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Abstract

Chlorogenic acids (CGAs) are esters formed betvsgemamic acid derivatives and
quinic acid. These secondary metabolites play amnraje in the plant's response to various
biotic and abiotic stresses, and are importantimeeiates for lignin biosynthesis in higher
plants. The green coffee bean is particularly ithCGAs and one of the most important
dietary sources of this group of antioxidants. Hygcinnamoyl-CoA thioesters are the
precursors of CGAs and other phenylpropanoid comgeuThese activated intermediates are
synthesised from the corresponding hydroxycinnaaticls and coenzyme A (CoA) by 4-
coumarate CoA ligase (4CL, EC 6.2.1.12), which bg#oto the adenylate-forming enzyme
superfamily.Nicotiana tabacumdCL isoform 2 Nt4CL2) was produced for the enzymatic
synthesis of hydroxycinnamoyl-CoA thioesters not ilabde commercially. The crystal
structure of Nt4CL2 was solved by molecular replacement (MR) ino twlifferent
conformational states, one representative of theemggme, the other in a ternary complex
with CoA and adenosine monophosphate. Structural @doaking analyses enabled the
identification of several residues important fotatgsis and substrate recognition in 4CLs.
Two Coffea canephorahydroxycinnamoyl-CoA shikimate/ quinate hydroxywamoyl-
transferasesGcHCT/ CcHQT, EC 2.3.1.99) were over-expressecEincoli and purified to
homogeneity. Both belong to the clade V of the #yA-dependent acyltransferase (BAHD)
superfamily. X-ray diffraction analysis of nati@HCT crystals to 3.0 A resolution resulted
in a structure solution by MR. Crystals of a trypproteolysis resistant mutant
(K210A/K217A) HCT diffracted to 1.7 A resolutio@cHCT crystal structures showed some
major differences in the active site, mainly conaay the conformation of the Val31-Pro37
loop and the catalytic His153 side-chain. Docking aite-directed mutagenesis were carried
out to identify potential residues involved in dgsés and substrate bindinGcHCT was used
as a template for homology-modelling @EHQT, with which it shares 64 % identity at the
amino acid level. The differences in the amino a@didues lining the two active sites
provide some clues to their alternative substraiecificities. High-performance liquid
chromatography was used to analyseithétro activity of the recombinant proteinScHCT
is capable of synthesizing the most abundant c@féé& compound, $3-caffeoylquinic acid,
but also the diester 3B-dicaffeoylquinic acid, which is a major componefnthe immature
coffee grain. The combined approach of structuralogy, mutagenesis and enzymology
provides new molecular insights into the role & key enzymes in CGA biosynthesis.






Résumé

Les acides chlorogéniques sont des esters fornoés all plusieurs dérivés de l'acide
cinnamique conjugués a l'acide quinique. Ces métabosecondaires sont impliqués dans les
meécanismes de défense contre certains stressuastej abiotiques, et représentent des intermésliair
majeurs dans la biosynthese des lignines chez dég®taux supérieurs. Le grain de café est
exceptionnellement riche en acides chlorogénigtiesprésente une source majeure de cette classe
d'antioxydants. Dans la voie des phénylpropanoitéss,précurseurs des acides chlorogéniques et
d'autres composés phénoliques sont des thioestersethzyme A (CoA). Ces intermédiaires activés
sont synthétisés a partir d'un acide hydroxycinnami(HCA) et de CoA par la 4-coumarate CoA
ligase (4CL, EC 6.2.1.12) qui appartient a la sigmaifle des enzymes formant des adénylates.
L'isoforme 2 de 4CL isolée ddicotiana tabacuniNt4CL2) a été produite chez. coli et purifiée pour
la synthese de thioesters de CoA qui ne sont gaecibles commercialement. La structure cristalline
deNt4CL2 a été résolue par remplacement moléculaire &ome native et en complexe avec CoA et
'adénosine monophosphate. L'analyse structuraldaemodélisation par docking ont permis
d'identifier des résidus potentiellement importaptair la catalyse et la liaison au substrat. Deux
hydroxycinnamoyl-CoA shikimate/ quinate hydroxyanmoyltransférases d€offea canephora
(CcHCT/ CcHQT, EC 2.3.1.99) ont été clonées, sur-expriméass @ coli et purifiees jusqu'a
homogénéite CcHCT et CcHQT appartiennent au clade V de la superfamille @adtransférases
acyl-CoA-dépendantes, appelée BAHD. La structudéntensionnelle deCcHCT a été résolue par
analyse au rayonnement synchrotron de cristauxearésolution maximale de 3.0 A. Un mutant
(K210A/K217A) deCcHCT, résistant a la trypsine, a permis d'obteng déstaux diffractant & une
résolution plus élevée (1.7 A). Ces structurestdifit dans la région du site actif principalement a
niveau de la conformation de boucle Val31-Pro3duetésidu catalytique His153. La modélisation par
docking et la mutagénése dirigée ont permis d'ifientles résidus potentiellement impliqués dans la
catalyse de la réaction et l'interaction enzymesgialh. Un modéle a été proposé p@aHQT par
homologie de séquence avecHCT, les deux protéines partageant 64 % d'iderit#s. différences
concernant les résidus présents au sein des deas aitifs donnent des indices sur les bases
moléculaires déterminant la spécificité de substrati sein de cette famille d'enzymes. La
chromatographie liquide a été utilisée pour analysetivité enzymatiqueCcHCT est capable de
synthétiser I'acide chlorogénique le plus abondkaxtide 50-caféoylquinique, mais aussi le diester
3,5-O-dicaféoylquinique qui est un composant majeur dhingde café avant maturation. L'approche
combinée de la biologie structurale, de la mutagénet de I'enzymologie permet de mieux

comprendre le réle de ces enzymes impliquées ddrissynthése des acides chlorogéniques.
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Chapter 1. Introduction

1.1. Structure and function of plant secondary metabolites

1.1.1. Generalities

A significant amount of a plant's energy and cartesource is dedicated to secondary
(also called specialised) metabolism, which resuitdhe synthesis of a myriad of low
molecular weight (MW) compounds. In contrast tonmafry metabolites, secondary
metabolites (SM) are not universally distributed anel not directly involved in basic cellular
functions such as growth, photosynthesis or repioll However, SM are known to
mediate plant-environment interactions and theeefday a major role in the plant's survival
and adaptation to environmental changes (Wink, 20D3 date, more than 200,000 different
SM have been identified (Hartmann, 2007). Manyh#fse compounds are derived from a
limited number of carbon scaffolds often synthasif@ough specific metabolic pathways.
Three major classes of SM are generally considéfegure 1): the terpenes, built from 5-
carbon isoprene units; the nitrogen-containinglalkla; and the phenolics, which consist of a
benzenoid ring bearing at least one hydroxyl stustt. These carbon skeletons can be
subsequently modified by substrate and/ or regewmifig biosynthetic enzymes (e.g.

hydroxylases, methyltransferases, glycosylase} et¢sulting in a high structural diversity.

Figure 1: Examples of chemical structures of thenmkasses of secondary metabolites

The basic units of terpenoid (A), alkaloid (B) grftenolic compounds (C) are highlighted in green.

CH CH 0
3 I 3 -
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oH </
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1.1.2. Terpenes
Terpenes constitute the most abundant and striligtdreerse group of SM with more

than 15,500 compounds (Wink, 2003). Some plantigperontain as many as 100 different
terpenes as components of complex oils, resin®ml fscent, such as geraniol (Figure 1A).
Certain specialised groups of terpenes have wellatterised physiological roles, for
example sterols as membrane components or phytoma@sn and carotenoids as
photosynthetic pigments and antioxidants. Volaile non-volatile terpenes are implicated in
the attraction of both pollinators and predatorshefbivores, and in direct defence against
microbes and insects (Pichersgétyal, 2002; Dudarevat al, 2004). Further information on
the biosynthesis and function of terpenes can badan (Cheng, 2007; Gershenzenal,
2007).

1.1.3. Alkaloids

Over 20,000 different alkaloid compounds are kngWwink, 2003; Tholl, 2006). The
skeleton of most of them is derived from amino acalthough moieties from other pathways,
such as terpenoids, are often combined with th&aseumber of these nitrogen-containing
compounds possess a heterocyclic ring. Althougipteeise physiological role of alkaloids is
still unclear, most of their known functions ardated to plant defence. These include
protection against pathogenic organisms and hemsy@nd regulation of plant growth. As an
example,Coffea species are characterised by a high content déinaf (Figure 1B) and
related purine alkaloids (Noiragt al., 2004). Two main hypotheses have been proposed
concerning their roles (Ashihast al, 2008). The chemical defence theory argues tlgt hi
concentrations of caffeine may protect young tissftem pathogens and herbivores. The
allelopathic function theory proposes that caffdmseed coats and falling leaves is released

into the soil to inhibit germination of seeds arotinel parent plants.

1.1.4. Phenolics

Phenolic compounds (Figure 1C) account for more th®00 different molecules
(Wink, 2003). These have a wide array of importéumbctions in plants, including
pigmentation for the attraction of insect pollinatdanthocyanins), protection against solar
radiation damage (hydroxycinnamic acids and flagpnedefence against pathogens
(stilbenes), signalling (flavonoids), structural pag and water transport (polymeric lignins)
(Douglas, 1996; Iwashina, 2003; Lattanzed al, 2008). The structure, function and

biosynthesis of phenylpropanoids are describedarerdetail in the following section.



1.2. Structural diversity of the phenolic compounds

1.2.1. Classification

Phenolic compounds can be divided into two mairugso(Table 1). The flavonoids
are characterised by as-Cs-Cs structure and are classified as a function of tipee of
heterocycle (e.g. flavonols, flavones, flavanorilesjanols, anthocyanidins and isoflavones)
they contain. Non-flavonoids are varied and inclsdeple phenols, hydroxybenzoic acids,

hydroxycinnamic acids (HCAs), coumarins and tanramsong others.

Table 1: Classification of the phenolic compounds

Carbon skeleton Compound class
Cs simple phenols
Cs-Cy hydroxybenzoic acids
Ce-Co acetophenones, phenylacetates
Cs-Cs hydroxycinnamic acids, phenylpropenes, coumaghgymones
é Cs-Cy naphtoquinones
% C6-C1-Cs xanthones
“g' Cs-Co-Cs stilbenes, anthraquinones
Z | (Cs-C3)2 lignans
(Ce)n catechol melanins
(Ce-Con:Glucose | hydrolysable tannins
(Ce-Ca)n lignins
Ce-C3-Co flavonols
Ces-C3-Cs flavones
Ces-C3-Cs flavanones
% Ce-C3-Co flavanols
% Ce-C3-Cs anthocyanidins
L | Ce-Cs-Cs isoflavones
(C6-C3-Cs)2 biflavonoids
(C6-C3-Co)n condensed tannins (catechin polymers, proanthdaiye




1.2.2. Structure of the hydroxycinnamic acids (HCASs)

HCAs are characterised by a unique@ chemical structure. They possess a phenol
group and an additional carboxylic acid functioham@cteristic of the phenolic acids, which
comprise the benzoic and cinnamic acid derivat(fegure 2). Bothcis- andtrans-cinnamic
acid derivatives (Figure 2B) are common in natthre,latter being naturally derived from the
biosynthetic precursdrans-cinnamic acid. Isomerisation tis derivatives may occur during
extraction, processing or exposure to light (Kali®67). The simple benzoic and cinnamic
acid derivatives differ in the degree of hydroxiatand/ or methoxylation of the aromatic
ring (Figure 2). Coumaric, caffeic, ferulic and ainc acids are amongst the most widely
distributed phenolic compounds in plants. Thredtjposisomers exist for coumaric acid: 2-,
3- and 4-coumaric acids. The latter is the mosndhat in Nature and will be referred to as
coumaric acid in the rest of the document. HCAsrarely found as free acids in unprocessed
plant material and are identified in plant extratiginly after degradation of the soluble and
insoluble-bound derivatives (Clifford, 2000).

Figure 2: Chemical structures of common benzoicdid cinnamic (B) acid derivatives
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1.2.3. Central role of HCAs and their corresponding CoA thioesters

All major groups of plant phenolics, except galkcid and its derivatives, are
synthesised by further metabolism of the simple HC many plants, hydroxycinnamoyl-
CoA thioesters are the most common activated irddrates for phenylpropanoid
biosynthesis (Ulbrichet al, 1979). They are capable of entering various dtneam
pathways by taking part in different types of sa&in reactions. These include: side-chain
elongation (condensation) with malonyl-CoA molesulleading to flavonoids, stilbenes,
styrylpyrones, benzophenones, lignans and chamgated HCAs; NADPH-dependent
reduction leading to dihydrocinnamic acids, hydmwirpamyl alcohols (e.g. monolignols,
precursors for lignins) and hydroxycinnamyl aldedsydoxidative reactions resulting in side-
chain shortening leading to benzoic acids; 2-hydeation and lactonisation leading to
hydroxycoumarins; conjugation with hydroxyacidsaonino compounds leading to ester (e.g.
CGAs) and amide conjugates, respectively. A schiemifustration of the reactions from

which varied phenolic compounds are derived isgresd in Figure 3.

1.2.4. Structure of the chlorogenic acids (CGAs)

Hydroxycinnamic acids are commonly found as solwaejugates, esters, amides or
glycosides, within the cytoplasm of plant cells. &mg these conjugates, CGAs have been
shown to account for up to 90 % of the total phenfyaction of some plant species (see
below). The generic name "CGA" used to refer to ghmgle compound B-caffeoylquinic
acid (5-CQA), which was first detected in greenfeefbeans by Robiquet and Boutron in
1837 (Sondheimer, 1964). The definition was latdemded to include all esters of quinic
acid with a cinnamic acid derivative (Clifford, 2000 Quinic acid (1,3,4,5-
tetrahydroxycyclohexane-1-carboxylic acid) is arncyalic acid containing 4 readily
accessible hydroxyl groups (Figure 4). CGAs areroffrouped with esters of shikimic acid
(3,4,5-trihydroxy-1-cyclohexene-1-carboxylic acidyhich differ from quinic acid by the
presence of a double bond at C-1 and only thredilyeaccessible hydroxyl groups (Figure
4). CGAs are generally classified depending onidleetity, number and position of the acyl
group (Clifford, 1999; Clifford, 2000). The comm®&GA groups are caffeoylquinic acids
(CQAs), coumaroylquinic acids, feruloylquinic acigeQAs) and dicaffeoylquinic acids
(diCQASs). The chemical structure of major CGAshswn in Figure 4.
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Figure 3: Side-chain reactions involving hydroxy@moyl-CoA thioesters
Adapted from (Strackt al, 1997).
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Figure 4: Chemical structures of quinic and shiki@tid acceptor molecules and major CGAs
Compounds are named with the preferred IUPAC numb&lUPAC, 1976). The ester linkages are circled.
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1.2.5. Distribution of CGAs in the plant kingdom
CGA derivatives are abundant and diverse in thettpkengdom (Clifford, 1999;
Clifford, 2000). They have been reported in severaers of mono- and dicotyledonous

angiosperm species (Petersehal, 2009). The phylogenetically relatdglubiaceae(e.g.
plums, coffee), Solanaceae(e.g. tomato, tobacco, potato, eggplamsteraceae (e.g.
artichoke, sunflower, chicory) and the more distRusaceae(e.g. apple, pears, peach)
families possess most of the CGA-accumulating sge@rigure 5). Monoesters of caffeic
acid are relatively widespread, with 5-CQA being fay the most predominant isomer in
green coffee beans (Clifford, 1979; Aedssal, 1994), potato tubers (Griffithat al, 1997),
tomato leaves (Niggeweegt al, 2004) and tobacco leaves (Hoffmaenal, 2004). Some
plant families such aSolanaceaeind Rubiaceaealso abound in diesters, such as diCQAs,
diFQAs and mixed diesters (e.g. caffeoylferuloyigaiacids). Many plants, including coffee,
produce CGAs derivatives esterified at C-3, C-4 @nfl, but not at C-1 of the quinic acid
moiety. This is in contrast with artichoke and sootiger Asteraceaglants, which abound in

1,3-diCQA (cynarin) and 1,5-diCQA, and also prodtreeand tetracaffeoylquinic acids.

Figure 5: Phylogenetic tree of Asterids and Rosids
Adapted from (Kuet al, 2000)
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Coffee plants contain the most diverse and highestunts of CGAs reported thus far.
C. arabicaandC. canephoraare the twoCoffeaspecies used extensively in the beverages
known commercially as Arabica and Robusta coffespeetively. A total of 45 different
CGAs have been identified in green Arabica coffeanke(Clifford et al, 2006), while 69
CGAs have been reported in green Robusta coffeesb@aiswal, 2010). Quantitatively, the
major coffee CGAs are the monocaffeoylquinic adqi@8sCQA, 4-CQA and 5-CQA), the
dicaffeoylquinic acids (3,4-diCQA, 3,5-diCQA and 4E&QA) and the monoferuloylquinic
acids (mainly 5-FQA, Figure 4). 5-CQA is the madstiadant soluble ester, representing 45 to
50 % of the total CGAs if. canephoraeeds (Koshiret al, 2007). Other CGA compounds,
such as coumaroylquinic and sinapoylquinic acids, veell as mixed diesters (e.g.
caffeoylferuloylquinic acids) and 3,4,5-trimethokyecamoylquinic acid, can be found in low
levels in Robusta coffee (Clifford, 2000; JaiswZ0;10).C. canephorgroduces substantially
more CGAs tharC. Arabica The CGA level in green coffee grains varies betw&.9 and
14.4 % dry weight (DW) irC. canephoraand 3.4 to 4.8 % DW i€. arabica (Ky et al,
2001). (Lepelleyet al, 2007) reported lower but still relatively high @Q3evels in C.
canephora6.6 % to 7.5 % DW). The content of diCQAsGncanephoras also much higher
than inC. arabica CGA pools can vary with the coffee grain develepi(De Castret al,
2006; Lepelleyet al, 2007). While 5-CQA is the predominant moleculalastages, 3-CQA
and 4-CQA levels increase with seed growth. Th&2:Revel is relatively low in the early
stage of grain development but rises 5 to 10 feldh@ development progresses and reaches
22 % of total CGAs in rip&€. canephora3,5-diCQA is the major diCQA, especially in the
early stages of fruit growth, but its level dechnsignificantly during the development
process.

Quinic acid is an abundant metabolite in younge®ffrains, representing between 6
and 16 % DW. So, supply of this precursor may egtrict CGA biosynthesis as the grain
develops. However, towards the end of grain dewetoq, quinic acid levels decrease below
1 % DW (Rogerset al, 1999; Lepelleyet al, 2007). Considerable amounts of inositol (3-4 %
DW) are found in young coffee grains and other nigacids, such as citric and malic acids,
are dominant in the mature coffee grain (Rogeral, 1999). In Robusta coffee, caffeic and

coumaric acids have also been found as conjugategtophan (Muratat al, 1995).
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1.2.6. Related esters

Shikimate esters (also named dactylifric acids) hHasen reported iPalmaeplants
(e.g. palm, date, endive) (Maiet al, 1964; Harbornet al, 1974; Goup\et al, 1990; Ziouti
et al, 1996). The shikimic acid precursor (Figure 4)sfadb accumulate to measurable levels
in most of the important agronomic crops, althoutgk found in star anisdllfcium verum
and various species of evergreen trees. An esteaftdic acid and 3,4-dihydroxyphenyllactic
acid, commonly known as rosmarinic acid, is onetlté# active components of several
medicinal plants and predominant in soBeraginaceaeand Lamiaceaespecies, such as
basil Coleus blumégiand rosemaryRosmarinus officinaljs(Peterseret al, 2003; Abdullah
et al, 2008; Peterseet al, 2009). HCAs may also be conjugated to other acgéptors such
as aliphatic acids (e.g. acetic, citric, malic, g, tartric acids), sugar alcohols (e.g.
arabinose, galactose, glucose, rhamnose), amingpaamls (e.g. tryptophan, tyramine,
octopamine, anthranilate, agmatine, choline, spdima) and lipids (Clifford, 2000). The
leaves of red cloverTgifolium pratensg accumulate phaselic acid (@caffeoyli-malic
acid), which prevents the breakdown of forage pnsteduring storage (Sullivan, 2009).
Arabidopsis thalianaand other members of tHerassicaceaesuch as radishR@phanus
sativug, accumulate hydroxycinnamoyl esters formed wiliphatic acids. These include
sinapoyl-malic acid, a leaf-specific ester, as vealsinapoyl-choline, a seed-specific ester,

and their common biosynthetic precursor sinapoytgte (Chapplet al, 1992).

1.3. The biological role of CGAs in plants

1.3.1. Intermediates in lignin biosynthesis

HCAs occur in the insoluble-bound form in the setamy cell walls of plants as a
result of their incorporation into complex ligniolpmer substructures. Lignin is the principal
component of cell walls in higher plants and on¢hef most abundant biopolymers on Earth,
second only to cellulose. It is composed of crasseld phenylpropanoid units derived from
three main monomerg-hydroxyphenyl, guaiacyl and syringyl lignin subtisniCampbellet
al., 1996; Boerjaret al, 2003). The chemical structures of the major hgsubunits and their

monolignol precursors are represented in Figure 6.

16



Figure 6: The major monolignols and lignin subunits

Aromatic substitution Monolignol Lignin subunit $hvame
4-OH coumaryl alcohol p-hydroxyphenyl H-type

3-OCHg, 4-OH coniferyl alcohol guaiacyl G-type

3,5-di-OCH;, 4-OH sinapyl alcohol syringyl S-type

Coumaroyl-CoA is the biosynthetic precursor of camyhalcohol, and caffeoyl-CoA
is the precursor of the coniferyl and sinapyl maywls (Hoffmannet al, 2004; Besseaat
al., 2007). CGA accumulation in coffee seeds is @ilifor the deposition of lignin in the cell
wall during germination (Aert®et al, 1994; Mondolotet al, 2006). These observations
support the importance of CGAs as intermediategénbiosynthesis of the S- and G-type
lignins. Cell-wall bound phenolics provide a plamith the ability to transport water and
solutes through the vascular system and resistaisin. In addition, lignins are crucial for
the structural integrity of the cell wall and penpiate in the elaboration of an upright and rigid
plant body (Abdulrazzalet al, 2006). Lignins also play a defensive role agairesbivores
and pathogens (Boerjat al, 2003).

1.3.2. Defence compounds

CGA biosynthesis is regulated by developmental ggses in specific tissues and can
be activated in response to a variety of environalesitesses (Hahlbroak al, 1989; Dixon
et al, 1995; Abdulrazzalet al, 2006). CGAs have been shown to accumulate iroresspto
pathogenic attack, representing a chemical defemeehanism (Ruelast al, 2006). CGA
synthesis is also induced by wounding or eliciteatment, as observed in the potato tuber
(Matsudaet al, 2005). Elevated CGA levels in tomato plants hagen shown to increase
their resistance against bacterial infection (Nwggget al, 2004). CGAs also protect plants
from abiotic stresses such as UV-damage and oxalptiessure (Burchamet al, 2000). This
is because phenolic compounds absorb light betv28n and 340 nm wavelength, thus
filtering much of the damaging UV-B radiation (Calell et al, 1983). Evidence for this
comes from the presence of high levels of hydraxyamoyl esters, which constitute a UV
screen in the leaves of tobacco aadhaliana plants (Cerovieet al, 2002). Increased UV-

protection, which is influenced by the total phendtvel as well as the specific composition
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profile, is also associated with elevated CGA aadlation in tomato leaves (Niggeweg al,
2004; Cleet al, 2008). CGAs are also found to be associated efitbroplasts in the young
leaves of coffee plants (Ranjeea al, 1977), again supporting their protective roleiasfa
light-induced damage. CGAs therefore fulfil mulépbhysiological roles in plants, such as
defence compounds against various biotic and &bgitesses, and as building blocks for
lignins. These observations support the crucia aflthe phenylpropanoid pathway in plant
evolution, allowing them to adapt from an aquati@tdry land environment (Douglas, 1996;
Waters, 2003).

1.4. The impact of CGAs in humans

1.4.1. On the food properties

Besides the importance for the plant itself, HCAsl &£GAs have attracted focus
because they can influence food properties suclkobsur, taste and aroma. In general,
phenolic compounds are considered to negativelyente food selection as they impart a
bitter flavour (Drewnowski, 1997). CGAs, especidlhe diesters of caffeic acid, constitute a
class of astringent compounds (Ohiokpeéiaal, 1983). In coffee beverages, (Farthal,
2006) reported that 3,4-diCQA levels in green aodsted coffee strongly correlate with
satisfactory sensory attributes, but that higheelke of CQAs and 5-FQA are detrimental to
beverage quality. A higher CGA content could bepoesible for the perceived inferior
quality of brews made with Robusta, which are oiceedly described as bitter (Bertraed
al., 2003).

During food processing, naturally occurring phenotompounds can undergo
thermally-induced reactions that have a significempact on both food aroma and taste
(Clifford, 1985; Jianget al, 2010). CGAs are degraded to chlorogenic acicdies (CGLS)
by the loss of a water molecule from the quiniadaoioiety of CGA and the formation of an
intramolecular ester bond during coffee roastingyfe 7). Only CGAs that lack a substituent
at C-5 of the quinic acid moiety are able to formadfeoyl-1,5-quinide. CGLs considerably
contribute to coffee bitterness, an attribute tisabhot generally appealing to the consumer
(Farahet al, 2005; Franket al, 2006). During coffee roasting, the diCQAs carode
hydrolysed and produce caffeic acid and a CQA mdiietloup et al, 1995). At later stages
of roasting, the thermal degradation of HCAs ledmajor aroma compounds (e.g. caffeic

acid— catechol) (Lelougt al, 1995).
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Additionally, CGAs are known to be good substrdtegpolyphenol oxidase, which is
involved in the browning of fruits and vegetabl&gaharvesting (Maieet al, 1964; Murata
et al, 2002). The ability of the CGAs to form complexeish ferric ions during the cooking
process has also been shown to be the primary oatise development of the after-cooking
blackening observed in potatoes (Griffittsal, 1992).

Figure 7: Thermally-induced formation of a chloroigeacid lactone (CGL)

3-caffeoylquinic acid (3CQA) 3-caffeoyl-1,5-quinide

1.4.2. On health

CGAs and other HCA derivatives are significant comgnts of diets rich in plant-
based food such as cereals, legumes, oilseeds, fvagetables and beverages. An increasing
number of epidemiological studies have shown thaplgewho consume higher quantities of
plant-based food appear to have lower risks foniB@ant health problems, such as
cardiovascular diseases and certain cancers (@jffa004; Finley, 2005). This health-
promoting effect has been associated with the poesef phenolic phytonutrients. When
compared to other beverages, coffee representsctiest source of CGAs and, interestingly,
it has the highest antioxidant activity (Clifforl999; Wanget al, 2009). The presence of
conjugated ring structures and hydroxyl groups alo@GAs to actively scavenge free
radicals generated in the aqueous phase (Rice-Eataal 1996). This ability can prevent
oxidative damage and lipid peroxidation in livingsues. While caffeic acid and 5-CQA have
similar antioxidant capacitiem vitro (Rice-Evanset al, 1996), the number and nature of
substitutions on the aromatic ring can influenaedhtioxidant properties. For instance, it has
been shownn vitro that hydroxyl groups are more electron donatiraptmethoxyl groups
and that dihydroxyl-substituted caffeic acid shaavkigher antioxidant activity than mono-
substituted coumaric acid (Folegt al, 1999; Shahidiet al, 2010). Further studies
demonstrate that CGAs can exert their health bsn#irough various other mechanisms,

such as metal chelation and modification of redateptials (Rice-Evanet al, 1996).
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CGAs have attracted much attention due to theiegtxanal antioxidant properties, as
well as their high bioavailability and absorptionhumans (Nardinet al, 2002). Following
coffee intake, CGAs are absorbed directly by thalsmtestine or hydrolysed by the large
intestine microflora to release caffeic acid (Nardet al, 2002; Stalmaclret al, 2009;
Stalmachet al, 2010). This degradation product, which has santi@xdant capacities as 5-
CQA in vitro (see above), is also absorbed and relatively stabtee gut (Scalberét al,
2002). CGAs have been attributed many other hdmtiefits including anti-inflammatory,
antibacterial, antiproliferative and anticarcinogemroperties (Rice-Evanst al, 1997).
CGAs have also been associated with reduced heggatiogenolysis and glucose absorption
(Johnstonet al, 2003), inhibition of HIV-1 integrase (McDougadlt al, 1998), caffeine
antagonistic cerebral effects (de Paelisl, 2004), reduced incidence of atherosclerosis, type
2 diabetes and various types of cancer (McCart§52Natellaet al, 2007). CGAs have been
proposed to play a role in the prevention of neldggenerative diseases (Shatatlal, 2010).

Modulating CGA levels in plants therefore could havamajor impact in nutrition and
health. The growing recognition of the beneficiffleets of CGAs in human health has
supported the development of new nutraceuticaledas CGA-rich plant extracts (e.g.
Svetol®). CGAs and their degradation products ajgeear to be an essential criterion for the
quality of agro-industrial products. For examplenegtic markers could be developed to select
coffee varieties with desired CGA content and peafdo modulate the beverage organoleptic
and bioactive properties. As intermediates of hgnithe biosynthesis of CGAs is also crucial
for alternate energy supplies and in the pulpindustry as it affects the efficiency of
bioconversion and processing of lignocellulosic maaterial (Baucheet al, 2003; Cheret
al., 2007). Depending on the desired effect, redu@ngncreasing the expression of a
particular gene/ enzyme in the phenylpropanoid ywayhcan have major impacts on the
different substrate pools (Niggeweg al, 2004; Dixon, 2005; Ververidist al, 2007). The
following part of this introductory chapter is dedied to the presentation of the shikimic acid
and general phenylpropanoid pathways leading tokdyeCGA precursors, and the genes/

enzymes directly associated with CGA biosynthestsraodification.
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1.5. Provider pathways of CGA precursors

1.5.1. The shikimic acid pathway

The shikimic acid pathway, also known as the comar@matic biosynthetic pathway,
is essential for the production of all the key aaticn compounds. These include the three
aromatic amino acids found in proteinsRhe,L-Tyr andL-Trp). The shikimic acid pathway
is ubiquitously employed by plants and micro-orgams. Mammals lack this pathway and
derived compounds, so they depend on consumptiainéa supply. A schematic view of the

shikimic acid pathway is presented in Figure 8.

Figure 8: Shikimic acid biosynthetic pathway anghopiacid cycle, adapted from (Herrmaenal, 1999)

DAHP: 3-dehydroxyp-arabino-heptulose-7-phosphate; EPSP: 5-enolpyewskikimate 3-phosphate.

phosphoenolpyruvate + D-erythrose-4-phosphate
l DAHP synthase
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The first reaction involves the aldol-like condeiwa of the carbohydrate precursors,
phosphoenolpyruvate amderythrose 4-phosphate, giving 3-dehydra¢grabino-heptulose-
7-phosphate (DAHP). This reaction is catalysed hg enzyme DAHP synthase. 3-
dehydroquinate synthase subsequently converts DA#® 3-dehydroquinic acid by a
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sequence of reactions requiring an oxidation,p-&limination, a reduction and an
intramolecular aldol condensation. The dehydratioh 3-dehydroquinic acid to 3-
dehydroshikimic acid is catalysed by 3-dehydrogsend he hydration of 3-dehydroshikimic
acid to shikimic acid is catalysed by shikimate ytgbgenase. Phosphorylation of shikimic
acid to shikimate 3-phosphate is brought abouthikireate kinase in the presence of ATP.
The enol ether 5-enolpyruvate shikimate 3-phosph@®SP) is produced via the
condensation of shikimate 3-phosphatgh phosphoenolpyruvate by EPSP synthase. The
elimination of phosphoric acid from EP3$$ catalysed by the enzyme chorismate synthase
yielding chorismate. Several pathways for the cosige of chorismic acignto the aromatic
amino acids -phenylalanineandL-tyrosineare known to exist depending on the organism.
The shikimic acid pathway provides the aromaticremmacid phenylalanine, which is
the major precursor for HCAs and their derivativies|uding CGAs, lignins, flavonoids and
stilbenes. In higher plants, the carbon of the ighitk acid primary metabolite can also be
diverted and stored in the form g@fiinic acid, which is another major precursor of A3G
(Herrmann, 1995). Quinic acid can be synthesisedn fi3-dehydroquinic acid or from
shikimic acid by the action of specific enzymes rfifeann, 1995). Quinic acid can also be
converted back into intermediates of the shikimiad gpathway either by oxidation to 3-
dehydroquinate or by dehydration directly to shikiracid. Characterisation of the enzymes
of the quinic acid cycle as anabolic, catabolidyath, remains to be made (Herrmann, 1995).

1.5.2. The general phenylpropanoid pathway

1.5.2.1. Overview

The general phenylpropanoid pathway represents pmrnmaanch-point between
primary and secondary metabolism in plants (Diedral, 1995; Rohdeet al, 2004). The
pathway, represented in Figure 9, starts with thama acid Phe and leads to coumaroyl-CoA
thioester in three steps catalysed by highly comserenzymes (Dixoret al, 1995).
Deamination by phenylalanine ammonia lyase (PAL)dpcest-cinnamic acid. This is
followed by the introduction of a hydroxyl group thie C-4 position of the phenyl ring by
cinnamate 4-hydroxylase (C4H), producing 4-coumaca. The carboxylate substrate is
then activated by the formation of a thioester buoiitth CoA catalysed by 4-coumarate CoA
ligase (4CL).
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Figure 9: Current view of the phenylpropanoid patinheading to CGAs

Adapted from (Hoffmanmet al, 2004) and (Niggeweset al, 2004).

PAL: phenylalanine ammonia-lyase; C4H: cinnamatydroxylase; 4CL: 4-coumarate CoA ligase; HCT:
hydroxycinnamoyl-CoA shikimate/ quinate hydroxycmmoyltransferase; HQT: hydroxycinnamoyl-CoA
quinate / shikimate hydroxycinnamoyltransferasgdC&umaroyl ester 3-hydroxylase; CCoAOMT: caffeoyl
CoA O-methyltransferase. The main CGA compoundméfee are highlighted in blue.
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1.5.2.2. Phenylalanine ammonia lyase (PAL)

Phenylalanine ammonia lyase (PAL, EC 4.3.1.5) ya&s the stereospecific
elimination of ammonia from-Phe. The reaction leadsttginnamic acid, which provides the
characteristic &Cs skeleton of the phenylpropanoid compounds. Fodemiht PAL genes
have been characterisedAnthaliana(Raeset al, 2003). The first crystal structures of PALs
from Rhodosporidium toruloideand Petroselinum crispunfparsley) were solved in 2004
(Calabreseet al, 2004; Ritteret al, 2004). PALs are tetramers that are largely madefua-
helices. The PAL active site reveals an unusuakmphilic prosthetic group, 4-methylidene-
5-one, which acts as a covalent cofactor requir@d tie non-oxidative elimination of
ammonia (Ritteet al, 2004).

