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Abstract

Colour plays a crucial role in food manufacturing, providing product consistency,
addressing oftolouring issues, and enhancing consumer appeal. However, the
availability of blue food colorants is severely limited, with only a few options in the
US (Brilant blue FCF and indigo carmine) and an additional choice in Europe. Given
the rising demand for naturally derived additives, confectionery companies have
struggled to find a suitable naturally derived substitudathocyanins, planbased
pigments that ehibit a range of colours from red to blue, have been explored as
potential food colorants. However, their inherent instability at the pH required for
generating blue colours has presented a significant challéRge complex mixture

of anthocyanins derived from butterfly pea consists of 15 delphiridin-c €
malonyl), 3',5O-triglucoside derivatives acylated wifhcoumaratewhich are

highly stable and produce a blue colour at mildly acidlpHhis studya new flash
chromatography method for the rapid fractionation of ternatiwas developed
allowing for efficient andood safe separation based on the terminal sidechain
residues. This method offers a high capacity and quick separation technique for
food applicationsThrough this researcht, wasdemonstrated empiricallyhat acyl
residues stabitied the anthocyanin against degradation by stacking over the
delphinidin Gring. Glycosylatiorweakens these sidechain interactions, thereby
decreasing stability. In both cases, acylation glydosylatiorresulted in a
bathochromic shift. The mechanisms by which acylationglydosylatiorcause
bathochromic shifts were explored using a combination of molecular dynamics and
guantum mechanical simulation@uantum mechanics simulations of delphini@n
O-glucoside rotamers have demonstrated tha¥~VISI 6 & 2 NIk« iyic@&ses<

with an increasing dihedral anglglolecular dynamics simulations of ternatins
showed decreased interaction between the acyl residue and chromophore upon

glycosylationwith an associated increase in dihedral angle. This thesis establishes
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Chapter 1

General Introduction

Sections of this chapter have previously been published in

Natural Blues: Structure Meets Function in Anthocyanins
Houghton A, Appelhagen |, Martin C.
Plants. 2021; 10(4):726.



Chapter 1General Introduction

1.1 Introduction

Throughout history, our culture has been intrinsically linked to the colours of
pigments and dyes accessible to(Bsirnett, Miller and Pearce, 200&}olour is one

of the primary visual indicators of food spoilage, so it comes as no surprise that we
have evolved with innate psychological responses to abnormally coloured food;
effects so strong that food not matching colour expectations can tastefgssaling
GKIyYy 230§KSNB A& SO2NRNE/QBEencE D02 2 dzNJ

To aid in product uniformity, antb correct for colourloss upon storage of food
items, synthetic colourants have been used historically in industrial applications to
colour or coloufcorrect foods . Of the synthetic blue pigmentspproved for use in
food products, only three exist, of which all are derived from petrochemical
products: brilliant blue FCF, indigo carmine and patent bl(fegdrel.1). The safety

of these colourants has been questioned, starting with the Food and Drug Act of
1906 in the USA, and more recently promoting a shift towards natural sources of

pigment.

With recent trends towards use of natural pigments in food, manufacturers have
invested heavily in developing replacements for synthetic colourants. The
replacement of all colours with natural alternatives has proved challergingver,

and naturalblue pigmentshave proved particularly elusiy®ewsome, Culver and
Van Breemen, 2014H-ue to their increased sensitivity to light, temperature, and

oxygen, as well as their low water solubility compared to synthetic dyes.

To date, only one natural pigment readily available for use as alue food
colourantt phycocyaninFigure1.1)> RSNA @SR FNBY & { LA NHzZ Ay | ¢
of a mixture of three species afyanobacteria, namelyArthrospira platensijs

Arthrospira fusiformisandArthrospira maxima
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Figure 1.1 Chemical structures of European Food Safety Authority approved blue food colourants; brilliant blue, patent blue V, indigoro@ne and phycocyanin
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1.2 Availability of natural pigments

Plants produce an array of natural colourants, which can be broadly separated into
four major groups(Figure 1.2): chlorophyll (green), carotenoids (yellogvred),
betalains (yellow and red), and flavonoids (yellgwblue). Plants utilise these
pigments to perform essential functions such as photosynthesis, radical scavenging,
and attracting pollinators. Many fruits and vegetables are coloured with red and
orange pigments, which have the greatest contrast against gifeiage. This
increases the likelihood they will be seen and eaten, allowing their seeds to be

dispersed widely.

This seed dispersal strategy is so effective that three unique red pigments have
evolved: lycopene (a carotenoid found in fruits such as tomatoes), betacyanins
(betalains found in some of th€aryophyllales (Chandranet al, 2014) and
anthocyanins (such as the major pigment in strawberries, pelargonidth 3
glucoside)LinrWanget al., 2014)

In contrast, mtural blue pigments are rare in natu@espite the appearance of blue
colouration on many animalspnly the blue ofone species of butterff, Nessaea
obrinus is the result of pigmentationinstead, many apparently blue organisms
create multilayered nanostructures to reflect shorter wavelength light selectively,
giving them their iridescent blue hugdloyroud et al, 2017) Unlike pigments
however, structural colouis iridescent andvill change irappearance depending

on the viewing or illumination angle.

Despite the wide variety of pigments synthesised by plants, few blossoms or fruits
are blue. In fact, some estimates suggest dib6 of angiosperm species include
blue varieties(Lee, 2007)A major difficulty in producing blue pigments arises, in

part, due to how pigments are coloured in the first place.
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Chlorophyll a Betacyanin Cyanidin
(Chlorophyll) (Betalain) (Anthocyanin)
= Z = = = = N NN NN NN
Lycopene

(Carotenoid)

Figure 1.2 Chemical structures of plant derived pigments; chlorophyll a, betacyanin, lycopene and cyanidin
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1.3 The difficulty of producing blue pigments

Electrons in the highest occupied molecular orbital of chromophores (HOMO) can
absorb a discrete amount of energy (corresponding to a specific wavelength of light)

which promotes an electron to the lowest unoccupied molecular orbital (LUMO)
(Englman and Jortner, 1970Jhe light reflected is a mixture of all unabsorbed

gl @St Sy3aikKas 6KAOK ONBIGSa GKS O2f 2d:NB ¢
delocalisation of electrons, reducing the energy an electron requires to move from

the ground state to the excited stai@eier, Stalmach and Kolshorn, 1992 the
HOMOLUMO energy gap shrinks, longer wavelength (lower energy) light is
absorbed, causing a bluing in colour. To produce true blues, the absorbed

wavelength of light is relatively long between580¢620 nm.

Compounds with the conjugated systems necessary to absorb light in this range are
typically large and complex, requiring multiple biosynthetic steps and heavy energy
investmens in their biosynthesis. Compounding this problem, blue colouration
provides only a relatively niche evolutionary advantage in attracting specific
pollinators (Real, 1981) Combined, these are the principal reasons that blue
pigments are relatively uncommon in nature. However, Hlowered varieties have
been heavily selected by breeders and horticulturalists, increasing the range of blue

flowers available to enthusiastgardeners.

Because of thisa diverse array of natural blue shadsgvailable in floral systems,
based on pigmentation by anthocyaninklowever, anthocyanins aretypically
unstable in solution, especially under conditions where blue colouration could
potentially be observed. This is due to the rapid formation of colourless forms, and
the eventual isomerisation into yellow forms, leading to browning of products. To
stabilisethe anthocyanin quinonoid base and generate blue colours, anthocyanins
form complexes through intramolecular copigmentation intermolecular
copigmentation and metal chelation. Many of these strategies have been adopted

in nature by plants that produce blue flowers or fruit.



1.4 GeneralFeatures of Anthocyanins

Anthocyanins are a subclass of flavonoids; polyphenolic derivatives consisting of a
fused benzopyrylium core {@nd Arings) with an additional phenyl group attached
at C2 (Bing) formed by condensing a €& unit p-coumaroytCoA) with three

molecules of malonyl CoA.

Twentyseven naturally occurring anthocyanidins have been identified to date,
however, six account for approximately 92% of all anthocyanins repgfedersen

and Jordheim, 2013)These six are pelargonidin, cyanidin, delphinidin, peonidin,
petunidin, and malvidinTable 1.)}. The distributions of these six anthocyanidin
classes in fruits and vegetables are cyanidin 50%, delphinidin 12%, pelargonidin 12%,
peonidin 12%, petunidin 7%, and malvidin {@astafied@Dvandoet al., 2009)

Anthocyanidins are really onlstable at very acid pH values (around pH 1); at
physiological pH, they are quickly hydrated to form colourless forms (hemiketals).
They are glycosylated at C3 in order to stabilise natural anthocyanidins, and these
compounds are termed anthocyanins. Fuattdecoration of the anthocyanin with
carbohydrate, aromatic, and aliphatic moieties produces the wide array of
anthocyanins seen in nature. It is these compounds which are responsible for almost

all the orange/blue colours of floral systems.

