOISCIILLKPYTWSK.T 
180 208 3210.6964 1 LSPGLNDTGISGIILLHPYFWSKTPIDEK 
203 - 208 701.3596 0 T P I D I K 
203 - 211 1045.5291 1 TPIDEKDTK 
209 - 211 3 62.1801 0 DTK 
209 - 216 976.4625 1 DTKDETLR 
212 - 216 632.3129 0 DETLR 
212 - 218 891.44B4 1 DETLRHR 
217 - 218 277.1460 0 HK 
217 231 1770 8960 1769 8887 1769.8382 33 1 R .MKIEAFWaUSPHSK. D 
217 - 231 1766 9000 1783 8927 1785.8252 38 1 K.HKIEAFVKUSPHSK.D Oxidation (H) 
219 - 231 1510.6948 0 IEAFUHEASPNSK 
219 - 256 4066.8961 1 IEAFBHHASPNSKDGTDDPLLNWQSESVDl.3ai.GCGK 
232 - 2S6 2574.2119 0 DGTDDPLLNWQSESVDLSGLGCGK 
232 - 2 64 3443.7163 1 DGTDDPLLNWQSESVDL5GLGCGKVLVHVAEK 
257 - 2 64 887.5150 0 VLVHVAEK 
257 - 269 1442 eeoo 1441 0727 1441.8326 26 1 K. VLVMVAEKDALVR . Q 
257 - 269 1458 0610 1437 8737 1437.8273 32 1 K VLVHVAEKDA1VR Q Oxidation (H) 
2 65 - 2 69 572.3282 0 DALVR 
2 65 - 277 1433.7415 1 DALVRQG8GYAAK 
270 - 277 880 4670 879 4597 879.4239 41 0 • f i w i i m i i 
270 - 280 1249.6455 1 QG8GYA1KLIK 
278 - 280 388.2322 0 LEK 
278 - 284 846.4599 1 LEKSCBK 
281 - 284 476.2383 0 3C8K 
281 - 315 4032.8985 1 SGBKGEVEWESEGEDHVFHLLKPECDNAIEVHHK 
285 m 315 3S74.6707 0 GEVEWESEGEDHVFHLLKPECDNAIEVHHK 
285 321 4254.0401 1 GEVEWESEGEDHVTHLLKPECDNAIEVHHKFSGFIK 
316 - 321 697.3799 0 F3GFIK 
316 324 925.4657 1 F3GFIKGGN 
322 - 324 246.0964 0 GGN 

http://R4PEHPISVPFDDSWTALK.il
http://IEAFBHHASPNSKDGTDDPLLNWQSESVDl.3ai.GCGK