1.5.2.3. Cinnamate 4-hydroxylase (C4H)

The second enzyme in the general phenylpropanoithwag catalyses the
hydroxylation at the C-4 position of the phenylat@naromatic ring to form 4-coumaric acid.
Cinnamate 4-hydroxylase (C4H, EC 1.14.13.11) is emiver of the cytochrome P450
hydroxylase family. P450s, so-named because of cteracteristic absorption of their
catalytic iron-containing heme cofactors, catalyseversible reactions and are hypothesised
to serve as membrane-associated anchor sites fatiygumultiprotein complexes (Winkel-
Shirley, 1999; Ehltinget al, 2006). cDNAs encoding C4H were isolated fromatdht plants
and called CYP73 based on standard P450 enzymenatahee. They have highly similar
sequences and are specific fecinnamic acid. The first C4H enzyme was purifiedni
Jerusalem artichoke and a number of genomic DNA esemps have been isolated from
diverse plant species. lArabidopsis thaliangonly one gene has been found, whereas in
some other plants, two or more C4H genes have tlearacterised. No plant representative
of this enzyme has so far been structurally charesed.

1.5.3. 4-Coumarate CoA ligase (4CL)

1.5.3.1. Isolation and characterisation of 4CL genes/ enzymes

The final enzyme of the general phenylpropanoidhway is 4-coumarate CoA ligase
(4CL, EC 6.2.1.12), which catalyses the conversibd-coumaric acid to coumaroyl-CoA.
4CL enzymes are encoded by gene families in afitplaxamined to date. They are expressed
differentially depending on the tissue type andaligment stage. In some plants, the genes
encode identical, or very similar, proteins (e.gisf&y, loblolly pine and potato). In other

species, structurally divergent isoforms have hdentified (e.g. tobacco, arabidopsis, aspen,
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hybrid poplar and soybean). These isoenzymes dgndrsplay broad but distinct substrate
specificity and/ or tissue distribution (Leeal, 1996; Ehltinget al, 1999; Costat al, 2005).

Phylogenetic comparisons indicate that 4CLs caoldssified into two major clusters
(Figure 10). Class | proteins (et4CL1, At4CL2, Pt4CL1) are more related to each other
than to class Il proteins (e 4t4CL3, Pt4CL2) from the same plant (Hat al, 1998). Class I
4CLs are generally associated with flavonoid bitisgsis, whereas class | 4CLs are more
closely related with the biosynthesis of ligninglasther phenylpropanoids (Hat al, 1998;
Ehlting et al, 1999; Cukoviceet al, 2001).

Figure 10: Cladogram of the amino acid sequencd€afenzymes

The cladogram was drawn from a ClustalW alignmeittt the Phylodendron server
(http://iubio.bio.indiana.edu/treeapp/treeprintadiohtml). The enzyme abbreviations, species and accession
numbers are all included in the names.
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Two divergent members classified as 4CL1 and 4CLfehbeen identified in
Nicotiana tabacumcommon tobacco); they utilise similarly coumaraffeic and ferulic
acids as substrates (Leeal, 1996). A partial cDNA encoding 4CL1 and a compleDNA
encoding 4CL2 have been isolated fr@Quoffea canephorélLepelleyet al, 2007). InGlycine
max (soybean), three structurally and functionallytidis 4CL cDNAs encoding 4CL1,
4CL2, and 4CL3 were isolated and have clear diffees in expression patterns and
enzymatic properties (Lindermagt al, 2002). A number of “4CL-like” genes have been
identified in the A. thaliana genome, only four of which encode proteins with
hydroxycinnamate CoA ligase activiig vitro (Costaet al, 2005). A4CL1, At4CL2 and
A4CL3 were found to be capable of forming CoA esteith coumaric and caffeic acids.
At4CL1 andA4CL3 were able to convert ferulic acid to the cep@nding CoA thioester,
whereasAt4CL2 was not (Ehltinget al, 1999). A4CL4 exhibits the rare property of
efficiently activating sinapic acid, besides theaualssubstrates (Hamberget al, 2004).
Biochemical analysis showed that some “4CL-lik&fabidopsis thalianagenes have the
capacity to activate different long-chain fatty caderivatives, including the jasmonic acid
precursors (Schneidet al, 2005; Souzat al, 2008). The precise function of different 4CL
isoforms is largely unknown and a number of 4Cleldenes remain to be characterised. 4CL
enzymes share 56 to 93 % sequence identity atntieoaacid level and are characterised by
several conserved sequence motifs (Figure 11).Bidxel motif is rich in Gly, Ser and Thr,
and constitutes a nucleotide-binding signature bBtuet al, 2000). Another conserved
sequence motif, Box Il (GEICI[R/I]G), was propos&al be involved in maintaining the

structural integrity of the enzyme (Stuildeal, 2001).
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Figure 11: Multiple sequence alignment of 4CL enegrfrom different plant species

The alignment was generated by ClustalW and ESPri short names, species and accession numieeaf ar
included in the names. Black boxes highlight higtdynserved sequence motifs (Box | and II).
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1.5.3.2. The adenylate-forming enzyme superfamily

From sequence comparisons, 4CLs belong to a supiérfaf prokaryotic and
eukaryotic adenylate-forming enzymes. Members o siperfamily transfer a wide variety
of acyl, aryl and aminoacyl moieties to the phogametheine tail of CoA or carrier proteins
via an adenylate intermediate. Depending on the bffcarboxylate-containing substrate, the
superfamily has been functionally divided into threubclasses: the acyl-/ aryl-CoA
synthetases (including 4CLs, medium and long-cFetiy acid CoA ligases and acetate CoA
ligases), the adenylation domains of non-ribosopadypeptide synthetases (NRPS) (such as
the phenylalanine-activating domain (PheA) of g@din S-synthetase) and the luciferase
oxidoreductases. The sequence identity of proteom different subfamilies are rather low,
but they share conserved peptide motifs that yutiir classification in a superfamily (Fulda
et al, 1994). 4CL enzymes form a plant-specific groupsinclosely related to the plant
luciferases.

Members of the adenylate-forming enzyme superfastigre a common mechanism
that proceeds in two partial reactions involvingyesal coordinated substrate binding and
product release steps (Gulick, 2009). The first hgdiction is activation of the carboxylate
substrate by adenylation with Mg-ATP producing pjrosphate (PPi) as a by-product
(Figure 12A). The second partial reaction involttes nucleophilic attack of the CoA thiol at
the carbonyl of the adenylate intermediate to fatme CoA thioester and adenosine
monophosphate (AMP) products (Figure 12B).

Figure 12: Two-step CoA ligation reaction catalybgdadenylate-forming enzymes
(A) Adenylation stepX + Mg-ATP — X-AMP + Mg-PPi
(B) Thioesterification stepX-AMP + Y — X-Y + AMP

Enzyme Substrate X Substrate Y
4CL (hydroxy)cinnamic acids CoA
luciferase luciferin oxygen
PheA phenylalanine amino acid
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1.5.3.3. Crystal structures

Crystal structures for a dozen members of the ddforming enzyme superfamily
are available in the Protein Data Bank (PDB) (Berriaal, 2002). The first crystal structure
to be solved was firefly luciferase, which catal/dbe bioluminescence reaction in which
luciferin, Mg-ATP and molecular oxygen yield the@ionically excited oxyluciferin (Conti
et al, 1996; Nakatswet al, 2006). The bacterial phenylalanine-activating domPheA) of
gramicidin S-synthetase was co-crystallised witiPAand phenylalanine (Cordt al, 1997).

Despite their low sequence identities, adenylatexfiog enzymes adopt a similar two-
domain fold composed of a large N-terminal domand & small C-terminal domain
connected by a short hinge region. The crystalctiras of the apo and complex forms of
human medium-chain acyl-CoA synthetase (ACSM2Akated a substantial rearrangement
between the N- and C-terminal domains driven byiteatity of the bound ligand in the
active site (Kochaet al, 2009) (Figure 13). This domain alternation wiagven to induce the
selective catalysis of the adenylation or thiogstation steps (Regeet al, 2007; Regeet
al., 2008; Kocharet al, 2009).

Figure 13: Crystal structures of human acetyl-Cghatisase (ACSM2A)

(A) ACSM2A-ATP (PDB: 3C5E) representative of theeagilate-forming conformation. (B) ACSM2A-butyryl-
CoA-AMP (PDB: 3EQ6) in the thioester-forming confmation. The N-terminal domain (residues 33-459) is
coloured in green, the C-terminal domain (466-56%almon and the linker region in blue. AMP/ATRlan

butyryl-CoA are shown respectively with magenta gellow carbon atoms.

(A) (B)
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1.5.3.4. A branch point of the general phenylpropanoid pathway

4CLs catalyse the formation of hydroxycinnamoyl-Cahioesters from the
corresponding HCA and CoA in the presence of Mg-ATRese activated compounds are
central substrates for subsequent condensationctreduand transfer reactions leading to
phenolic secondary metabolites. 4CL plays a cruoig in channelling the carbon flow into
diverse branches leading to various end produasntroyl-CoA is the common substrate
for chalcone synthase, stilbene synthase and hydimmxamoyl-CoA shikimate/ quinate
hydroxycinnamoyltransferases (HCT/ HQT). 4CL thastools the metabolic flux entering
the biosynthetic routes leading either to flavosauid stilbenes or to CGAs and monolignols.
chalcone and stilbene synthases are two closedyerklpolyketide synthases catalysing the
first step in flavonoid and stilbene biosynthegspectively. chalcone synthase catalyses the
condensation of three molecules of malonyl-CoA ane molecule of coumaroyl-CoA to
give naringenin chalcone, which is the first intediate in flavonoid biosynthesis (Winkel-
Shirley, 2001). Stilbene synthase uses the samsetratds and an alternate cyclisation
pathway to form the phytoalexin resveratrol. Thestal structures of chalcone and stilbene
synthases provided a molecular understanding ofréaetions leading to chalcone and
stilbene synthesis respectively (Fermtr al, 1999; Shomuraet al, 2005). In addition,
coumaroyl-CoA, feruloyl-CoA and sinapoyl-CoA arestimain substrates of cinnamoyl-CoA
reductase. Cinnamoyl-CoA reductase catalyses tHactien of hydroxycinnamoyl-CoA
thioesters to hydroxycinnamyl aldehydes, which saresequently reduced into guaiacyl and
syringyl monolignols by cinnamyl alcohol dehydrogsea during the lignification process.
Hydroxycinnamoyl-CoA thioesters are also substrates the hydroxycinnamoyl-CoA

shikimate/ quinate hydroxycinnamoyltransferaseslved in CGA biosynthesis (see below).

1.6. Genes/ enzymes of the core pathway for CGA biosynthesis

1.6.1. Coumaroyl ester 3-hydroxylase (C3H)

Free HCAs have long been thought to be key interaesl in the phenylpropanoid
biosynthesis pathway. However, it is now clear thany enzymatic conversions occur at the
ester level. The conversion of coumaroyl to caffengieties is catalysed by coumaroyl ester
3-hydroxylase (C3H, EC 1.14.14.1) (Maheshal, 2007), which belongs to the CYP98
family of cytochrome P450 mono-oxygenases. C3Hesponsible for the 3-hydroxylation of
the aromatic ring of phenolic substrates, but tmf/ occurs when it is esterified to either
quinic or shikimic acid (Schoclet al, 2001; Frankeet al, 2002; Nairet al, 2002;
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Abdulrazzaket al, 2006). Three C3H genes have been identifiel itmaliana(Schochet al,
2001). Two CYP98 genes were characterised formcanephorabut only one of them,
CYP98A35, was shown to be able to hydroxylate caoglquinic acid to form the caffeoyl
ester (Maheshet al, 2007). (Lepelleyet al, 2007) isolated and characterised full-length
cDNAs encoding C3H1 fromC. canephora Coumaroylshikimic acid is the preferred
substrate for all of the recombinant CYP98 protéessed so far (Schodt al, 2001; Mahesh
et al, 2007; Sullivaret al, 2010).

1.6.2. Hyvdroxycinnamoyltransferases (HCT, HQT)

1.6.2.1. Possible routes leading to CGA biosynthesis

Hydroxycinnamoyl-CoA shikimate/ quinate hydroxycinmayltransferases (HCT/
HQT, EC 2.3.1.99) catalyse the esterification ofimaroyl-CoA, supplied by the general
phenylpropanoid pathway, with quinic and shikimada. The combined activities of HCT/
HQT and C3H can lead to the accumulation of chlonagéguinate esters) and dactylifric
(shikimate esters) acids. HCT and HQT can also adiglr the 3-hydroxylation step by
catalysing the reverse acyltransfer reaction leadingaffeoyl-CoA, a major biosynthetic
precursor for S- and G-lignin subunits, therefooatdbuting to CGA turnover (Cominet
al., 2007). An alternative route, where 5-CQA woulddyathesised directly from caffeoyl-
CoA via HCT/ HQT catalysis has been proposed, bpeemental evidence has not been
clearly demonstrated for this yet. An alternativéhpay catalysed by a hydroxycinnamoyl-
glucose quinate hydroxycinnamoyltransferase has Ipgeposed in sweet potafpomoea
batatag, where caffeoyl-glucose is the precursor of aaffguinic acid (Villegaset al, 1986;
Moriguchi et al, 1988) (Figure 9). However, the biosynthesis dfeotmono- and diesters is
still unclear. An enzyme catalysing the synthesi8,6fdiCQA from two 5-CQA molecules
have been described (Villegasal, 1987), but this has not been supported by fugheties.

1.6.2.2. Isolation of hydroxycinnamoyltransferase genes/ enzymes

HCT/ HQT are responsible for the last step of CGdsinthesis. These enzymes can
shuttle hydroxycinnamoyl moieties between CoA-tktees and shikimate/ quinate-esterified
forms. cDNAs encoding HCT and HQT enzymes have leaated and characterised from
several plant species: tobacco (Hoffmastnal, 2003; Hoffmannet al, 2004; Niggeweget
al., 2004), coffee (Lepellegt al, 2007), artichoke (Cominet al, 2007; Comincet al, 2009;
Sonnanteet al, 2010), tomato (Niggewegt al, 2004; Cleet al, 2008) and red clover
(Hoffmannet al, 2003; Niggeweget al, 2004; Sullivan, 2009). Some of them possess both,
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such as coffee, artichoke and tomato, with HCT B@IT showing a higher affinity for
shikimic and quinic acid, respectively. Mgt gene was identified iA. thaliana(Hoffmannet
al., 2005). HCT/ HQT enzymes of all plant species sHagtween 30 and 96 % sequence

identity at the amino acid level.

1.6.2.3. Potential physiological role of HCT and HQT

Histochemical and RNA expression studies indicatéfarence in tissue localisation:
highest levels ohct and hqt are detected in the stems and leaves of tobacdaamnato
plants, respectively (Hoffmanet al, 2004; Niggeweget al, 2004). The results of both
transient and stable transformation of tomato glamdicate that tomato HQT is the enzyme
of greatest importance for CGAs biosynthesis (Nigeg et al, 2004). Similar assays in
tobacco plants showed that the artichbkg gene induced a higher production of CGA and
cynarin (Sonnantet al, 2010). In coffee, the higher transcript levels@tved in the early
part of grain development and in the leaf implyttH®QT may exert a stronger influence on
CGA biosynthesis and accumulation in these tissmesontrasthqt silencing caused up to a
98 % reduction of CGA levels in the leaves of tammaithout changing the levels of other
polyphenols (Niggewegt al, 2004). Moreover, over-expressiontmft resulted in an increase
in CGA levels of up to 85 % in the leaves. All thetudies are consistent with HQT playing a
major role in CGA biosynthesisdQT homologues are only found in CGA-accumulating
species (e.g. coffee, tomato and artichoke), sorfay explain why thérabidopsismodel
species does not accumulate CGIAgt genes are therefore key targets for engineeriagtgl
with increased CGAs for improved antioxidant and@nalbial properties.

The expression levels of HCT, particularly in brarissue, suggest that it plays an
important role in lignin formation (Lepellest al, 2007).Hct down-regulation irA. thaliana
impacts on their lignin content and composition (iH@nn et al, 2004). In HCT-deficient
plants, the metabolic flux deriving from phenylaleiwas redirected towards flavonoid
synthesis through chalcone synthase (Bessealy 2007). The more prevalent occurrence of
HCT is correlated with the presence of lignin ihvascular plantsHct gene is therefore a

key target for altering the phenylpropanoid pathwalgnified plants.

1.6.2.4. Substrate specificity and sequence comparisons

Hydroxycinnamoyltransferases can generally accomteodeaarious substituted
cinnamic acid derivatives, most commonly coumarogkffeoyl- and feruloyl-CoA, while
sinapoyl-CoA is less common. In contrast, they lgshow a narrow specificity for the acyl
acceptor molecule (Figure 14). Tobacco HCT has lested with a range of alternative
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acceptors (anthranilate, glucose, malate, tyramspermidine, spermine, putrescine and
agmatine), but is only specific for quinic and shild acids (Hoffmanret al, 2003). The
globe artichoke HCT has been shown to also accdptdBxyanthranilic acid, but not
anthranilic or 5-hydroxyanthranilic acids (Mogka al, 2010). This study suggests that HCT
may be able to transfer HCAs not only to alcoholugrs, but to amino moieties as well. Other
hydroxycinnamoyltransferases with different acytegutor specificities have been isolated
from various plant species. These include the lifonal hydroxycinnamoyl/ benzoyl-CoA
anthranilate N-hydroxycinnamoyl/benzoyltransferadCBT) involved in phytoalexin
biosynthesis fronDianthus caryophyllugYang et al, 1997) andpomoea batatagVillegas

et al, 1986). In Coleus blumei a hydroxycinnamoyl-CoA hydroxyphenyllactate
hydroxycinnamoyltransferase, better known as rosntamacid synthase (RS), has been
characterised (Bergeet al, 2006; Peterseret al, 2009). Hydroxycinnamoylspermidine
synthase (SHT), which is implicated in pollen depehent, was identified ii\. thaliana
(Grienenbergeret al, 2009; Luoet al, 2009). Lastly, a hydroxycinnamoyl-CoA malate
hydroxycinnamoyltransferase involved in phaselic gcaffeoylmalic acid) biosynthesis was

isolated from red clover (Sullivan, 2009).

Figure 14: Cladogram of the amino acid sequencesamdus plant hydroxycinnamoyltransferases

Abbreviations, species and accession numbers altgid in the names. Enzyme activities are assigmedrds
their main acyl acceptor substrates according Wighed data (Petersen, 2009).
pHPL: 4-hydrophenyllactic acid; DHPL: 3,4-dihydrgtyenyllactic acid.
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1.6.2.5. Plant acyltransferase superfamily

In plants, acylation is implicated in the formatiand modification of a variety of
secondary metabolites that have varied roles intpteetabolism, development and disease
resistance. This is particularly true for phenqgliehere the addition of acyl substituents can
alter the stability and solubility of the compounds protect them from enzymatic
degradation. A large family of enzymes catalysingl-#£0A-dependent acyltransfer reactions
(EC 2.3.1) has been identified (D'Auria, 2006).sTsuperfamily was named BAHD from the
first four enzymes isolated: benzyl alcohOlacetyltransferase_ (BAT), anthocyanir®-
hydroxycinnamoyltransferase KCT), anthranilateN-hydroxycinnamoyl/ benzoyltransferase
(HCBT) and deacetylvindoline @-acetyltransferase @®r) (St-Pierreet al, 2000). To date,
over 50 BAHD members associated with secondary lmoétan have been characterised on
the basis of genetic mutant screening and bioctanexperiments. These acyltransferases
catalyse the transfer of either aliphatic or araatyl moieties from a CoA thioester to an
oxygen or nitrogen-containing acceptor moleculestproducing diverse natural compounds
such as CGAs, phytoalexins, anthocyanins and \®lksters.

The low sequence identity and the catalytic versatf the BAHD acyltransferases
make functional predictions difficult from their iprary sequence alone. Phylogenetic
analysis supports the classification of these mesimto distinct clades (Figure 15), whose
members display some similarity in their substrateeferences. HCT and HQT
hydroxycinnamoyltransferases belong to clade V,ctwhalso contains enzymes involved in
volatile and paclitaxel biosynthesis (D'Auria, 2D0B addition to those in higher plants, a
few eukaryotic fungal acyltransferases have alsmbéentified (e.gFusariumtrichothecene
3- and 150-acetyltransferase) and belong to clade VI. Multipequence alignments reveal
two highly conserved regions in members of the BAsiperfamily: Box | (HXD) and Box
Il (DFGWG) (Figure 16).
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Figure 15: Cladogram of functionally characteri8#&HD members

Protein names are abbreviated and shown with ¢inigjin species and accession numbers.
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Figure 16: Multiple sequence alignments of HCTs Hill's

Protein names are abbreviated and shown with ¢iigjin species and accession numbers. Black bagbéight
the conserved motifs (Box | and 1), which are auderistic of the BAHD superfamily.
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1.6.2.6. Representative crystal structures of BAHD acyltransferases

The first crystal structure of a BAHD member to smved was vinorine synthase
(VS) (Ma et al, 2005). Vinorine synthase (EC 2.3.1.160) is inedlun the biosynthesis of
ajmaline, an antiarrhythmic alkaloid drug from tinelian plantRauvolfia serpentingMa et
al., 2004; Maet al, 2005). The crystal structure Blendranthema morifoliunanthocyanin
malonyltransferasBm3MaT3 (referred to MaT in the rest of the documevd} later solved
in complex with malonyl-CoA (Unnet al, 2007). This aliphatic anthocyanin acyltransferase
(EC 2.3.1.172) specifically utilises malonyl-CoAr fthe synthesis of anthocyanins that are
responsible for the red colour of chrysanthemunalpet®he crystal structure of trichothecene
3-O-acetyltransferase (TRI101) froFusarium sporotrichioideandFusarium graminearum
was subsequently determined in complex with etlgA&Cwith CoA and deoxynivalenol
(DON), and with CoA and T-2 mycotoxin (Garveyal, 2008). TRI101 catalyses the transfer
of the acetyl group from acetyl-CoA to the C-3 hydi of several trichothecene mycotoxins
as part of a detoxification process. More recerttg, crystal structure of 16-trichothecene
acetyltransferase (TRI3) fromAusarium sporotrichioidesvas solved in complex with 15-
decalonectrin (Garvesgt al, 2009)

VS, MaT and TRI101 share respectively 20, 18 and 13efuance identity at the
amino acid level withC. canephoraHCT. VS, MaT and TRI101 catalyse the transfer of
aliphatic moieties such as acetyl and malonyl groapt different acceptor substrates
(Figure 17).Theybelong to different clades of the BAHD superfamilye malonyltransferase
clade | for MaT; the clade lll for VS; and the atadl for TRI101 and TRI3 (Figure 15).

Figure 17: Chemical structures of the main prodagtghesised by VS, MaT and TRI101
The acyl moieties, acetyl for VS (A) and TRI101 (&)d malonyl-CoA for MaT (B), are highlighted itub.

o
"

vinorine \1

(A) CHQ(B) anthocyanidin 3-06"-0-malonylglucoside (©) isotrichodermin
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The tertiary structures of BAHDs consists of twoamg equal-sized domains
connected by a large cross-over loop (Figure 18A)the crystal structures solved, the
conserved HXD motif (Box | in Figure 16) that has been showrb&important for catalysis
(Ma et al, 2005; Unncet al, 2007; Garveyet al, 2008) contains a catalytic histidine, which
is accessible from both sides of the solvent chiasinthe domain interface (Figure 18B). The
DFGWG motif (Box Il in Figure 16) located near tharboxyl terminus plays a structural
rather than a catalytic role (D'Auria, 2006). Thgstal structures of the ternary complexes of
TRI101 (Garveyet al, 2008) reveal the CoA and acceptor substrate mgngiockets,
accessible from the front and back faces of theepraespectively (Figure 18B).

Figure 18: Crystal structure 64TRI101 (PDB: 3B2S) in a ternary complex with CoAddnON

(A) The N- (2-214) and C- (227-451) terminal donsadéme coloured green and salmon respectively and th
flexible loop Pro215-Pro226 is in blue. (B) Actisiée region. Bound CoA (yellow) and DON (magenéajd the
catalytic His156 (green C atoms) are representetics.
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The acyltransfer reaction proceeds via a geners# baechanism, where the enzyme,
the acyl donor and the acyl acceptor form a terr@amyplex before catalysis can occur
(Garveyet al, 2008). The proposed mechanism is as followsc#talytic His residue of the
enzyme deprotonates a hydroxyl/ amine group ofathyk acceptor, promoting a nucleophilic
attack on the carbonyl of the acyl-CoA thioestdnjol forms an ester/ amide product (Figure
19, forward direction). BAHD acyltransferases cdsoacatalyse the transfer of the acyl

moiety of back to CoA (Figure 19, reverse direction)

Figure 19: General base mechanism of the acylgamsfction catalysed by BAHD enzymes
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1.6.2.7. Structural relationships between BAHD enzymes and other CoA-dependent
acyltransferases

The BAHD superfamily shares some similarities viite chloramphenicol acetyl-CoA
transferase (CAT) familyEscherichia coli(E. col) CAT was the first CoA-dependent
acyltransferase to be structurally determined (eed/988). This enzyme is responsible for
high-level bacterial resistance to the antibiohtocamphenicol. CAT catalyses the transfer of
an acetyl group from acetyl-CoA to the primary lopdil (3-O) of chloramphenicol. CAT is
trimeric and has a distinctive protein fold stad®li by g3-pleated sheet extending from one
monomer to the next (Figure 20A). The active sitdocated at the interfaces between two
subunits and accommodates both CoA and chloramgpbieria clefts on opposite sides. The
majority of the residues forming the chloramphenigiolding site belong to one subunit,
while the catalytic His is provided by the adjacemnomer.

Other CoA-dependent acyltransferases are monomé&hese include polyketide-
associated protein A5 (PapA5) (Buglirbal, 2004) and carnitine acetyltransferase (CrAT),
which have a two-domain structure sharing an unebege structural similarity to CAT
(Figure 20B). CrAT catalyses the transfer betweamitine and acetyl-CoA (Jogit al,
2003). The active site dflycobacterium tuberculosiSrAT is located at the domain interface

and contains a His residue appropriately positicicedct as a general base in the reaction
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(Figure 20B). This structure and active site aresngnt of CAT family members is very
similar to that observed in the BAHD superfamilyigiifte 18), indicating a possible
evolutionary relationship (St-Pieret al, 2000).

Figure 20: Crystal structures of chloramphenic@tgtransferase (CAT) and carnitine acetyltranse(@rAT)

(A) Trimeric structure of CAT (PDB: 3CLA) in complavith chloramphenicol (yellow sticks). (B) CrAT bind
to CoA and carnitine (PDB: 1NDF) is shown in thensaorientation as TRI101-CoA-DON in Figure 18. The
(1-363) and C- (364-625) terminal domains are c@dun purple and marine respectively. (C) Actiite sf

CrAT with bound CoA (yellow) and carnitine (greehlis343 is shown as purple sticks.

QV

(B)

40



Figure 20 (continued)
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Chapter 2. Materials and methods

2.1. Cloning, over-expression and purification

2.1.1. Preliminary data

A protein that is difficult to isolate in sufficiemfuantities from its natural source can
be produced using recombinant expression in batteyeast, insect or mammalian cells
(Baneyx, 1999; Kosekt al, 1999; Malissarcet al, 1999; Hunt, 2005; Baldet al, 2007).
Expression inE. coli is the easiest, quickest and cheapest method ntiyrravailable.
However, many eukaryotic proteins do not fold propén prokaryotic systems and form
insoluble aggregates or inclusion bodies. Sometiimegossible to improve the solubility of
such proteins by decreasing expression temperaiaieg a fusion partner/ polypeptide tag
(Espositoet al, 2006) or, as a last resort, refolding @ti al, 2004). Taking advantage of
cleavable polypeptide/ protein tags, simplifiedirafy purification procedures can then be
applied to obtained sufficient amounts of pure @rofor subsequent characterisation.

Cornell University and Nestlée S.A. released 47,@8f@ressed sequence tag (EST)
sequences from Coffea canephora (Lin et al, 2005). The EST databank
(http://www.sgn.cornell.eduwas used for a BLAST search (Basic Alignment 8edrool,

http://www.ncbi.nlm.nih.gov/blast/ against Nicotiana tabacum hct{AJ507825) andhqt
(AJ582651) gene sequences (Hoffmatnal, 2003; Hoffmannet al, 2004). This search
resulted in two hits: the unigenes CGN-U123197 @@N-U125212, corresponding to the

partial open reading frames (ORF) for putativeCoffea  canephora

hydroxycinnamoyltransferases. The full length cDN#ere isolated by 5-RACE-PCR for
rapid amplification of cDNA ends followed by theoning of Cchct and Cchqt genes
(Lepelleyet al, 2007). A multiple sequence alignment was geedratith ClustalW (Larkin

et al, 2007) using acyltransferase nucleotide sequefficaa different plant species.
Sequence comparisons confirmed that one of theedlsequences lies on a branch containing
hgt gene sequences, the other in a branch clustedhgene sequences from different plant
species (Figure 14 chctandCchqtexhibit 66 % sequence identity at the nucleotaleel.
The translated sequences contain both thesCHXnd DFGWG motifs, which are

characteristic of BAHD acyltransferase amino aeiquences.
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2.1.2. Production of recombinant 4CL2

2.1.2.1. Coffea canephora 4-coumarate CoA ligase isoform 2

A plasmid provided by Nestlé containgte Cc4cl2gene (1626 bp) inserted into the
inverted pET28a(+) vector with BamHI (5') and Hihd[3") restriction sites. This plasmid
allows for expression o€cACL2 with a N-terminal hexahistidine (Hjstag. BL21 (DE3)
cells were transformed with the plasmid for staddatpression tests at 37 and 20 °C. A band
corresponding to the expected size ofgHisACL2 with a 24 amino acid linker (62.6 kDa)
was detected in the cell extracts using SDS-PAGE& wastern-blot analysis against the

polyhistidine tag (Figure 21).

Figure 21: SDS-PAGE (A) and western-blot (B) aniglys Cc4CL2 following over-expression and purification

(A) Lane 1: not induced; lane 2: induced; lanen3piuble cell extract; lane 4: soluble cell extréeme 5: flow
through; lane 6: elution fraction; M: MW marker (&P

1 2 3 4 5 M 6 1 2 3 4 5 M 6

20

(A) = (B
Expression was scaled-up in flasks containing 1f lLuria-Bertani (LB) medium
supplemented with 30 pg/mL kanamycin, which wereulated with a 1/100 (v/v) overnight
starter culture. Cells were grown at 37 °C untd dptical density (OD) at= 600 nnreached
0.6. After cooling to room temperature, over-expi@s was induced with 1 mM IPTG and
cells were grown overnight at 20 °C. The cells weaievested by centrifugation at 5,000 x g
and resuspended in a solution composed of 50 ms4H@I pH 8.0, 500 MM NaCl, 2.5 mM
MgCl,, 10 % glycerol and 5 mMN3-mercaptoethanol (BME) (buffer A). The cells theere
flash-frozen and stored at -80 °C until purificatidEDTA-free protease inhibitors tablets,
lysozyme and DNasel were added prior to cell lység a French press (2 cycles at 10
kPSI). The lysate was centrifuged for 30 min at0B0,x g and 4 °C and the supernatant
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loaded on to a 5 mL HisTrap column (GE Healthcarsing an Akta Prime system. After
washing the column with 10 CV of buffer A and 5 @f 5 % buffer B (buffer A
supplemented with 500 mM imidazole), an elutiondggat of 5-100 % buffer B was applied.
1 mL fractions were collected and analysed on 13D&-PAGE gel stained with Coomassie
blue. A SDS-PAGE band corresponding to the sizédisi-CcACL2 was observed in the
elution fractions collected from the affinity colan(Figure 21A). Over-expression of the
recombinant protein was confirmed by western-bludlygsis against the hexahistidine tag.
The fractions containing the protein were pooled dralysed against 20 mM Tris-HCI pH
8.0, 150 mM NacCl, 2.5 mM Mggland 1 mM DTT. A tag cleavage test was carriedvatlt
thrombin protease (Sigma) after dialysing the proteto a buffer composed of 50 mM Tris-
HCI pH 8.0, 150 mM NaCl, 10 % glycerol, 2.5 mM MgC2.5 mM CaCl and 5 mM BME.
Cleavage was successful at both room temperatwleaard °C, but some precipitation
occurred. The cleave@€cACL2 was recovered with subtractive affinity chraomgaphy.
Dynamic Light Scattering (DLS) analysis performe@@ °C indicated that coffee 4CL2 with
or without the Histag was highly polydisperse. The over-expressiatgrdure was repeated
with Rosetta 2 (DES3) cells (Novagen) in order t@@ome the codon bias for expression in

E. coli. However, the resulting protein was still aggredat

2.1.2.2. Nicotiana tobacco 4-coumarate CoA ligase isoform 2

Because CcACL2 required more exploratory work to obtain alyfukoluble,
monodisperse protein, a synthetic gene encodiligptiana tabacum4CL2 (GenBank
accession number: U50846) was purchased from GefRagensburg, Germany). This
protein had previously been used for the enzynsgtnthesis of various hydroxycinnamoyl-
CoA thioesters (Beuerlet al, 2002). The codon-optimised gene (1653 bp) waslsobd
into the pET21d vector (Novagen) digested with Barf#) and Xhol (3') for expression with
an uncleavable C-terminal Hitag and a two-amino acid (Lys-Glu) linker (60.5&D

SeveralE. coli strains, namely BL21 (DE3), BL21* (DE3), BL21 (DEBLysS and
BL21* (DE3) pLysS, were transformed with the pET2Mi4cl2 plasmid for small-scale
expression tests. The soluble extracts were ardlygeSDS-PAGE (Figure 22). The highest
soluble expression level was obtained with BL21E@) cells, which were subsequently used
for large scale production and purification of teeombinanNt4CL2-His. Here, 4 L of LB
medium containing 100 mg/L ampicillin were inocelétwith a 1/100 (v/v) overnight starter
culture and grown at 37 °C until the OD Xt 600 nm reached 0.6. The temperature was

lowered to 20 °C before inducing the expressiorhwitmM IPTG, and then the cells were
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incubated overnight. After centrifugation for 15mat 5,000 x g, the supernatant was
discarded and the bacterial pellet resuspendeaemia lysis buffer composed of 50 mM
bis-Tris pH 7.0, 10 % glycerol and 10 mM NaCl actiog to the previously described
procedure (Beuerlet al, 2002). In contrast with the authors however, tarl@omparison
with a standard buffering agent (50 mM Tris-HCI BH) did not show any difference in the
protein stability, so this standard buffer was sajpently used.