Substitution of the Bing with either hydroxyl or methoxy groups influences the
absorbance maxima of the anthocyanidin, and hence alters their colour from orange
(pelargonidin) to bluistpurple (malvidin). Blue flowers commonly contain
delphinidin derivaives, although there are a few exceptions where cyaridised

anthocyanins confer blué€asaki and Nakayama, 2015)

The addition of hydroxyl groups on theriBg tends to increase the maximum
F6a2NLIiA2y 2F GKS | yiK2.0@ hy) unblér speoffied K S
conditions. Thus, for pelargonidingducose, cyanidin-8lucoside, and delphinidin-3

3t dz02 ARSI U K SnaMudslals 610, /68 SandBAZnnant1% HEI in
methanol(Santiageet al., 2014)
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Table 1.1 General structures of common anthocyanins (Houghton, Appelhager

and Martin, 2021)

OH

Anthocyanidin R1 R2
Pelargonidin H H
Cyanidin H OH
Delphinidin OH OH
Peonidin OCH; H
Petunidin OH OCH;
Malvidin OCH; OCH;3
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Dueto the electronegativity of the oxygen atom in thaiBg (Table 1.}, substituent
groupsdelocaliseelectron density away from the aromatic centre. The additional
substituentgroups in the ortho and para positions of theiBg have a lone pair of
electrons present on the oxygen atom and are adjacent to the sp2 orbital of-the B
ring. Electrons are donated through resonance withthd Q2Q 62y RX g KA OK
more electronrichin the presence obrtho and para hydroxyl groups on the-Bng

(Mao, HeadGordon and Shao, 2018)

This increased electron density increases the energy of both the ground state
(HOMO) and excited states (LUMO). As these interactions occur through the non
bonding orbital (which is energetically closer to the HOMO), the ground state
experiences a greatenagnitude of effect, effectively shrinking the transition energy

gap and promoting absorption of longer walength light and a bathochromic shift.

1.5 Biosynthesis of anthocyanins

The flavonoid biosynthetic pathway has been well characterised using model species
such as petuniaRetunia hybrida)snapdragon(Antirrhinum majus) arabidopsis
(Arabidopsis thalianadnd maize £ea maysjSun, Li and Huang, 2012; Shi and Xie,
2014) The flavonoid biosynthetic pathway is a continuation from theneral
phenylpropanoid biosynthetic pathway and is well conserved between plants

specieqFigure 1.3.

After the formation ofp-coumaroyl CoA, there is a stepwise condensation reaction
with three molecules of malonyl CoA (arising from fatty acid metabolism). The
condensation reaction produces naringenin chalcone and is facilitated by chalcone
synthase,the first committed step of flavonoid biosynthegighang, Butelli and
Martin, 2014) Naringenin chalcone then undergoes isomerisation mediated by
chalcone isomerase, forming naringenin which is the earliest intermediate with a

flavonoid skeletal corélianget al., 2015)

The biosynthetic pathway of flavonoids is divergent from naringenin, either
undergoing a dehydration reaction catalysed by flavone synthase to produce
flavones or hydroxylated by flavanon8-hydroxylase (F3H) to from

dihydrokaempferol.

(@]}
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Shikimate Pathway

Phenylalanine ﬂ

PAL

Cinnamic Acid
Phenylpropanoid

¢ C4H B Pathway
p-Coumaric Acid

¢ 4CL

p-Coumaroyl-CoA —/
]
3x Malonyl CoA + CHS

Naringenin Chalcone

¢ CHI

FNS ] ]
Flavone €—— Naringenin
¢ F3H/F3'H/F3'5'H

FLS
Flavonol €————— Dihydroflavonols

¢ DFR

Leucoanthocyanidin

¢ ANS

Anthocyanidin

¢ UFGT

Anthocyanin

Figure 1.3 The core pathway for anthocyanin biosynthesis with related pathways for flavone a
flavonol biosynthesis. The general phenylpropanoid pathway is catalysed by phenylalani
ammonia lyase (PAL), cinnamate 4ydroxylase (C4H) and 4€oumaryol CoA ligase (4CL)The
enzymes involved in flavonoid biosynthesis are chalcone synthase (CHS), chalcone isomer:
(CHI), flavanone 36 ! T 1 Y#! Gc¢ct UlWb | @Gl AWNEEO ¢ 2¢ DWEY DO b
G!'T1 Y+l Gct WWw[ OkPkcecbioW Uqé YH! ¢ URUrkdittase IJRER)
anthocyanin synthase (ANS)and one or more glycosylations initially catalysed by a UD

flavonoid glycosyl transferase (UFGT) on the C3 hydroxyl gro(#hang, Butelli and Martin, 2014

10
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Dihydrokaempferol can be further hydroxylated by flavoroiR @ RNR E&f | 84S o C
forming dihydroquercetin, or byflavonoido Q Kp GNP E&f | 84S 6 CoQpQl 0
dihydromyricetin. The dihydroflavonols are thexidised by the oxidoreductase
flavonol synthase leading to the formation fldvan4-ols (kaempferol, quercetin
and myricetin), or undergalehydrationby dihydroflavono#-reductase (DFR) to

form leucoanthocyanidins.

The final reaction is a reduction of tHeucoanthocyanidinGring, catalysed by
anthocyanidin synthase (AN&)dforming the fully oxidisetieterocycliaing system
of anthocyanidins. The biosynthesis of anthocyanidins may include further
decoration; mainly by glycosylation, methylation and acylation, which is particularly

important for their stabilisation.

1.5.1Enzyme localisation

Successive enzymes involved in the phenylpropanoid and flavonoid pathways have
been proposed to be grouped togetheitanwveakly boundnultienzyme complexes
termed metabolonswhich coordinate the activity of enzymes and metabolites in
shared pathwayg(Nakayama, Takahashi and Waki, 201Bhis allows for the
concentration of intermediates at the site of synthesis, preventing loss to the bulk

phase of the cell cytoplas(Winkel, 2004)

Itis suggested that the flavonoid biosynthetic pathway is organised into a linear array

of enzymes Kigure 1.3 associated with the cytoplasmic face of the rough
endoplasmic reticulumRER(Burbulis and WinkeShirley, 1999) Membranebound

P450 monooxygenases, such as cinnamate 4 hydroxylase (C4H) and flavéhoid
KERNRERfIFI&AS 06CoQl 0 ¥ dzy$eivetd nécruit dthensdedle S (A 2
enzymes into membrane associated complex&aslowsky and Wink&hirley,

2001)

11
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A

Phenylalanine Malonyl CoA Anthocyanidins

Figure 1.4 Schematic of the branch pathway of anthocyanin metabolism inArabidopsis, organised as an individual metabolor
ERSGNVGCqRAWY 6 Yst W6 WWIWUA! 13t WHI REU2TRIN MIA (e UY@RIT ¥ THLH aiigdroflavBiaiti Uy
[ Ok PkcWuUYaqWt 6 Ys UWRU W RtéhipdrofiatrondidR Endymidshage BhieriylaldbieYammbDia Ifiee (AR )& cinnamal
4-hydroxylase (C4H), chalcone synthase (CHS), chalcone isomerase (CHI), flavonoieb3 T | Y+ ! 0 ¢t 1J Wbl [-ldraxylads
bl [ OK ibysr@flakbnol reductase (DFR), Anthocyanin synthase (ANS). Enzymes are coloured green for general phenylprop:
Geqdésc! AWAGa IWn Yl WJe!l 6! WARYH ' Uq6 WqRAWIUVA! G113t we U7 W2 RY O Uanthordd
proteins (Winkel, 2004)

12
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Chalcone synthase and chalcone isomerase, the enzymes responsible for the first
committed steps of flavonoid biosynthesis, have been localised to théHRERIina,

Zobel and Hoch, 1987)which is consistent with the multienzyme complex
hypothesis. Although the evidence for the localisation of other key enzymes is
sparse, the multienzyme hypothesis is considered a favourable model for
biosynthesis of anthocyanir{Shi and Xie, 2014)