Figure 22: SDS-PAGE analysis of the soluble fractbthe cell lysates followin)t4CL2 over-expression

Lane 1: BL21 (DE3); lane 2: BL21* (DE3); lane 3: BL (DE3) pLysS; lane 4: BL21* (DE3) pLysS; M: MW
marker (kDa).
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Cell lysis was achieved using one cycle at 2.0 kikShe One Shot cell disrupter
(Constant Systems). The lysate was centrifuged3@min at 50,000 x g and 4 °C. The
supernatant was then loaded on a 2 mL nickel-odciétic acid (NTA) gravity column
(Qiagen). After washing with 10 CV of lysis buffesee above) and 10 CV of 20 mM Tris-
HCI pH 8.0 and 500 mM NacCl, the protein was elutétth 20 mM Tris-HCI pH 8.0, 500 mM
NaCl and 500 mM imidazole. The fractions containthg target protein were pooled and
dialysed overnight against 20 mM Tris-HCI pH 8.@ &9 mM NacCl. The protein was further
purified by anion-exchange chromatography (MonoQ &B0, GE Healthcare) using a
gradient from 50 mM to 1 M NaCl on a Akta Explorsystem at 4 °C. The fractions
containing the recombinant protein were pooledceatrated and loaded on a HiLoad 16/60
Superdex 200 (GE Healthcare) for size-exclusioomiatography in 20 mM Tris-HCI pH 7.5
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and 50 mM NacCl (Figure 23A). The purest fractioref the size-exclusion chromatography
were pooled and concentrated to 15 mg/mL in 10 ni-MHCI| pH 7.5 and 50 mM NacCl
(Figure 23B). The protein was stable in a limitedtgolysis experiment on ice with trypsin
1/1000 (w/w) for at least 1 h. Aliquots were flasbzen and stored at -80 °C for biochemical
assays (2.3.3.1). The remaining protein solutioa waubated with 2 mM ATP, 2 mM Mg§&;|

1 mM coumaric acid and 1 mM CoA for subsequenttetiysation trials (2.4.2.1).

Figure 23: SDS-PAGE analysis Hf4CL2 following purification by size-exclusion chremography
(A) Chromatogram. (B) 12 % SDS-PAGE lane 1: pudf#t4CL2; M: MW marker (kDa).
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2.1.3. Production of recombinant HCT and HQT

2.1.3.1. HCT and HQT GST-fusion as a starting material

The cDNAs encodingCoffea canephoraHCT and HQT (GenBank accession
numbers: EF137954 and EF153931 respectively) weseiged by Nestlé R&D centre in
Tours. They were inserted in the pGTPc103a ve&dr( Technologies), which produces a
recombinant protein in fusion with N-terminal glitimne S-transferase (GST). BL21 (DES3)
cells were transformed with pGTPc108xhctand pGTPcl103&chqt plasmids and plated
on LB-agar medium containing 30 pg/mL kanamycinlt@as of 100 mL LB medium were
grown until the OD ak= 600 nm reached 0.6 and expression was inducédiwnM IPTG.
Cells were grown for 3 h at 37 °C or overnight @t°Z. No band corresponding to the size of
the full-length GST-HCT and GST-HQT proteins (7and 75.3 kDa respectively) could be
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detected on a 12 % SDS-PAGE gel stained with Cosimdsue, where the non-induced and
induced cell fractions were loaded.

Like most eukaryotic genes, coffdet and hqt display an unfavourable codon
distribution inE. colithat can limit expression yields (Kane, 1995). @opuently, expression
in a strain that co-expresses the transfer RNAshiese rare codons was considered. Rosetta
2(DE3) cells (Novagen) were transformed with ealesmpid and plated on LB-agar medium
containing 30 pg/mL kanamycin and 34 pug/mL chlorbempcol. The full-length GST-HCT
and GST-HQT proteins could not be detected on SBRGHE, while only a faint band was
detected on western-blot together with N-terminmalginents of 25-30 kDa. An affinity
chromatography purification step was carried out &S T-HQT over-expressed in Rosetta
2(DE3) at 37 °C for 3 h. The bacterial pellet wasuspended in phosphate buffered saline
(PBS) buffer pH 7.4 containing 1 mM DTT. The cell®re subjected to three cycles of
freezing in liquid nitrogen and thawing in a 25 Ww@ter-bath. The cell lysate was centrifuged
for 30 min at 50,000 x g and 4 °C. The supernatzag loaded onto a 5 mL Glutathione
Sepharose 4 Fast Flow column (GE Healthcare) égaied with PBS buffer pH 7.4. After
washing with 5 CV of buffer, the protein was eluted50 mM Tris-HCI pH 8.0, 10 mM
reduced glutathione and 1 mM DTT. The fractions evanalysed by SDS-PAGE with
Coomassie blue staining. The elution fractions aimetd several bands, among which was a
band at 75 kDa, corresponding to the expected ciz€ST-HQT. Western-blot analysis
confirmed the production of GST-HQT by detecting ff6 kDa polypeptide, as well as a
band at 60 kDa and smeared bands around 25-30pk@i@ably corresponding to truncated N-
terminal fragments including the GST fusion (Fig2dg.
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Figure 24: Analysis of GST-HQT following expressiand affinity chromatography

(A) 12 % SDS-PAGE. (B) Western-blot against the &&Jion. M: MW marker (kDa); lanes 1-5: not induced
induced, lysate, soluble extracts 1 and 2; lan&8:5vash and elution fractions from the affinityuoan.
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2.1.3.2. HCT and HQT sub-cloning for expression with a hexahistidine-tag

To try to improve the expression levels of the-faligth proteins, botl€chct and
Cchqt genes were sub-cloned into the RPEX_ HTb vector (Life Technologies) for
expression with a cleavable Blgg at the N-terminus. The target nucleotides vaenplified
by polymerase chain reaction (PCR) using speclficdesigned oligonucleotide primers
flanked with the appropriate cloning sites (Tab)e The reaction mixtures were made in a
final volume of 50 puL as follows: 1 pL of plasmidNB template, 5 pL of PCR buffer (10x),
1 pL of forward and reverse primers (10 pmol/ulQ0 1L dNTP mix (10 mM) and 0.3 pL
(2.5 u) of High Fidelity PCR enzyme mix (FermentasPfu DNA polymerase (Stratagene).
A standard PCR program was run with an annealimgpégature of 55 °C and an elongation
time of 4 min. The PCR products were analysed usifigagarose gel electrophoresis stained
with SYBR Safe (Figure 25). The PCR products, ioleté with Pfu DNA polymerase,
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were double digested with the appropriate restnicénzymes and purified by gel extraction
(Qiaquick kit, Qiagen). The DNA fragments were tegmh into the linearised and
dephosphorylated @®EX HTb vector. TOP10 cells (Invitrogen) were transfied for
plasmid DNA preparation and the insert sequence wadfied by DNA sequencing
(Genecore, Germany).

Figure 25: Agarose gel analysis of PCR productsf@zhctandCchgtamplification

(A) Amplification of Cchct (B) Amplification of Cchqt Lane 1, 2, 3, 4: High Fidelity enzyme mix; lanes57,
8: Pfu polymerase; M: MW marker.
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Table 2: Oligonucleotide primers used to amplifshctandCchqt

The recognition site of the restriction enzymehiackets) is underlined in the primer sequence.

Amplicon Cchct
Template pGTPcl103aCchct
Primer5’ cagcact agggat ccat gaaaat cgaggt gaaggaat cg (BamHl)

Primer 3 tcgt cgat cact cgagt caaat gt cat acaagaaact ct ggaa (Xhol)

Amplicon Cchqt

Template pGTPcl103aCchqt

Primer5’ cagcact agggat ccat gaagat aaccgt gaaggaaaca (BamHlI)
Primer3° tcgtcgat cat ct agat cagaaat cgt acaggaaccttt g (Xbal)

2.1.3.3. Expression and buffer tests for hexahistidine-tagged HCT

SeveralE. coli strains were transformed with the newrpEX_HTb_hct construct
and small-scale expression tests performed at 3amL20 °C. The bacterial pellets were
resuspended in BugBuster protein extraction rea@®otwvagen) for chemical lysis. The
soluble cell extracts were loaded onto single-useTHap Spin columns (GE Healthcare)
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containing 100 puL Ni-NTA agarose beads for affirptyrification. The fractions were eluted
with buffer containing 500 mM imidazole and anatydey SDS-PAGE and western-blot
against the Histag. HCT expression levels were highest in BLZDEB) pLysS cells grown

overnight at 20 °C. Two truncated N-terminal fragnse(~25-30 kDa) remained in the

insoluble fraction of the cell lysate (Figure 26).

Figure 26: SDS-PAGE and western-blot of HEBcHCT over-expression in BL21* (DE3) pLysS cells

(A) 12 % SDS-PAGE. (B) Western-blot against thesHigg). Lane 1: non-induced cells; 2: soluble cettant;
3: insoluble cell extract; 4: flow through; 5: wagh elution; M: MW marker.
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In order to optimise the purification conditionsr fBICT, 100 mL LB cultures of
BL21* (DE3) pLysS were prepared. Expression wasigedl when the OD reached 0.6/0.9
with 0.5/2 mM IPTG and cells incubated overnigh@t°C. The pellets were resuspended in
different lysis buffers (50 mM Tris-HCI pH 7.4, 36800 mM NacCl, 20 mM imidazole, 2 mM
BME, 0/10 % glycerol, 0/1 % Tween 20) supplememtt lysozyme and DNasel. The cells
were lysed with 4 cycles of freeze and thaw usiggid nitrogen and a water-bath at 25 °C. A
similar purification step using His-Trap Spin colasnwas then performed. No major
difference was detected for induction at 0.5 orNl iRTG and at OD &at= 600 nm of 0.6 or
0.9. The best buffer composition was 50 mM Tris-HE 7.4, 500 mM NaCl, 20 mM
imidazole, 2 mM BME and 10 % glycerol.

2.1.3.4. HCT codon-optimised genes for expression in E. coli
A synthetic cDNA with improved codon usage was rlatbtained from Geneart
(Regensburg, Germany) in order to allow a high stallle expression rate of the heterologous

protein. The optimised genes fd&@chct and Cchqt were cloned in the p®EX_HTb
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expression vectofSimilar protein expression levels were obtainedlie wild-type and the

codon-optimisedhct genes. The synthetic gene was used in all thewolly experiments.

2.1.3.5. Large scale expression and purification of HCT

The synthetic pROEX_HTb_hct construct was used to over-expr€s$iCT with an
N-terminal Hig-tag in BL21* (DE3) pLysS strain oE. coli. A single isolated bacterial
colony grown on a freshly streaked plate of LB-agaedium containing 100 pg/mL
ampicillin and 34 pg/mL chloramphenicol was usethticulate a starter culture for overnight
growth at 37 °C. Cultures of 1 L LB medium werertheoculated with a 1/100 (v/v) starter
culture and incubated at 37 °C until the &R2= 600 nm reached 0.6. The flasks were cooled
in ice-water and 1 mM IPTG was added for overngppression at 20 °C. The cultures were
centrifuged for 20 min at 5,000 x g and 4 °C anel lblacterial pellet produced from a 1 L
culture was resuspended in 25 mL buffer composefloomM Tris-HCI pH 7.5, 500 mM
NacCl, 10 % glycerol, 20 mM imidazole and 5 mM BMt#uffer A). The cell stock was flash-
frozen and stored at -80 °C.

All subsequent operations were carried out at 4Pi@r to cell lysis, lysozyme (~200
pg/mL), DNasel (=20 pg/mL) and EDTA-free CompletetPase Inhibitor Cocktail Tablets
(Roche) were added to the thawing cells and stifwed.5 min. The resuspended cells were
ruptured by passage through a French pressuré¢2celicles at 10,000 PSI). The lysate was
then centrifuged at 50,000 x g for 30 min to remtwe cell debris. A 5 mL His-Trap HP
column (GE Healthcare) was equilibrated with 10W&)(buffer B (buffer A supplemented
with 500 mM imidazole). The soluble fraction of thell lysate was loaded and a gradient
from 10 to 100 % (v/v) buffer B imidazole was appli The His-tagged protein eluted with
250 mM imidazole. The fractions containing the rabmant protein were pooled, incubated
with 1/100 (w/w) Tobacco Etch Virus (TEV) proteaaad dialysed overnight in 50 mM Tris-
HCI pH 8.0, 150 mM NaCl, 10 % glycerol, 1 mM DTTcd0.5 mM EDTA. The TEV
cleavage leaves only three residues (Gly-Ala-Méached to the target protein. Cleaved
HCT was recovered by subtractive chromatographygushe same nickel column. The
protein sample was concentrated to 500 pL andtegean a Superdex 200 10/300 GL size-
exclusion column (GE Healthcare) with 20 mM TrisdHE 7.5, 150 mM NaCl and 5 mM
BME. HCT eluted at 14.5 mL, which corresponds te é&xpected size for a monomer of 50
kDa, according to the column calibration curve. Tpwak fractions were collected and
analysed on a 12 % SDS-PAGE with Coomassie blurisga(Figure 27). Only the purest
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fractions were pooled, concentrated by centrifgaind flash-frozen at -80 °C. A mean

yield of 4.5 mg/L culture was obtained.

Figure 27: Chromatogram and SDS-PAGE analysi{SafCT from size-exclusion chromatography

(A) Chromatogram for the size-exclusion step. (BP4 SDS-PAGE. Lane 1: injected sample, M: MW marker
(kDa); lanes 2-10: collected fractions n° 21-29.
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2.1.3.6. Degradation and limited proteolysis of HCT

A comparison of protein samples produced from b&idhatch and stored at different
temperatures (-80, -20 and 4 °C) was carried autias observed that the purified protein
sample usually contained two additional bands ar&B@0 kDa that were amplified with
time (Figure 28A)This indicates that the native enzyme is partiddgraded into two major
fragments by an endogenous endopeptidase actpritpably originating from the crude.
coli extract. Size-exclusion chromatograpbf/ the degraded samplehowed only one

symmetric peak of elution corresponding to a falidth protein size (data not shown). This
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indicates that the fragments remained physicallyoasted throughout the purification
procedure. N-terminal sequencing @©fHCT fragments after storage resulted with a limited
confidence level in the sequence DSVPE, which noapSer218.

The degradation pattern was reproduced by inculpdteshly purified HigsCcHCT
with several proteases. Reaction samples were takseveral time points and supplemented
with 1 mM phenylmethanesulfonyl fluoride (PMSF)gtwp the reaction. 12 % SDS-PAGE
and western-blot (anti-Hijs analysis revealed two bands of approximately Ra kppearing
after a few minutes incubation with trypsin, thetysin or subtilisin. The band of the full-
length protein was barely visible after 10 min ibation (Figure 28B). The protein was intact
in the reactant mixture where no protease was addedfragment bands were extracted from
the polyacrylamide gel and subjected to N-termisafjuencing. This resulted in the
identification of the sequence SDSVPETA, which mafier Lys210 that is predicted to be

part of the inter-domain loop region.

Figure 28: SDS-PAGE analysis of HCT proteolysis

(A) Lane 1: purifiedCcHCT stored at -80 °C. M: MW marker (kDa); lane &mse sample stored at 4 °C for
several weeks. (B) Limited proteolysiswith trypsin at a 1/500 (w/w) dilution on ice. M:\M marker; t0-t60:
incubation time in min. (C) Limited proteolysis thie methylated derivative &cHCT.
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2.1.3.7. Chemical modification of CcHCT by reductive methylation

The reductive methylation of solvent-accessibleingsresidues is a simple and
inexpensive method to aid in the crystallisationsome proteins. The protocol used was
adapted from (Walteet al, 2006) and applied t&€cHCT, which contains 20 potential

methylation sites (19 Lys and the N-terminal amgmoup). The reaction was performed at 4
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°C with 30 mg of pure protein at 0.65 mg/mL in 5Mnsodium HEPES pH 7.5, 250 mM
NaCl and 5 mM BME. 2@L of freshly prepared 1 M dimethylamine-borane cter{ABC)
(Fluka) and 4QuL of 1 M formaldehyde per mg of protein were addedhe protein sample
and incubated for 1 h. The procedure was repeateel loefore leaving overnight under gentle
agitation. The precipitated material formed dutiing methylation reaction was removed prior
to concentration of the remaining protein sample%j6The buffer was exchanged to 20 mM
Tris-HCI pH 7.5, 200 mM NaCl and 5 mM BME for siegelusion chromatography using a
Superdex 200.

Limited proteolysis was then carried out on theiveaand methylated HCTs. The
proteins were incubated at 30 °C with trypsin &/E00 (w/w) ratio in a buffer composed of
20 mM Tris-HCI pH 7.5. The reaction was monitorgdtéking aliquots from t= 0 to 120 min
and stopped by the addition of 1 mM PMSF priordading the samples on a 12 % SDS-
PAGE gel. As expected, the results showed thattragnto nativeCcHCT, the methylated
derivative was resistant to trypsin proteolysigy(ffe 28C). From these observations and the
N-terminal sequencing results (2.1.3.6), it wastylated that the solvent-accessible Lys
residues part of the predicted inter-domain looplc&cdave an influence on the stability of
CcHCT. Once cleaved, the loose parts may hinder tiistal formation. The two charged
amino acids, Lys210 and Lys217, which are charsetérby a high conformational energy,

were consequently mutated to Ala to engineer asinyesistant protein (2.1.3.8).

2.1.3.8. K210A/K217A (K-mutant) CcHCT

K-mutantCcHCT was produced using expression and purificgtiaotedures similar
to that for the native protein (2.1.3.5). Limiteeolysis with trypsin and chymotrypsin had
no or little effect on the K-mutant HCT, while silisin could still cut the protein into two

stable fragments (Figure 29).
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Figure 29: SDS-PAGE analysis of the K-mutant HCllofeing limited proteolysis

M: MW marker (kDa), lanes 1-5: trypsin digestioanés 6-10: chymotrypsin digestion, lanes 11-15tiltsib
digestion, respectively at t= 1, 5, 15, 60 min amdrnight incubation with 1/1000 (w/w) proteasé ac.
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2.1.3.9. Hiss-HQT expression
A similar expression protocol was applied torRpEX HTb Cchgt No band

corresponding to the correct size of theghisHQT could be detected in the elution fractions
loaded on polyacrylamide gel. However, multiple d=rmat lower molecular weight (25-30
kDa) were observed in the insoluble and solubletifvas, similar the expression pattern for
GST-HQT (Figure 24). These bands probably corresgorN-terminal truncated fragments
of CcHQT. No further work was carried out with this eggsion vector as no satisfactory
expression conditions were found. A synth€@chqtgene (Geneart) was also tested, but did

not result in any improvement in the expressiorlle¥ the full-lengthCcHQT.

2.1.3.10.Cchqt subcloning in pET-28M-SUMO3

As CcHQT was difficult to over-express with previous t&yss, the syntheti€chqt
gene was sub-cloned into pET-28M-SUMOS3 expressamtor (EMBL Heidelberg) using the
BamHI (5') and Xhol (3') restriction sites. The neanstruct was designed to enhance the
expression level and solubility @cHQT with a N-terminal HisSUMO3 (small ubiquitin-
related modifier) fusion tag (~100 amino acid resgjull.5 kDa) that has been shown to
provide a chaperoning effect (Malakhetal, 2004). The fusion tag is cleaved off with 1/100
(w/w) SenP2 protease incubated overnight at 4 9@guthe elution fraction from the first
affinity chromatography step. The robust and spe8EnP2 protease is known to recognise

the 3-dimensional structure of human SUMOS3 rathanta short, but specific, amino acid
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sequence (Revertet al, 2006). This procedure introduces only one resi@e¥) at the N-

terminus of the expressed protein.

2.1.3.11. Expression and purification of Hiss-SUMO3-CcHQT

Following the recommended procedure of the Prdigjoression and Purification core
facility of EMBL-Heidelberg, BL21 (DES3) cells wergansformed with pET-28M-SUMOS3-
Cchgtand grown at 37 °C in LB medium containing 30 plg/kanamycin and 34 pg/mL
chloramphenicol to an OD at 600 nm of 0.5. Expression was induced with 0.2 RWIG
and cells grown overnight at 18 °C. The cells weaevested by centrifugation and flash-
frozen in liquid nitrogen. The bacterial pelletsres¢hawed and resuspended to a final volume
of 25 mL/L culture in a lysis buffer composed of ®M Tris-HCI pH 8.0, 250 mM NacCl, 20
mM imidazole, Complete Protease Inhibitor, DNaseild alysozyme. The cells were
maintained on ice and ruptured by sonication (ViDedl, Bioblock Scientific) with 6 x 25 sec
pulses at 60 % intensity and 30 sec breaks. Thdysake was cleared by centrifugation and
the supernatant loaded on to a 5 mL Ni-NTA colu@mag@en). After washing to eliminate
unbound contaminants, HISUMO3-HQT was eluted using a gradient of 20 to 300
imidazole in the buffer. A protein of 70 kDa thai-elutes withCcHQT from the affinity
column may correspond from size comparisoik t@oli chaperone DnaK (Figure 30A). The
purest fractions were dialysed against 50 mM Ti@&-kH 8.0 and 250 mM NaCl and
digested with 1/100 (w/w) SenP2 overnight at 4 T@e following day, the digestion mixture
was centrifuged and loaded again on the Ni-NTA ewiuThe cleave€cHQT was found in
the flow through and remained stable in solutiohilevthe Hig-SUMOS3 fusion was retained
on the column. The sample buffer was exchange&®mM Tris-HCI pH 8.0 and 100 mM
NaCl, filtered and loaded on a 5 mL HiTrap Q anéxzhange column using an Akta purifier
system.CcHQT was eluted in the flow through (Figure 30B), iwhthe contaminants
remained bound to the MonoQ column. Finally, HQTswanalysed by size-exclusion
chromatography and eluted as a monomer. The mesd wias 1 mg/L culture of pure
CcHQT. The protein was also sensitive to proteolymisl showed a degradation profile
similar to that of CCHCT (Figure 30C). N-terminal sequencing of trundaleagments from
HQT degradation gave two sequences: TGPRA and GPR&sistent with a cleavage at
Lys219 and Thr220. A similar mutant as for HCT, RAIK219A HQT, was produced and

purified using a similar protocol to the native HQT
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Figure 30: SDS-PAGE analysis of HSUMO3-CcHQT during the purification procedure

(A) Lanes 1-4: cell lysate; lanes 5-8: fractioranfrthe first affinity column, lanes 9-10: beforedaafter SenP2

digestion, lanes 11-16: fractions from the ion-exwe column, M: MW marker (kDa). The band corres{iun

to Hisss.SUMO3-HQT/ cleaved HQT is circled in red. (B) sizeclusion chromatogram. (C) Degradation pattern
of CcHQT after storage at 4° C for several weeks.
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2.1.3.12.HCT and HQT site-directed mutagenesis

The ability to change specific residues or regiaisproteins by site-directed
mutagenesis allows a better understanding of strexdtinction relationships in proteins. Prior
to structure determination of the native HCT, salvegsidues potentially involved in catalysis
and/ or substrate binding were selected from semuand structure comparisons with VS,
MaT and TRI101. HCT mutants were designed and gée@ by site-directed mutagenesis on
the Cchct gene template to produce H35A, H153AX{#D), H154N (HXX,;D), D157A
(HX3D), Y252A, R374E and H154N/A155L/A156S (HX) mutant HCTSs.
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The QuikChange site-directed mutagenesis kit (&feaxte) was used to generate
single site mutations in the codon-optimised The double mutants were produced by using
the template containing the first mutation and grsncorresponding to the second mutation
to be introduced. The gene encoding the triple MIBA55L/A156S mutant HCT was
constructed in a single step as the target basesadgacent. According to the manufacturer’s
specifications, the reaction mixture was compose0.25 pL DNA template, 2.5 pL 10x
DNA polymerase buffer, 0.5 pL dNTP, 1 pL forward @nhd 1 pL reverse (R) mutagenic
primers at 15 pmol/uL (Table 3), 0.5 puL Pfu Turbdypwerase and completed to 25 pL with
milliQ water. After denaturing at 95 °C for 1 miamplification consisted of 18 cycles of 1
min at 95 °C, 1 min at 60 °C for annealing and & rai 68 °C for elongation (1 min/kb of
plasmid length). An additional final step of elotiga was carried out at 68 °C for 8 min. The
PCR products were digested with 0.5 pL Dpnl for at137 °C. XL-1 Blue super competent
cells (Stratagene) were transformed with 5 puL efdigest. The cells were plated on LB-agar
containing the appropriate antibiotic to selecoogds containing the mutant plasmid. A few
clones were selected on each plate for plasmid Pkdaration and sequencing (Genecore,
EMBL-Heidelberg) in order to identify one that caimed the desired mutation. Each mutant
was then over-expressed and purified as previalesgribed for the wild-type enzymes. All

mutant proteins were successfully produced andipdrio homogeneity.

Table 3: Sequences of the oligonucleotide primeesidor the production of mutant HCTs

Mutation Pair of mutagenic primers
c103g/al04c F: atctggtggtgccgaactttgctaccccgagceg
(H35A) R cgct cggggt agcaaagtt cggcaccaccagat
c457g/a458c F: ggt gt gggcat gcgt gct cat gcggcgga
(H153A) R tccgccgcat gagcacgcat gcccacacc
c460a F: ggt gt gggcat gcgt cat aat gcggcgga
(H154N) R tccgccgcatt at gacgcat gcccacacc
a470c F: catcat gcggcggct ggctttagcggce
(D157A) R gccgct aaagccagccgcecgcat gatg
t754g/a755¢c F: aagat ggcaacaccatt agcgct agcagct at gaaat gct gg
(Y252A) R ccagcatttcatagctgctagcgct aat ggtgttgccatctt
c1120g/gll2la/tll22a F: gcattaccagct gggt ggaact gccgat ccat gat gc
(R374E) R gcat cat ggat cggcagtt ccacccagct ggt aat gc
c460a/g463c/c464t/g466a/c467g/g468€: gggt gt gggcat gcgt cat aat ct gagcgat ggct tt agcggcect gcat
(H154N/A155L/A156S) R at gcaggccgct aaagccat cgct cagatt at gacgcat gcccacaccc
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2.2. Biophysical characterisation

2.2.1. Thermofluor assays

Fluorescence-based thermal shift (Thermofluor)ysssaprocedure first described by
(Pantolianoet al, 2001), have been used by a number of laboratases high-throughput
way to measure protein stability. Because the taestability of a protein increases with the
stabilising effect of a buffer or the binding ofligand, Thermofluor assays can be used to
identify optimal protein buffer solutions, to scnefor potential ligand-induced stabilisation
and therefore to increase the success rate iratligation experiments (Ericssat al, 2006).

The fluorescent dye fluoroprobe SYPRO orange (MdiacProbes) was added to the
protein in the presence of various buffer solutitmsonitor the protein unfolding process as
a function of temperature. As a protein unfoldsgdrophobic residues that are buried in the
native protein become exposed to the solvent. Thwdprobe is normally quenched in an
agueous environment but, as the dye binds to hytmip sites, the fluorescence intensity
increases on protein unfolding. The melting temjpeea(Tm) is obtained by calculating the
midpoint temperature from the typical two-statensidon curve (Figure 31B). The
experimental error of Tm determination is in thega of 0.2-0.5 °C and a significant shift is
considered when Tm increases by more than 2 °Cq&onet al, 2006).

Thermofluor assays were carried out on freshly fimari protein samples prior to
crystallisation trials. The final volume of 50 pLrpgell was composed of 25 pL 2x buffer
solution containing the test buffer, additives amdligands or only water as a control, 10 pL
10 to 50 uM protein, 13.75 pL milliQ 4@ and 1.25 uL SYPRO orange 200x (5x final). A
real-time quantitative MX3005P PCR instrument (&igane) was used with standard 96-well
PCR plates and optical seals. The plate was héated25 to 89 °C with a heating rate of 1
°C/min and the fluorescence intensity was measuset a SYBR filter (excitation/ emission
wavelengths: 492/516 nm). The raw data were andlyseng Microsoft Excel by calculating
the temperature value corresponding to the avemigehe maximum and minimum

fluorescence intensity values.

2.2.1.1. Cc4CL2 and Nt4CL2

The stability of coffee and tobacco 4CL2 samples warified using Thermofluor
assaysCAACL2 (2.1.2.1) did not present a clear unfoldiransition (Figure 31A). A buffer
and ligand screening was performed to improve thkilgy in solution on a purified fraction
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of CAACL2, but no improvement was seen. In the casit€CL2, the melting temperature

determined in the storage buffer was 42 °C (Fi@1rB).

Figure 31: Thermofluor analysis of coffee and tatwadCL2 prior to crystallisation screening
(A) CcACL2. (B)N#4CL2.
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2.2.1.2. CcHCT

Native CAHCT was diluted to 0.76 mg/mL in order to decretisestorage buffer and
salt concentrations by a factor of ten. Severaldnufpes at a concentration of 0.1 M and pH
values were screened: citric acid pH 5.0, MES pb 5.5/ 5.8/ 6.0/ 6.2/ 6.5, sodium citrate
pH 5.5/ 6.0, sodium phosphate pH 6.6/ 7.0/ 7.6ag®um phosphate pH 6.0/ 7.0, sodium
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HEPES pH 7.0/ 8.0, ammonium acetate pH 7.3, Tri$-ptC 7.5/ 8.0/ 8.5, tricine pH 8.0,
imidazole pH 8.0, bicine pH 8.0/ 8.5/ 9.0. DifferéyaCl concentrations were also tested: 0/
0.1/ 0.2/ 0.5 M. According to the Tm values meaduHCT is more stable in buffers with a
pH higher than 7.0 and sodium phosphate stabili€$ the most compared to the other
buffers tested (Figure 32). Phosphate buffers areglly avoided in crystallisation trials as
they may lead to the formation of salt crystalserBifiore it was only used as a buffering agent
for the biochemical characterisation (2.3). The hyietted HCT (2.1.3.7) showed a similar
buffer preference, but with lower Tm valugsT(n~ 2 °C) probably due to a decrease in the
protein solubility.

The influence of adding of ligands on the Tm wasoatvaluated. 1 mM ligand (5-
CQA, 5-FQA, CoA, quinic, shikimic, coumaric, caffeior ferulic acid) was added
individually or in combination to a solution comaig 0.5 mM HCT prior to the Thermofluor
assay. Four different types of buffer (0.1 M HER&E$ 7.5; 0.1 M Tris-HCI pH 7.5; 0.1 M
sodium phosphate pH 7.5; 0.1 M MES pH 6.0) wer® désted. The most significant
stabilising effect for HCT was observed in the pree of 1 mM CoA alone or in
combination with 5-CQA or quinic acid (Figure 33herefore the cofactor was used as an

additive in the crystallisation trials (2.4.3.1).
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Figure 32: Melting temperatures fra@tHCT Thermofluor assays in different buffer solusdf.1 M)

The melting temperature (Tm) is indicated aftertibéer description for each plot.
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2.2.1.3. HQT

CcHQT was used in a Thermofluor assay prior to ctlys&ion trials and showed a
relatively high Tm value (49 °C), indicating thdtet protein was stable in the final buffer
composed of 10 mM Tris-HCI pH 7.5 and 50 mM NaGteTprotein was incubated with 1
mM CoA overnight and showed a Tm of 55 °C, suggesthat the cofactor significantly

stabilises the enzyme.

2.2.2. Isothermal calorimetry

Isothermal calorimetry (ITC) is a routine biophyditechnique used to determine the
thermodynamics of protein-ligand interactions (feregt al, 2008; Liang, 2008). Native
CcHCT was thawed and dialysed overnight into a buftenposed of 10 mM sodium HEPES
pH 6.8 and 100 mM NaCl. The control and ITC expernis were carried out at 25 °C with
the MicroCal VP-ITC system. The protein concentmativas adjusted to 20 uM in the cell.
CoA (alternatively 5-CQA) was dissolved at 200 uMthe dialysis buffer and loaded in the
syringe for 14 pL injections. In both cases, nadbig interaction was observed, even with a
two-times higher protein concentration. It is cldhat this technique is unsuitable for

measuring the binding interactions of HCT.
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2.3. Biochemical characterisation

2.3.1. Introduction

Nicotiana tabacum4-coumarate CoA ligaseNf4CL2) and Coffea canephora
hydroxycinnamoyl-CoA shikimate/ quinate hydroxycanmoyltransferase<CEHCT/ CcHQT)
were over-expressed . coli and purified to homogeneity using several chrogyaphic
steps. The following section presents the experiaiaonditions used to investigate time
vitro activity of these enzymes, which are essentialpmrents of the biochemical pathway
leading to CGAs and other phenolic compounds intpl&lt4CL2 is involved in the synthesis
of hydroxycinnamoyl-CoA thioesters, whilecHCT and CcHQT catalyse the transfer of
hydroxycinnamoyl moieties between CoA and quinicsbikimic acid. Mutants, notably
targeting the conserved HB® motif (0), were also assayed. The acyltransfadileg to CGA
biosynthesis is designated as the "forward" reactidmle the "reverse" reaction involves the
conversion of a CGA molecule to the correspondingréxycinnamoyl-CoA thioester
(Figure 34). The reverse reactions using 5-CQAFand CoA as substrates were studied
first because the CoA thioesters were not commrcavailable. In order to study the
forward reaction catalysed b€cHCT and CcHQT, these substrates were synthesised
enzymatically usingNt4CL2 and purified based on a previously publishextg@dure (Beuerle
et al, 2002).

Figure 34: Biosynthesis and turnover reaction efritajor CGA compound, 5-COA
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2.3.2. The high-performance liguid chromatography system

2.3.2.1. Spectrophotometry versus HPLC
To study an enzyme-catalysed reaction, one neefldltov substrate depletion and
product formation. Spectrophotometric methods ararmonly used for this purpose because

they are simple and accurate. However, obviousirement is that either a substrate or a
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product in the reaction must absorb light in a spéaegion where other substrates or
products do not. In the case of the reaction ustigty, CoA thioesters and quinate/ shikimate
esters have distinct maximum absorbance valuespriesent overlapping absorption spectra
(Figure 35). Compared to spectrophotometry, ligaiomatography is more informative
about the chemical entities present in a reactiotune. It is also more accurate as the peak
area of the absorbing species is directly propoalido its concentration by the Beer-Lambert
law. Therefore, high-performance liquid chromatg@ima (HPLC) was preferred for the
studies carried out here. Quinic acid is not detdet in the range of 210 to 400 nm
wavelength, while shikimic acid can be measurgd=8210 nm due to the double bond within
the cyclohexene ring. High-performance anion-exgkachromatography coupled to pulsed
electrochemical detection (HPAE-PED) is the usaahhique for the analysis of these acids

(Rogerset al, 1999), but it was not available for this study.

Figure 35: Overlap of the absorption spectra of Co&£QA and the reaction product caffeoyl-CoA

Reactions were set up using 5 mM CoA and 5 mM 5-G@Q& 1 M sodium phosphate pH 6.0. The reaction was
started by adding 0.002 uM HQT and incubated &345amples taken at t= 0 (A) and 30 min (B) were
analysed by HPLC with photodiode array (PDA) detect
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2.3.2.2. Description of the HPLC system

Chromatography separates a mixture of analyteh@rbasis of their relative affinity
for the mobile and stationary phases. In HPLC,dygaration speed is increased by forcing
the liquid solvent through the stationary phas¢hefcolumn under high pressure. Reversed-
phase HPLC, where a polar mobile phase and a nlan-ptationary phase are used, is the
most frequently used liquid chromatography techeigln this study, the analytes were
resolved by their relative hydrophobicity on as@®onded-phase column composed of

octadecyl hydrocarbon chains anchored to non-miliaa gel particles. A Novapak column
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(4 pm, 4.6x 250 mm, Waters) or a Nucleosil colurarum, 4x 250 mm, Macherey-Nagel)
were used in the experiments, depending on theitadoility.

Before injection, samples were filtered using a [1sgringe and a 13 mm Acrodisc
filter with a 0.2 um membrane (Pall Corporation)pfe-column was necessary to eliminate
compounds that irreversibly bind thes@olumn and filter any precipitation that may occur
between the time samples are loaded for analysis their actual injection time by an
automatic sampler. Samples were injected into thbile phase (injection volume of 10 pL,
unless otherwise specified) with a flow rate of MB/min. The mobile phase was composed
of two solvents (A and B) whose respective contrdns varied according to the programmed
elution gradient. The percentage of organic solverthe mobile phase was incrementally
increased to elute the compounds off the columa,niiore hydrophobic component eluting
last (Table 4). The mobile phase was acidified With % phosphoric acid (0.1 % formic acid
in case of a coupling with a mass spectrometerder to better separate the ionic and
ionisable compounds. As illustrated in Figure 3te HPLC system used comprised an
autosampler (Waters 717), high precision pumps €v8a800E System Controller), an oven
where the column was kept at 30 °C and a Watersodlumle array (PDA) UV detector,
scanning wavelengths in the range 210 to 400 nreleagth. When the HPLC-PDA was not
available, a simpler system equipped with a dusbdiance (DA) detector was used to record
the absorbance at two particular wavelengths addndt have a column incubator. Data
processing was performed using the Waters Empooigvare. Peak assignments were made
by comparison with available standards using thak petention time (RT) and with UV

absorbance spectra recorded with the PDA detector.

Figure 36: Components of the HPLC system
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2.3.2.3. From an acetonitrile to a methanol solvent system

The elution gradient used was initially based oet@aitrile and a method developed
at Nestlé to analyse coffee CGA extracts (Tabl®4die to a global acetonitrile shortage in the
first half of 2009 (Lowe, 2009), an alternative heatol-based method was designed. As the
two solvents differ in their relative eluotropiaestgth, the elution gradient was modified

accordingly to maintain a good separation of co@€A isomers (Table 4).

Table 4: Mobile phase gradients used for HPLC amislyf coffee CGAs

Mobile phase Acetonitrile Methanol
Composition (%) A: B: A: B:
8% CHCN | 50 % CHCN | 20 % CHOH | 60 % CHOH
Time (min) 0.1 % HPO, | 0.1 % HPO, | 0.1 % HPO, | 0.1 % HPO,
0 93 7 93 7
2 93 7 93 7
20 90 10 90 10
31 65 35 65 35
40 30 70 30 70
42 30 70 20 80
44 93 7 93 7
55 93 7 93 7

2.3.2.4. Substrates and chemicals

Only the 5-CQA and rosmarinic acid were availaldecammercial standards. 5-FQA
was provided in limited amounts by Nestlé. A kitrobno- and diCQAs purified from plant
extracts was eventually obtained in 2009 from Bidgu(Chengdu, China). All other
chemicals were obtained in a lyophilised form atatexl as specified in Table 5. MilliQ-
purified water was used for all reagent dilutionsl duffer preparation. Stock solutions were
freshly prepared and stored on ice for a maximumnef day or frozen at -80 °C prior to use.
CoA and 5-CQA stock solutions were prepared at 1d® and 20 mM respectively. The
HPLC grade solvents (methanol, acetonitrile) ad ag&kthe additives (phosphoric and formic
acids) were filtered before use. The reaction buffas prepared using monobasic (0.5 M
NaH,PO, pH 4.0) and dibasic (0.5 M NdPO, pH 9.0) solutions mixed to obtain the

appropriate pH value and stored at room temperature
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Table 5: Information on the substrate compoundd us¢he biochemical assays

Compound Formula MW (g/mal)Storage (°C)| Min. purity (%) Brand
5-CQA GieH160s 354.31 20 9§é1 Bil‘:’mgfy
3-CQA CigH1800 354.31 4 99.4 Biopurify
4-CQA CieH1509 354.31 4 99.6 Biopurify
5-FQA GH2009 368 4 98 gift

3,5-diCQA GsH2401, 516.46 4 99.3 Biopurify

3,4-diCQA GsH2401, 516.46 4 99.4 Biopurify

4,5-diCQA GsH24015 516.46 4 99.1 Biopurify
caffeic acid GHgO, 180.16 20 98 Sigma
ferulic acid GoH1004 194.19 20 99 Sigma
t-cinnamic acid GHO, 148.16 20 99 Sigma
coumaric acid HgO4 164.16 20 98 Sigma
sinapic acid @H1.05 224.21 20 98 Sigma

coenzyme A GiH36N7O16P5S 767 -20 gg BioSCi%:enriika

quinic acid GH1504 192 20 98 Fluka

shikimic acid GH100Os 174 20 99 Sigma
rosmarinic acid GH1605 360.3 20 97 Aldrich
spermidine GH1gN; 145.25 20 99.5 Sigma
myainositol GH 105 180.2 20 99.5 Sigma
pHPL GH1¢0,4 182.2 20 98 Aldrich

2.3.2.5. HPLC analysis of CGA and HCA standards
The retention times (RT) and absorbance spectrgh@f HCAs, which serve as
substrates for 4CL2, were determined (Table 6)fe@afcoumaric, ferulic and sinapic acids

were injected individually and analysed by HPLChathe methanol or acetonitrile method.
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Table 6: Typical retention times and absorbanceimaxf the HCA standards

RT (min) Max. abs.
Compound
methanol acetonitrile (nm)
Coumaric acid 31.9 28.9 308.3
Caffeic acid 18.3 16.7 322.6
Ferulic acid 37.8 35.2 322.6
Sinapic acid 40.2 38.2 322.6

CoA eluted close to the void volume and was besasmed af.= 256 nm (Figure
37A). The CGA elution sequence, which was driverabyncrease in hydrophobicity, did not
change in the chromatographic systems used (3-C@AQA< 5-CQA< 5-FQA< 3,4-
diCQA< 3,5-diCQA< 4,5-diCQA) (Figure 37B). The U\pectrum of each CQA isomer is
very similar (Figure 37C). RTs for each compoundldosary depending on the mobile phase
(acetonitrile/ methanol), HPLC device (photodiodeay or dual absorbance detector) or
column (Nucleosil/ Novapak) used (Table 7). As dbads were different from one Nestlé
visit to another, pure CGAs were systematicallgate¢d as standards either individually or in
a mixture before each reaction series. As an aligemdo pure commercial standards,
methanolic extracts of green coffee beans provebdet@ convenient source of the major
coffee CGAs. Typically, the beans were frozen iquid nitrogen and ground. Phenolic
compound were then extracted with 70 % methanolLforat 40 °C in shaking flasks. The
methanolic extract was filtered (0.2 um) and a dl@-tlilution was analysed by HPLC-PDA
(Figure 37D).

Table 7: Typical retention times and absorbanceimaxf the CGA standards

Compound RT (min) Maximum absorbance (nm)
methanol | acetonitrile

CoA 4.7 3.9 256.0
3-CQA 6.8 6.8 325.0
4-CQA 12.0 11.9 326.2
5-CQA 13.8 13.0 325.0
5-FQA 29.3 27.1 325.0
3,4-diCQA 45.6 42.1 325.0
3,5-diCQA 47.2 43.1 328.6
4,5-diCQA 50.6 44.5 328.6
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Figure 37: HPLC profiles of CoA and CGA standards

(A) CoA and 5-CQA standard solutions analysed withacetonitrile method. The chromatograms were
extracted at= 325 nm (left) and 256 nm (right). (B) 0.2 mM didms of 3-, 4- and 5-CQA, 5-FQA and 3,4-,
3,5- and 4,5-diCQA analysed with the methanol ma:twad measured at 325 nm (sample 883). (C) Overlap
of CGA absorbance spectra. (D) Coffee extract aealywith the acetonitrile method.
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A calibration of peak area against concentratios whtained for 5-CQA &t= 325
nm. Linearity was respected in the range 0 to 10 @da not shown). To quantify CGAs in
a coffee methanolic extract, a reference solutib®-€QA at a known concentration was
analysed as an external standard before the sarhpierest was tested. The concentration of
CGAs in the sample was deduced from the correspgnoieak area at= 325 nm and the
values for the 5-CQA standard (Equation 1). Thatnet response factor (RRF) was taken
into account as a correction for molecular weigtifetknces with the 5-CQA standard
(Lepelleyet al, 2007).

Equation 1: Quantification of CGA compounds in mpée with 5-CQA as an external standard

A: absorbance; C: concentration; RRF: relative oasp factor: RRF= 1 for the mono-CQAs, 0.96 forGAF
and 1.36 for the diCQAs.

Astd Csti= As.coal/Cs-cor= Acea/Ccea*RRF

2.3.2.6. Stability of CGA solutions

The stability of CGA compounds was verified by egtl0 mM 5-CQA/ 5-FQA in
0.1 M sodium phosphate pH 6.0/ 7.0 at 90 °C. Sasnfaken at t= 0, 30 and 60 min were
analysed by HPLC-DA. Similar experiments were penied with 1 mM 3-/ 4-/ 5-CQA, 3,4-/
3,5-/ 4,5-diCQA in 0.1 M sodium phosphate pH 6.&uipated overnight (~15 h) at 34/ 25 °C.
Samples (1369-1386) were analysed using HPLC-PDOA tve acetonitrile method.

2.3.2.7. General preparation of the enzymatic reactions

Stock solutions of substrates and buffer were miwét MilliQ water to reach the
desired concentration and final volume. Reactiomesewstarted by adding the enzyme (or
water for the control reaction) and solutions iretigll in a 34 °C water-bath during sampling,
unless otherwise stated. Typically, a 40 pL aliquas taken and diluted with 210 uL HPLC
solvent A. After filtration, the automated systenjected a 10 pL sample into the HPLC
system. The following sections describe the enzinratction details. The figure legends in
the Results section of this thesis also contaircti@a details and sample numbers. All
chromatograms reported represent, as a functitimef the absorbance value measured-at

325 nm, except where otherwise stated.
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2.3.3. Enzymatic synthesis and purification of the CoA thioesters

2.3.3.1. Coffee and tobacco 4-coumarate CoA ligases

In order to assay the activity Gfc4CL2, a pure fraction of the recombinant protein (5
KM) was incubated with 0.2 mM coumaric acid, itgandiological substrate, in the presence
of 1 mM CoA, 5 mM MgC} and 5 mM ATP in 0.1 M sodium phosphate pH 7.5. §am
(876-879) taken at t= 0, 15 min and after overnightibation at 34 °C were analysed using
HPLC-PDA with the methanol method.

The activity of Nt4CL2 was tested with cinnamic acid and its commerivdtives
coumaric, caffeic, ferulic and sinapic acids. Rigact mixtures containing 1 mM
(hydroxy)cinnamic acid, 5 mM CoA, 2.5 mM MgCind 2.5 mM ATP in 0.1 M Tris-HCI pH
7.5 were prepared in a 400 pL final volume. Reastiorere started by adding 1.6 pM
recombinant enzyme. Samples (590-603) taken at & &d 20 min were analysed using
HPLC-PDA with the methanol method. Similar reactimixtures were made up in three
different buffers: 0.1 M sodium phosphate pH 6.& &@nd 0.1 M Tris-HCI pH 7.5. Samples
(634-683) taken at t= 0, 5, 25 min and after owgrhincubation were analysed using HPLC-
PDA with the methanol method.

As no commercial CoA thioester was available, camylaCoA, caffeoyl-CoA and
feruloyl-CoA were synthesised enzymatically asdat. 10 mL reaction mixtures composed
of 0.8 mM coumaric/ caffeic/ ferulic acid, 1 mM Cp2 mM MgCL and 2 mM ATP were
prepared in 0.1 M sodium phosphate pH 6.0. Reaxtivere started by adding 0.05 uM
Nt4CL2. Samples (699-715) taken at t= 0, 10, 60 &trin were filtered through a 50 kDa
cut-off membrane to remove the enzyme. The filgatere analysed using HPLC-PDA with
the methanol method. The reaction was complete 28@ min and all subsequent reactions
to produce the hydroxycinnamoyl-CoA thioesters wstepped at this time. The final
concentration of the CoA thioester was deduced fitoeninitial amount of HCA supplied in

the reaction.

2.3.3.2. Purification of CoA thioesters

Successive injections of reaction volumes of upl®® pL, corresponding to the
maximum loop capacity, were carried out to purifffeoyl-CoA by preparative HPLC with
either the acetonitrile or methanol method. Thettea product was subsequently collected
manually as it eluted off the column.

A simpler method to purify a CoA thioester from eaction mixture was later

developed. This was based on a previously descipbecedure (Beuerlet al, 2002). For
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this, a 1 mL solid-phase extraction (SPE) Sep-Pakc&rtridge (Waters) was activated with
10 column volumes (CV) of methanol, washed withCM) milliQ H,O and equilibrated with
10 CV of 4 % ammonium acetate buffer. Ammonium aieetvas added to the reaction
mixture to a final concentration of 4 %, beforedway onto the cartridge using a syringe. The
column was subsequently washed with 10 CV of 4 dmamum acetate and 10 CV of milliQ
water. The CoA thioester was then eluted with sEV&00 pL fractions of 100 % methanol,
which were analysed by HPLC.

The fractions containing the CoA thioester collddi@m preparative HPLC or eluted
from the SPE column were evaporated to near dryuag a vacuum concentrator in 1.5 mL
Eppendorf tubes. The residue was resuspended liQrpilrified water before further HPLC

analysis or use in enzymatic reactions.

2.3.4. Comparison of the HCT and HQT-catalysed forward reactions

2.3.4.1. HCT and HQT acyl acceptor specificity

In the forward direction, HCT and HQT catalyse thensfer of hydroxycinnamoyl
moieties from CoA to quinic or shikimic acid. Torifg their substrate preference, reaction
mixtures containing 5 mM quinic/ shikimic acid ortband 0.2 mM caffeoyl-CoA in 0.1 M
sodium phosphate pH 6.5 were prepared in a fininve of 100 pL. Reactions were started
by adding 1 puM HCT/ HQT. Samples (1023-1052) ta&etx 0, 5 and 60 min were analysed
using HPLC-PDA with the methanol method.

In order to test the reactivity of HCT/ HQT towardther acyl acceptor molecules,
reactions containing 10 mM quinic/ shikimic/ 4-hggyphenyllactic acid/ spermidine oryc
inositol and 0.2 mM caffeoyl-CoA in 0.1 M sodiumgsdphate pH 6.5 were prepared in a 100
pL final volume. Reactions were started by addirtgOM HCT/ HQT. Samples (1146-1163)
taken at t= 0, 15 min and after overnight incubatiere analysed using HPLC-PDA with the

methanol method.

2.3.4.2. HCT and HQT phenolic donor specificity

In order to compare the phenolic donor prefererfcd@T and HQT in the forward
reaction, the following assays were set up. Reacatiotiures containing 0.2 mM caffeoyl-
CoA/ coumaroyl-CoA/ feruloyl-CoA and 10 mM quinishikimic acid in 0.1 M sodium
phosphate pH 6.0 were prepared in a 500 pL finklnee. Reactions were started by adding
0.4/ 0.004 uM HCT/ HQT. Samples (716-727, 764-77& 800-811) taken at t= 0, 10 and 75

min were analysed with the methanol method.
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2.3.5. Comparison of the HCT and HQT-catalysed reverse reactions

2.3.5.1. Characterisation of the products obtained in the reverse reaction

The activity of recombinant HCT and HQT was firgsted towards the CGAs
available, 5-CQA and 5-FQA, with CoA as the cofac®eaction mixtures containing 3.75
mM 5-CQA/ 5-FQA and 5 mM CoA in 0.1 M sodium phoafih pH 6.0 were prepared in a
final volume of 100 pL. Reactions were started dgiag 1 uM HCT or 1/ 0.1/ 0.01 uM
HQT. Samples (395-428) taken at t= 0, 5, 15, 306hchin were analysed using HPLC-PDA
with the methanol method.

To confirm the formation of caffeoyl- and ferulo@bA, liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis wa®peed. For this, reaction mixtures
made up of 2 mM 5-CQA/ 5-FQA and 2 mM CoA in 0.1sedium phosphate buffer pH 6.0
were prepared to a final volume of 500 pL. Reactiere started by adding 0.04 uM HQT
and incubated at 25 °C. Samples taken at t= 0 &mdid for 5-CQA (sample 3) and t= 0 and
60 min for 5-FQA (sample 4) were analysed using MDA with the acetonitrile method.
These samples were also sent to Karin Kraehenlib&ddtlé Research Centre, Lausanne),
who performed the LC-MS/MS analysis. The negatigeection mode was adopted because
phenolic acids ionise better in this mode.

The Biopurify kit enabled the testing of the adynvof HCT and HQT towards other
CGA monoesters (3-CQA and 4-CQA) and diesters 8&A, 3,5-diCQA and 4,5-diCQA).
Reaction mixtures comprised 1 mM CGA and 1/ 5 mMAQ@oD 0.1 M sodium phosphate pH
6.0/ 7.5. Reactions were started by adding 0.4 pBAHHQT. Samples (604-633 and 684-
698) were taken at t= 0, 30 min and after overnightibation and analysed using HPLC-
PDA with the methanol method.

Rosmarinic acid is an ester of caffeic acid anddddroxyphenyllactic acid, similar
in nature to CGAs. The reactivity of HCT and HQT swtherefore tested towards this
potential substrate. A reaction mixture composetl ofM rosmarinic acid and 1 mM CoA in
0.1 M sodium phosphate pH 6.5 was prepared in apllO@inal volume. Reactions were
started by adding 1 uM HCT/ HQT. Samples (978-383e taken at t= 0 and after overnight
incubation and analysed using HPLC-PDA with thehraedl method.

2.3.5.2. Temperature and pH influence

Initial characterisation of the optimal pH and temgpp@re conditions was carried out
with a reaction mixture composed of 2 mM 5-CQA, RIri@oA and 1 uM HCT/ HQT in 0.1
M sodium phosphate buffer. The temperature (22a3d 42 °C at pH 6.0) and pH values
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(4.6, 6.0 and 7.6 at 34 °C) were varied. SamplésABand 49-58) were analysed by HPLC-
PDA with the methanol method.

2.3.5.3. Influence of enzyme, 5-CQA, CoA and quinic acid concentrations

To study the influence of 5-CQA concentration, teacmixtures containing 0.02 to
10 mM 5-CQA and 2 mM CoA in 0.1 M sodium phosphaite7.0 were prepared in a 500 pL
final volume. Reactions were started by addinggMLHQT and incubated at 30 °C. Samples
taken at t= 0 to 30 min were analysed using HPLCvidth the acetonitrile method.

To determine the influence of enzyme concentratieaction mixtures containing 2
mM 5-CQA and 5 mM CoA in 0.1 M sodium phosphate 8 were prepared in a 500 pL
final volume. Reactions were started by addingowsiconcentrations of HCT/ HQT and
incubated at 30 °C. Samples taken at t= 0 to 60weire analysed using HPLC-DA with the
acetonitrile method.

The influence of quinic acid concentration was stddusing reaction mixtures
containing 5 mM CoA, 5 mM 5-CQA and 0/ 1/ 5/ 20 miinic acid in 0.1 M sodium
phosphate pH 6.0 in a 100 pL final volume. Reastioere started by adding 1 uM HQT.
Samples (488-503) taken at t= 0, 5 and 30 min frevanalysed using HPLC-PDA with the
methanol method.

To study the influence of CoA, varied concentragioh CoA (0.125, 0.25, 0.5, 1 and 5
mM) were added to 1 mM 5-CQA in 0.1 M sodium phagphpH 6.5 to a 500 pL final
volume. Reactions were started by adding 0.5 pM HBQT. Samples (1101-1145 and
1164-1168) taken at t= 0, 3, 30, 180 min and aft@rnight incubation were analysed using
HPLC-PDA with the acetonitrile method.

2.3.6. Comparison of the activity of native and mutant HCTs

2.3.6.1. Activity assay in the forward and reverse reactions

In order to determine the influence of point muwas on HCT enzymatic activity, 0.1
mM caffeoyl-CoA, 1 mM quinic/ shikimic acid or bottvere mixed in 0.1 M sodium
phosphate pH 6.5 to a 100 pL final volume. Reactivese started by adding 5 UM native,
K210A/K217A (K), H153A, H35A, DI157A, Y252A, R374E,H154N and
H154N/A155L/A156S mutant HCTs. Samples (1321-13%8n at t= 0 and 210 min were
analysed using HPLC-PDA with the methanol method.
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2.3.6.2. Additional analysis of the H154N and H154N/A155L/A156S mutant HCTs

In order to study in more detail the activity of theutants targeting the His154
residue, reaction mixtures containing 5 mM 5-CQAd @& mM CoA in 0.1 M sodium
phosphate pH 6.0 were prepared in a {0@nal volume. Reactions were started by adding 1
uM native, H154N or H154N/A155L/A156S mutant HCTangples (326-349, 464-487, 956-
977 and 1023-1052) were taken at various time pant analysed using HPLC-DA/ PDA
with the methanol or acetonitrile method.

Caffeoyl-CoA (0.01-0.2 mM) was similarly incubatedth 1 mM 5-CQA and the
native or H154N mutant HCTs. Samples (1169-1198praat t= 0, 15 min and after
overnight incubation were analysed using HPLC-PDO# whe acetonitrile method.

In addition to the assays above, the H154N and HA&S¥B6L/A156S mutant HCTs
were incubated with various acyl donor and accemioieties. In this case, reaction mixtures
consisting of 10 mM 5-CQA/ 5-FQA and 0.2 mM CoA/ffeayl-CoA/ feruloyl-CoA/
coumaroyl-CoA in 0.1 M sodium phosphate pH 6.5 waepared in a 200 pL final volume.
Reactions were started by adding 0.5 puM native wiant HCT. Samples (1194-1273) taken
at t= 0, 60 min and after overnight incubation waralysed using HPLC-PDA with the

acetonitrile method.

2.4. Structural characterisation

2.4.1. Introduction

X-ray crystallography is the most powerful methoddetermining the 3D structure of
biological macromolecules (llaret al, 2008). However, its success is dependent on the
growth of diffraction-quality single crystals. TH®mogeneity, stability and solubility of a
protein are strongly correlated with its probabiliio crystallise. Optimisation of these
properties can thus improve success rates. A nuroberariables affect crystallisation
potential, including pH, ionic strength, additivesjbstrates, precipitants and the protein
concentration. Temperature is also a significamtatée in crystallisation experiments as it
can influence nucleation and crystal growth by mpalaiting the solubility of the protein in
the crystallisation solution. Thus, a vast numbiecanditions are usually screened before a
promising crystallisation condition can be ideetifi

The screening phase can be accelerated by higheftyot techniques using robotic
systems, but the crystallisation of macromolecstésremains a trial-and-error process. The
EMBL-Grenoble HTX laboratory _(https://embl.fr/htkid provides for the extensive
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screening of crystallisation conditions with lindtamounts of sample. Typically, 100 nL of
protein solution at the desired concentration an@ f©Q of crystallisation solution are
dispensed, using a Cartesian robot, into 96-wetit@r Crystal Quick plates, requiring about
100 pL of protein to screen 576 conditions.

The vapour diffusion technique is the most commou$ed method for protein
crystallisation (McPherson, 1982). In this methtlie protein solution and crystallisation
solution (containing precipitants, buffers and &gds) are mixed and the resulting drop is
equilibrated against a reservoir containing thestatjisation solution. Crystal growth can
occur during the water evaporation-mediated equailibn between the protein-containing
drop and the reservoir. A crystallisation phaseydimn (Figure 38) is characterised by: a
stable zone (undersaturated); a metastable zonergsuprated), where nucleation cannot
occur but crystals can grow from seeds; a labileez(supersaturated), where spontaneous
nucleation and crystal growth can occur; and aipitation zone. Seeding procedures with
preformed crystalline material usually allows largengle crystals to grow in the metastable
zone. By performing serial dilutions from a concated seed stock, the number of crystals

grown in the drop can also be controlled.

Figure 38: Schematic representation of a proteid-$iguid phase diagram

PRECIPITATION

LABILE (NUCLEATION)

METASTABLE (CLEAR)
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The high quality X-rays produced by synchrotroniaiidn sources, such as the ESRF,
in combination with the automation available ondyotron macromolecular crystallography

(MX) beamlines (http://www.esrf.eu/UserAndSciencgdériments/MX enables the optimal

X-ray data to be collected on relatively small tajys However, such high intensity sources

often result in radiation damage of the sample @Riaet al, 2006). One way to mitigate this
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is cryo-cooling, so most MX experiments are nowriedr out at cryogenic temperatures
(Garmaret al, 2007).

Different methods exist to solve a crystal strugturhe most common is molecular
replacement (MR), which requires a model structuitt a homologous sequence or a very
similar fold to be available (Evanst al, 2008). MR involves two fundamental steps: a
rotation function and a translation function. lthamologous structure is not available, an
experimental phasing method must be used. Thisrgineequires the attachment of heavy
atoms to the protein molecules in the crystal eitlie co-crystallisation, soaking or
substitution of methionine residues by selenomeih@ Isomorphous replacement (IR)
(Blundell and Johnson, 1976) or single/ multiplevelangth anomalous diffraction (SAD/
MAD) phasing methods can then be applied (Hendoiclet al, 1989). After a first set of
protein phases is obtained and an electron demsdp is calculated by the Fourier
summation. The map quality can be improved throdighsity modification techniques (e.g.
solvent flattening and non-crystallographic avengyi(Carteret al, 1997; Terwilliger, 1999;
Terwilliger, 2000). The next step is the interptieta of the resulting map in terms of the
polypeptide chain. The resulting model is thennedi in order to minimise the difference

between the observed structure factepdand those calculated from the modeLg-

2.4.2. Tobacco 4CL2 crystallisation and structure determination

2.4.2.1. Crystallisation of Nt4CL2

An initial crystallisation screening was perfome®@ °C using the Cartesian robot of
EMBL-Grenoble HTX laboratory with 100 nL proteinlgtion at 5, 10 or 20 mg/mL plus 100
nL crystallisation solution per drop, and 100 plsewoir solution. The 576 different
crystallisation solutions corresponded to Hamptasdarch Crystal Screen | & II, Crystal
Screen Lite & PEG/lon, MembFac & Natrix, QuickScere& Grid screens Ammonium
Sulfate, Sodium Malonate, Sodium Formate, GrideswsePEG 6K, PEG/LICl, MPD, Mme
and Index Screen. A number of crystallisation hiese obtained with different crystallisation
solutions. The morphology of the crystals was akvsiynilar (thin plates) but these varied in
their multiplicity. The best diffracting crystalseme obtained with condition n° 28 of Crystal
Screen Lite (Hampton) composed of 0.2 M sodium aeetrihydrate, 0.1 M sodium
cacodylate pH 6.5 and 15 % (w/v) PEG 8000. Thegstals were reproduced manually in 2
ML drops with an optimal protein concentration ofri@/mL (Figure 39A). Several ligands
(Mg-ATP, CoA and coumaric acid) individually or @ombination were also incubated with

the protein before setting up the crystallisatioopdr
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Figure 39: Crystals of tobacco 4CL isoform 2

(A) Crystallisation drop; (B) Crystal mounted imglon loop for data collection.

(A)

2.4.2.2. Data collection and X-ray analysis of apo and complex Nt4CLZ2 crystals

Large Nt4CL2 crystals were obtained by co-crystallisatiothwv2 mM ATP, 2 mM
MgCl,, 1 mM CoA and 1 mM coumaric acid. Prior to flaskeizing, the crystals were
transferred to a reservoir solution containing 2@lyeerol, 2 mM ATP, 2 mM MgG| 1 mM
CoA and 1 mM coumaric acid and mounted in a nylwopl (Figure 39B). The best crystal
diffracted to 2.5 A and a complete diffraction da¢t was collected on ESRF beamline 1D14-
4 (McCarthyet al, 2009). All data were processed and scaled withXtb8 Suite (Kabsch,
2010). Data collection statistics are reported iabl&@ 8. The crystal belongs to the
orthorhombic space group (222:), with two molecules in the asymmetric unit (AUA.
partial solution was obtained with the automated B{Rtem BALBES (Longet al, 2008)
using the N-terminal domain of firefly luciferasedB: 3IEP, P4 form) as a search model.
Firefly luciferase andNt4CL2 share a 20 % identity at the amino acid leféle partial
solution consisting of the N-terminal domainMt#CL2 was improved with several rounds of
manual building in COOT (Emsleyet al, 2004) and refinement using REFMACS5
(Murshudov et al, 1997). However, no electron density for the Qnieal domain was
visible.

An additive screen (Hampton Research) was carrigcbyp Virginie Carbonell with
the same protein concentration range and crystithis conditions. The addition of 0.1 M
strontium chloride improved the crystal morphol@md quality, as they diffracted to a higher
resolution compared to the initial crystals (TaB)e Crystals of ap®Nt4CL2 obtained with
strontium belong to the same space group but haraadler unit cell and contain only one
molecule in the AU. The previously built N-termirddmain ofNt4CL2 (see above) and the
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C-terminal domain of firefly luciferase (PDB: 1LCR42,2 form) were used in PHASER
(McCoy et al, 2007) as search models for structure determindilptMR. The resulting
model was improved using COOT and REFMACS5 and eefito a final crystallographic
Reryst and Reee Of 21 and 24 % respectively with good stereochahgeometry as defined by
Molprobity (Table 8). Only llell, which is poorlyaered in the final maps, is an outlier in
the Ramachandran plots.

The refined structure of the C-terminal domain pd-&lt4CL2 was subsequently used
as a search model in PHASER for its placement m ¢hystal form obtained by co-
crystallisation with substrates and cofactors @eeave). Iterative rounds of manual building
and refinement including NCS restraints with REFMA@sulted in a model with ks and
Riee Of 22.2 and 27.8 % respectively. Again, the fimabdel has good stereochemical
geometry, except for llell. Table 8 contains a samnof refinement statistics. Calculation
of difference Fourier maps {§=Fca) showed discernable density for CoA and AMP inhbot
molecules of the AU, so they were included in theded (Figure 40). It is most likely that
ATP, which was added in both crystallisation angbeprotection solutions, was degraded to
AMP and PPi, and only AMP was bound in the crystal.

Figure 40: Electron density for AMP (A) and CoA (Bbntoured at 1.0 sigma, in thNe4CL2 ternary complex

crystal structure

(B)
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Table 8: Data collection, processing and refinenseatistics foNt4CL2

Crystal name Nt4CL2-CoA-AMP apo-Nt4CL2
Data collection
X-ray source ID14-4 ID29
Wavelength (A) 0.9393 0.9796
Space group R2,2; P22,2,
Unit-cell dimensions (A) t?==191205638 éff;z'_s%
c=112.99 c=110.40
Monomers/AU 2 1
Matthews coefficient (ADa") 2.39 2.54
Solvent content (%) 48.6 51.7
Resolution range (A) 50-2.5 (2.7-2.5) 50-1.8 (2.8)1
Observed reflections @(1)>0) 162500 215460
Unique reflections 40412 52430
Completeness (%) 99.0 (98.6) 96.1 (95.9)
Rmerge (%0) 9.5 (65.5) 6.1 (45.0)
<lla(l)> 11.2 (2.2) 13.6 (3.5)
Wilson B-value (&) 52.7 27.3
Model guality indicators
Reryst(%) 22.2 21.1
Riree (%) 27.8 23.4
Mean B value (A 38.5 27.6
RMSD bonds (A)/ angles (°) 0.017/1.8 0.024/2.0
Refined model composition
Amino acids 1028 532
CoA 2 -
AMP 2 -
Glycerol - 1
Ramachandran analysis
Allowed regions (%) 95.5 96.9
Generously allowed regions (% 4.2 2.9
Disallowed regions (%) 0.3 0.2

Values in parentheses are for the outermost résolahell.

Rierge= thi‘lh,i _<|>h‘/2‘<l>h

Rcryst: Z | IFost - |Fcalc| | / Z |F0b4

was calculated for the whole data set.