1.5.2Gycosylation of anthocyanins

Glycosylation is important in increasing the hydrophilicity and stability of
anthocyarndins. It is arguably the most important pedsiosynthetic step,as
anthocyanidinsare inherently unstable under physiological conditions. Mutants of
red grapes missing the genes responsible for the initial glycosylation-&HCaf
anthocyanidins accumulate no anthocyanidins in their berries, despite having an
intact anthocyanin biosyhietic pathway(Boss, Davies and Robinson, 1996et+d.,
2010)

In plants glycosylationis carried out by UDBlucose flavonoid glycosyltransferases
(UF3GT), which catalyse theg@ycosylation recognising either anthocyanins or
anthocyanidins as sugar acceptors and kfiieose as sugar donaofSparvolit al,,
1994) A variety obther sugar donors exist, such as Ugdtactose, UDFhamnose,
UDRxylose and UDBrabinoseg(Springoket al.,, 2003)

UFGTs belong to family 1 glycosyltransferases, characterised by the presence of a
conserved @erminal domain termed the plant secondary product
glycosyltransferase (PSPG) 0kencet al, 2014) which is the domain responsible

for binding the UDP moiety of the sugar donor. Genes encoding many UFGTs have
been identified in a range of plant species, and have been divided into two groups,
based on their specificity for sugar accept¢@henget al, 2014) Group one is
responsible for the glycosylation of anthocyanidins, such as anthocyani@®n 3
glycosyltransferase. The second group are involved in the further glycosylation of
anthocyanins, such as the UBRicose: | Y (i K 2 O & kOylucgsylvafsiems® of
C.ternated ¢ KA OK 3t dz02aetl iSa (-R&cGmlonylyR pQ K
i -glucoside)Kogaweet al., 2007)
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1.5.3Anthocyanin localisation

Although synthesis of rndhocyaninshas been proposed t@ccur at the rough
endoplasmic reticulum(RER) anthocyaninsneed to be stored under acidic
conditions within the vacuole to gain stability and function as coloured pigments.
Little is known about the transport of these molecules through the tonoplast. There
are currently two models proposed, the first is membrdoealised transporters, and

the second is vesicle mediated transport through the endomembrane system.

1.5.3.1Transportermediated

Transporters can be divided into two major groups, Primary transport mediated by
ATPRbinding cassette (ABC) transporters, and secondary transporters which depend
on a proton gradient. ATBinding cassette (ABC) transporters couple hydrolysis of
ATP to trasport their substrates across the tonoplast. To date, only multidrug
resistanceassociated protein (MRRype ABC transporters have been implicated in

flavonoid transport.

MRPRtype ABC transporters can transport glutathione conjugates to the vacuole
(Zhao and Dixon, 2010Jhese seemingly rely on thiutathione Stransferase (GST),
which conjugates the flavonoid with glutathiofieetrussaet al., 2013) Transport of
flavonoids in their glutathionated form (&9 is inhibited by vanadate, an inhibitor

of ABGmediated transport, but not by inhibitors that dissipate the proton gradient
(Kanget al,, 2011) However, evidence is increasing against the involvement of GST
conjugation in anthocyanin localisation, as no anthocyayhitathione conjugates
haveeverbeen observed in plant cells. Instead, the GST protein itselfs@ie as

a chaperone foranthocyaninsincreasing theirsolubility andmay play a role in
protecting anthocyanins from oxidative degradation whilgcortingthem to the

tonoplast(Sun, Li and Huang, 2012)

Secondary transporters rely ontype H-ATPase or Hpyrophosphate (MPPase)
proton pumps to maintain proton gradients across the tonopi@tao and Dixon,
2010) Multidrug and toxic efflux (MATE) transporters then use the proton gradient
to import substrate across the tonopladtT12which encodes a MATE antiporter in

Arabidopsis thaliandas been demonstrated as necessary for vacuolar uptake of
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proanthocyanidin precursors and cyanigBrO-glucosidein vitro (Marinovaet al.,
2007) MATE transportersf anthocyanindave also beeidentifiedin Vitis vinifera

(grapevineYGomezet al.,, 2009, 2011)

The genetic control of the vacuolar proton gradient in petals has been investigated
in morning glory where a structural gene wa®und which encodes a N&*
antiporter, that is highly expressed before petal open{ivgmaguchet al., 2001)

This mechanism is important in controlling the colour of Japanese morning glory,
which presents reddish brown flower buds that change to a brilliant blue as the
petals unfold. This colour change accompanies an increase in pH of the vacuoles from
6.6 in budg to an unusually high value of 7.7 in mature petals. The increase in
vacuolar pH is conferred by a tonopldgtated N&H* exchanger responsible for
increasing the vacuolar pH by exchangindar Na' in vacuoles of petal cells during
flower opening(Eiro and Heinonen, 2002; Yoshida, Mori and Kondo, 20083
increasedvacuolar pH has been shown to be specific to anthocyanin accumulating
epidermal cell§Yoshidaet al., 1995)

1.5.3.2Vesiclemediated

The idea of vesiclmediated transport was based on the discovery of anthocyanins
and other flavonoids within discrete membrane bound structures (termed
anthocyanoplastg)Pecket and Small, 1980; Falcone Ferreyra, Rius and Casatj, 2012)
which may be imported into the vacuole througha@utophagic mechanisiiPourcel

et al, 2010) Vesicles were found to be involved in the transport of flavonoids in
maize cells which were induced to accumulate anthocyaf®tewold et al.,

1998) Similar transporters to those found in the tonoplast could be responsible for
the loading of pigment into the ER compartment amdiclegPetrusseet al., 2013)

If transporters in the vesicles and vacuole occur at a similar density per membrane
unit, small vesicles would be energised more efficiently due to their large sttdace

volumeratio (Martinoiaet al, 2012)

Microscopic studiebave suggested that there might be multipleesicle trafficking
pathways(Lin, Irani and Grotewold, 2003pne is atrans Golgi network (TGN)

independent pathway which transports substrate to the cell wall, which may be
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suited to the longdistance transport of flavonoidBuer, Muday and Djordjevic,
2007)

MATE?2 in the leaves and flowersMg&dicago truncatulehas been localised using
fluorescence microscopy to vesicle structures. This MATE transpstroers higher
transport capacity for anthocyanins in contrast to other flavonoid glycogideao

et al, 2011) Decoration of the anthocyanin may play an important role in targeting
to the vacuoleDecoration of the anthocyanin with a malonic acid resithazeases
the affinity and transport efficiency into MATERntaining vesicle@Petrusseet al,
2013) A similar selectivity for cargo was reported for grape MABBRSporters
(Gomezet al,, 2009)

Direct genetic, biochemical or molecular evidence for vesicle mediated transport is
still lacking. Particularly the cargo proteins aNethylmaleimide sensitive factor
attachment protein receptors (SNARES) required for the budding, trafficking, docking
and fusion of vesicles associated with anthocyanin transport have yet to be identified
(Zhao and Dixon, 2010)

1.6 Anthocyanin Multistate Equilibrium

All features of anthocyanin pigmentation need to be explained in the context of the
multistate equilibrium which exists for anthocyanins in solution. Anthocyanins
function as weak diacids due to their chromophore containing a strongly electron
withdrawingLJ8 NA £ A dzY NAY3I>S IAGAYy3I (GKS LKSy2fA0
fairly acidic properties. Of these hydroxyl groups, thedE¥is the most acidic (pKal

F nox F2tt26SR o0& (GKS / nQ K& RDaBglegand 6 LIY | H
Fenger, 2018)As weak diacids, anthocyanins become deprotonated as pH increases
which, in turn, increases electron polarisation and increases the absorption maxima

towards higher wavelengths.
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Anthocyanin colour therefore is the result of the ratio of the three coloured species
in equilibrium at any specific pH. At very acidic pH values (around pH < 2), the
formation of the red flavylium ion (AH+) is favouré&igure 1.5. This species is fully
protonated and has a delocalised positive charge across the chromophore. As the pH

increases above pKal, the first deprotonation occurs, converting flavylium ions into

the neutral quinonoid base (A) and the colour changes from red to purple. At pH

values above pKaz2, the quinonoid base is deprotonated further, forming the anionic
idZAy2y2AR 61 a8 6! b0 6 A KBadilio 3h§ Bihai 20185 RSt z
(Figure 15). This deprotonation sequence is accompanied by two shiftsdnthe

FANRG O0! 1 b don W&LIAQIRE K S2 mSHKOR YR 6! h ! b O
60 nm(Dangles and Fenger, 2018)

5dzS (2 GKS AyadloAtAde 2F ! O0lFYyR 1'L0OX TF2I
to A is generally less thermodynamically favourable than hydration at C2, giving the
colourless hemiketal (B), and tautomerisation of B to give colourless isomeric
chalcores (Ct and Cc). As the most stable products above pH 3, species B and
chalcones deplete the available pool of the coloured species, and the red or purple

colours begin to disappear as the pH is increased.
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pH >8