Riee Was calculated as forf; with 5 % of the data omitted from the refinemerdgess.
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2.4.3. Coffee HCT crystallisation and structure determination

2.4.3.1. Crystallisation of native CcHCT

CcHCT was purified to homogeneity, concentrated andnstted to the EMBL-
Grenoble HTX laboratory for crystallisation triaRreliminary investigations were performed,
in which the temperature was varied (20/ 4 °C),draein concentration was varied (5 to 50
mg/mL) and substrates (5-CQA, CoA, shikimic aci@ffeic acid) were added or not.
Microcrystals were obtained in several conditioimgjuding: 15 mg/mL HCT with 1.5 M
sodium malonate pH 7.0; 8 mg/mL HCT with 0.056 Mlison phosphate and 1.344 M
potassium phosphate pH 8.2; 25 mg/mL HCT with 0.inkbnesium formate and 15 % PEG
3350. Unfortunately, crystal size was not suffitiea perform diffraction tests and the
conditions could never be optimised. Modified HGImples were also tried. For exampie,
situ proteolysis was attempted with 1/1000 (w/w) trgpsidded to the reservoir solution
before setting up the drop. The limited proteolysith trypsin was also scaled-up (2.1.3.6)
and submitted for crystallisation trials. The paifeactions of methylated HCT (2.1.3.7) were
pooled and sent for crystallisation trials at 18 &hg/mL. Unfortunately, none of these
crystallisation trials were ever successful.

Crystals also appeared after several weeks at 28 &200 nL drop with HCT at 20
mg/mL in condition n° 62 of Crystal Screen Classisite (Qiagen), containing 1.6 M
magnesium sulfate in 0.1 M MES pH 6.5. They wergdaenough for X-ray measurements
and so were fished directly from the Greiner platéth a nylon loop and transferred to a
mother liquor containing the crystallisation sabatisupplemented with 20 % glycerol prior to
being flash-frozen in liquid nitrogen (Figure 41/&)espite many efforts, these crystals could
not be reproduced with subsequent protein batches.

Figure 41: Native (A) and K-mutant (B)cHCT crystals mounted in a nylon loop

e
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2.4.3.2. Native CcHCT data collection and X-ray analysis

Data sets to a maximum resolution of 3.0 A werdéectéd from three similar crystals
at the highly automated microfocus beamline ID2F@t et al, 2010). The crystals belong
to space group B2,2 and contain two molecules per AU. All data werecpessed and scaled
using the XDS Suite (Kabsch, 2010). A summary ¢adallection statistics is given in Table
9. The native HCT crystal structure was solved iy ¥ing PHASER (McCowgt al, 2007)
and polyalanine VS (PDB: 2BGH) as a search modBISBGLVE (Terwilliger, 2003) was
used to improve these initial phases. Several roohdsanual building in COOT (Emslest
al.,, 2004) and restrained refinement with REFMACS5 (dhwdov et al, 1997) were
subsequently carried out. Non-crystallographic sytmn(NCS) restraints (Kleywegt, 1996),
as well as bulk solvent modelling and TLS refinetmeare applied during refinement. The
native HCT model was refined to a finalyg and Ree 0f 19 and 25 % respectively. Table 9

contains a summary of refinement statistics.

2.4.3.3. Crystallisation of the K-mutant HCT

Crystallisation experiments with 10 and 20 mg/mLKemutant HCT resulted in a
single hit out of 576 conditions tested. This cdiodi corresponding to solution n° 6 of
Crystal Screen Lite kit (Hampton Research), coadisbf 0.2 M magnesium chloride
hexahydrate, 0.1 M Tris-HCI pH 8.5 and 15 % (w/f¥9G3°4000. The initial crystals obtained
with 10 mg/mL protein were fished and cryo-protdctdgth a mother liquor containing 20 %
glycerol. However, the diffraction patterns containmore than one lattice. The size and
diffraction quality of the crystals was successfuthproved using micro-seeding techniques
resulting in 3D crystals (Figure 41B). Here, proterystals were crushed in an Eppendorf
tube containing a small bead and used in freshtadhgaition drop setups to obtain larger
single crystals. The K-mutant HCT was incubatedhwitto 5 mM CoA, 1 to 5 mM shikimic

acid or 1 mM 5-CQA for co-crystallisation experim&nt

2.4.3.4. Data collection and X-ray analysis of the K-mutant HCT crystals
Several data sets were collected from crystals-ofifant HCT. The best diffracted to

a maximum resolution of 1.7 A and belong to the2P space group with two molecules per
AU. Occasionally, an alternative space group, G2@&s observed in crystals grown in the
same condition from robot plates. These crystdfsadted to 2.5 A resolution. All data were

processed and scaled using the XDS suite (Kabsd)2@ summary of data collection

statistics is given in Table 9. The structures athbcrystal forms were solved by MR using
PHASER (McCoyet al, 2007) and a partially refined native HCT struet(see 2.4.3.2) as a
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search model. Multiple rounds of manual buildingO@T) and refinement (REFMACS)
resulted in a Rys:0f 17 % and Ree of 20 % for form 1 (P212;), and 20 and 26 % for form 2
(C222), with good geometry as defined by Molprobity (Baet al, 2007; Cheret al, 2010).

Refinement statistics are summarised in Table 9.

Table 9: Data collection, processing and refinenstatistics for the native and K-mutant HCTs

Reystand Ree values were calculated as defined in Table 8.

Crystal name native HCT K-mutant form 1| K-mutant form 2
Data collection
X-ray source ID23-2 ID14-4 ID14-4
Wavelength (A) 0.873 0.939 0.976
Space group R2,2 P22:2, C222
Unit-cell dimensions (A) a=b=116.1 t?;ffé?fg ﬁz ;ggg
c= 158.9 c=118.04 c= 118.76
Molecules/AU 2 2 1
Matthews coefficient (2Da") 2.79 2.26 2.26
Solvent content (%) 55.9 45.7 45.5
Resolution range (A) 45-3.0 (3.2-3.0 50-1.7 (LBr1| 50-2.5(2.6-2.5)
Observed reflections @(1)>0) 72116 674662 55469
Unique reflections 22073 92179 14082
Completeness (%) 99.0 (98.4) 95.0 (83.9) 90. 52(79.
Rmerge (%) 16.6 (56.6) 9.6 (53.3) 7.1(42.7)
<llo(l)> 8.5 (3.1) 12.7 (2.8) 16.8 (3.5)
Wilson-B value (K) 44.7 23.3 47.2
Model quality indicators
Reryst(%) 0.19 0.17 0.20
Riree (%) 0.25 0.20 0.26
Mean B value (A 11.6 19.8 34.0
RMSD bonds (A)/ angles (°) 0.014/1.5 0.026/2.0 BI0B
Refined model composition
Amino acids 844 837 419
Water (CI) 29 634 (2) 27
SO~ 5 - -
glycerol - 3 -
Ramachandran analysis
Allowed regions (%) 96.5 98.3 95.4
Generously allowed regions (% 3.3 1.7 4.6
Disallowed regions (%) 0.2 - -
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2.4.4. Homology-modelling of CcHQT

Multiple crystallisation attempts using varied centrations of HQT (8, 15 and 24
mg/mL) at 20 °C with or without substrates were swtcessful. The K210A/K219A mutant
HQT was also screened unsuccessfully. A sequengenant generated using ClustalW
revealed two differences in the polypeptide chaimgth of CcHCT andCcHQT: insertion of
Arg223 in HQT and deletion of NTISY 248-252 from HCThese residues are located in the
predicted linker region connecting the two domaofsBAHD enzymes. Consequently,
segments 1-210 and 253-434 of the native HCT stredthain A) were used as templates to
model HQT N- and C-terminal domains using the aati@eh modelling program Swiss-Model
(Arnold et al, 2006).

2.5. Docking calculations

2.5.1. Docking of hydroxycinnamic acids in 4CL2-CoA-AMP

2.5.1.1. Prediction of the phenolic substrate binding site

Despite many attempts, no crystal structur®l@CL2 in complex with coumaric acid
could be obtained. Docking analyses were therefamged out to identify residues potentially
involved in HCA binding. A pocket detection algbm, Pocket-Finder (Hendliclet al,
1997), was used to predict the substrate bindindkgio(SBP) in theNt4CL2-CoA-AMP
ternary complex crystal structure. The 1.6 A praoddius used found a major site of volume
966 A° that was too large to accommodate only HCA sutestréFigure 42). The structure of
PheA-ATP-phenylalanine (PDB: 1AMU) was thereforeedisto locate the SBP in the
Nt4CL2-CoA-AMP crystal structure based on the phdayiae binding site. PheA is a well-
suited template because of the structural simjldmétween phenylalanine and cinnamic acid
derivatives. The SBP could be clearly defined as pthe N-terminal domain dNt4CL2
with CoA thiol and AMP phosphate group at the emfyhe pocket (Figure 42ANt4CL2
residues within 4 A of the predicted SBP are: GBj2lleu221, 1le238, Tyr239, Ser243,
Val244, Pro279, Met306-Ala309, Gly330-Thr336, Prd34al341 and Phe348.
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Figure 42: Superimposition &ft4CL2-CoA-AMP with PheA bound to phenylalanine fbetocalisation of the
SBP by Pocket Finder

(A) Nt4CL2-CoA-AMP is coloured in grey with CoA in maganthe predicted SBP is shown as a yellow
surface. Phenylalanine extracted from PheA (PDBVILA s represented as yellow spheres. (B) Definitd
the search space M4CL2-CoA-AMP in AutoDock Tools.

R/,
U

®) @ Grid box

2.5.1.2. Docking calculations

The search space for the docking calculations G{HAs was centred on the predicted
SBP in the structure dfit4CL2-CoA-AMP chain A with a box size of 12 x 12 ¥ &3
(Figure 42B). Coordinate files and dictionariestlué potential ligands (cinnamic, coumaric,
caffeic, ferulic and sinapic acids) were generatading the PRODRG2 Server
(http://davapcl.bioch.dundee.ac.uk/profi{§chuttelkopfet al, 2004) including all hydrogen

atoms. AutoDock Tools (Goodsedt al, 1996) was then used to prepare the receptor and
ligand PDBQT files for AutoDock Vina (Trott al, 2010). The exhaustiveness parameter
was set to 16 (twice the default value) to maxintise probability of finding the global
scoring function minimum. The docking analyses Itesuin a list of the ligands ordered by
binding affinity from lowest to highest. The restile was split into individual PDB files
using the vina_split algorithm. The results of ttaculations are shown in Table 10, in

which, for each ligand docked, the highest and kivbending affinity values are given.
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Table 10: Binding affinity of docked ligands in tNe4CL2-CoA-AMP receptor as calculated by AutoDock &in

Binding affinity values (kcal/mol)

Ligand highest lowest # solutions
Cinnamic acid -6.8 -6.0 10/10
Coumaric acid -7.0 -6.5 10/10

Caffeic acid -7.4 -5.8 10/10
Ferulic acid -7.0 -5.5 9/10
Sinapic acid -6.2 -3.6 8/10

2.5.2. Docking of substrates in HCT

2.5.2.1. Prediction of the substrate binding site in HCT

Pocket-Finder (Hendliclet al, 1997) was used to predict the location of the $BP
the native CcHCT crystal structure chain A, which most likely opts a functional
conformation (see Results section ). The 1.6 A @malolius used found a major site (volume~
1850 &) corresponding to the solvent channel locatechatdomain interface (Figure 43).
The residues lining the solvent channel in HCT wedemntified. They belong to the following
sequence regions: Asn26-Tyr40, Pro110, Argll5, 4&lle165, Tyr203, Tyr255, Tyr281-
Asp285, Arg289, Asn301-Thr305, Leu331, Leu346, |HuBhe362, Gly368-11e377,
Met390-Tyr397 and Leu400-Phe402. A number of theselues are conserved between the
HCT and HQT enzymes, while some are not. Theseerdifices may contribute to the

different substrate specificities of HCT and HQT.

Figure 43: Prediction of the substrate binding mbék the HCT crystal structure by Pocket-Finder

88



2.5.2.2. AutoDock calculations for HCT

AutoDock Vina (Trottet al, 2010) was used for docking various biologicahiigs in
HCT. A box centred on the macromolecule with a $iZ€0 x 20 x 20 Awas set as the
search space, so that it covered the predicted(5igBre 43). A list of potential ligands was
established comprising 5-CQA, 5-FQA,Beaffeoylshikimic acid (5-CSA), 3,5-diCQA,
CoA, caffeoyl-CoA, quinic, shikimic, caffeic andrédic acids. The same procedure as for
Nt4CL2 was followed for the docking calculations. IPnénary results for CoA showed that
the cofactor does not adopt an extended conformatiben docked alone in the HCT
receptor. As the CoA binding site is well-conservedMaT and TRI101 crystal structures,
CoA bereft of the (Ch),-SH group was extracted from TRI101-CoA-T2 (PDB:KXR and
placed into the structure of HCT. This HCT-CoA mbdas then used as a receptor for
subsequent docking of the other ligands (Table Ohjce a preferential binding site for
quinic/ shikimic acid was identified, HCT-shikimacid was set as a receptor. Caffeic acid
and caffeoyl-CoA were subsequently docked to refiree CoA and acyl binding sites. The
binding affinity values for caffeic acid were betme-6.4 and -5.2 kcal/mol, and for caffeoyl-
CoA between -8.3 and -6.3 kcal/mol.

Table 11: Binding affinity of 10 docked ligandstile HCT-CoA receptor as calculated by AutoDock Vina

Binding affinity values (kcal/mol)

Ligand Highest Lowest
Quinic acid -5.7 -4.3
Shikimic acid -5.5 -4.6
Caffeic acid -6.1 -4.9
Ferulic acid -6.0 -5.1
5-CQA -7.9 -6.8
5-CSA -8.2 -7.1
5-FQA -7.8 -6.9
3,5-diCQA -9.7 -7.8
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Chapter 3. Results

3.1. Introduction

The production and purification of sufficient quities of CCHCT, CcHQT, CcACL2
andNt4CL2 allowed for a detailed characterisation okthacyltransferases and CoA ligases.
Here, some results of biochemical assays perforonegdcHCT, CcHQT, Nt4CL2 and some
CcHCT mutants are presented. Crystallisation triaiulted in crystals of the native and K-
mutant HCTs and natividt4CL2. These crystal structures were then solveBy Nt4CL2
was crystallised in two forms, an apo form andraaey complex with CoA and AMP bound.
Docking of HCAs was carried out in the predictedPS& theNt4CL2-CoA-AMP ternary
complex crystal structure in order to identify fhetential residues involved in catalysis and/
or substrate binding. The overall structureCaHCT is described and the native and double
mutant structures compared. This is followed bymgarison with the crystal structures of
other BAHD acyltransferases. As crystalsGaHCT in complex with its biological substrates
could not be obtained, the results of ligand doclemgeriments using AutoDock Vina are
described. A homology-model based on the crystalcsire of native CcHCT was

constructed and used to comp@a&HCT andCcHQT active sites.

3.2. Protein over-expression, purification and characterisation

3.2.1. Coffee and tobacco 4-coumarate CoA ligases

During these investigations of CGA biosynthesiscoffee, the need to generate
hydroxycinnamoyl-CoA thioesters was encounterech mumber of biological systems, CoA
activation can facilitate the transfer of acylatedieties by acyltransferases. Due to their
limited stability, hydroxycinnamoyl-CoA thioestease not commercially available. Initially,
caffeoyl-CoA was synthesised from 5-CQA and CoAngsLcHQT in the reverse reaction.
But due to the reversibility of the acyltransfeacton, only a small amount of CoA thioester
was produced. As this procedure was material- and-tonsuming, using a 4-coumarate
CoA ligase (EC 6.2.1.12) that efficiently catalyghd formation of hydroxycinnamoyl-CoA
thioesters was considered. The complete cDNA engddc4CL2 was obtained from Nestlé
R&D Tours and the recombinant protein produced@undfied. It was most likely incorrectly
folded as aggregation occurred, and it was ina¢tweards the biological substrate, coumaric
acid. A synthetic gene encodib4CL2 was then ordered (Beuedeal, 2002). This protein
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was purified using several chromatographic stefl typical yields of 10 mg/L culture and

used for further biochemical and structural studies

3.2.2. Coffee HCT and HQT hydroxycinnamoyltransferases

Over-expression of these target proteins requited dub-cloning from the pGTP
vector into pROEX_HTb forhctand pET-28M-SUMOS3 fohqt, as well as the screening of a
number of differenk. coli host strains. High yields of N-terminal klisaggedCcHCT were
obtained with BL21* (DE3) pLysS induced at 20 °CY4ng/L culture).Coffea canephora
cDNAs contain a high number of rake coli codons. However, a comparison between the
wild-type Cchctgene and a codon-optimised gene indicated thatribtein expression levels
were comparable. The synthetic gene was used suladlequent protein production, for which
an optimised protocol is described in section 251.GcHQT was expressed in BL21 (DE3)
cells in fusion with a HisSUMO partner, but lower yields were obtained (~d/lmculture).
HCT and HQT were purified by immobilised metal aftfy chromatography (IMAC). The
fusion partner or Histag were subsequently cleaved using specific psei® CcHCT
(residues 1-434) plus a five amino acid N-termiagtiension (GAMGS) and HQT (1-430)
plus a serine introduced at its N-terminus werevered by subtractive chromatography. lon-
exchange and size-exclusion chromatography werdedaout in order to remove all
remaining contaminants. BotbcHCT andCcHQT exist as monomers of 48 kDa in solution
and can be concentrated up to 50 mg/mL.

The native enzymes were partially degraded into prateolytic fragments of ~25
kDa that appeared during storage at 4 °C and amaifinthich increased with time. This may
be due to protease contamination from Ehecoli extract. Limited proteolysis experiments
also clearly showed two similar-sized fragments SIDS-PAGE although the fragments
remain physically associated throughout size-exmtushromatography. Mass spectrometry
and N-terminal sequencing analysis showed thaptbease cleavage site was located in the
predicted cross-over loop region near two lysirgdges. In order to increase the stability of
the recombinanCcHCT and CcHQT, trypsin-proteolysis resistant mutants, K21021KA
CcHCT and K210A/K219ACcHQT, were produced.
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3.3. Biochemical analysis

3.3.1. Introduction

High-performance liquid chromatography (HPLC) is fireferred technique for the
characterisation and analysis of plant secondanalmétes. HPLC was therefore used here
for the biochemical characterisation of the enzypresiuced. The experimental set up used is
described in section 2.3.2. A shortage of acetiteniticcurred during the first half of 2009, so
methanol was used to replace acetonitrile in thdilmghase and a new gradient elution
protocol was developed to optimise CGA separatmreparative HPLC procedure was
developed for the purification of caffeoyl-CoA froemzymatic reactions. However, a simpler
SPE method was ultimately used for the purificattdrcoumaroyl-CoA, caffeoyl-CoA and
feruloyl-CoA esters, which serve as substratesHGT and HQT in the forward reactions

leading to CGA biosynthesis.

3.3.2. Enzymatic synthesis and purification of CoA thioesters

3.3.2.1. Coffee and tobacco 4-coumarate CoA ligases

Enzymatic synthesis is an efficient way of prodgdiarge amounts of CoA-activated
HCAs that are not commercially available. The vedlaracterised\t4CL2 was produced
using a published procedure (Beuede al, 2002). With all substrates used, apart from
sinapic acid, there is a high conversion of HCAHhe relevant CoA thioester. The retention
time and maximum absorbance values in absorbamwtrapare presented in Table 12. Figure
44 shows the activity of purified recombinant 4Ctd®vards cinnamic, coumaric, caffeic,

ferulic and sinapic acids in the presence of Cod slig-ATP required for catalysis.

Table 12: Retention times and absorbance maxinGoéfthioester products

RT (min)
Compound Max. abs. (nm)
methanol | acetonitrile
Cinnamoyl-CoA 50.1 - 306.0
Coumaroyl-CoA 43.1 42.4 333.3
Caffeoyl-CoA 34.4 34.6 348.9
Feruloyl-CoA 44.4 44.1 347.7
Sinapoyl-CoA 45.3 45.4 351.3
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Figure 44: HPLC analysis of reactions comprigiigCL 2 incubated with (hydroxy)cinnamic acids and CoA

Reactions were set up with 0.1 M Tris-HCI pH 7.5n61 CoA and 1 mM of the various (hydroxy)cinnamic
acids noted in each panel. Reactions were staytadiding 1.6 uM of enzyme. Samples taken at thedim
indicated were analysed using HPLC-PDA with theharbl method. All chromatograms were extractedat
325 nm except for cinnamic acid (A), which was nuead ath= 300 nm.
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Figure 44 (continued)
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Hydroxycinnamoyl-CoA thioesters were characteribgdtheir UV spectra (Figure
45). Later experiments show that, with the excepwérsinapic acid, the conversion by
Nt4CL2 of these substrates reached over 80 % afteni6qFigure 46). During optimisation
of the reaction conditions, no major difference whserved in product levels obtained at pH
6.0 or 7.5, or with sodium phosphate compared te-HICI (data not shown). Therefore all
subsequent reactions were carried out in 0.1 Musoeddhosphate pH 6.0. The CoA esters
could be produced almost free of their acid premsréy the addition of more enzyme. This
further enabled the quantification of the CoA tlsiee product, assuming that one mole of

HCA supplied in the reaction generated one mole @udester.

Figure 45: Absorption spectra of the CoA thioegteducts measured using HPLC-PDA
(A) cinnamoyl-CoA,; (B) coumaroyl-CoA; (C) caffeo@leA; (D) feruloyl-CoA and (E) sinapoyl-CoA.
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Figure 46: Levels of CoA thioester production bgambinantNt4CL2 with various HCAs and CoA in the

presence of Mg-ATP

At t=0, 0.05 uMNt4CL2 was added to a 10 mL reaction mixture contgi.8 mM coumaric/ caffeic or ferulic
acid, 1 mM CoA, 2 mM MgGland 2 mM ATP in 0.1 M sodium phosphate pH 6.0. @am(699-715) were
taken at t= 0, 10, 60 and 150 min and analysedyusPLC-PDA with the methanol method. The conversmn
CoA thioester in percentage was calculated fromHG@ precursor peak area diminution.
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3.3.2.2. Purification of CoA thioesters by preparative HPLC or SPE

The coumaroyl-, caffeoyl- and feruloyl-CoA thioasteproduced were purified by
preparative HPLC or solid phase extraction (SPjially, preparative HPLC was used for
purification. A 100-150 pL volume of reaction mixtuwas injected and the fractions
containing the CoA ester were collected manualhyis purification method was abandoned
because it was time-consuming and the HPLC profidsained indicated a partial
degradation of caffeoyl-CoA to caffeic acid. Thissvmost likely due to the increase in
relative amounts of phosphoric acid during con@itn. A simpler Sep-Pak purification
procedure was eventually devised. The enzyme waswved from the reaction mixture by
filtration through a 50 kDa membrane before loadorgo a Sep-Pak column. The CoA
thioesters were bound to thgg@olumn using a 4 % ammonium acetate buffer, washtu
milliQ water and eluted with methanol. The elutioactions were collected and analysed by

HPLC. The fractions containing the CoA ester wem@philised and resuspended in milliQ
water before use.
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3.3.3. Comparison of the HCT and HQT-catalysed forward reactions

I A
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0 HO s
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SCof ’O%}? # O( . "oy + Coh
HO H OH REVERSE H
B OH
HO oH Ho
caffeoyl-CoA quinic acid 5-caffeoylquinic acid (5-CQA)

3.3.3.1. Test of the acyl acceptor specificity

Coumaroyl-, caffeoyl- and feruloyl-CoA thioesteremn& produced usinyt4CL2 and
purified almost free from their acid precursorseThactivity of CcHCT andCcHQT towards
these activated substrates was then tested. HCH@Idtransfer the acyl moiety between
CoA and acceptor molecules such as quinic andrafikacids. The precursor molecule for
the major CGA compound, 5-CQA, is caffeoyl-CoA, aiis compound may also be an
important precursor in mono- and dicaffeoylquinadabiosynthesis. Coumaroyl-CoA is the
precursor for coumaroylquinic acids that are presery in trace amounts in coffee, while
feruloyl-CoA is probably the precursor for 5-feryliguinic acid (5-FQA). However, currently
there is no experimental evidence in the literatlemonstrating which enzyme is responsible

for the synthesis of coumaroylquinic or feruloylajgiacids in plants.

3.3.3.2. Activity of CcHCT and CcHQT towards caffeoyl-CoA

When CcHCT was incubated with caffeoyl-CoA and quinic addCQA (RT= 17.6
min) was formed. 76 % of the caffeoyl-CoA substratel been consumed after 60 min
respectively (Figure 47B). With shikimic acid asthcyl acceptor, all the caffeoyl-CoA
present was transformed after only 5 min (Figur€}f a product (RT= 35.4 min) with a
typical CGA absorbance spectrum (Figure 47D). Thespectrum showed a maximumjat
322.6 nm and is similar to that of 5-CQA. As caiffiekGoA was used as a precursor, and the
absorption spectrum of the novel compound sharetkesaroperties with that of 5-CQA, it
was hypothesised that the novel compound resutted & coupling of the caffeoyl moiety
with shikimic acid via an ester linkage, presumatdyfeoylshikimic acid (CSA). After 60
min, a major peak representing the same estervemather peaks, which may correspond to
the two other CSA isomers (RT= 25.9 and 32.2 miajenpresent (Figure 47D). When both
quinic and shikimic acids were supplied ©cHCT at the same concentration, a

caffeoylshikimic acid isomer was formed after 5 r(fingure 47E); after 60 min, small peaks
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corresponding to the two other CSA isomers weredletl as well as a small peak for 5-CQA
(Figure 47F). This result clearly demonstrates DetCT strongly favours shikimic over
quinic acid as the acyl acceptor molecule and palke of producing more than one CSA

isomer.

Figure 47: HPLC profiles of HCT reactions with edf/l-CoA and quinic/ shikimic acid

Reactions were set up with 0.1 M sodium phosphkité.p, 0.2 mM caffeoyl-CoA and 5 mM quinic/ shikieni

acid or both. Reactions were started by adding lemk{/me. Samples taken at t= 5 and 60 min wereg/sedl

using HPLC-PDA with the methanol method. An overtdphe absorbance spectra for the putative CShése
is indicated in panel D (sample 1042).
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Figure 47 (continued)
(D) Shikimic acid, HCT t= 60 min (sample 1042)
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(F) Quinic and shikimic acids, HCT t= 60 min (samfD43)
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CcHQT was incubated with caffeoyl-CoA and quinic twkémic acid (Figure 48).
With quinic acid as a substrate, caffeoyl-CoA waswerted to 5-CQA (RT= 17.5 min). As
for CCHCT, incubation with caffeoyl-CoA and shikimic agigsulted in the accumulation of a
CSA (RT= 35.5 min) (Figure 48B). Conversely, whasthbquinic and shikimic acids were
supplied taCcHQT, the enzyme mainly formed 5-CQA and only a $madount of CSA after
t= 5 min (Figure 48C). After 60 min, 5-CQA and C&#fe present in much closer ratios, 57
and 43 % respectively (Figure 48D). This indicatest CcHQT prefers quinic acid, but is

also capable of forming CSA.
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The activity of CcHCT and CcHQT towards other potential substrates (4-
hydroxyphenyllactic acid, spermidine amdycinositol) was also assayed. These acceptor
molecules were incubated with caffeoyl-CoA and #@mzymes, however no activity was
observed (data not shownEcHCT and CcHQT are therefore active only towards the

alicyclic quinic and shikimic acids as previouslgmioned (1.6.2.4).

Figure 48: HPLC profiles of HOT reactions with @df/l-CoA and quinic/ shikimic acid

Reactions were set up with 0.1 M sodium phosphité.p, 0.2 mM caffeoyl-CoA and 5 mM quinic/ shikimni
acid or both. Reactions were started by adding lemk{/me. Samples taken at t= 5 and 60 min wereg/sedl
using HPLC-PDA with the methanol method. See Figiata for the control reaction.
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Figure 48 (continued)
(D) Quinic and shikimic acids, HQT t= 60 min (sdenf046)
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3.3.3.3. Activity of HCT and HQT towards coumaroyl-CoA

The incubation of coumaroyl-CoA and quinic acidhM@cHCT resulted in a peak
(RT= 27.2 min) presumably corresponding to a cowylguinic acid (Figure 49B). With
shikimic acid, three peaks were detected at RT22,338.5 and 42.1 min, presumably
representing 3-, 4- and 5-coumaroylshikimic aciigre 49C). When both acyl acceptors
were present, a mixture of the three coumaroylshikiacids plus a small amount of
coumaroylquinic acid was observed (Figure 49D)w&h coumaroyl-CoA, CcHCT appears
to prefer shikimic acid as an acyl acceptor andlpces more than one coumaroylshikimic
acid isomer.
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Figure 49: HPLC profiles of HCT reactions with coammyl-CoA and quinic/ shikimic acid

Reaction were set up with 0.2 mM coumaroyl-CoA &a8dnM quinic/ shikimic acid/ both in 0.1 M sodium
phosphate pH 6.0. Reactions were started by addhgM enzyme. Samples taken at t= 10 min wereyaedl
using HPLC-PDA with the methanol method.
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CcHQT formed a coumaroylquinic acid from coumaroyl-Cad quinic acid (Figure
50A). Coumaroyl-CoA and shikimic acid incubated wWiEcHQT resulted in only one
coumaroylshikimic acid isomer at RT= 41.9 min (FguwO0B). When both quinic and
shikimic acids were supplied, HQT synthesised auméof presumably coumaroylquinic and
coumaroylshikimic acid in the ratio of 85 and 15régpectively at t= 10 min (Figure 50C).
This ratio shifted to 78 and 22 % at t= 75 min &abdt shown). As seen when using caffeoyl-
CoA as the forward substrate, it is again notet @@ QT prefers quinic acid and produces

only one coumaroylshikimic acid isomer.

Figure 50: HPLC profiles of HOT reactions with coanmyl-CoA and quinic/ shikimic acid

The same conditions as Figure 49 were applied.
(A) Quinic acid, t= 10 min (sample 767)
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3.3.3.4. Activity of CcHCT and CcHQT towards feruloyl-CoA
Here, CcHCT can synthesise a shikimate ester, presumalbgrudoylshikimic acid

(RT= 45.2 min) from feruloyl-CoA and shikimic acahd the reaction was complete after 2
min. The new compound has a typical CGA absorbapeetrum (Figure 51B). However,
only a small peak of 5-FQA (RT= 30.5 min) is formadhe presence of quinic acid at t= 20
min (Figure 51C). When both acyl acceptors wergbeg, CcHCT catalyses the synthesis of
a feruloylshikimic acid corresponding to the RT the 5-acyl isomer (Figure 51D). This
demonstrates the preference of CcHCT for shikimi and its much lower efficiency

towards 5-FQA formation.

Figure 51: HPLC profile of HCT reactions with fesyl-CoA and quinic/ shikimic acid

Reaction mixtures containing 0.2 mM feruloyl-CoA), thM quinic or shikimic acid or both and 0.1M sadiu
phosphate pH 6.0 were prepared in a 100 uL finmime. The reaction was started by adding 0.01 uM HC
Samples taken at t= 20 min were analysed using HPD& with the methanol method. Panel B shows the
absorption spectrum of the putative feruloylshikiracid peak.

(A) feruloyl-CoAt=0

Feruloyl-CoA

0,035
0,030
0,025

0,020

u

*“ 0,015
0,010

0,005

0,000

. T T — T e
5,00 1000 1500 2000 2500 30,00 3500 4000 4500 5000 5500
Minutes

(B) Shikimic acid t= 2 min (sample 717)

215.0

32682
Feruloylshikimic acid 0,400

4 s 0.0904
0,107 0,080

0.08-] 0.0704

0,060+

Al

0,06

0.0804

AU

il 0.040+
0,041
0.0304

0,02

0.0104

0,00

0,000+

I e B T e s e R I I B

10,00 20,00 30,00 40,00 50,00 S ——
- 220.00240.00260.00280.00 300.00 320.00 340.00 360.00 380.00
Minutes am

104



Figure 51 (continued)
(C) Quinic acid t= 20 min (sample 722)
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(D) Quinic and shikimic acids t= 2 min (sample Y18
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The incubation of feruloyl-CoA with HQT and quiracid leads to 5-FQA (RT= 30.5
min) (Figure 52A). While with shikimic acid it leado a feruloylshikimic acid (RT= 45.1
min) (Figure 52B). The conversion was completerafte2 min and 20 min respectively. As
expected, when both quinic acid and shikimic acidrevsupplied, HQT preferentially
synthesised 5-FQA (Figure 52C).

In summary, in the presence of the same CoA theoe&taffeoyl-/ coumaroyl-/
feruloyl-CoA), CcHCT clearly prefers shikimic over quinic aci@cHCT is also much less
efficient with feruloyl-CoA in the presence of qigracid. In contrastCcHQT is able to use
all three CoA thioesters equally with both quinmaashikimic acids. It is also interesting to
note that HCT can form three probable shikimatersstf caffeic and coumaric acids, while
with feruloyl-CoA only a single shikimate esterftgmed. In contrastCcHQT forms only a

single shikimate ester with all CoA thioestersadst
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Figure 52: HPLC profiles of HQT reactions with flEryl-CoA and guinic/ shikimic acid

The same conditions as presented in Figure 51 ayrked.
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3.3.4. Comparison of the HCT and HQT-catalysed reverse reactions

3.3.4.1. Stability of chlorogenic acids

CGAs are known to be unstable at basic pH andesttidcidic pH (Friedman, 2000).
This was verified by heating buffered solutionsse€QA and 5-FQA to 90 °C. At pH 6.0,
significant amounts of 3- and 4-CQA were produaeanfthe 5-CQA isomer. At neutral pH,
5-CQA was converted to approximately equivalent e 3- and 4-CQA isomers, resulting
in an equimolar mixture of the three caffeoylquirdcid isomers (Table 13). No major
difference was observed between 30 min and 60 ndabiation times (data not shown). 5-
FQA behaved very similarly to 5-CQA by patrtial isemnsation to 3- and 4-FQA (data not
shown). Further experiments performed at 34 and@®n the mono- and diCQAs from
Biopurify showed that, even though the enzymatactiens were carried out at 34 °C and pH
6.5, 5-CQA partially isomerised into 4-CQA and téeaser extent into 3-CQA (Figure 53C
and C. In a 4-CQA solution, the acyl migratedthe 3-hydroxyl position and to a lesser
extent to the 5-hydroxyl position (Figure 53B an(l B-CQA isomerised into 4-CQA and, to
a lesser extent, into 5-CQA (Figure 53A and A'mffarly, 3,5-diCQA isomerised into 3,4-
and 4,5-diCQA when incubated overnight at 25 °C sl isomerisation increased when the

sample was kept at 34 °C (data not shown).

Table 13: Effect of temperature and pH on the isisagon of 5-COA
10 mM 5-CQA in 0.1 M sodium phosphate ph 6.0 or 7.0

Isomeric ratio (%) e
pH Treatment k LOH
5-CQA | 4-CQA | 3-CQA |0 o
6.0 | 90 °C for 30 min 65.0 19.6 15.4
: el ey
7.0 | 90 °C for 30 min 324 31.3 36.3 24

Sm
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Figure 53: HPLC profiles of CQA standards upon imept

Samples containing 1 mM CQA isomer and 0.1M sodalvosphate pH 6.5 were incubated overnight and
analysed using HPLC-PDA with the acetonitrile metho

(A) 5-CQA t= 0 (sample 1371); (B) 4-CQA t= 0 (samp8¥Q); (C) 3-CQA t= 0 (sample 1369); (A’) 5-CQA ovaght at 34
°C (sample 1377); (B’) 4-CQA overnight at 34 {f€ample 1376); (C’) 3-CQA overnight at 34 (€ample 1375).
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This isomerisation most probably occurs via thd &eysfer of the hydroxycinnamoyl
moiety between the three readily accessible hydnoeasitions of quinic acid (hydroxyl at C-1
is not involved). In some of the enzymatic reactitreg will be described later, a significant
amount of 3- and 4-CQA isomers was derived fronutsmhs containing 5-CQA, especially
after overnight incubation. It is assumed that trasurred not from enzymatic synthesis but

from chemical isomerisation.

3.3.4.2. Characterisation of the reverse reaction products formed by HCT and HQT

When CoA was added as a substrate with 5-CQA inptlesence ofCcHCT or
CcHQT, there was the emergence of a peak at RT=@h5showing a characteristic CoA
thioester UV spectrum (Figure 54B and C), presusnafarresponding to caffeoyl-CoA.
However, under identical reaction conditions andyeme concentrationsCcHCT (Figure
54B) produces significantly less caffeoyl-CoA tHa@T (Figure 54C). A 100-fold dilution of
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HQT can synthesise the same amount of caffeoyl-@eAHCT at a 1 uM concentration
(Figure 54B and D). This is further evident thatHGQXT has a preference for reactions

involving quinate moieties than does CcHCT.

Figure 54: HPLC profiles of HCT and HQT incubateithwb-CQA and CoA

Reactions were set up with 0.1 M sodium phosphkité.f, 3.75 mM 5-CQA, 5 mM CoA, and milliQ.
Reactions were started by addingM HCT or 1.0/ 0.01 uM HQT to the reaction mixtuBamples taken at t=
5, 15, 30 and 60 min were analysed using HPLC-PtA the methanol method. The retention times hege a

different from earlier experiments due to the d#fe chromatographic conditions.
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Figure 54 (continued)
(D) 0.01 uM HQT t= 60 min (sample 423)
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Figure 55: HPLC profiles of HCT and HOT incubateiwvb-FOQA and CoA

Reactions were set up with 0.1 M sodium phosphité.p, 3.75 mM 5-FQA, 5 mM CoA and milliQ wateran
final volume of 100 pL. Reactions were started tdgfiag 1uM HCT/ HQT. Samples (395-428) taken at t= 0, 5,
15, 30 and 60 min were analysed using HPLC-PDA whi¢ghmethanol method.
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Further evidence of this is that no product formmatvas observed whedcHCT was
incubated with 5-FQA and CoA under the conditioesteéd (Figure 55A and B) and that, in
contrast,CcHQT was with the same substrates able to synthagmweduct at RT= 39.8 min,
which probably corresponds to feruloyl-CoA, ashbws a UV spectrum characteristic of a
CoA thioester (Figure 55C).

The main reaction products when using 5-CQA or F3 substrates were presumed
to be CoA thioesters. The absorption spectra ottimpounds contained in the HPLC peaks
measured using HPLC-PDA present two maxima arourtd a2l 346 nm, the latter being
characteristic of the presence of a thioester bdhé. compounds were subjected to a LC-
MS/MS analysis in order to confirm their identikn m/z value of 928 for the reaction
product synthesised B@cHQT from 5-CQA and CoA corresponds to caffeoyl-COMW=
930 g/mol). An m/z value of 942 for the reactiomguct synthesised by HQT from 5-FQA
and CoA corresponds to feruloyl-CoA (MW= 944 g/mol)

3.3.4.3. Substrate specificity of HCT and HQT in the reverse reaction

For preliminary experiments testi@eHCT andCcHQT specificity (data not shown),
various CGA isomers were generated by heatingisokibf 10 mM 5-CQA/ 5-FQA buffered
at pH 7.0 (2.3.2.6). Only the 5-CQA peak was cleddcreased by conversion to caffeoyl-
CoA with CcHCT andCcHQT in the presence of CoA. No activity towards Q&L and 4-
CQA was detected. Similarly, with a FQA mixture yrthe 5-FQA isomer peak was
decreased in the presenceQmHQT. As expected (3.3.4.2), HCT was less efficientards
this substrate. When the CQA kit was obtained frBrapurify, reaction mixtures were
prepared with each monoester individually and CAdain, only 5-CQA was converted by
CcHCT andCcHQT to caffeoyl-CoA in the presence of CoA (Figui@), confirming the
results obtained with the CQA isomer mixture. Rosm@ acid was also incubated overnight

with CoA, but no reaction product was observed WthiCT or CcHQT (data not shown).
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Figure 56: HPLC profiles oEcHQT incubated with 3-, 4- and 5-CQA isomers and CoA

Reactions were set up with 1 mM CQA and 5 mM CoA.ih M sodium phosphate pH 7.5. Reactions were
started by adding 0.4 uM HQT. Samples taken atand30 min were analysed using HPLC-PDA with the

methanol method.
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CcHCT andCcHQT were also incubated with 3,5-diCQA and CoA.the control
with no enzyme, 3,5-diCQA isomerises into 3,4-diC@ad possibly 4,5-diCQA, however,
this peak could not be resolved from the 3,5-diCapak at RT= 47.2 min (Figure 57B). In
the presence dEcHCT, 5-CQA and caffeoyl-CoA are detected as indidétom the 5-CQA
standard and the absorbance spectra (Figure 57ACanth the presence dZcHQT, no
reaction product was observed after overnight iatioh (data not shown).

Figure 57: HPLC profiles of HCT incubated with 3IE2QA and CoA

Reactions were set up containing 1 mM 3,5-diCQA amaM CoA in 0.1 M sodium phosphate pH 6.0 to alfin
volume of 200 pL. Reactions were started by addipd1 HCT/ HQT/ water as a control.
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3.3.4.4. Other experiments investigating the enzymatic properties of HCT/ HQT

Because of both a lack of time and limited accesa HPLC system for analysis, a
much smaller amount of work was carried out regayanore detailed studies 6cHCT and
CcHQT reaction properties. Temperature variation (22 34 °C and 42 °C) did not
significantly alter the activity o€EcHCT andCcHQT in the reverse reaction with 5-CQA and
CoA. All subsequent enzymatic reactions were tloeee€arried out in a 34 °C water-bath.

In order to address the effects of pH on the revezactions oCcHCT andCcHQT,
several experiments were carried out. In the ®egt of reactions performe&cHQT and
CcHCT were not active at pH 4.6 (Figure 58). The ltssitom a more extensive analysis on
the effects of pH on the reverse reaction confirimed theCcHQT optimal pH value is close
to 6.0, wherea€cHCT seemed to be more active towards 5-CQA at fiHRBigure 59). pH
values higher than pH 8.0 have not yet been test#ld either enzyme because CGA
compounds are not stable at this pH. These realsitshighlight the remarkable difference in
the catalysis efficiency oCcHCT and CcHQT with similar levels of 5-CQA and CoA
substrates and confirm the preferenc€dfQT for quinate substrates.

Figure 58: Influence of pH on caffeoyl-CoA productiby HCT and HQT

Reactions were set up with 1 uM enzyme, 2 mM Cod2mM 5-CQA in 0.1 M sodium phosphate at pH 4.6/
6.0/ 7.6. Reactions were stopped at t= 300 min.
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Figure 59: Influence of pH on HCT and HQT activibyvards 5-CQA and CoA

Reactions were set up with 2 mM CoA and 2 mM 5-GQA.1 M sodium phosphate at pH 6.0, 7.0 and 8.0.
Reactions were started by adding 1 uM HCT (A) arioM HQT (B).
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3.3.4.5. Effect of different enzyme and substrate concentrations on product formation

As seen in 3.3.4.2, the production of the same amafuraffeoyl-CoA (at constant 5-
CQA and CoA concentrations) requires very differambiounts of HCT and HQT. The
reaction steady-state persists for many minutels WET in the range of concentrations that
were used (0.1-0.8 uM) (Figure 60A). Under thesaddmns, the Michaelis-Menten law may
be applicable. The reaction velocity as a functbsubstrate and enzyme concentrations can
yield the Michaelis and catalytic constants. Howevewer enzyme concentrations are
required in the case of HQT (Figure 60B).

When serial dilutions of 5-CQA were incubated w@bA andCcHQT, a maximal
conversion to caffeoyl-CoA production is reachedyveapidly, which corresponds to the
equilibrium attained between substrates and prediagure 61).

To study the potential effect of quinic acid cortcation on theCcHQT-catalysed
reverse reaction, initial quinic acid concentratiomsre varied from 0 to 20 mM in the
presence of constant levels of 5-CQA (5 mM) and G8AmM). The results show that
increasing quinic acid concentration produces aifsognt inhibitory effect on the reverse
reaction (Figure 62). It would be interesting inui@ experiments to compare this with
CcHCT.

The effect of varying the CoA concentration in tbeerse reaction was also explored.
As expected, increasing the CoA concentration whkgntaining 5-CQA levels constant

pushes the reverse reaction towards the formatiomooé caffeoyl-CoA (Figure 63).
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Figure 60: Caffeoyl-CoA formation as a function®l€T/ HQT concentration

Reactions were set up with 5 mM CoA and 2 mM 5-GQA.1 M sodium phosphate pH 6.0. The reaction was
started by adding either HCT (A) or HQT (B). Enzyammcentration units are nM.
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Figure 61: Influence of 5-CQA concentration on eaffl-CoA formation catalysed by HQT
Reactions were set up with 0.08-10 mM 5-CQA and\2 @oA in 0.1 M sodium phosphate pH 6.0. Reactions
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Figure 62: Inhibitory effect of quinic acid on tlevel of caffeoyl-CoA formation by HOT

Reactions were set up with 5 mM 5-CQA, 5 mM CoA a8r2l0 mM quinic acid in 0.1 M sodium phosphate pH
6.0. Reactions were started by adding 1 uM HQT.@@esrtaken at t= 0, 5 and 30 min (488-503) werdyapd
using HPLC-PDA with the methanol method.
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Figure 63: Influence of CoA concentration on theeleof caffeoyl-CoA formed by HCT and HQT

Reactions were set up with 0.125-5 mM CoA and 1 5lIQA in 0.1 M sodium phosphate pH 6.5. Reactions
were started by adding 5 uM HCT or 0.5 uM HQT. Sles1101-1145) taken at t= 0 and 180 min were

analysed using HPLC-PDA with the acetonitrile metho

(A) CoA concentration added; (B) Effect of CoA centration on the level of caffeoyl-CoA formatiortalgsed

(B)

% 100000

Caffeoyl-CoA peak area at 325 nm

CoA peak area at 256 nmx 100000

=

70
60
50
40
30
20
10

(e]

by HCT and HQT.

4

L

~

1 2 3 4
CoA concentration (mM)

CoA dilution serie

—+—HCT

HQT

CoA concentration (mM)

117

x 100000



Thus, caffeoyl-CoA formation depends on the initahcentration of 5-CQA, CoA
and quinic acid. It should be noted that the prtidacof caffeoyl-CoA byCcHQT was
initially used for the production of this compoundHowever, as this reaction reaches
equilibrium well below the 100 % conversion rateedwo the forward reaction, it is not
efficient. The preliminary data on the propertiesCaHCT andCcHQT enzymes presented
above will serve as a strong foundation for futexperiments directed at a detailed kinetic

analysis.

3.3.4.6. Evidence for diCQA formation in the reverse reaction

In reactions containing 5-CQA and CoA catalysedd@ACT, unknown peaks were
observed at later retention times (Figure 64C)cdnfirm the identity of these peaks, CGA
standards were run, confirming their assignments3,ds, 3,5- and 4,5-diCQA. DICQA
formation was observed witBcHCT when 5-CQA and CoA were supplied in a 1:1 molar
ratio but not when it was 1:10 (Figure 64C and DICQASs were not observed when using
CcHQT (Figure 64E and F).

Figure 64: HPLC profiles of HCT/ HQT incubated wHCQA and CoA at two different molar ratios

Reactions were set up with 1 mM 5-CQA and either 10 mM CoA in 0.1 M sodium phosphate pH 6.5.
Reactions were started by adding 0.5 uM enzyme p&sntaken at t= 180 min were analysed using HPD@-P
with the acetonitrile method.
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Figure 64 (continued)
(C) HCT 1/1 5-CQA/CoA ratio (sample 1085) and daprof absorbance spectra of the diCQA peaks
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3.3.5. Comparison of the activity of native and mutant HCTs

3.3.5.1. Comparison of native and mutant HCT in the forward and reverse reactions

In order to determine the importance of specifgidees on the enzymatic activity of
CcHCT, point amino acid mutations were introducede Hativities of the mutant HCTs (K,
H35A, H153A, H154N, D157A, Y252A and R374E) weremgmared to that of the native
CcHCT. All mutants were incubated with 1 mM CoA anchM 5-CQA (reverse reaction), or
with 0.2 mM caffeoyl-CoA and 1 mM quinic/ shikimazid (forward reaction). A summary of
the results when either 5-CQA and CoA or caffeogACand quinic acid were used is
presented in Figure 65.

In the forward reaction, both the native and thentant HCTs used caffeoyl-CoA
and quinic acid to form 5-CQA and, to a lesser mixtéee caffeic acid. For both proteins
there appears to be a complete conversion of tlieogdCoA substrate. When using
caffeoyl-CoA and shikimic acid as substrates, thmttant HCT catalysed the formation of
all three caffeoylshikimic acids produced by nat@eHCT (data not shown). In the reverse
reaction using 5-CQA and CoA, both the native anchitant HCTs produced low levels of
caffeoyl-CoA and free caffeic acid, indicating ordypartial conversion of 5-CQA to the
thioester product.

In the forward reaction with caffeoyl-CoA and guiricid, the H35A mutant showed a
relatively weak catalytic activity, with only a i@ conversion of caffeoyl-CoA into 5-CQA,
and caffeic acid. With shikimic acid, the H35A mttavere also weakly catalytically active
(data not shown). The H35A mutant showed no ddiketctivity in the reverse reaction.

In the forward reaction, the mutants D157A and HBd4aly produced caffeic acid in
the presence of caffeoyl-CoA and quinic acid. TIEESXYA mutant produced caffeic acid and a
small amount of 5-CQA. In comparison to the H35Ataml, these mutants fully transformed
the caffeoyl-CoA substrate provided into caffeiecdadn the presence of caffeoyl-CoA and
shikimic acid, the D157A mutant HCT exclusivelyroed caffeic acid (data not shown). The
Y252A and R374E mutants were not tested with cgff€@@A and shikimic acid. In the
reverse reaction, D157A, Y252A and R374E mutantsvsid no activity towards 5-CQA and
CoA as no peak of caffeoyl-CoA was detected. hased however that Y252A did produce
caffeic acid. These results suggest that thesentsuéaie not effective in the reverse reaction
involving the quinate ester. Most probably, the 2&5mutant is capable of making caffeoyl-

CoA, which is subsequently degraded into caffeid &@ a putative lyase activity.
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In accordance with its proposed role in catalydis, HI53A mutant was inactive in
the forward reaction involving caffeoyl-CoA and nqui or shikimic acid. As expected, this
mutant is also inactive in the reverse directiothw-CQA and CoA. No caffeic acid was
detected. Most interesting are the H154N and H1B4BBL/A156S mutant HCTs, which
formed 5-CQA and diCQAs from caffeoyl-CoA and quinacid with a major peak
corresponding to the 3,5-diester. The triple mutdsd formed a small amount of free caffeic
acid. In the reverse direction with 5-CQA and CadlAe two mutants formed a low level of
caffeoyl-CoA and a relatively significant amountd€QAs, again suggesting the importance
of the 5-CQA/CoA molar ratio. The major diCQA peadrresponds to the 3,5-diester from
which low amounts of the other two peaks, the 8t 4,5-diCQA isomers, were presumably
derived by chemical isomerisation. Again, the &iptutant also produced a small amount of

free caffeic acid.
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Figure 65: Comparison of the activities of natiwel anutant HCTs in the forward and reverse reactions

Reaction mixtures are described below. Reactioms siarted by adding 5 UM enzyme. Samples taken2it0
min were analysed using HPLC-PDA with the acetdaitnethod.
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Figure 65 (continued)

Reverse reaction

Forward reaction
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Figure 65 (continued)

Reverse reaction Forward reaction
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3.3.5.2. Additional analysis of the H154N and H154N/A155L/A156S mutant HCTs in the
reverse reaction

The results presented in Figure 65 suggest tlatihtants targeting His154 favour
the synthesis of diCQAs when compared to na@eeICT. The two mutants targeting the
His154 residue were thus further studied by doimgwa comparison between the native HCT
and the H154N and H154N/A155L/A156S mutant HCTsthia forward reaction, caffeoyl-
CoA and quinic or shikimic acid or both were supgliThe results showed that these mutants
have comparable activities to the native enzymeata they both continue to show a clear
preference for shikimic over quinic acid with caff&CoA as the second substrate. Caffeic
acid formation was observed in the triple mutarly.olm the forward reaction with caffeoyl-
CoA and shikimic acid, a major peak was detectet th thought to correspond to a
caffeoylshikimic acid isomer and two other smafleaks that are thought to be the two other

CSA isomers were seen (data not shown). Again résiglt is similar to results obtained with
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native CCHCT (Figure 47). The effect of different 5-CQA/CaAolar ratios (1/1 and 1/10)
supplied in the reaction was also tested. This mx@at confirmed that both mutants again
produced diCQAs. The data in Figure 66 also shtwasddding more CoA slightly increased
the amount caffeoyl-CoA produced, and that thellef’/diCQA decreases.

Figure 66: HPLC profiles of H154N and H154N/A1550/26S mutant HCTs incubated with 5-CQA and CoA
at 1/1 and 1/10 molar ratios

Reactions were set up with 1 mM 5-CQA and 1 or M @oA in 0.1 M sodium phosphate pH 6.5. Reactions
were started by adding 0.5 uM enzyme. Samples taken180 min were analysed using HPLC-PDA with th
acetonitrile method. The t= 0 is the same as infei$4.
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Figure 66 (continued)
(C) H154N/A155L/A156S 1/1 5-CQA/CoA (sample 1097)
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(D) H154N/A155L/A156S 1/10 5-CQA/COA (sample 1098)

5-CQA Caffeoyl-CoA 3,4-, 3,5-diCQAsO

0,014

0,012

0,0109

0,008+

AU

0,006

0,004

= N DN [N E

T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Minutes

3.3.5.3. Study of the formation of mixed diesters

In order to determine if the native and H154N mutd@Ts could form mixed diesters
of quinic acid (e.g. caffeoylferuloylquinic acidsund in coffee extracts), the enzymes were
incubated with 5-CQA/ 5-FQA and CoA/ caffeoyl-/ déoyl-/ coumaroyl-CoA thioesters. As
in the previous experiment, the H154N mutant HCiimied higher levels of these diesters.
The results concerning the reactions containing@®Cand CoA or diverse acyl-CoA
thioesters are presented in Figure 67. The comtithi no enzyme (Figure 67A) and all
enzymatic reactions showed a partial isomerisaiidnCQA (RT= 15.9 min) to the 3- and 4-
CQA isomers (RT= 7.4 and 14.5 min) after overniglcubation in 0.1 M sodium phosphate
pH 6.5. In the presence of 10 mM 5-CQA and 0.5 mdACFigure 67B), as well as 10 mM
5-CQA and 0.5 mM caffeoyl-CoA (Figure 67C), thremaks corresponding to 3,4-, 3,5- and
4,5-diCQAs (RT= 41.4, 42.4 and 43.6 min respecyivelere formed with native HCT.
Interestingly, when 5-CQA and feruloyl-CoA are ibated with H154N mutant HCT, all
three diCQAs are synthesised. Three additional plaksed at RT= 43.9, 45.0 and 45.9 min

may correspond to mixed caffeoylferuloylquinic acitVhen 5-CQA and coumaroyl-CoA are
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incubated with the H154N mutant HCT, the three diSQre formed (RT= 41.4, 42.4 and
43.6 min), plus two additional peaks at RT= 44.6 46 min that may correspond to mixed
caffeoylcoumaroylquinic acids (Figure 67E).

Figure 67: HPLC profiles of reaction products gemed by the H154N mutant HCT from 5-CQA and various
acyl donors

Reactions were set up with 10 mM 5-CQA and eithBmM CoA/ caffeoyl-/ feruloyl-/ coumaroyl-CoA inD
M sodium phosphate pH 6.5. The reaction was stényeatiding 0.5 uM enzyme. Samples were analysed aft
overnight incubation using HPLC-PDA with the acétidle method.
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Figure 67 (continued)

(D) 5-CQA + feruloyl-CoA— diCQAs + mixed caffeoylferuloylquinic acids (*)aple 1260)
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Similarly, the H154N mutant HCT was incubated wifFQA and CoA or diverse
acyl-CoA thioesters (Figure 68). The control wither@yme (Figure 68A) and all enzymatic
reactions showed a partial isomerisation of 5-F@Y <% 32.3 min) to the 3- and 4-FQA
isomers (RT= 13.7 and 28.2 min) after overnighubation in 0.1 M sodium phosphate pH
6.5. Additionally, 4 unknown peaks (RT= 43.7, 444%,7 and 48.4 min) were observed at
later retention times, but these showed a maximiobsordance value at 256 nm, so they were
not CGA molecules. Consequently, these peaks ardeseribed in the following enzymatic
reactions. With 5-FQA and either CoA or feruloyl&Aca new peak appeared at RT= 46.3
min that may correspond to a diferuloylquinic a@iigure 68B and D). When 5-FQA and
caffeoyl-CoA were incubated, 4 new peaks at RT=2445.3, 46.1 and 46.3 min were
observed. These were presumed to be the same diffRJA 46.3 min) and mixed
caffeoylferuloylquinic acids. When 5-FQA and coumdrCoA were incubated, the same
diferuloylquinic acid (RT= 46.3 min) and presumalohyxed coumaroylferuloylquinic acids
were obtained (RT=45.4 and 47.3 min).

Figure 68: HPLC profiles of the reaction produgststhesised by H154N mutant HCT from 5-FQA and vasio
acyl donors

Reactions were set up with 10 mM 5-FQA and eithem@M CoA/ caffeoyl-/ feruloyl-/ coumaroyl-CoA inD
M sodium phosphate pH 6.5. The reaction was stéyeatiding 0.5 pM enzyme. Samples were analysed aft
overnight incubation using HPLC-PDA with the acéfidle method.
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Figure 68 (continued)

(B) 5-FQA + CoA— new peaks = diFQAs? (sample 1262)

5-FQA
|

2
o] diesters
3-FOA 4-FQOA —
o010 j’
. e

T T T T
B.00 20.00 3500 4000

Minutes.

T T T T
500 10,00 1500 20,00

(C) 5-FQA + caffeoyl-CoA— new peaks = caffeoylferuloylq

5-FQA
|

T T
4550 50,00 E500

uinic acids? (sani263)

3-FOA 4-FOA

o

diesters

(—*—\

T T T T T
25,00 30,00 3500 0,00
Minutes

T T T v T g
a.00 580 10,00 1500 20,00

T T g
45,00 50,00 5500

(D) 5-FQA + feruloyl-CoA— new peaks = diFQAs? (sample 1264)
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In summary, the H154N and H154N/A155L/A156S mutbBl@Ts seem to favour
diCQA formation. When feruloyl- or coumaroyl-CoA dieisters were supplied with 5-CQA/

5-FQA, new peaks with a typical quinate ester dimuce spectrum were detected at late
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retention times. They were presumed to be new ssitrquinic acid. New peaks were
observed and putatively attributed to either di@ylquinic acids (diFQAs) (RT= 45.5, 46.3
and 47.5 min) or mixed diesters, feruloylcaffeoytgei (RT= 44.2, 45.3 and 46.1 min) and
feruloylcoumaroylquinic acids (RT= 45.4, 46.3 and34win), their identity should to be
confirmed by mass spectrometry analysis. Theseysisstaow that these enzymes may be
involved in the biosynthesis of not only caffeoyluja, feruloylgquinic and coumaroylquinic
acids but also mixed diesters that are presentfiee (e.g. caffeoylferuloylquinic acids). The
identity of the new products that were formed mhbst confirmed by comparison with

authentic standards or by mass spectrometry asalysi

3.4. X-ray diffraction analysis

3.4.1. Tobacco 4CL2 crystal structures

3.4.1.1. Crystallisation of Nt4CL2

Nt4CL2 crystallised both in its apo-form and in antey complex with CoA and
AMP. Similar crystallisation conditions were usext both, except that strontium chloride
was used as an additive to obtain the higher raesoluapoNt4CL2 crystal structure.
However, no specific binding site for the strontiwation was observed. The two crystal
forms belong to the same orthorhomgpace group (R2:2;), but they have different cell
parameters and number of molecules per AU, onéhoapo-enzyme and two for the ternary
complex. In the crystal structure of tit4CL2-CoA-AMP ternary complex no electron
density was observed for coumaric acid, althougiag added in the crystallisation and cryo-

protectant solutions.

3.4.1.2. Overall structure of Nt4CL2

Nt4CL2 exhibits an overall structure (Figure 69A) gamto those of other adenylate-
forming enzymes and comprises two domains: a lakgerminal domain (residues 1-434)
and a smaller C-terminal domain (residues 438-542)¢ N-terminal domain can be
subdivided into three smaller subdomains each widff} topology, which are conserved in
all adenylate-forming enzymes for which crystalistures are known (Conét al, 1996;
Schmelzet al, 2009). The C-terminal domain, which was only jadlst built in both the apo
and ternary complex structures, forms a cap onofajpe N-terminal core domain. A small
linker region (Arg435-Leu436-Lys437) connects th tdomains and contains an arginine

residue that is invariant among adenylate-formimgyenes.
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3.4.1.3. Comparison between the apo and ternary complex crystal structures

The crystal structures of aptt4CL2 and Chain A of the ternary complex (Figure 69A
and B) share a RMSD of 0.57 A for 427 equivalentafoms encompassing most of the N-
terminal domain. In the crystal structure of thenéey complex, there is a large relative
movement (relative to the apo crystal structurephef C-terminal domain, which rotates as a
rigid body in relation to the N-terminal domain gire 69C). The apo-enzyme thus adopts an
"open" conformation, where the inter-domain regimmies 797 A(Figure 69A). While the
Nt4CL2-CoA-AMP ternary complex adopts a "closed" ewnfation, where the domain
interface buries 953 AFigure 69B). There are different direct inter-démeontacts in the
apo and ternary complex structures: 5 H-bonds arabditional salt bridge (Lys375/Asp531)
in the apo-enzyme; 9 H-bonds and two additionat $midges (Glul15/Lys508 and
Asp434/Arg533) in the complex form. The closed fafiNt4CL2 appears to be required for
binding of substrate. Upon domain closure, the-stign of Phe506, which belongs to the C-
terminal cap domain and is solvent-exposed inMp@&L2, is positioned such that it forms a
weak interaction with the CoA ribose moiety in tieenary complex structure (Figure 69E).
The Lys441-Gly44 loop belonging also to the C-termhidomain becomes involved in CoA
binding (Figure 69E).

A few regions of the N-terminal domain also unaesggnificant movements when
comparing the apo and ternary complex structuregi(€& 69D). These include the Ser189-
Leul95 loop and Ser307-Ala309 residues, the linkgion and the side-chain of Tyr239. All
these regions are located near the domain interface ternary complex form, Tyr239 is
buried inside a pocket, while it is solvent-expogsea@apoNt4CL2 (Figure 69C and D). This
movement is related to the displacement of the SeA38309 loop nearby. The Serl89-
Leul95 loop also changes its conformation at theado interface. This loop belongs to the
Box | sequence motif, which is conserved amongatienylate-forming superfamily. This
consensus sequence is reminiscent of the phosphmatieg "P-loop” found in many ATP-
binding proteins (Sarastt al, 1990). However, residues of the Ser189-Leul9p o not
directly interact with the AMP nucleotide in tiNd4CL2-CoA-AMP ternary complex crystal
structure. This is probably because this loop¥sived in binding thg- andy-phosphates of
ATP, as observed in the crystal structure of ACSMYAP (PDB: 3C5E), where it changes
its conformation upon ATP binding (Kochanal, 2009).
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Figure 69: Crystal structures 4€L2-apo and ternary complex with CoA and AMP bound

(A) Apo-enzyme structure with glycerol bound. Thaddminal (1-434) and C-terminal (438-538) domains
coloured in grey and salmon respectively. (B) Tinecsure of theNt4CL2-CoA-AMP ternary complex. CoA is
in yellow and AMP in magenta. The colour schemetlierprotein is as in (A). (C) Active site regiohMt4CL2-
CoA-AMP with residues of the C-terminal domain nateting with CoA and AMP highlighted in green. (D)
Superposition of the apo (salmon) and ternary cermftrey) structures. Tyr239, Phe506, the Ser3G3e9
and Ser189-Leul95 loops are highlighted (apo, cganary complex, green). (E) Close-up of the
superimposition of the N-terminal domains of apd #rnary complex crystal structures. The colotiesee is
as in (D).
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3.4.1.4. CoA and AMP binding sites

The ternary complex crystal structure revealedrcédactron density for AMP and
CoA (Figure 40). The binding sites for the nucldetiwhich originated from the probable
degradation of ATP in the crystal, and CoA, thaaisubstrate in the thioesterification step,
are both located at the interface of the N- ancr@iinal domains of the ternary complex
(Figure 69B). This is in agreement with the pregigudescribed crystal structures of
adenylate-forming enzymes (Schmetzl, 2009).

The residues lining the AMP binding pocket are: 38l§, Ala309, Ala310, Pro311,
Gly332, Tyr333, Gly334, Met335, Thr336, Cys360, A2Q, Arg435, Lys437, Lys441 and
GIn446 (Figure 70). The adenylate moiety is sanbedcbetween Tyr333 and 1le432 on one
side and Ala309-Ala310 on the other side. Tyr338aamserved in a number of adenylate-
forming enzymes and is replaced by a phenylalamir¢hers. This aromatic residue is part of
a glycine-rich loop (GQGYGMTE 330-337 MNt4CL2), which acts as a nucleotide binding
signature. The adenylate moiety forms additionabddds with the Gly308 and Gly332
carboxyl groups. The AMP ribose moiety is H-bonded\sp420, Arg435 and Lys437 while
its phosphate group interacts with the side-chahsThr336 (O3P), Lys441 (O1P) and
GIn446 (O1P) via H-bonding. Thr336 (part of the Baxotif) and Lys441 are conserved in
4CLs and luciferases, but is replaced by an AlZLBL. Lys441 is substituted by Asn in
ACSM2A and by lle in CBL. GIn446 is generally nainserved in other adenylate-forming

enzymes.

Figure 70: Representation of the AMP binding sit¢heNt4CL2-AMP-CoA ternary complex crystal structure

AMP is coloured magenta, CoA yellow, N-terminalide®s grey and C-terminal residues salmon.

wsaa? W\ A+
vb Argd3s
P
MetSSS\ /
3 — N
\ . ’ Asp420 .

! Tyr333 E _

Ile432

GIn4d46

.
<
Thr336

Gly332

134



Residues within 5 A of the CoA ligand include: L&01 Leu233, Pro234, His237,
Tyr239, Phe261, Val281, Pro283, 1le284, Ala309,444 Tyrd42, Lys443, Gly444, Phe445
and Phe506 (Figure 71). The adenosine moiety of Salvent-exposed and makes only a
weak van der Waals interaction with Leul110. Intingly, in the crystal, the CoA adenosine
moiety also mediates a potential stacking inteoactith another CoA molecule due to the
crystal symmetry. In the CoA binding pocket, theAQdose interacts with the side chain of
Phe506 and H-bonds are formed between the amidggrof the CoA pantetheine moiety
and the main-chain carbonyl oxygen atoms of Lysdd8 Gly444. These two residues are
strictly conserved among the adenylate-forming ereysuperfamily and belong to the
Lys441-Phe445 loop, which completes the CoA bindiitg upon closure of the C-terminal
domain when compared to the apo-enzyme structyd4? is within H-bonding distance of
the CoA pyrophosphate, as is the carbonyl groupte261. Finally, Phe445 interacts with
the carbon structure between the two amide gro@i@oé (Figure 71). Phe261 and Phe445
are conserved in all 4CLs (although it is replatgdan equivalent Tyr iPAt4CL4) and
luciferases, but not in other adenylate-formingyemes. Within the CoA molecule, H-bonds
are formed between the oxygen of the pyrophospduatehydroxyl group of the pantetheine

moiety.

Figure 71: Representation of the CoA binding Sitethe Nt4CL2-AMP-CoA ternary complex crystal structure

CoA is coloured in yellow, N-terminal residues iregand C-terminal residues in salmon.
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3.4.1.5. Putative catalytic residues
An analysis of theNt4CL2-CoA-AMP ternary complex crystal structure sestg that

Lys441 may be involved in catalysing the thioe$ition step. The side-chain of Lys441
points towards both the CoA thiol and the AMP phap groups (Figure 70 and 71). This
charged residue may increase the electrophilicityhef carboxyl group of the substrate-
adenylate intermediate, favouring the nucleophditack of the CoA thiol moiety. The
Lys441-Phe445 loop also the conserved Gly444. dotems between this residue and CoA
are important in optimally orienting the thiol groupthe active site (Figure 71). The side-
chains of Thr336 and GIn446, which interact via ¢ttling with O3P and O1P oxygen atoms
of the AMP phosphate group may be involved in attyeorienting this moiety in the active

site.

3.4.1.6. Docking of coumaric acid

Despite the fact that many attempts were made todate coumaric acid into crystals
of apoNt4CL2 and crystals of thBIt4CL2-CoA-AMP ternary complex, no density for this
molecule was observed in the crystal structureskidg experiments were therefore carried
out using theNt4CL2-CoA-AMP ternary complex crystal structure agsasget for HCA
binding.