OH

2 OH
OH 0]

(Trans)-Chalcone (C)

Hemiketal (B)
K, +H,0 1 L -H,0

Flavylium ion (AH*) Neutral quinonoid base (A) Anionic quinonoid base (A)
pH <3 pH 6-7 pH 7-8

Figure 1.5 Structural transformation of cyanidin-3-O-glycoside as a function of pH. The three cyanidin speci
are given with their expected colours as outlined. Deprotonation from the G®H has been omitted fo

simplicity (Houghton, Appelhagen and Martin, 2021)

18



Chapter 1: General Introduction

1.7 Gopigmentation

The diversity of colours observed in floral systems cannotekplained by
differences in chemical substituent groups and the pH equilibrium alone; without
interactions that stabilise the chromophore at physiological pH within the vacuole
(which is usually about pH 5.5), most flowers would be devoid of their attractive hues
and would instead be colourless or pale yellow (as a result of hemiketal and chalcone
formation, respectivelyFigure 1.5. Anthocyanins are large, planar compounds
which lend themselvet® the formation of noncovalent interactions with molecules
termed copigmens Figure 1.6. Generally, these interactions are favourable
towards the stabilisation of the coloured species through blocking hydration of the
flavylium cation to the colourless hemiketal by the addition of water afH&t al,,
2019) These interactions occur with the highest affinity between the coloured forms
of the anthocyanin species and tleepigment and less so with the hemiketal and
chalcone forms due to decreased conjugation of the tricyclic core upon ring opening
(Dangles and Fenger, 20XB)gure 1.§. Observations from the anthocyanins found
typically in red wines have demonstrated thesepigmentation interactions
produce the largest hyperchromic shiftsaround pH 3.6, or when A is the dominant

speciegBrouillardet al,, 1991)
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Quercetin
ov " \ HO -
O
HO 2 O
02 e Wi\ﬁ
HO o OH

Cyanidin 3-O-Glucoside

Figure 1.6 Schematic of an anthocyanin : copigment interaction(Houghton, Appelhagen and Martin, 2021)Left: Co-pigmentation interaction
between cyanidin 30-glucoside and quercetin.lue clouds above the structures denote polarisable surface area. Direct electrostatic interactior
form between substituent groups, stabilising the coloured species. Right: Ring opening breaks the conjugated system across the tricyclic rin

significantly reducing the planar surface for copigmentation.
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Chapter 1: General Introduction

1.7.1If-Association

Anthocyanins can also form selésociation interactions with other anthocyanins.
However, these complexes are typically less strongly associated than intermolecular
copigmentation requiring a relatively high concentration of anthocyanins before
they are observed (around 1 mNiponzaleaManzanoet al., 2008) Selfassociation
interactions are strongest between neutral species and are destabilised by charge
repulsion between pairs of positively charged flavylium cations and between

negatively charged anionic basgxangles and Fenger, 20X8)gure 1.7.

This seHassociative behaviour is dependent on the substitutions present on the B

ring. It has been shown that the sel§sociation constant decreases in the series
delphinidin 30-glucoside > pelargonidin@-glucoside > cyanidinG-glucoside. The

I RRAGAZ2Y 2F | KeRNRE&ft 3INRdzZ) (2 G(GKS /0Q |
ring: Cring linkage,reducing the planarity and thus the proximity at which the

cyanidin molecules can associate.

The opposite effect is observed with methylation where -ssociation increases
from pelargonidin 30-glucoside < peonidin-@-glucoside < malvidin-@-glucoside.
The steric hinderance of the methoxy groups on theing may dictate the

orientation of the complex, favouring associations with better alignment.

Decoration with sugars also influences the -sel§ociation stacking arrangement.
Although not aromatic, the sugars are heteroatoms, with electron density polarised
towards the oxygen. This property may induce further polarisation in the interacting
molecue, strengthening the association, but the position and size of the sugar
determines the overall alignment of the compleXlycosylationat C3 and C5 of
delphinidin increases the propensity for salsociation, likely due to enhanced
polarisation and the presence of additional hydrogen bonds. In contrast, this effect
is reversed for malvidin 3;6-diglucoside, in which the addition of the C5 glucose

sterically hinders sefissociation.
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Chapter 1: General Introduction

Figure 1.7 Self-association interaction between two cyanidin-3-O-glucoside quinonoid bases(Houghton,

Appelhagen and Martin, 2021)
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Chapter 1: General Introduction

1.7.2Hfect of Copigmentatioron Colour

The effects ofcopigmentationcan be divided into three categories: the first two
involve the selective stabilisation of the coloured specisch manifest as an
hyperchromic shiftKigurel.8, A). The first effect is due téavourable interaction
between the coloured anthocyanin species and dopigment which depletes the
available pool of free unbound anthocyanins and drives the equilibrium towards the
formation of more coloured speciegLambert et al, 2011) Secondly,
copigmentationenhances the resistance of the chromophore to hydration aby-2
steric hinderance This increa®s colour halflife and reducing colour fadingy
reducingreversible hydrationas well ashe irreversiblehydrolysis of the hycted

anthocyaningLiet al,, 2018)

The third effect ocopigmentationis the bathochromic shiftHgure 1.8, B), caused

by distortions in the electron orbitals between closely interacting arom#é8dsaet

al., 2016) Light is an electromagnetic wavand relative to the strength of the
electromagnetic field, atomic nuclei are too dense to experience any substantial
polarisation However, electrons which are comparatively small experience a

polarising effect when exposed to electromagnetic fields.

As electrons carry a negative charge and oscillate in electromagnetic fields (harmonic
oscillation, they induce dynamic polarisation in the molecular orbitals, termed the
dipole moment. Electrons which oscillate at the same frequency as an incident
photon (termed degenerate) can absorb energy from those photons, promoting
them from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO)This additional energy is radiated to the surroundings
within picoseconds through a number of mechanisms as the electron moves back

into the ground statgDangles and Fenger, 2018)
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Figure 1.8 Effects of copigmentation interaction between malvidin 3glucoside and quercetir
(Houghton, Appelhagen and Martin, 2021)A) Co-pigmentation of malvidin 3glucoside with quercitin
¢ q WGc WO O OLWN LI - MWl RIUD 8 U2 R -SEthsdel 1-mildydetoingR dAniRed
et al., 2011) (B) The molecular orbital correlation diagram of malvidin 3-glucoside and quercetir
shows the energychanges as a result of capigmentation complex formation. Reduction of highes
occupied molecular orbital of chromophores (HOMOjlowest unoccupied molecular orbital (LUMO

JUWI N! WNeGWb' Eb W IJt 20 @LictHR 2008 WHE q6 YHE | YO ¢ qRHL
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Chapter 1: General Introduction

The changes in electron density between the excisml ground state cause a
OKIFy3aS Ay GKS Y2t Séhdzh&aaie the ehnsgyy &sorvedl Y Sy i
corresponds to the frequency adscillation between these two different dipole
moments, termed the transition dipole momentg, Figurel.9, A). The transition

dipole is proportional to the polarisability X of the compoundFKigurel.9, Q, and

therefore distortion of the chromophore electron orbitals by the copigment
decreases the energy gagesulting ina bathochromic shift diagrammed figure

18

In particularly strongly associated pigment : copigment complexes, interactions

result in the formation of a througkpace charge transfer excitation state. This
200dzNB 6 KSYy GKSNB A& LI NILAFE YAEAY3I 2F (K
After photoexcitation to a higher energy state, the molecule then rearranges the

electron density to a lower energy state. This reduces the excitation energy gap
between HOMO and LUMQ and increases the absorption wavelength maxima,

shifting the colour towards blu@.iet al,, 2018) In most charge transfer interactions,

orbital mixing is relatively small, and so the charge transfer band appears as a

shoulder peak (or broadening of the main absorption peak as sefigime 1.8§.
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Figure 1.9 Simplified schematic of light absorption by cyanidin 30-glucoside. (A)When cyanidir
absorbs electromagnetic radiation, the energy of the radiation can cause an electron to transitic
from a lower energy state (HOMO) to a higher energy state (LUMO). This transition cal
accompanied by a change in distribution of electron density, and generation of internal magne
forces due to moving electric charges. These transitions are the result of the magne
component of electromagnetic waves (B), with the frequency of oscillation between dipole
moments corresponding to the frequency of the electromagnetic radiation(C) The erergy (E) ¢
the interaction between electrons and electromagnetic radiation is dependent on thetrength of
the oscillating electric dipole (ug) and thepolarisation of the moleculey , 6 WWRU WS RN
systems such as anthocyanins, the transition energy is reduced, allowing absorption of low

energy (longer wavelength) electromagnetic radiation.
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Chapter 1: General Introduction

1.7.3Types ofCopigment

Owing to their large and rigid, polarisable surface, anthocyanins can theoretically
form vertical stacking assemblies with over d#mousand compoundgTrouillaset

al., 2016) However, the major naturatopigmentcompounds identified are the
hydrolysable tannins, flavonoids (such as flavones, flavonols, and other

anthocyanins), and phenolic aci@igure 1.10.