The Pocket-Finder algorithm (Hendlieh al, 1997) and a superimposition with PheA
crystal structure (Congt al, 1997) were used to locate the phenolic subshiatding pocket
(SBP) in chain A of th&lt4CL2-CoA-AMP crystal structure. HCAs were predictedind in
a hydrophobic pocket formed by residues of the itiigal domain: GIn213, Tyr239, Ser243,
Met306, Ser307, Gly308, GIn331, Gly332, Gly334, 3@ Val341, Met344 and Phe348.
Docking calculations resulted in two clusters ofluions. One cluster has the carboxylate
group of HCAs pointing towards the domain interfacel CoA and AMP (Figure 72A), in
the other cluster the HCA carboxylate group poawsy from these moieties (Figure 72B).
For catalysis to occur the carboxylic group shdugdpositioned close to the CoA thiol and
AMP phosphate groups. Docking solutions were tlogee$elected according to the proximity

of the carboxylic group with these latter moieties.
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Figure 72: The two clusters of docking solutionsdaffeic acid in the SBP predictedN4CL2-CoA-AMP
(A) Cluster 1. (B) Cluster 2.

Tyr239

: i 1 L Coumaric acid
(A) Coumaric acid [H" (B)

Phenolic compounds are characterised by their Ipyarioic benzenoid rings and the
H-bonding potential of the hydroxyl groups. In thacking solutions chosen, the side chain of
Tyr239 is ideally oriented to formmastacking interaction with the aromatic ring of tHEAs
(Figure 73). Ideally, amino acid residues surrongdhe C-3, C-4 and C-5 positions of the
phenolic ring should have the capacity to interaith the HCA substrates. However, in the
docking results, the C-4 hydroxyl group of coumataffeic and ferulic acids are unable to be
stabilised by any direct H-bonding interactions hwihe protein unless there is some
rearrangement upon HCA binding. Moreover, C-3 an8l @romatic positions cannot be
determined unambiguously, as shown by the two edgm solutions for caffeic acid in
Figure 73C. The GIn213 and Ser243 side-chains ansihe of the SBP, or the carbonyl
oxygen of Ser307 and amide hydrogen of Gly332 andther, could potentially form H-
bonds with the hydroxyl group at C-3 of caffeiccadDocking calculations with ferulic and
sinapic acids resulted in slightly different origidns of the aromatic ring, most likely
because of the steric hindrance induced by the argklgroups at C-3 and C-5 (Figure 73D
and E).
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Figure 73: Cinnamic acid substrates docked il\t#CL2-CoA-AMP receptor using AutoDock Vina

Nt4CL2 is coloured in grey, AMP in magenta. The lsedtitions are represented for cinnamic (A), coumari
(B), caffeic (C), ferulic (D) and sinapic (E) acids
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3.4.2. Coffee HCT crystal structures

3.4.2.1. Crystallisation of native and K-mutant HCTs

Native CcHCT crystallised as thin triangular plates aftaresal weeks at 20 °C. X-ray
diffraction data to a maximum resolution of 3.0 /&n& obtained. The crystals belong to a
tetragonal space group (R42) and contain 2 molecules per AU (Table 9). Thested
structure of nativ€€cHCT was solved by MR using the crystal structur&/8f(PDB: 2BGH)
as a template. In order to obtain more reproduaibystals, two lysine residues (K210 and
K217) located in the cross-over loop were mutatedlanine. The resulting muta@cHCT
(K-mutant) crystallised after only a few days. Twrystal forms were observed: form 1
(P22:2;) was preponderant and form 2 (C22®as obtained only occasionally in drops set
up using the Cartesian robot of the EMBL-GrenoblexHaboratory. Crystal form 1 contains
two molecules per AU, while crystal form 2 contamdy one monomer (Table 9). The K-
mutantCcHCT crystal structures were solved by MR using haiof the native crystal as a
template. Soaking and co-crystallisation experimemith CoA, 5-CQA and shikimic acid
substrates did not result in any protein-ligand plaxes.

3.4.2.2. Overall structure

The tertiary structure o€cHCT is composed of two nearly equal-sized domains
containing 163-strands and 18-helices (Figure 74A). The N-terminal domain is pmsed
of two B-sheets, while the C-terminal domain contains @rsheet. A strand formed by
residues close to the C-terminal end of the prof@ld) participates in the formation of the
main B-sheet from the N-terminal domain (Figure 74A).dath domainsg-helices pack
mainly against one side of the principglsheet. The N- and C-terminal domains are
structurally related to each other and can be atignith a RMSD of 3.4 A for 83 equivalent
Ca atoms (Figure 74B). This domain similarity is amsoon structural feature of the BAHD
superfamily, which has been proposed to evolve fiammCAT monomers (1.6.2.71.6.2.7). In
nativeCcHCT, the domain interface buries an area of 3406tdbilised with 45 H-bonds and
7 salt bridges, as calculated by PISA (Krissietesl, 2007). The domains are connected by a
large cross-over loop between Pro206 to Thr224d4pans nearly 25 A. However, there was
no clear electron density for this loop from in afythe HCT crystal structures reported here.
An inspection of the protein molecular surface (betow) reveals a clear solvent channel
formed at the domain interface that is about 18 fength and 6-7 in width on both sides.
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Figure 74: The overall structure of HCT is composé&tivo structurally related domains

(A) The N-terminal domain (residues 1-189) is cotmlin salmon and the C-terminal domain (224-484) i
green. The partially built cross-over loop is cokmlin blue (190-210) and the missing residuegéty dgots.
The amino (N) and carboxyl (C) ends are indicatéti arrows. (B) Superimposition of the N- and Catéral
domains of HCT.

3.4.2.3. The crystal structure of native CcHCT

The main protein-protein interface in the cryssafarmed between two B molecules,
with a surface area of 1225’ Atrengthened by 8 H-bonds. The chain A/ B interfaaries a
surface area of 690%%per molecule and is stabilised by a covalent fligibond involving
Cys142 of both chains (Figure 75A), 7 H-bonds and salt bridges (Arg43/Asp103 and
Asp410/Arg386). A sulfate ion is bound between tsyonmetry-related A molecules and
interacts with the solvent-exposed GIn199 and ABgZidues of both molecules. Two other
sulfate molecules bind on the protein surface, reer Arg264, Lys242, Asp433 and Glu245,
and the other near Lys240 and Ser254. Only a feuctstral differences were observed
between the two monomers in the AU. These pringipabncern the Val31-Pro37 and
Alal20-Tyr130 loops, and the side chain of His1®8re 75B). In chain B, a sulfate
molecule originating from the magnesium sulfate am@d in the crystallisation solution is
bound on the protein surface and interacts withsie-chains of Ser129, Arg73, Glu89 and
Met10. The sulfate binding most likely contributes the different conformation of the
Ala120-Tyr130 loop in chain B when compared to thathain A where no sulfate is bound.
This difference results in a conformational chanf¢he solvent-exposed Val31-Pro37 loop
and the subsequent re-orientation of the side-cbhthe catalytic His153 (Figure 75B). In

chain B, Hisl153 interacts with His35 from the movilapp by n-stacking interactions
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between the imidazole rings. Interestingly, Pro8itcabute topf3 strand formation in chain
A, but not chain B (Figure 75B).

Figure 75: Interaction and comparison betweenwhmenholecules in the AU in nativeécHCT

(A) Chain A (grey) and chain B (salmon) are coneddiy a disulfide bond between the two Cys142. (B)
Superimposition of chains A and B with the diffezea (chain A, blue; chain B, red) highlighted.
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3.4.2.4. Crystal structures of K-mutant CcHCT

The two molecules in the AU of the K-mutant HCT stef form 1 can be superposed
with a RMSD of 0.42 A for 417 equivalentaCatoms. A difference Fourier map revealed
density corresponding to a glycerol molecule, oaging from the cryo-protectant mother
liquor, bound in the active site channel of botlaiok in the AU of form 1 near residues
Thr36, Pro37, Ser38, Glyl58, Trp372 and Leu375UEg6). The form 1 and form 2 crystal
structures differ in the conformation of the ValBie37 loop and the catalytic His153 side-
chain (Figure 76).

Figure 76: Superimposition of K-muta@tHCT crystal forms 1 and 2 structures showing thHvasite region

Crystal form 1 is coloured in cyan, crystal forrmZyreen. The glycerol bound to form 1 is showeétiow.
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3.4.2.5. Comparison between the native and K-mutant CcHCT crystal structures

A superimposition of all HCT molecules observedhe crystal structures described
here resulted in RMSD values between 0.42 A (fat @& atoms between the two chains in
the AU of K-mutant form 1) and 0.72 A (for 4121@toms between native HCT chain A and
mutant form 1 chain A/B). As also noted above, majdferences are observed in the
conformation of the Val31-Pro37 loop located in gwvent channel region (Figure 77). In
the native HCT chain A structure, the three Hisdwss are apart and the solvent channel is
accessible (Figure 77A). In the K-mutant crystahfdl, in both chains in the AU, the Val31-

Thr36 loop fully blocks the entrance to the actite (Figure 77B). This rearrangement also
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results in the catalytic His153 forming a stackinggraction with His154. The Val31-Thr36
loop conformation in crystal form 2 and native HChAain B may still allow access to the
active site, but the catalytic His153 is now forgia stacking interaction with His35 (Figure
77C).

Figure 77: Comparison of the native and K-mu@dtiCT crystal structures in the active site region

(A) Native CcHCT chain A. (B) K-mutant crystal form 1, superingin of chain A (cyan) and B (yellow).

(C) K-mutant form 2 (green) superposed to na@eelCT chain B (grey). All the structures are showithie

same orientation. Top: Conformation of the Val3®37t loop. Bottom: Molecular surfaces viewed from th
back face.

His154

3.4.2.6. Structural comparison with other BAHD members

3.4.2.6.1. Conserved motifs and residues

The Dali server (Holmet al, 2010) was used to compare the structure of native
CcHCT crystal structure against all the structuregodéed in the PDB database (Bermedn
al., 2002). Unsurprisingly, this comparison reveals @aHCT is structurally most similar to
VS, MaT and TRI101, with RMSD values between 2.8 arv A (Z-scores: 36.3, 35.8 and
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34.4 respectively). A sequence alignment was gésekrasing ClustalW?2 (Larkiet al, 2007)
and ESPript 2.2 (Gouet al, 1999; Gouett al, 2003) (see Discussion section, Figure 96).
This alignment was manually optimised using theosdary structures o€cHCT (native
chain A), VS (PDB: 2BGH), MaT (PDB: 2E1T) and TRILQPDB: 3B30). Only 14 amino
acid residues are strictly conserved among BAHD bes(Figure 78).

Figure 78: NativeCcHCT structure showing the conserved motifs andriawh residues among the BAHD
superfamily

Hx D(153 57)} '\‘TGN (300 301)
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In BAHD structures, the HD motif (Box I) is accessible via the solvent chanand
contains the catalytic histidine residue. In boktains of the K-mutant crystal form 2, the
catalytic His153 is flipped and stacks on His154#.chain B of nativeCcHCT and in K-
mutant form 2 crystal structures, the side-chairHm153 are oriented towards the solvent
channel but stacks on His35 (Figure 77). The pmsitif the imidazole ring of H153 in chain
A of the nativeCcHCT crystal structure is most similar to that seeNvS, MaT and TRI101
and this residue is appropriately placed to absagmoton from potential substrates (Figure
79). The structure o€cHCT as seen in chain A of the native crystal stieetvas therefore

used in subsequent docking, modelling and structomeparisons.
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Figure 79: Superimposition @cHCT, VS, MaT and TRI101 crystal structures in tkhéwe site region

Native CcHCT chain A is coloured in grey, VS in orange, Maibtonyl-CoA in violet and~gTRI101-CoA-
DON in green.

Catalytic His

The HX;D motif (Box I) also contains the conserved D15heTside-chain of this
residue points away from the active siteCcHCT and other BAHD crystal structures, where
it forms a salt bridge a conserved residue of tR&WG[R/K]P motif (Arg287 inCcHCT).
This interaction is probably involved in maintaigithe two-domain fold of the protein. The
Asn residue in the conserved Gly300-Asn301 motifiisonded with the main-chain oxygen
of His153 only in chain B of the native HCT and tkenutant HCT crystal structures. The
DFGWG (381-385) motif is also strictly conservedaam all plant BAHD enzymes. This
motif is not located near the active site and nfigsty plays a structural rather than catalytic
role (Figure 78). The role of the other conservesidues (Leu60, Gly72, Prol119, Argl73,
Leu239, Trp263 and Pro387) is unclear.

3.4.2.6.2. The CoA binding site

Among all BAHD members, only the crystal structucfsnalonyltransferase (MaT)
and trichothecene @-acetyltransferase (TRI1101) have been solved inptexnwith a CoA
moiety. In these complex structures, CoA bindshenftont face of the protein in a tunnel, of
which architecture is well conserved (Unetoal, 2007; Garveet al, 2008). ASCcCHCT was
never crystallised bound to CoA, its structure waperposed onto those of MaT-malonyl-
CoA and FsTRI1101-T2 mycotoxin (Figure 80). This enabled tldentification of the
residues lining a putative CoA binding site @@HCT. The adenosine moiety binds at the
protein-solvent interface, allowing the pantetheexéremity of CoA to extend through the

solvent channel towards the active site.
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Figure 80: Superimposition of HCT with the TRI10bA45T2 (A) and MaT-malonyl-CoA (B) crystal structsre

Native HCT chain A is coloured in grey, TRI101-CdR-(PDB: 2ZBA) in green and MaT-malonyl-CoA (PDB:
2E1T) in violet. CoA/ malonyl-CoA are shown as gellsticks and T2 as magenta sticks.

(A (B)

The binding site for CoA is mostly associated wifie C-terminal domain. I€cHCT
the putative CoA binding site is surrounded by tbkowing residues: Lys240, Ser253,
Ser254, Tyr255, Ala283, Thr284, Asp285, Arg289308, Leu331, Thr370, Ser371, Trp372
and Arg374. There is a relatively high conservabérhe residues involved in CoA binding
in MaT, TRI101 andCcHCT (Figure 81A and B). However, thestacking interaction
between the CoA adenosine moiety and a consenadatic residue (Phe258 in TRI101,
Tyr272 in MaT) is lacking ifCcHCT (Figure 81C). From the sequence alignment (€§6),
Tyr252 is the most likely residue to form such atefaction inCcHCT. However, this would
require a conformational rearrangement of the lbejpveem8 ando5 that contains Tyr252.
Interestingly, Phe258 in TRI101 undergoes a sintanformational change from the apo
(light green in Figure 81C) to the complex formsee@n in Figure 81C). In contrast, this does
not occur in MaT. The phosphate groups of CoACHHCT probably interact via direct or
water mediated H-bonding with polar residues (S&y2&r via salt bridge with charged
residues (Arg289, Arg374, Lys240) and the dimegrglup with the side-chain of Tyr255.
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Figure 81: Superimposition @cHCT, FSTRI101-CoA-T2 and MaT-malonyl-CoA crystal structsishowing
the CoA binding site region

(A) CcHCT andFsTRI101 (PDB: 2ZBA). (B)CcHCT and MaT (PDB: 2E1T). (Q3cHCT, MaT and TRI101 in
the adenosine binding regid@cHCT is coloured in grey, TRI101 in green, MaT iolet and CoA in yellow.
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3.4.2.6.3. The acyl binding site

MaT was crystallised with malonyl-CoA bound (PDEEIX). When the structures of
CcHCT and the MaT-malonyl-CoA complex are superpodg&dure 82), the aliphatic acyl
moiety is pointing towards a pocket @cHCT which may accommodate hydroxycinnamoyl
moieties in HCT/ HQT. The pocket is composed oft3BaSer38, Vall49, Metl51, His153,
Gly158, Gly161, Leul62, Trp372 and Met390. In MaTmajor interaction of the malonyl
carboxylate involves Argl78 (Figure 82). This residis not conserved in other BAHD
members and is replaced by a Gly or an Ala in HEIg161 inCcHCT) and a Ser in HQTSs.
The hydroxycinnamoyl moieties could potentially fndwiched between the side-chain of
Trp372, forming an-stacking interaction, and Glyl158 @cHCT (Figure 82). Trp372 is
conserved in all BAHD members, except MaT, wheres iteplaced by a Thr. Gly158 is
conserved in all HCTs and HQTs (BDG motif), but not in the other BAHD subfamilies.

Figure 82: Superimposition of HCT and MaT-malongACin the malonyl binding site region

MaT His170 and Arg178 interact with the malonyl-Cd#CT native chain A is coloured in grey, MaT imhat
and malonyl-CoA in yellow. For clarity, only thesidues of HCT are mentioned.
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3.4.2.6.4. The acyl acceptor binding site

The only members of the BAHD superfamily that wengstallised in the presence of
an acyl acceptor substrate are thasarium sporotrichioidesand graminearum TRI101
acetyltransferases in complex with T2 mycotoxin d&@N (Garveyet al, 2008). The
acceptor binding site is accessible from the bade fof the protein, opposite of the CoA

binding site. The residues lining a putative cqguoesling SBP for quinic/ shikimic acid in
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CcHCT are: Pro32, Phe34, Hisl53, Tyr281, Ala283, %&|3 Arg357, Gly358,
Ala359,Phe362,Gly368, Thr370, Tyr397, Leu400 and4PR.FgTRI101-CoA-DON (PDB:
3B2S) is the only TRI101 crystal structure, whére kbop containing Asp221-Ala222 at the
entrance of the solvent channel is ordered. TheZaamide hydrogen interacts with the
hydroxyl O5 of DON via H-bonding. ICCHCT, the Val356-Gly358 loop occupies a similar
position and it is likely that some of the residuesthis loop participate in binding the
acceptor substrate cHCT (Figure 83).

Figure 83: Superimposition of the native HCT chaistructure withFgTRI101-DON

The native HCT chain A is coloured in gré&dgTRI101 in green and DON in magenta. For claritytydhe
residues of HCT are mentioned.
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3.4.2.7. Docking calculations for CcHCT

Attempts to dock CoA into the apo-enzyme crystalcttire were unsuccessful. The
ligand never adopted an extended conformationeausit randomly occupied the central part
of the solvent channel. CoA was therefore initigdhsitioned based on a superimposition of
the nativeCcHCT chain A and TRI101-CoA-T2 crystal structuresuigc, shikimic and

caffeic acids were subsequently docked in @aslCT-CoA receptor.
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Figure 84: Quinic, shikimic and caffeic acid ligandbcked in th€ cHCT-CoA receptor using AutoDock Vina

(A) Quinic acid. (B) Shikimic acid. (C) Caffeic aki

SEP? SBP1

Two major clusters were found for quinic and shikinacids, comprised of two
pockets (Figure 84A and B). Meanwhile, caffeic asttupied three major binding sites, the
same two, plus another one (Figure 84C). As it diffscult to discriminate between the
binding sites for the acceptor and acyl moietie€@A, 5-FQA and 5-CSA were also docked
in the CcHCT-CoA receptor. Figure 85A shows the best refuit5-CQA. The quinate
moiety is bound preferentially in a pocket named”$Bormed by the following residues:
Pro32, Phe34, Thr36, 11e282, Ala283, Thr305, Arg3Bhe362, Gly368, 11369, Thr370,
Trp372, Tyr397, Leud400 and Phe402 (Figure 85B). THyelroxycinnamoyl moiety is
preferentially bound in a pocket named SBP2 conghadethe following residues: Thr36,
Pro37, Ser38, Met151, His153, Glyl58, Leul62, TB3#u375 and Met390. As proposed
from the comparison with MaT-malonyl-CoA, the phknaing is sandwiched between
Gly158 and Trp372 and forms mastacking interaction with the aromatic residueg(fre
85A). In these docked ligands, the His153 sidefcimwithin H-bonding distance of the C-5
hydroxyl group. In addition, the Arg357 side-chawhich is not ordered in th€cHCT
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crystal structures, but strictly conserved among'sl@d HQTSs, could be modelled to form a

potential salt bridge with the carboxylate groumoinic and shikimic acids.

Figure 85: Best docking results for 5-CQA in tbeHCT-CoA receptor by AutoDock Vina

Residues lining the hydroxycinnamoyl (A) and acoeB) moieties are shown as sticks.
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3,5-diCQA was also docked in ti@xHCT-CoA receptor. The best docking solutions
were found with the hydroxycinnamoyl moiety at @f3juinic acid in SBP2, bringing the C-
3 position of quinic acid close to His153 (FigureA86The hydroxycinnamoyl moiety at C-5
was bound in a pocket named SBP3 and composedt#f7\Pro32, His153, Aspl157, Asn301
and 11e303. The phenolic ring esterified at C-Samdwiched between lle303 and Pro32. H-
bonding of the hydroxyl group at C-4 is mediatedhvithe carbonyl oxygen atoms of Val27
and Val30, and at C-5 with the Asn301 side-chaims therefore possible that these residues
affect the substrate specificity for different cinma acid derivatives. The Val27-Pro32 and
Asn301-Thr305 loops surround the binding pockebatnodating a second phenolic moiety.
These two sequence regions may therefore influgheeability of hydroxycinnamoyl-
transferases to form diesters.

To refine the CoA moiety position @cHCT, caffeoyl-CoA was docked in the HCT-
shikimic acid receptor as presented in Figure 86B &. The acyl moiety preferentially
bound in two pockets, SBP2 or SBP3 (Figure 86Cjpand previously for the acyl moieties
of 3,5-diCQA docked in the HCT-CoA receptor. Thentggheine moiety of CoA adopted a
similar conformation in most of the docking solugosimilar to MaT-malonyl-CoA and
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TRI101-CoA binding modes, as the dimethyl grouglstd on the side-chain of Tyr255. The
CoA adenosine moiety was observed in several corEtons, mostly exposed to the solvent.
In only one solution was the adenosine part staekiéad Tyr255 side-chain. However, the
molecule adopted an unusual turn (Figure 86C). dfbez, as proposed previously, the
rearrangement of the loop containing the Tyr252 upoA binding is most likely to occur in
CcHCT.

Figure 86: Best docking results for 3,5-diCQA ie tHCT-CoA receptor (A) and malonyl-CoA in the HCT-
shikimic acid receptor (B, C) by AutoDock Vina

(A) 3,5-diCQA (cyan) superposed to the previouskilag solution for 5-CQA (green). Residues liningF&Bare
shown as sticks. (B) Caffeoyl-CoA (yellow) dockedhe HCT-shikimic acid (blue) receptor superpasethe
previous docking solution for 5-CQA (green).
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3.4.3. Coffee HQT homology-model

Despite exhaustive crystallisation screening, ngstats of nativeCcHQT were
obtained. Substitution of the lysine residues mflexible cross-over loop to Ala, which was
successful in obtaining reproducib@cHCT crystals, was also carried out fQcHQT.
Unfortunately, the K210A/K219A mutant HQT did natystallise. Therefore a homology-
model was built using the crystal structure of ve@cHCT chain A as a templat€cHQT-
substrate models were then built using the ligalodked inCcHCT (see above).

From sequence comparisons, the s;BXmotif is conserved among most HCTs
(HHAAD) and most HQTs (HTLSD, except HNLSD @cHQT). In HCTs, HQTs and other
BAHD acyltransferases, the residues of this metit;ept for the catalytic His, are not likely
to be involved in substrate binding as they dodictly line the solvent channel. From the
docking carried out folCcHCT, the putative binding pocket for quinic/ shikamacid in
CcHCT (respectively irCcHQT) involve: Pro32 (Ala32), Thr36 (lle36), His1b8nserved),
Tyr281 (conserved), Ala283 (conserved), 1303 298), Arg357 (conserved), Phe362
(conserved), Thr370 (Asn366), Leu400 (Thr396) ahd4®2 (Tyr398). The putative binding
site for hydroxycinnamoyl moieties I€cHCT (respectively inCcHQT) involves Thr36
(le36), Pro37 (Leu37), Ser38 (Thr38), Metl51 (\El), His153 (conserved), Gly158
(conserved), Leul62 (conserved), Trp372 (conservedu375 (conserved) and Met390
(1e386). A number of residues that surround thgvacsite and differ betwee@cHCT and
CcHQT are potentially involved in substrate discrintioa. Some of these residues are
specific to HCTs and HQTs and some are consenigdr@96).
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Chapter 4. Discussion

4.1. Overview

Major advances have been made in understandinghterylpropanoid pathwayia
the isolation and characterisation of the biosyithenzymes involved (Dixowet al, 1996;
Ferreret al, 2008). In this study, two enzyme families resolesfor an essential part of the
phenylpropanoid branch leading to CGAs and ligiiage been investigated. The first is 4-
coumarate CoA ligase (4CL), which synthesises hyggnmnamoyl-CoA thioestersia an
acyl-adenylate intermediate. These thioesters sieeve as building blocks for CGAs and a
number of other phenolic€€c4CL2 was over-expressed and purified to homogendéity
enzymatic assay however showed that the recombjpratéin was not active, potentially
because it appeared to form aggregates. As amatitex, Nt4CL2 was produced and
successfully used to synthesise hydroxycinnamoy-Gbioester substrates that are not
commercially available. Following CoA-activatioBcHCT andCcHQT catalyse the transfer
of the hydroxycinnamoyl moieties to quinic or shikc acid leading to CGAs. HPLC was
used to characterise the reactions catalysed lsethazymes. 4CL2, HCT and HQT have
been isolated from several plant species and extdnstudied (Becker-Andret al, 1991;
Voo et al, 1995; Stuibleet al, 2001; Lindermayret al, 2002; Hoffmannet al, 2003;
Hambergeret al, 2004; Cominoet al, 2007; Cominoet al, 2009). However, to our
knowledge, their crystal structures have not besonted. A particular interest is to better
understand the molecular basis of the reactionsdhtalyse and how small variations in their
sequence can lead to profound alterations in satlessipecificity. The crystal structures of
apoNt4CL2 andN#4CL2-CoA-AMP ternary complex were therefore sohadl refined as
were those of native and K210A/K217A mutant HCTise Trystal structure of natiecHCT

was then used as a template to produce a homolodglnfCcHQT.

4.2. Nicotiana tabacum 4CL2
Nt4CL2 was produced from a synthetic gene with og@dicodons for expression in
E. coli. The recombinant protein was purified in multigleromatographic steps with an
uncleavable C-terminal hexahistidine-tag. As shawra previous study (Beuerlet al,
2002), Nt4CL2 was able to convert cinnamic, coumaric, caffeferulic and, very

inefficiently, sinapic acids, into their correspamgliCoA thioesters in the presence of Mg-
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ATP. Substantial amounts of coumaroyl-CoA, caffeGglA and feruloyl-CoA were isolated
using an optimised purification procedure includiHigLC control analysis.

Despite rather low sequence identities (10-32 %) \@rsatile substrate specificities,
Nt4CL2 shares a highly conserved tertiary structuitd wther adenylate-forming enzymes.
Nt4CL2 crystallised in two conformational states thiiffer in the orientation of the C-
terminal domain relative to the core N-terminal dam The apo-enzyme adopts an "open"
conformation (see Results section, Figure 69A) lainb that reported for firefly luciferase
(PDB: 1LCI) (Contiet al, 1996; Nakatswet al, 2006). TheNt4CL2-CoA-AMP ternary
complex adopts a “"closed"” conformation, in which CaAd AMP bind at the domain
interface (see Results section, Figure 69B). Theed configuration is similar to that adopted
by human medium-chain acyl-CoA synthetase (ACSM#A)omplex with ibuprofen or
AMP and butyryl-CoA (PDB: 2WD9, 3EQ6) (Figure 87B)nd the structure seen for
Alcaligenes4-chlorobenzoate CoA ligase (CBL) in a ternary ptar with AMP and 4-
chlorophenacyl-CoA (PDB: 3CW9). This closed confation is proposed to be
representative of the enzyme-substrate configuraliwimg the thioesterification step.

The crystal structure of th&lt4dCL2-CoA-AMP ternary complex reveals several
residues potentially involved in catalysis and s$w#he binding in this step (Figure 87C).
These include Ser189, Thr336, Lys441, Gly444 andd@®, which are all located at the
domain interface. Lys441 and GIn446 are from thé&i@inal domain and, in the open
conformation, these residues are solvent-exposedhaidside-chains partially disordered.
Lys441 is conserved in all 4CLs but not in all agate-forming enzymes. IINt4CL2,
Lys441 could play a catalytic role by increasing éhectrophilicity of the carboxyl-adenylate
intermediate for nucleophilic attack of the thiof @oA (Figure 88B). In the closed
conformation, Gly444 becomes part of CoA bindingksd where it helps to correctly orient
the CoA pantetheine tail and, thus, the CoA throlug so that it appropriately positioned for
thioesterification to occur (Figure 89C). Gly444stsictly conserved in the adenylate-forming
superfamily and the corresponding residue in ACSM2Aroposed to play the same role
(Kochanet al, 2009). InSalmonella entericacetyl-CoA synthetase, mutation of this glycine
to an alanine results in a protein that can catalyge adenylation reaction but not the
thioesterification step (Regeat al, 2007). This supports the crucial role of thisides in
CoA binding.
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Figure 87: Comparison betweBi4CL2 and ACSM2A crystal structures

(A) Superimposition of the crystal structuredN#CL2-CoA-AMP (grey) with ACSM2A-ibuprofen (green)
(PDB: 2WD9). (B) Superimposition &t4CL2-CoA-AMP (grey) with ACSM2A-ATP (cyan) (PDB: 3E).
Comparison of (A) and (B) indicates that the stnietofNt4CL2-CoA-AMP observed is in the thioester-
forming conformation. (C) Active site region Bf4CL2-CoA-AMP, with ligands and potential residues
involved in catalysis and substrate binding showsticks. (D) Modelling of the C-terminal domainNt4CL2
(orange) and ATP based on ACSM2A-ATP crystal stnee{PDB: 3C5E) in the adenylate-forming
conformation. (E) Active site region dii4CL2-ATP model.
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A second functional state, the adenylate-formiogfarmation, has been reported for
ACSM2A in complex with ATP, AMP-CPP or CoA (PDB: BE, 3DAY, 3GPO),
Brevibacillus brevisPheA adenylation domain of the bacterial gramici8isynthetase in
complex with AMP and Phe (PDB: 1AMU), andlicaligenesCBL in complex with 4-
chlorobenzoic acid or the adenylate intermediai2BPLT5H, 1T5D, 3CW8). Thus far, CBL
and ACSM2A are the only adenylate-forming enzymesbé characterised in the two
functional conformations and in both cases ther@iteal domain of the protein undergoes a
rotation of ~140° when compared to its positionthe thioester-forming conformation. A
model of theNt4CL2-ATP complex in its proposed adenylate-formiogformation was thus
constructed by superposing the C-terminal domaiNdCL2 with that of ACSM2A-ATP
(PDB: 3C5E) and docking this, onto the structureha N-terminal domain as seen in the
Nt4CL2-CoA-AMP ternary complex crystal structure (g 87D).

Figure 88: Representation of the two-step CoA lagatatalysed by 4CL2

(A) Adenylation step. (B) Thioesterification step.
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Mutational studies for several family members pdevievidence that an invariant
lysine is involved in catalysing the adenylatiorepstby stabilising the transition state
intermediate (Figure 88A). The enzymes catalysimg type of reaction usually employ
electropositive residues (Arg, Lys, His) to ori¢éié carboxylate and phosphoryl groups and
balance the unfavourable negative charge intera¢Bahmelzet al, 2009). In ACSM2A,
Lys557 forms a bifurcated salt bridge with tpghosphoryl oxygen atoms of ATP for
nucleophilic attack by the carboxylate substratedfkan et al., 2009). An additional role in
binding the carboxylate substrate was proposediiai et al, 2000; Horswillet al, 2002).
The Nt4CL2-ATP model reveals that Lys526 is appropriatpbsitioned to play such a
catalytic role in the adenylation step (Figure 87) both the apo and thioester-forming
conformations, the Lys526 side-chainNMCL2 is solvent-exposed and partially disordered.
This is also observed for the corresponding Lys58fich becomes ordered upon ATP
binding in apo-ACSM2A. The conserved glycine-rictioBp in ACSM2A, Thr221-Lys229,
undergoes a conformational change and bind$+tendy-phosphate of ATP (Figure 87E).
The corresponding P-loop regionM4CL2, Ser189-Lys197, most likely undergoes a simila
movement upon ATP binding (Figure 87E).

In ACSM2A, a salt bridge between Glu365 and Arg4#s been proposed to be
important for precluding the ATP binding in the déster-forming conformation. The
Arg472/Glu365 salt bridge constricts the dimensdbrihe nucleotide subsite, so that it can
accommodate AMP but not ATP. Such an interactiamisoccurring ilNt4CL2-CoA-AMP,
as the corresponding residues Glu337 and GIn44@oaréar apart (Figure 87C). However,
the GIn446 side chain does form an extensive H-imgndetwork with AMP, Ser189 and
Serl90, the latter also participates in H-bondinth vlu337. A similar mechanism for
precluding ATP binding is therefore also likelydocur inNt4CL2 (Figure 87C).

The structure of ACSM2A bound to Mg-ATP (PDB: 3C5Ehowed that the
magnesium ion is coordinated to the AfPandy-phosphate groups and binds via a water
molecule to a glutamate residue. This residue nistlgt conserved among the adenylate-
forming enzyme superfamily and the equivalent nasith Nt4CL2 (Glu337) is likely to be
involved in the coordination of the Mgion. Another residue, His207 in CLB and Trp265 in
ACSMZ2A, was observed to switch its position betwdsn adenylate- and thioester-forming
conformations. This residue was proposed to be waeblin correctly orienting the
carboxylate substrate (Kochast al, 2009; Wu et al, 2009). In N4CL2, a similar

conformational change of the corresponding His28&-shain may also take place.
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Despite many attempts, no crystal structur®l@CL2 in complex with coumaric acid
bound could be obtained. This may be due to thé@&ddnsolubility of this compound in
agueous solution. The Pocket-Finder prediction rélym and a structure comparison with
PheA bound to phenylalanine (PDB: 1AMU) enabledldmation of the SBP in thet4CL2-
CoA-AMP ternary complex structure. Cinnamic, couimacaffeic, ferulic and sinapic acids
were docked into this SBP (Figure 89A), revealingaorn-stacking interaction between the
phenolic moieties and the Tyr239 side-chain. Th&due is conserved or replaced by Phe in
other 4CLs, underlining the importance of such emmatic residue in binding cinnamic acid
substrates. Similar interactions are also seerottoer adenylate-forming enzymes that bind
aromatic moieties, such as Japanese firefly luasier(PDB: 2D1R, 2D1S) (Figure 89B).
However, this type of interaction is not univeraalAla and Val occupy a similar position in
PheA and CBL respectively. It is therefore eviddrat such a stacking interaction is not a
requirement for the binding of aromatic substrdtgsmembers of the adenylate-forming
enzyme superfamily. Interestingly, Tyr239 underg@esmajor rotamer transition when
comparing the structures of apdCL2 and ternary complex with CoA and AMP. This is
most probably driven by nucleotide binding (see URsssection, Figure 69E). Indeed, the
position of the AMP phosphate group seen inNlkECL2-CoA-AMP structure would cause a
steric conflict with the Tyr239 side-chain as s@eithe apo structure. Tyr239 residue could
also have an additional role in guiding the cinraracid derivatives into the SBP, as
proposed for Trp265 in ACSM2A (Kochat al, 2009).
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Figure 89: Representation of the substrate bindouket forNt4CL2 and luciferase

(A) Coumaric acid docked iINt4CL2-CoA-AMP inn-stacking with Tyr239 side-chain. (B) Phe249 Japane
luciferase stacking with a high-energy intermedatalogue (SLU) (PDB: 2D1S).
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The ligand orientation was highly consistent in ttase of cinnamic, coumaric and
caffeic acids docked iNt4CL2-CoA-AMP crystal structure. However, the hydybgroup at
position C-3 of caffeic acid could not be unambigsly positioned (Figure 89A). Two
potential H-bonding interactions were observed itk GIn213 and Ser243 side-chains on
one side, or the Ser307 and Gly332 main-chain$ierother. Ser243 and Gly332 are strictly
conserved among the 4CL family while GIn213 and38érare generally conserved in most
ACL enzymes. The exceptions ak&lCL4, where Ser243 and GIn213 are replaced by an
alanine and a lysine respectively, a8d¥CL1, where GIn213 and Ser307 are replaced by
Leu and Thr respectively. CuriousM4CL4 andGmACL1 are two of the rare 4CL enzymes
that can efficiently activate sinapic acid (Lindeynet al, 2002; Hambergeet al, 2004). A
distortion of the phenolic plane orientation in thecked sinapic acid solutions Mi4CL2-
CoA-AMP structure is noticeable (see Results secttogure 73E). The poor reactivity of
Nt4CL2 towards sinapic acid was also reflected bysihiestantially lower binding affinities
values when compared to the other hydroxycinnamigsa Because sinapic acid carries two
methoxyl groups, at the C-3 and C-5 position, gixelusion is most likely responsible for
this. AsGm4CLL1 can activate sinapic acid, it is likely thatitation of GIn213 and Ser307 in
Nt4CL2 to a Leu and Thr respectively, as@mCL1, may alter 4CL2 substrate specificity.
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A homology-model has been proposed AICL2 based on the PheA structure
(Schneider, 2003). However, in this study, the awtHailed to identify some of the key
residues lining the putative SBP, in particular to@served tyrosine that formsrestacking
interaction with the phenyl moiety. In their modAgn256 is proposed to play a similar role
by mediating H-bonding interaction with a hydrogybup at C-4. The present docking results
indicate that such an H-bonding interaction betwdbe hydroxyl at C-4 and the
corresponding Asn242 iNt4CL2 is unlikely. In fact, Asn242 is involved in &hbonding
network to Ser209 and GIn213 Mt4CL2. Mutagenesis experiments targeting Met293 and
Lys320 residues i\t4CL2, corresponding to Pro279 and Met30aNidCL2, showed that
these amino acid residues are involved discrinmigabietween ferulic and sinapic acids, most
probably by steric hindrance. Met306 is part of gieposed SBP itNt4CL2 and Pro279
forms a hydrophobic stacking interaction with tmeethionine. This suggests that these
residues could potentially influence the accommiodabf C-3/C-5 substituted substrates like
ferulic and sinapic acids. In soybeé@lycine ma¥ the deletion of a valine residue from
GmACL2 andGm4CL3 (Val341 inNt4CL2), which is absent iGmACL1, allowed the mutant
enzymes to convert sinapic acid (Lindermayal, 2002; Lindermayet al, 2003). Val341 is
indeed proximal to the C-3/C-5 position of sinapicid docked inNt4CL2. Therefore,
deletion of this residue would also provide suéfiti space for sinapic acid to bind (Figure
89A).

The Nt4CL2-CoA-AMP ternary complex crystal structure atsmmparison with other
crystal structures (see above) enabled the ideatifin of several putative residues involved
in catalysis and substrate binding. These includg239 for substrate binding, Thr336,
Lys441, Gly444 and GIn446 in the thioester-formstgp, and Lys526 in the adenylate-
forming step. The docking results and previous ttal studies on 4CL enzymes support
the involvement of residues lining the SBP in eneyspecificity towards differently
substituted cinnamic acids. These residues anaddhserved motifs are highlighted in the
sequence alignment presented in Figure 90. Thétsgsovided here from the structural basis

for a better understanding of tNe4CL2 substrate specificity.
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Figure 90: Sequence and structure alignment betNeédDL 2 and other adenylate-forming enzymes
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4.3. C. canephora HCT and HQT

In the phenylpropanoid pathway, hydroxylation a#t ©f the phenylalanine aromatic
ring of t-cinnamic acid catalysed by C4H produces 4-coumaeid. Coumaric acid is then
activated by CoA ligation (4CL), and the resulti@gA thioester is converted by HCT and
HQT to coumaroylquinic or -shikimic acid. Subsequieydroxylation at C-5 of the aromatic
ring by C3H results in the formation of the mostiattant CGA molecule, 5-CQA, and the
less common caffeoylshikimic acid (CSA). Furthedfoxylation and methoxylation leading
to ferulic, 5-hydroxyferulic or sinapic conjugatesmes further along the pathway (see
Introduction, Figure 9). As major intermediatesthie biosynthesis of guaiacyl and syringyl
lignins, CGAs are widespread but usually foundalatively small amounts in higher plants.
The exceptionally high levels of diverse CGA compadsi found in the gree@. canephora
coffee grain is still not well understood. The impoce of acyltransferases in CQA
biosynthesis has prompted us to focus our analgsisthe biochemical and structural
properties of these enzymes.

The over-expression and purification of the recarabtCcHCT was optimised using
a standard protocol with an average yield of 4.5Lnaylture. CcHQT could not be over-
expressed using a conventional protein tag (GSTE).HIherefore, an N-terminal His
SUMOZ3 fusion was eventually tried and resulted yiedd of 1 mg/ L culture. During storage,
purified CcHCT andCcHQT were partially degraded into two polypeptidagiments of ~24
kDa, corresponding to the approximate size of theaNd C-terminal domains of these
proteins. This degradation could be reproducednmitdd-proteolysis experiments. A similar
proteolytic pattern has been observeddocaryophyllusHCBT andC. roseuDAT (Yanget
al., 1997; St-Pierreet al, 1998). This may be a common feature of BAHD sigmeily
members, which are characterised by a large interatto cross-over loop (Mat al, 2005;
Unnoet al, 2007; Garveet al, 2008). From the nativ€cHCT crystal structure, the domain
interface buries 342A4°%and is strengthened by 42 H-bonds and 5 salt lsidh@s may be a
reason why the polypeptide fragmentsGsHCT remain physically attached through a size-
exclusion chromatography step. An intermoleculaulfide bond involving Cys142 was
probably the key to the crystallisation of nati@éeHCT as it changes the global surface
properties of the protein. The resulting dimerhswever, not physiologically relevant as
CcHCT and all other BAHD acyltransferases charaaterito date exist exclusively in a
monomeric form (45-55 kDa). In order to facilitabee formation of such a covalent bond and

thus crystal formation, oxidising and cross-linkiagents were added to the protein solution
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before setting up crystallisation drops. Unfortehgtthe nativeCcHCT crystals could never
be reproduced with subsequent protein batches.

In an effort to optimise the reproducibility andetliffraction quality of the initial
crystals, a trypsin-proteolysis resistant mutan€afiCT was produced and purified using a
similar protocol as the native protein. Crystalstlis K210A/K217A (K-mutant)CcHCT
diffracted to 1.7 A resolution. Substitution of tlysine residues, which are characterised by a
high conformational mobility, to alanine seems nbi@nce the crystallisability &cHCT by a
reduction of the surface entropy in the cross-dwep region. Side-chain entropy is indeed
negatively correlated with the involvement of soa@arged amino acids, such as Arg and
Lys, in crystal contacts (Derewenéé al, 2006; Ciesliket al, 2009). However, part of the
cross-over loop (residues 206-224) was not orderedy of the HCT crystal structures.

The crystallisation conditions were very differefir the native and K-mutant
CcHCTSs, which crystallised at pH 6.0-6.5 and 8.5-8e8pectively. The crystal structures
differ mainly in the Val31-Pro37 loop and His158esichain conformation in the active site
region. The presence of a sulfate ion bound onptbéein surface near the Alal20-Tyr130
loop in the nativeCcHCT chain A crystal structure induced a conformalarhange of this
loop and the nearby Val31-Pro37 loop compared &ncB. The His153 side-chain in native
chain A points towards the solvent channel, whereashain B, it forms an-stacking
interaction with the imidazole ring of His35. Thieeusture of the K-mutant crystal form 2 is
similar to that of the native chain B. In both ¢tswiA and B of crystal form 1 of the K-mutant
His153 is flipped to the opposite of the solvenamfel, this time forming a-stacking
interaction with His154, and the solvent channebliscked by the Val31-Pro37 loop. A
glycerol molecule interacting with the residues 3drPro37, Ser38, Glyl158, Trp372 and
Leu375 was observed in the K-mutant form 1. Thegmee of this ligand bound in the active
site may have influenced the Val31-Pro37 loop am&ll5B8 conformations. The differences
observed in the various crystal forms suggest tiatactive site architecture QfcHCT is
flexible and may be modulated by the binding oimas molecules.

In protein structures, histidine-histidine contgairs are not uncommon and are
notably involved in stabilising secondary structutMeurisseet al, 2003). The protonation
state of histidine (pl&6) depends on the pH and local environment ofside-chain. At
physiological conditions, the His-His pair has bath one of the imidazole groups
deprotonated. The pair is therefore either newatraingly positively charged and the stacking
of the aromatic rings is not weakened by Coulomtulson (Heydaet al, 2010). The

proximal His153-His154 pair inCcHCT corresponds to a more restricted side-chain
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conformation than the distal His153-His35 pairbbth casess-stacking sterically constrains
the free rotation of the His imidazole ring. Thestb3 side-chain of the nati@&HCT chain

A is less constrained and more readily accessitie. native HCT chain A was therefore
considered as the most likely functional confororati From sequence and structure
comparisons, His153 from the conserved;BXnotif corresponds to the catalytic residue in
CcHCT. As expected, H153A muta@cHCT was inactive in the biochemical assays. This
basic residue can extract a proton either fromattyd acceptor molecule (the hydroxyl group
at C-5 of quinic acid in HCT/ HQT) or from the thigroup of CoA, depending on the
direction of the reaction. The activated hydroxylhiol can then attack the carbonyl carbon
of the acyl-CoA or CGA molecules and trans-esteaition can occur.

This reaction was studied in the forward directiowards CGA biosynthesis. For this
purpose, caffeoyl-, coumaroyl- and feruloyl-CoAadisters were synthesised ushgCL2
and purified. The enzymatic activities 6GEHCT andCcHQT were assayed with these CoA
thioesters in combination with quinic and/or shildracid. As demonstrated in other studies
on HCTs and HQTs from tomato and tobacco planeselenzymes are able to synthesise the
major CGA compound, 5-CQA, from caffeoyl-CoA andrga acid (Hoffmannet al, 2003;
Niggeweget al, 2004). A coumaroylquinic acid and 5-FQA wereoafgroduced using
CcHCT andCcHQT in the presence of quinic acid and the corredimgn CoA thioester.
Alternatively, a coumaroylshikimic acid, a caffeslylkimic acid and a feruloylshikimic acid
were synthesised in the presence of shikimic &g major isomer was observed in all cases,
with the exception thaEcHCT forms three putative shikimate isomers withroamoyl-CoA
and caffeoyl-CoA. Competition assays, where botteptor molecules are supplied, showed
that CcHQT transfers the acyl moiety more efficiently tairgc than to shikimic acid.
Therefore, it was confirmed that the protein naitmese been correctly assigned (Lepekgy
al., 2007). Other potential acceptor molecules westetk but no activity was detected,
confirming thatCcHCT andCcHCT are specific to the alicyclic quinic and shikmacids, as
previously described for other HCT and HQT enzyifiésfimannet al, 2003; Niggeweggt
al., 2004; Comincet al, 2007; Comincet al, 2009; Sonnantet al, 2010). Esters of caffeic
and coumaric acid with tryptophan are found in Raaucoffee extracts, so it would be
interesting to test this potential acyl acceptdiutare experiments. An additional activity was
reported recently for artichoke HCT towards exogen8-anthranilic acid, forming a new
amide conjugate with interesting biological propsit N-coumaroyl-3-hydroxyanthranilic
acid (Mogliaet al, 2010). It would also be interesting to test tosnpound withCcHCT and
CcHQT as well.
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In the reverse directionCcHQT efficiently converts 5-CQA and 5-FQA in the
presence of CoA to their corresponding CoA thiasstelCT was less efficient towards 5-
FQA. No activity towards the 3- and 4-CQA isomeiasvobserved in the presenceCaHCT
or CcHQT. All three isomers have been found in varioumnplfamilies, despite the 5-acyl
isomer being predominant in the CQA and FQA grolpsing maturation and processing of
the coffee beans, the 5-monoesters (CQA and FQ#9rlgl decrease when the 3- and 4-
isomers increase (Lepell@t al, 2007). It was noticed that basic pH or heatingseaCGA
isomerisation in solution, transforming 5-CQA int@ 3- and 4-CQAs most probably by acyl
migration. These and other studies (Griffitttsal, 1997; (Dawidowiczet al, 2010) suggest
that chemical isomerisation is the major proceasliteg to their formatiomn vivo or during
processing.

Unfortunately, no crystal structure @cHCT in complex with substrates could be
obtained. As attempts to dock CoA into the crystalicture ofCcHCT were unsuccessful, the
position of the CoA moiety was modelled based @ndtystal structure of TRI101-CoA-T2.
The cofactor extends from the front faceGdHCT to the active site via a solvent channel.
Residues involved in CoA binding seem well consgvetweenCcHCT, MaT and TRI101.
However, in the crystal structure of CcHCT no iatdion stabilising the binding of the CoA
adenosine moiety is seen. From a sequence alignriign252, which is conserved or
replaced by a phenylalanine in all BAHD enzymesthis residue most likely involved in
binding the CoA adenosine in. However, a conforarai rearrangement of the loop between
n8 anda5 would be required for this residue to formx-atacking interaction with the CoA
adenosine moiety. A similar rearrangement is obsenved R1101, in which Phe258 changes
its conformation upon CoA binding. This requiremémta rearrangement, @cHCT of the
n8a5 loop upon CoA binding may explain why no spedifieding site for the CoA adenosine
could be seen in the docking solutions. Dockingaifeoyl-CoA revealed a major interaction
between the CoA dimethyl group and Tyr255, simitathat seen in MaT. The NTISY (248-
252) loop inCcHCT is shorter ifCcHQT, as in potato, tobacco and tomato, but notlaoke
HQTs. As the region corresponds to a loop locatethe protein surface, it is most likely that
it does not interfere with the architecture of #utive site at the domain interface. However,
this may influence the CoA binding mode betweers¢henzymes. Mutation of Tyr252 in
CcHCT to an Ala resulted in a significantly reducediaty with formation of caffeic acid,
which may be due to a destabilisation of CoA bigdiaArg374, which is partially disordered
in the HCT crystal structures, most probably integsawith CoA diphosphate group. It is

conserved or replaced by a lysine in all BAHD enegmrlhe importance of this residue is
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shown from enzymatic assay, as the R374E mutanbastive in the reverse reaction
involving 5-CQA. In the forward reaction involvingaffeoyl-CoA, it exclusively forms
caffeic acid. The D157A mutant formed some caféaicl from caffeoyl-CoA. ICcHCT and
other BAHD crystals structures, D157A is involvedgalt-bridge interaction with Arg287.
Conservation of this aspartate and arginine omg/gsiesidues is most likely important for
maintaining the protein fold. This may indicatettki@e enzyme architecture or stability had
been affected by this amino acid substitution.

Docking of the most potent CGA molecules was cdroat to identify the potential
binding subsites iNCcHCT and the structural determinants for its sulstrspecificity.
Docking analyses resulted in the identificationaopreferential binding site for the quinic/
shikimic moiety (SBP1). The main difference betwegumnic and shikimic acid is the
presence of a hydroxyl group at C-1 in quinic atidshikimic acid a double bond is present
between C-1 and C-2, resulting in a different getoynef the polyol ring. Leu400 is in the
vicinity of the C-1 position of the acceptor moleein CcHCT (Figure 91B). This residue is
conserved among all HCTs (Figure 96). Its hydrophatature may therefore favour the
binding of shikimic acid by van der Waals interantin the region of the double bond. In all
HQTs, it is replaced by a threonine, which may famH-bond with the hydroxyl at C-1 of
quinic acid and therefore favour the binding thiseptor molecule. In the TRI101 ternary
complex crystal structures, the corresponding tesics also a leucine, which directly
interacts with the T2 mycotoxin/ DON backbone rinthese observations support the
prediction that this residue may be important iscdminating between alternative acceptor

molecules.
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Figure 91: Representation of the 5-CQA substratdibg subsites in the nativHCT crystal structure (A, B)

andCcHQT model (C, D)

Docked 5-CQA with residues interacting with the toyd/cinnamoyl moiety in SBP2 (A, C) and quinate etgi
in SBP1 (B, D) shown as stickScHCT crystal structure is coloured in grey &dcHQT model in gold.
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The structural determinants for the specificity fduin the biochemical data

concerning the phenolic preference are not obvious the docking and structure results.

CcHCT transfers much less efficiently feruloyl mogtithan caffeoyl and coumaroyl moieties.

This substrate specificity was also reported foratmo HCT (Hoffmannet al, 2003). In

contrast,CcHQT accepted equivalently all three substitutedroygcinnamoyl moieties. The

docking results suggest that the Ser38 side-chaitddorm an H-bond with a hydroxyl in

position C-4 of the aromatic ring (Figure 91A). $hserine is replaced by an equivalent

threonine iNCcHQT (Figure 91C). The Thr36 main-chain carbonyl gaty may also form an
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H-bond with OH in position C-5 of the aromatic rimg caffeoyl moieties (Figure 91A).
Thr36 is replaced by an isoleucine@HQT (Figure 91C). Metl51 is also close to the C-5
hydroxyl of the docked caffeoyl moieties. Metl51cmnserved in all HCTs, whereas it is
replaced by a valine in most HQTs. Such a mutatiay leave enough space for substitution
on the C-5 by a methoxyl group and increase theimgndf feruloyl moieties. This may
explain whyCcHQT efficiently converts ferulate substrates. Itichioke HQT and HQT2,
this residue is replaced by a leucine. Howeverglawymes have not been assayed with a
ferulate substrate (Comirgt al, 2009; Sonnantet al, 2010). The substitution of Pro37 in
CcHCT to a leucine irCcHQT may induce a different loop conformation andréase the
size of the binding pocket &2cHCT to accommodate methoxylated cinnamic acidssé&he
residues may therefore affect the substrate spegifiowards the methoxylated cinnamic
acids like ferulic acid. They may be structuraledetinants for the ability foCcHCT to
discriminate between hydroxyl and methoxyl substtuat C-5 of the aromatic ring. These
assumptions should be verified by mutagenesis.

A structure model of artichoke HCT and HQTs waslighled recently (Sonnan&t
al., 2010). From docking analysis of 5-coumaroylquigicid and 5-CQA, the authors
identified two distinct binding pockets for the feafyl and coumaroyl moieties. They also
proposed a putative binding site for quinic/ shikiracid that is formed by some residues
corresponding to SBP2 i€cHCT. However, our docking results are supported thogy
structure comparison with TRI101 and MaT, wheredbmic/ shikimic acid moiety binds in
a pocket corresponding to SBP1 (Figure 92B and T@g malonyl moiety in the MaT-
malonyl-CoA complex points towards a pocket corresiing to our SBP2. A putative major
n-stacking interaction was found between the phenoibiety and the side-chain of the
conserved Trp372 residue. Leu400 in the na@eeICT crystal structure, corresponding to
Thr396 in theCcHQT model, was proposed to be an important strattgterminant for the
substrate preference for quinic or shikimic acid.abdition, the loop at the entrance of the
solvent channel towards the quinic/ shikimic aciddmg site contains an arginine residue
(Arg357), conserved among all HCTs and HQTSs, suggeg may play an important role by
interacting with the carboxylate group of quinitfikéimic acid and therefore orienting the
acceptor for acylation at C-5. Equivalent interaas were found in the TRI101-CoA-DON

complex structure.
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Figure 92: Active site oEcHCT with docked ligands superposed to TRI101-CoAN&hd MaT-malonyl-CoA

(A) Docked 5-CQA (green) and caffeoyl-CoA (yelloim)CcHCT-shikimic acid (blue) receptor. (B) Caffeoyl-
CoA and shikimic acid solutions cHCT superposed to DON and CoA (magenta) from TRI{G) Caffeoyl-
CoA and shikimic acid solutions cHCT superposed to malonyl-CoA (violet) from MaT-mayl-CoA.
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To our knowledge, the vitro enzymatic synthesis of CGA diesters has never been

reported to date. Initially, some diCQA peaks waltserved in reactions catalysed@gHCT

after overnight incubation, but only in very low anmts. The biochemical study of two
mutant HCTs, H154N and H154N/A155L/A1568S, revedlet these mutants could produce
substantial amounts of diCQAs (Figure 93D). Thesgamts both target the second histidine
residue of the HHAD motif that is conserved in all HCTs (Figure 9@hey were initially
designed to determine if the second histidine cbelihvolved in catalysis and to change the
CcHCT motif to the one found i€cHQT. Interestingly, mutating the conserved HHAAD
(153-157) motif inCcHCT into HNLSD, as inCcHQT, does not affect the preference for
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shikimic over quinic acid. Remarkably though, the5dN and H154N/A155L/A156S mutant
CcHCTs favour the formation of diCQAs by a factordbtfo 5 when compared to the native
CcHCT (Figure 93). A major peak corresponding to @GQA was formed from 5-CQA and
CoA and it always appeared first, suggesting thatais synthesised enzymatically (Figure
93). Peaks corresponding to the diCQAs and diFQ&®wlso observed @cHQT-catalysed
reactions, and confirmed by MS analysis. Howe@HCT is more efficient and therefore
the native and muta@cHCTs were principally studied.

Figure 93: HPLC profiles showing the formation a€@As catalysed by the native and H154N mutant HCTs

Reactions containing 0.2 mM caffeoyl-CoA and 1 MM QA in 0.1 M sodium phosphate pH 6.5 were started
by adding 0.5 uM native/ H154N HCT. Samples taketr 45 min and after overnight (O/N) incubationreve
analysed using HPLC-PDA with the acetonitrile meth@) Native HCT, t= 15 min (sample 1169). (B) HIMb
mutant HCT, t=15 min (sample 1174). (C) Native HETQO/N (sample 1184). (E) H154N mutant HCT, t= O/N
(sample 1189).
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As CcHCT was observed to produce 3,5-diCQA, this ligamas also docked in
CcHCT. It resulted in a different pocket (SBP3) fboetacyl moiety at C-5 of quinic acid
(Figure 94). The quinic moiety was located in SBfitl the acyl moiety at C-3 in SBP2,
while bringing the ester oxygen close to the Hisk&8:-chain. Docking of caffeoyl-CoA
thioester with a shikimic acid in SBP1 results m @yl moiety either in SBP2 or SBP3,
similarly to the 3,5-diCQA. SBP3 is composed of &aPro32, His153, Asp157, Asn301 and
le303. The His154 side-chain is within & of Asn24, Asp28-Asn33, Leu74, lle82 and
Argl52, with the residues Val30, Val31 and Pro3& pa SBP3. The formation of diesters
that is favoured by the H154N and H154N/A155L/A156&tant HCTs may therefore be due
to the effect of the substitution on the Val30-A3ri8op conformation, allowing more space
for the 5-CQA acyl moiety to bind in SBP3. The 5&£Qould therefore bind with the quinic
acid moiety flipped compared to the initial dockimegults, allowing this time esterification at
C-3 by a second acyl moiety from caffeoyl-CoA. ight be easier for a ®-caffeoylshikimic
acid (5-CSA) to flip because the polyol ring is mgalanar, therefore explaining why more
shikimate esters (potentially 3-CSA) are observe®iCT-catalysed reactions from shikimic
acid and caffeoyl-CoA. These assumptions shouldopérmed by the structural study of the
mutants targeting the His154 residue, preferablycomplex with the corresponding
substrates. The H154N/A155L/A156S mutant HCT predusome additional caffeic acid in
the forward and reverse reactions. The presentieeofree acid may be explained either by
the distortion of the protein architecture, whiclayminduce a thioesterase activity when
caffeoyl-CoA binds in the active site, or becausmistransfer occurs. The control reaction

(no enzyme added) showed no caffeic acid formation.

Figure 94: Docked 3,5-diCQA (cyan) and 5-CQA (gleerCcHCT (grey)

v
:‘::Valﬂ

/ Asn301

ZE Aspl57

\.{3130

173



As the 3,5-diCQA isomer appears first and is thgomdiester formed in the native
and H154N mutant HCT-catalysed reactions (Figurg 8% presence of the 3,4- and 4,5-
diCQA isomers is probably due to the chemical isasagion of 3,5-diCQA. CGAs have been
shown to be unstable at basic pH values and upatinige thereby resulting in a mixture of
the 3-, 4- and 5-CQA or FQA isomers. Similarly, th€ QAs isomerise to a mixture of the
3,4-, 3,5- and 4,5-diesters. Previous studies tigaatg diCQA synthesis in artichoke failed
to identify any activity towards the biosynthesristarnover of diCQA substrates (Comied
al., 2009; Meniret al, 2010). In our study, the formation of diCQAs oged in the presence
of 5-CQA and CoA, or caffeoyl-CoA and 5-CQA, so tbemation of caffeoyl-CoA seems to
be a necessary step in diCQA formation. HCT carvedrback 3,5-diCQA into 5-CQA and
caffeoyl-CoA, but HQT, from our observations, canmopossible mechanism is presented in
Figure 95.

The exciting observation that diCQAs are formedha enzymatic assays confirms
previous suggestions that 3,5-diCQA derives fror@@A and caffeoyl-CoA. The native
CcHCT crystal structure was exploited for docking lgs@s and homology modelling of
CcHQT. These results have enabled the predictiorwof potential binding sites for the
hydroxycinnamoyl moieties and propose a structlrasis for the acceptor preference
between shikimic and quinic acid. His154 provedb&important an important residue in
diCQA formation, most probably by influencing theckaitecture of the second acyl binding
pocket. These results suggest the direct involvénoérCcHCT and CcHQT in diCQA

biosynthesis in the coffee grain.
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Figure 95: Possible reaction mechanism for mond-ca8QA biosynthesis
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Figure 96: Sequence and structure alignmeabfCT with other hydroxycinnamoyltransferases andesentative members of the BAHD superfamily

Secondary structures of the nath€T andFsTRI101 (PDB: 2ZBA) are shown above and below thgnahent respectively. Conserved motifs are highégtoy a box.
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Chapter 5. Conclusion

This work has enabled the structural and biochdnmibaracterisation oNt4CL2,
CcHCT andCcHQT, which are key enzymes in the phenylpropanda$ymthetic pathway.
The crystal structures of apdi4CL2 andNt4CL2-CoA-AMP ternary complex coupled with
the comparison with the structures of other memlw#rdhe adenylate-forming enzyme
superfamily has allowed the identification of pdiahresidues involved in catalysis and
substrate specificity towards different substitut#thamic acids. The crystal structures of
native CcHCT and a homology model &cHQT with substrate docking enabled to identify
some residues, which may involved in substrategmition and in the observed preference
for quinic or shikimic acid.

In coffee plantsCcHCT andCcHQT appear to be responsible for the productioh-of
CQA, 5-FQA and 3,5-diCQA, which can isomerise te & and 4-positions, as well as mixed
diesters. This study has therefore allowed an esipanof the structural diversity of the
molecules thaCcHCT andCcHQT can synthesise. The identification of particwlanditions
that allow thein vitro synthesis of CGA diesters is an exciting breakiigh because it has
not been reported so far.

As such, a better understanding of the structumnetian relationships among these
enzyme families is of fundamental importance andldde exploited to produce these
metabolites in plants or microbial systems for n@applications. CGAs differ with respect to
their biological effects in plants or humans, aodHer studies are needed to compare their
effectiveness as antioxidants or antimicrobial coomas. The results presented here therefore
offer a means of producing diverse CGA derivativggh a high nutraceutical and

pharmaceutical value.
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Résumé général

Les acides chlorogéniques forment une famille dissformés entre des dérivés de
'acide transcinnamique avec l'acide quinique. Ces composés saractérisés par une
grande diversité structurale et peuvent étre dlassselon l'identité, la position et le nombre
des groupements acyles. Les acides hydroxycinnasitgs plus communs sont les acides
coumarique (4-hydroxy), caféique (3,4-dihydroxygrulique (3-méthoxy, 4-hydroxy) et
sinapique (3,5-diméthoxy, 4-hydroxy). Les graingyveeCoffea canephorde la famille des
Rubiacées sont connus pour avoir une teneur ted®elen acides chlorogéniques, qui sont
également des composés phénoliques solubles raajesithez la tomate (Solanacées).

La teneur et la composition en acides chlorogémign#uencent les propriétés des
aliments. lls sont en effet partiellement dégraal@sla chaleur et contribuent a la formation
de produits de dégradation qui influencent les pétgs organoleptiques du café torréfié.
Parmi tous les polyphénols, les acides chlorog&sigont des propriétés antioxydantes
reconnues qui aident a protéger les cellules cdegreadicaux libres et le stress oxydant. Des
études récentes de biodisponibilité montrent gstlst facilement absorbés et métabolisés par
'organisme. Les aspects bénéfiques de ces composdisrennent, parmi d'autres, un risque
diminué pour le développement de maladies cardawases et de certains cancers. Au sein
de la plante, les acides chlorogéniques sont detufis du métabolisme secondaire impliqués
a la fois dans son développement et sa résistageeaiix contraintes de I'environnement. La
biosynthese et 'accumulation des acides chloragéss peut étre induite a certains stades du
développement des tissus et en réponse a certagss diotiqgues et abiotiques (ex. stress
oxydant, rayonnements du soleil). Au cours du Nesikment des feuilles, les dérivés d’acides
phénoliques sont fortement accumulés dans leseaigsconducteurs par lignification. Les
acides chlorogéniques sont en effet des intermrédiadans la voie de biosynthése des
monomeres de lignine, biopolymére caractérisé par gnande complexité chimique qui
confére imperméabilité et résistance mécaniqueoatnis des plantes vasculaires.

La phénylalanine est produite par la voie métab@ide I'acide shikimique et est le
précurseur des acides hydroxycinnamiques dansiéagémérale des phénylpropanoides. Si
certaines enzymes impliqguées dans la voie des [grépgnoides ont fait I'objet d’études
biochimiques et structurales approfondies, des mébions structurales sont nécessaires pour
les acyl-CoA synthétases et acyltransférases catalyrespectivement la synthése des

thioesters hydroxycinnamoyl-CoA et des acides dgéniques. Trois genes ont été isolés
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chez Coffea canephoraodant pour la 4-coumarate CoA ligase, 4CL, et les
hydroxycinnamoyl-CoA quinate/shikimate hydroxycimmayltransférases, HQT et HCT. 4CL
appartient a la superfamille des enzymes formast atéénylates. HCT et HQT différent
principalement par leur préférence pour I'acidengyuie ou shikimique. Les acyltransférases
coenzyme A-dépendantes ont été regroupées dangpéafamille nommée BAHD, dont le
sigle correspond a la premiére lettre des quateenijars genes isolés. Elles utilisent pour
substrats des esters de coenzyme A comme donnegrsufgements acyles. D’avantage de
données structurales sont nécessaires, en pagticlalns le clade auquel appartiennent HCT
et HQT qui utilisent des substrats aromatiques.

Ce projet de these porte sur I'étude des relastmsture-activité des enzymes 4CL,
HCT et HQT impliquées dans la voie de biosynthése atides chlorogéniques et de leurs
précurseurs, les thioesters de CoA. Les g&wdsl2, Cchet etCchqt ont été identifiés dans
les données génétiques disponibles pour I'espetfea canephorat clonés par Nestlé R&D
a Tours (Lepellewt al, 2007). La sur-expression daBscoli et la purification des protéines
correspondantes ont été réalisé pour permettre dawactérisation. Les méthodes utilisées
comprennent des approches de biophysique poureétiedir thermostabilité par fluorescence,
mais aussi des essais enzymatiques par chromatigiapide haute performance. Pour les
études structurales, les techniques de cristadiisatde diffraction aux rayons X et de
modeélisation moléculaire ont été utilisées.

Les protéines recombinanti$4CL2, CCHCT etCcHQT ont été produites et purifiees
dans une quantité et qualité nécessaires. Lesstbisede CoA des acides caféique, férulique,
cinnamique et coumarique ont été synthétisés grakisoforme 2 de la 4-coumarate CoA
ligase deNicotiana tabacumLa structure cristalline ddt4CL2 a été résolue sous sa forme
native et en complexe avec CoA et AMP. Les résulias études biochimiques pd&osHCT
et CcHQT montrent que les protéines recombinantes stivies et capables de produire des
esters des acides quinique et shikimique. Les tedsumontrent pour la premiére fois que
I'enzymeCcHCT est capable de synthétiser des acides dicaféoydjues. Des mutations de
la protéine native ont conduit & des modificatiolesson activité enzymatique, notamment
concernant le résidu His154 qui aurait une infleesar le mécanisme de di-acylation. Les
résultats cristallographiques ont aboutis a la loéem de la premiére structure d’un
représentant du clade V des acyltransférases CpAndéntes caractérisée par
'accommodation de substrats aromatiques. Des tedsutle modélisation des substrats a
lintérieur des sites actifs ont été obtenus etmmdtent de proposer des déterminant

structuraux de la spécificité de substrat de cegmnees.
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