The basic requirement for a copigment is the presence of a planar arene moiety,
which favours interaction with the anthocyanin chromophore. Increasing the size of
the aromatic system or the substituent groups can have profound effects on the
degree of comimentation (EscribaneBailon, Rivasonzalo and Garciastévez,

2018) Planar flavonols such as kaempferol, quercetin, and myricetin are conjugated

over their A, B, and &ings and thus have the highest affinity for copigmentation.

Hydroxycinnamic acid (HCA) derivatives suclp-asumaric caffeic, ferulic, and

sinapic acids are commonly observed as both wded intramolecular copigments,
producing a similar degree of colour modulation to planar flavon{ixangles and

Fenger, 2018)ncreasing substitution of the arene group with hydroxyl and methoxy
substituents increases the thermodynamic binding constant, and the affinity for
copigmentation increases along the seriessqumarate < caffeic acid < ferulic acid
<sinapicacid al N] 2 9A 03X t SGNI y2 JA Getah, JOR7) . | NI yI O

Despite the advances in understanding copigmentation interactions, it is still unclear
whether this increased affinity for highly substituted groups is attributable to
distortion in pigment electron density, or the formation of additional direct
electrostaic interactions between the substituent groups and the anthocyanin

chromophore, although it is highly likely that both mechanisms play a role.
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Hydroxycinnamic acids Benzoic acid derivatives
0 HO 0
HOMH HOMH S HO_ O
p-Coumarate Caffeic acid
MeO HO OH
MeO 0 H H
MeO 0 / . ) ) )
y HO H Vanillic acid Gallic acid
HO H
Me
Ferulic acid Sinapic acid
Flavonols Flavones Flavan-3-ols

Figure 1.10 Examples of chemical structures of commonly observed copigments
(Houghton, Appelhagen and Martin, 2021 nature, copigmentation is dependent

on colocalisation of anthocyanins and copigments within the vacuole.
Consequently, flavone and flavonol copigments are glycosylated in order to facilitate
their transport to the vacuole. Hydroxycinnamoy!l quinicdacsuch as-8-caffeoyl

and 30O-p-coumaroyl quinic acids can be transported to the vacuole as aglycones

and are found as copigments in hydrangea flowers, for exaftplet al.,, 2019)
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Chapter 1: General Introduction

1.7.4Blues from Intermolecul&opigmentation

Blue colouration by intermoleculaopigmentationalone is not common, and when
it occurs, it is usually the result cbpigmentationof anthocyanins with glycosylated
flavonols and flavones. The bhperple-coloured flowers of cranesbill, Geranium
G W2 Ky a 2 yGeanium fprdeéngeand Geranium sanguineurall contain the
same anthocyanins: malvidin@glucoside5-O-(6¢-O-acetylglucoside) and a minor
fraction of malvidin 30-(6¢-O-acetyl glucosideMarkham, Mitchell and Boase,
1997)

The variation in colour between these varieties (Figure 7) results from differences in
the molar concentrations of flavonaopigmens kaempferol and myricetin-G-
glucoside and -®-sophoroside, with the blueoloured petals of Geranium
WW2 Ky & 2 Y Q&. praferte8ddtairing Bignificantly higher molar ratios of
flavonols thanG. sanguineuniMarkham, Mitchell and Boase, 1997; Yoshida, Mori
and Kondo, 2009Figure 1.1).

Pigmentcopigment complexes are weak interactions and are attenuated by heating,
dilution, and changes in pH. The formation of these complexes requires high molar
ratios of copigment relative to the concentration of anthocyanins, the ratio
depending on theaffinity of the copigment for the anthocyanin. Observations of
copigmentation with flavonols and flavones demonstrate the highest stabilising
effect on anthocyanin/copigment complexes at ratios of 1 ¢ 2 : 20, whereas
hydroxycinnamic acids require camdrations between 1 : 10 and 1 : 100 for
comparable hyperchromic and bathochromic shifSiro and Heinonen, 2002;

Lambertet al,, 2011)
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Ratio of anthocyanin to Geranium Geranium Johnson'’s Geranium
flavonol in petals Pratense Blue sanguineum
(Anthocyanin : Co-pigment) 1:4 1:2 5:1

Figure 1.11 The different colours of varieties of cranesbill are determined by intermolecular copigmentation between malvidin®-glucoside-5-O-(6-
O-acetylglucoside) and varying relative amounts of flavonol copigments kaempferol and myricetin@-glucoside and 3O-sophoroside [30]. Fron

(Houghton, Appelhagen and Martin, 2021)
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Using genetic engineering, Nodgal. (Nodaet al., 2017)were able to generate blue

through the expression of the gene encoding Wjucose: | y i K2 O KOy Ay o0QX
glucosyltransferase from butterfly peclitoria ternate® I YR (GKS Ff | @2y 2
hydroxylase from Canterbury bell€gmpanula mediuinin chrysanthemum, which

does not naturally have the capacity to make blue flow@igure 1.12, in part
0S0IdzaS Al f1F01a | 3fydRylayadizdddeguantlyfitiel g2y 2
ability to make delphinidifbased anthocyanins. However, expression of flavonoid

o Dghydlroxylase alone in chrysanthemum produced only a purple/violet colour
(Bruglieraet al., 2013; Nodaet al., 2013)

Expression of the gene encoding WDPf dzO2 &S Y | yOOK®DIR | YA Y
transferase resulted in the modification of delphinidi#©2 c@Gmalonyl) glycoside

in order to produce delphinidin -8-60 e¢Gmalonyl) glycosid® Qgi-Qglucoside
QUSNYIGAY [/ p0Od Ly A&az2flGA2yT (GKS B @ O2aeéf
2F GKS lyikz0elyAy OFdzASR | NMNOBRSYEyYy I 27T
range dropping from 527 nm for delphinidirC86 c¢Gmalonyl) glycoside to 511 nm

for delphinidn 3-0-6 e¢Gmalonyl) glycosid® Qdi-Qglucoside at pH 2.7.

In fact the bluing of the chrysanthemum flowers was due to an increased capacity
for copigmentation with the flavones luteolin-@6 c¢Gmalonyl) glucoside and
tricetin 7-O-0 e¢Gmalonyl)glucoside, which are present naturally in chrysanthemum
flowers, which turned from violet in the presence of delphinidi®® cCGmalonyl)
glycoside, to blue in the presence of delphinidi®® cGmalonyl) glycosid® Qp Q
di-O-glucoside.
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¢ KS 0l K2 OK N&M th®vishl& rafgé wag Freater for the shift from
cyanidin to delphinidisbased anthocyanins than for the-giycosylationof the B

ring. However, delphinidin -8-6 cGmalonyl)glycosid® Qgi-Qglucoside in
combination with the flavonotopigmens showed a strong shoulder of absorption
at 590 nm, giving the bluing effect cbpigmentation(Figure 8). For the delphinidin
based anthocyanins,copigmentation with flavonols increased the relative
abundance of quinonoid base in the multistate equilibrium, whereas the abundance
of anionic quinonoid base increased in the equilibrium of delphinid®-3 cG
malonyl)glycoside® Qqi-Qglucoside with its flavonotopigmens (Nodaet al,
2017)

In nature, intermoleculacopigmentationis dependent upon the ctocalisation of

the copigmentwith the anthocyanins in the vacuole of petal cells. For this reason,
flavonol and flavonecopigmens in flowers are always wglosylated since
glycosylationprovides the signal for their transport to the vacuole. For other
copigmens such as caffeoyl ang-coumaroyl quinic acids in blue hydrangeas,

accumulation in vacuoles does not involve glycosylation sigitalst al., 2019)

Most blue flowers produce anthocyanins that are stabilised by additional
copigmentationinteractions, which fall into two categories, namely, intramolecular

association and metal cation chelation.

1.7.5Intramolecular Association

Anthocyanins show a wide array of chemical diversity; of the nearly 700 species
reported, close to 300 are acylated with one or more aromatic or aliphatic acyl
groups, while approximately 100 of these contain b@#tndersen and Jordheim,
2006) Although the acylated anthocyanins which produce the blue colours of flower
petals are structurally diverse, the predominant anthocyanins are usually delphinidin

derivatives.

Anthocyanins which are acylated with aromatic hydroxycinnamic (HCA) derivatives
form non-covalent intramolecular associations with their covalently linked HCA
moieties, which fold over the chromophore, protecting the chromophore from

hydration(Malien-Aubert, Dangles and Amiot, 200QEjgure 1.13.
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Figure 1.13 Typical structure of polyacylated anthocyanins allowing norrcovalent interaction between the anthocyanin chromophore and covalently linked ac

moieties (intramolecular copigmentation) (Houghton, Appelhagen and Martin, 2021)
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These interactions can be loosely categorised into two types: type 1 where the
anthocyanin forms intramoleculacopigmentationinteractions with HCAs both
above and below the chromophore, and type 2 where the anthocyanin forms
intramolecular interactions on only one plane, leaving one plane exposed for the
formation of selfassociation interactions with other anthocyanins, or

copigmentatiorwith a noranthocyanincopigment(Trouillaset al., 2016)

As these copigments are covalently linked (intramolecular) their effects on colour
and stability are not dependent on concentration. As an example, the polyacylated
anthocyanin pelargonidin -8-6 1 £ 6 O T ¥ Sc2dgdffebylgizévayka¥féow)
glucoside)s-O-glucoside produces a bathochromic shift compared to the-non
acylated anthocyanin equivalent to the addition of external caffeic acid copigment

at a concentration of 0.81 (Dangles, Saito and Brouillard, 1993)

These types of interactions are dependent on specific structural features of the
anthocyanin which, as a consequence of the diversity of aromatically acylated
anthocyanins and potential copigments, are incompletely defined. In general, for
HCA moieties liked to either the B or Grings of the anthocyanidin by
monosaccharides or disaccharides, intramolecular copigmentation (as observed in
ternatins, heavenly blue anthocyanin (HBA) from Japanese morning glory, and
gentiodelphin) is more common than salésaiation. Anthocyanins with extended
acyl residue linkers or repeating sugeiCA sequences linked to sugars attached to
the A or Grings favour sefassociation (as observed with tecophilfifyouillaset al,,

2016)

The position of linkage of glycosiiCAs to the anthocyanin core imposes some
geometric constraints, influencing how well the copigment can align with the
anthocyanin chromophore, and hence the strength of the association (as measured
by the degree of bathchromatic shift). The investigation of moiagylated
yGK20&lyAya KFEa SR (2 GKS LINRLRAL f
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- Anthocyanin
Aromatic acyl
- residue
- Sugar

Type 1 Type 2

Figure 1.14 Simplified schematic of the two major types of intramolecular copigmentation. Type 1 complexes form intramolecular copigmenti@n interactions

above and below the anthocyanin chromophore. Type 2 complexes form only one intramolecular interaction, and s@sociation interactions on the reverse plane
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Similarly, the position of acylation on the sugar can influence stacking interactions.

I O8f 3INPRdzLJA | NB dzaHidf thef pdmary udaf, Rlloviirg) enougls / ¢ ¢
bond flexibility for efficient stackingMoloneyet al, 2018) Acyl groups have been
20aSNIWUSR f Saah FRFjdzS yWiRH §raugsiof thewpréimary sugar

GKFyYy 2y (KS (Zhaoet al,2017) FhNdhidakito acyl groups linked to

LINAYEF NBE adzal NI hl 3INRBdzZJaAs FOeflGAazy- 2F (KSE
OH appear to not interact with the chromophore at@lkerdal and Andersen, 1992)

Studies of dacylated anthocyanins from red cabbage have shown that addition of a
aAy3dtS aArAylLleéeft IANRdzL) G2 GKS /cé -@RaAlAz2
sophorose5-O-3f dzO2aA RS OF dzaS&a | 0 (2B KdRYA O aK
NI y3aSs gKAfS FTRRAGAZ2Y 2F | &SO02yR aAiAyl LRe¢
aKATO 2 Fa Thaequivilenibgthochromic shifts that could be achieved with

addition of free sinapic acid to cyanidirCBsophorose5-O-glucoside and cyanidin

3-0-6 esiapoyl) sophoros&-O-glucoside were 4 and 11 nm, respectivdloloney

et al, 2018) demonstrating the effectiveness of intramoleculempigmentation

compared to intermoleculacopigmentation

Acylated anthocyanin complexes have increased colour stability and generally
increased aromatic acylation increases blueness and anthocyanin stability. The
addition of water to C2 of the flavylium ion is key to fading of anthocyanins because

it causes thdéormation of colourless hemiketal epimers. By promoting the formation

of quinonoid bases in the multistate equilibrium, HCA decoration increases
anthocyanin stability because quinonoid bases cannot undergo hydration reactions.
Aromatic acylation also indred S& G KS AGNBy3aGK 2F - &adl O
irreversible colour loss by chemical degradation involving cleavage of-they,C

although these latter processes are not well underst@ilbloneyet al., 2018)

Consequently, aromatic acylation causes big increases in the stability of anthocyanin
pigments, as illustrated iRigure 1.15or extracts of diacylated anthocyanins from

the desert bluebellRhacelia campanularjaand quadracylated anthocyanins from
butterfly pea Clitoria ternatea compared to the nosacylated cyanidin 8-

rutinoside.
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Figure 1.15 Demonstration of increasing blueness and increasing stability associated with multiple acylation of anthocyanins. Cyanidin-G-rutinoside was

purchased commercially, and anthocyanins were extracted from desert bluebellRhacelia campanularia) and butterfly pea Clitoria ternatea). The most highl

acylated anthocyanins in each extract are illustrated to the right. The plates show the colours of the anthocyanin extractsdifferent pH values and following storag

at room temperature for 1, 7, and 14 dayéHoughton, Appelhagen and Martin, 2021)
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1.7.6Aggregation of Aromatically Acylated Anthocyanins

Depending on the position of HCA attachment and the presence of additional
stabilising glycosylation, some acylated anthocyanins aggregate, even at low
concentration, at pH values greater than 2 and less than 8. Studies of aggregation
undertaken at elevate temperatures have suggested that aggregation is the result
of intermolecular rather than intramolecular associatiofMendozaet al., 2020)
Aggregation of this type can occur naturally in plant cells giving rise to the formation
of anthocyanic vacuolar inclusions (A\{Markhamet al., 2000; Kallanet al., 2017)

The production of aggregated acylated anthocyanins in AVls is used in some flowers
to create dark spots of colour, as seen in the central region of the sepals of lisianthus
(Eustoma grandiflora In the case of lisianthus, it is the absence of additional
glycosylation of the C3 of delphinidin and cyanidirO-8alactoside5-O-(p-
coumaroyl) glucoside and-G-galactosides-O-(feruloyl)glucoside on the inner
epidermis of the base of the sepals that is associated with AVI formation compared
to the delphinidin and cyanidir3-O-(rhamnosyl) galactosids-O-(p-coumaroyl)
glucoside and -®-(rhamnosyl) galactosids-O-(feruloyl) glucoside.

These observations have been interpreted in terms of reduced glycosylation
favouring AVI formation, which fits well with in vitro observations tha©-5
glycosylation reduces AVI formation in vifieallamet al., 2017) The role of AVI

formation in patterning the flowers of lisianthus is illustratedrigure 1.16
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Figure 1.16 Presence of anthocyanin aggregates in the sepals of lisianthus is associated with the production of aggregates of acylatedhacyanins. The
anthocyanic vacuolar inclusions (AVIs) that give the dark colour to the base of the sepals do not fluoresce undv light. The soluble anthocyanins in lisianthu

sepals fluoresce as do some additional anthocyanin aggregates from the outermost regions of the sep#&léoughton, Appelhagen and Martin, 2021)
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Anthocyanins from blue flowers commonly also contain aliphatic acyl groups, such
as malonic acid. Addition of malonyl groups does not impact the colour of
anthocyanins directlyl uoet al., 2007) The contribution of aliphatic acyl groups to

stacking interactions (and hence indirectly to colouration) is unclear, although a few
functions have been proposed. Acylation with a malonyl group was observed to
lower the pKa of anthocyanins latthiola incana possibly by stabilising the neutral

species through the formation of hydrogen bonds between the malonyl group and

the oxygen at C7 of the quinonoid baJ&ouillaset al.,, 2016)

Acylation with multiple aromatic groups reduces the solubility of anthocyanins in the
agueouscytoplasm This may pose a problem during the biosynthesis of-poly
acylated anthocyanins, such as the ternatitie largest of which is acylated with

four p-coumaroyl moieties. Therefore, acylation with aliphatic organic acids on
glucose moieties at C3, C5, or C7 may help keep these anthocyanins soluble in the

agueouscytoplasmduring biosynthesigLuoet al., 2007; Kallanet al., 2017)

1.8 Anthocyaninmetal complexes

Anthocyanins such as cyanidin, delphinidin, and petunidin, with two free hydroxyl
groups on the Bing, demonstrate a colour change upon chelating multivalent metal

cations.

The metal cation competes with the hydrogen ions and the red flavylium cations are
transformed to form the blue quinonoid base aniof&gurdsoret al, 2016) The
complexes are then stabilised through typic@pigmentationinteractions with
external copigmens, or through selassociation with other anthocyanins, where

both the copigmentand anthocyanin are coordinated by the metal cation.

1.8.1Fuzzymetal complexes

These complexes still require high relative molar concentratiortopigment and
are blue only in aqueous solution, where their colour is similarly attenuated by

dilution.
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Further, their colour is lost upon attempts to crystallise or isolate these pigments.
C2NJ GKA& NBlFazys GKSe& NB NBFSNNBR (2
difficulties in clarifying the mechanisms of associatf¥ioshida, Mori and Kondo,

2009)

The best studied cases of fuzzy metal complexes are those preselydinangea
macrophylla These flowers range in colour from red to mauve to blue, and all
contain delphinidin 3O-glucoside,copigmens (mainly 30-caffeoyl and 30-p-

coumaroyl quinic acids), and®*aih differing concentrationsHigurel.17).

Neither A¥* or 3-O-caffeoylquinic acid alone could produce blue colour when mixed
with delphinidin 30-glucoside, the anthocyanin present in both blue and red

hydrangeas, in the molar ratios found in the flower sepals. The blue variety,
however, had significantly higher concentrations of copigment aficcéinpared to

the red variety(Takeda, Kariuda and Itoi, 1985)

In a recent publication, it was shown that the anthocyanin accumulates isuhe
epidermal layer of sepals of both red and blue varieties. The concentration of
caffeoyl/p-coumaroyl 30-quinic acids, which serve as copigments, are high in
several cell layers of the sepals of hydrangea. However, it is the high levels of
aluminium in the subepidermal layer that confer the specificity of blue, achieved
through the association of anthocyaningopigments, and Al ions in the
subepidermal layer of blue flowergigure 1.17. In the comparator redlowered
variety, levels of Atwere found to be much lower in the subepidermal cell layer of
the sepalqIto et al,, 2019)

Historically, this mechanism has been exploited to glean structural information
about the anthocyanin under investigation, the addition of*Aproducing a
characteristic blueing of the anthocyanin indicating the presence of two free
hydroxyl groups present on the-ihg. Gardeners have used hydrangea flower
colour to demonstrate the effect of soil pH on flowers; plants grown on acid soils are
bluer because low pH results in more bioavailabl® fd form the fuzzy metal
complex. Cultivation of the same vweaties on more alkaline soils results in red
flowers due to the low availability of #lunder these conditiongHayter, 1949;

ChalkerScott, 2018)
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Red Protoplast Blue Protoplast

Cell Colour (Apax, NM) 536 588
pH 31 36
Anthocyanin 24.6 mM 10.9 mM
3-0-Caffeoylquinic acid 6.7 mM 4.6 mM
5-O-Caffeoylquinic acid 0.3 mM 29 mM
1.0 PNES 0.3 mM 24mM
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Figure 1.17 Hydrangeas produce blue flowers due to the formation of metal chelates betwee
delphinidin, copigments, and AF* This complex stabilises the anionic quinonoid base specie!
Gl YT eARUNDWE WHE q6 YHGE ! YU RALW 6 Rn gpddidt theliisble Bbsomptitic
spectra shown on the left(Houghton, Appelhagen and Martin, 2021)
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1.8.2Metalloanthocyanins

A specific subset of metabordinated anthocyanins form large supramolecular
structures termed metalloanthocyanins, which have been demonstrated to perform
an important role in the development of blue colour in several floral systems. These
complexes areomposed of stoichiometric amounts of anthocyanins, flavones, and
metal ions. For all metalloanthocyanins, these ratios are fixed at 6:6:2, respectively
(Yoshida, Mori and Kondo, 2009)

The formation of these complexes requires similar structural properties to those
seen in the more typical metabordination with anthocyaninstwo unsubstituted
neighbouring hydroxyl groups on theridg. Both the anthocyanins and flavones
selfassociaten pairs with distances between the aromatic rings of the respective
pair of approximately 3.3 A, indicative of hydrophobic interac{®hiono, Matsugaki
and Takeda, 200&Figure 1.183.

To date, only a few metalloanthocyanins have been identified with colours ranging

from purple to blue. These known metalloanthocyanins consist of either delphinidin,
cyanidin, or petunidin and Mg AF*, or Fé* as metal cations centralised within the

complex (Yoshida, Mori and Kondo, 2009kenerally, in nature cyanidiased
anthocyanins tend to form complexes with *Fewhereas delphinidithased
anthocyanins form complexes with Ktg although there are exceptions to this

GNXz S¢ d hFT O2dz2NASE Ay OQGAGNR (KSAaS LINBR2
substituted by others (unavailable in nature), which may impact the colour and

stability of the complexRatanapoompinyet al.,, 2017)

44



Chapter 1: General Introduction
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Figure 1.18 Assembly of metalloanthocyanincomplex by selfassembly of six anthocyanin molecules, six flavone molecules, and tw

metal cations (Houghton, Appelhagen and Martin, 2021)
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1.9 Forces Involved i@opigmentation

Hunter and SandergHunter and Sanders, 199&)NA IA Yy | f f @ LINR LR aSR
electron density of an unsubstituted aromatic ring results in a quadrupole moment,

with a partial negative charge above both aromatic faces, and partial positive charge

I NRdzy R (i KS -intd&MNdnLIK & Natrdctiveé fwe between electrical

j dz RNHzLI2 £ Sa 3 2 @S NLR gSetfory Aouds. R\BereNsBo it 4 A 2 Y
aadsSya aKINB I &KYAMY (NS NG GBIONI2WREY IRNES/ amiti@
therefore favour an edgéo-face or offcentre parallel arrangement, sfavouring

face-centred arrangementsHigure 1.19.

The addition of electrowithdrawing substituents to an aromatic (arene) polarises

- St SOGNRY RSyaadte Fgleé FTNRY (GKS FNBYIFGA
quadrupole(Liet al, 2018) Pairs of electromich and electrordeficient aromatics
preferentially pairinafac® SY 4 NBR ' NN} y3aSYSyid>x NSEFSNNBR
I OOSLJi 2 NJ FiguteQ N OUA2YE 0O

PigmentcopigmentA Y 1 SN Ol A2ya FNB 2FaGSy ¢ 00N o6 dzi
interactions. However, these fail to account for other molecular forces which can

initiate and drivecopigmentation The magnitude of the interaction is the product

of all forces acting between the two aromatic systems, maximising electrostatic

forces and dispersive attraction.
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aromatics
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Face-centred Edge-to-face stacking Stacking
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Figure 1.19 Alternative modes of stacking are shown, emphasising the locations of electrostatic attraction or repulsion. As the interaoti

energy increases, so too does complex stabilityHoughton, Appelhagen and Martin, 2021)
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"¢ AYGSNYOdGA2ya INB y2G tAYAGSR G2 | NByS
also been demonstrated to take part in these interactions, suggesting that the
requirement for electron delocalisation (as seen in aromatics) is not @tmicanov

' YR ¥ RERA 6.ZThis is npapticularly noteworthy within nearomatic
heterocycles, such as glucose, where the presence of an oxygen atom introduces
asymmetry within the heterocycle, resulting in polarisation. Within any anthocyanin

or copigment there will be regions of higland lowelectron density. Therefore, the

overall strength of intra and intermolecularcopigmentation interactions will

depend on the alignment of these regioftdunter and Sanders, 1990)

{dZOK Ay GSN)I OliAz2ya Yleé faz2z SELXFAYy éKeé G
FYR / pQ 6042 LINRPRdzZOS GSNYylFiGAYy /[/p0O ¢l & adz
butterfly pea and also in genetically modified chrysanthentum | NJ 2 @A 6 X t S{ NI
and Baranac, 2005; Nodsat al, 2017) These glucose groups may increase the
dispersive attraction, and possibly direct electrostatic interactions, pulling the
copigmentcloser to the chromophore and reducing the transition energy gap, thus

producing a bluer colouR{gure 1.12

1.9.1The Hydrophobiceffect

Anthocyanins form the strongestopigmentationinteractions when dissolved in
polar solvents and there is a decrease in magnitude ottEgmentationeffect in
non-aqueous solvents, whereopigmentationhas been attributed largely tthe

hydrophobiceffect (Brouillardet al., 1991)

Theseare both classical (entropic) and nonclassical (enthalpic). Water molecules
solvating anthocyanins and theiopigmens form a highly organised hydrogen bond

network around the aromatic intramolecular region (hydrophobic cayitypuillas

et al, 2016) As the pigment andopigmentcome together, the hydrogen bonds

between water molecules in the solvation shell are broken and released from the
hydrophobic cavity, increasing the system entropy and enthdhiyu¢e 1.20. The

barrier to complex formation is further reinforced by the required decrease in the
a2a0SY SyYyiNRLR ONBIldANRY3I SySNHe&uv la GKS

form a highly ordered structure.

48



Chapter 1: General Introduction

“
Highly organised hydrogen-bond
network in hydration shell is broken, . /
liberating water Rotation of acyl group |

toward the chromophore

TEntropy T Enthalpy J iEntropy 2

O-glucose

-glucose-(6"-malonate)

Formation of new hydrogen-bond Dispersive and electrostatic attraction
network with bulk water between flavylium nuclei and p-coumarate
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Figure 1.20 Classical and nonclassical hydrophobic forces involved in the formation o
copigmentation complexes. As the two interacting aromatics approach each other, hydroge
bonds between the highly organised hydration shell are broken, increasing both enthalpy @
entropy. New hydrogen bonds form between the displaced water molecules and the bulk wat:
decreasing enthalpy. A further decrease in enthalpy is observed due to the formation of attract
dispersive and electrostatic interactions. All observed copigmetation interactions are
DEYqo6l GRAWe cbWec Ul W GYUqc¢ UY 2 (Haughton, AppelHiige:
and Martin, 2021)
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However, all observedopigmentation interactions are spontaneous at room
temperature. To account for the energy deficit from the initial beardaking,
energy is counterbalanced by a decrease in enthalpy by the formation of new
hydrogen bonds between the liberated water molecules. In aksanvestigated,
pigmentcopigment complexes have been exotherm{®angles and Brouillard,
1992)

Generally, intermolecular copigmentation requingater as a solvent, indicating the
importance of thehydrophobic effectin generating stable compleggAlluis and
Dangles 2001) However, in some intramolecular copigmentation complexes, the
hydrophobic effect imot strictly necessary for interactions to occur. There have
been many observations of anthocyanins forming pigrasagigmentinteractions

in nonpolar solvents, where hydrophobic forces would be minifi@raharzet al.,,
1998) Hydrophobic forces may drive the arene moieties close enough for dispersive
and electrostatic attraction, which then dictate the final spatial arrangement and

hence, the degree afharge transfer resulting in observed colour changes.
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1.10Project aims

Numerous studies have focused on the colour and stability altering effects of
anthocyanic decorationHowever, due to limited number of decorations typically
observed, these studies themselves have been limited to the effeatslgfafew
decorationsThe extracts of dried butterfly pea flowers contain 15 delphinih ¢ €

YI f 2y GC8riglEcosile peflvatives (ternatins), decorated with alternating

glucose anp-O2 dzYF N} S NB&aARdzSa 2y (GKS o0Q FyR p
broadly categorised it four groups: The A series, which feature glucose residues at
SIOK 2F GKS GSNXYAYylLf LRarAdGArAzya 2FpliKS o0Q
coumarate residues at each of the terminal positions; the B series which have one
glucose and ong-coumarate at the terminal positions; and the C series, where
FRRAGAZ2YIf RSO2NIGA2Yya | NBerdfoRrRtBRstudy2z G KS
focussed on providinginsight into the stabilityenhancing and coloumodulating

effectsof iterative decorations withggar and organic acid residues on anthocyanin

colour and stability

To achieve this goahigh purity isolates of ternatin anthocyanimgere generated
and their molecular structure confirmed using a combination of higtesolution

mass spectroscopy and nuclear magnetic resonance spectroscopy.

The colour and stability of each isolat@as characterised using\-VISspectroscopy

andrelated obsened difference to the decorations present aachanthocyanin.

Finally the conformational mechanisms responsible for the changes in stability and
colour enhancement were demonstrated at atomic scale resolufitve. overall aim
of this thesiswasto analysecomprehensively ando evaluate the suitability of

ternatin anthocyanins as replacements for synthetic blue food colourants.
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Chapter 2isolation and structural elucidation
of ternatinanthocyanins fronClitoria
ternatea

2.1 Introduction
2.1.1Butterfly pea Clitoria ternatea

Butterfly pea is an herbaceous perennial legume native to equatorial Asia,
particularly Thailand, Malaysia and the Philippiredthoughit is now naturalised in
all semiarid tropics of Africa, Australia and Asia butterfly pea is a nitrogen fixing
legume, the plant has found use ascaver crop in orchards, seéngas a feed crop
for pasture animalsand hasan excellentapacity as aioneer species for disturbed
land (Duncan, 2017)More recently, butterfly pea garnered significant interest for

the range of its valuable natural produgtguiset al,, 2019)

One of these notable natural products are the anthocyanins which colour the
flowers. Bitterfly pea makes intensely blugigments in itsflowers (Figure 2.1),
involving thesynthesis ohighly decorated delphinidibased anthocyanins, which
show extraordinary stability in solution when compared to anthocyanins from other
blue flowerssuch asGentiana triflorawhich produces gentiodelphi(Tasaket al.,
2022) Nineteen different anthocyanin3 4ble2.1) have been identified in the flower
petals ofbutterfly pea of which fifteen are classified as ternatins, with variations in

0 KS A NJ a@lgrasygid@haingKazuma, Noda and Suzuki, 2003)
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Figure 2.1 Flowers of wild-type Clitoria ternatea.
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Table 2.1 Current list of identified anthocyanins and flavonol glycosides present in the petals

Clitoria ternatea

Anthocyanins

Delphinidin 3-(2”-rhamnosyl-6”-malonyl)-glucoside Ternatin B4

Delphinidin 3-(6”-malonyl)-glucoside Ternatin C1
Delphinidin 3-neohesperidoside Ternatin C2
Delphinidin 3-glucoside Ternatin C3
Ternatin Al Ternatin C4
Ternatin A2 Ternatin C5
Ternatin A3 Ternatin D1
Ternatin B1 Ternatin D2
Ternatin B2 Ternatin D3
Ternatin B3

Flavanol glycosides

Kaempferol 3-(2G-rhamnosyl-rutinoside) Quercetin 3-rutinoside

Kaempferol 3-nechesperidoside Kaempferol 3-glucoside

Kaempferol 3-(2”-rhamnosyl-6”-malonyl)-glucoside Myricetin 3-(2G-rhamnosyl-rutinoside)
Kaempferol 3-rutinoside Myricetin 3-nechesperidoside

Kaempferol 3-glucoside Myricetin 3-(2”-rhamnosyl-6”"-malonyl)-glucoside
Quercetin 3-(2G-rhamnosyl-rutinoside) Mpyricetin 3-rutinoside

Quercetin 3-nechesperidoside Myricetin 3-glucoside

Quercetin 3-(2”-rhamnosyl-6”-malonyl}-glucoside
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2.1.2Ternatins

Ternatins are a series of pedgylated derivatives of delphinidm o Y& f 2y et 0 Z0 QX p
O-triglucosides present in the petals of butterfly pea. These anthocyanins feature
repeating glycosylation and acylation with glucose g@atbumarate residues on

020K (GKS 0Q YR pQ LRaAlGAZY KeRNRE&f 3IANRoO
an intermediate in the synthesis of ternatin Al, the most decorated anthocyanin

present. There are a large number of ternatin precurséigufe 2.2, from the

smallest, ternatif p 6 KA OK Aa (KS YI f-RiglucasieRo tReSt LIKA Y .
largest, ternatin A1, which has tweuit side chains (Gi€ouGIlu-CouGlu) and a

/ o LJ2 a-®hdlodyglucopyranoséTeraharaet al, 1996, 1998)

Ternatins have been classified into four groups based on their decorations in the
GSNXYAYILIf LRaAlGAZ2Y 6AGKAY G(G(KS 0Q YR pQ
glucose molecules (G, G), group B with glucosepacmlmarate and series D with
p-O2dzY N S Y2ASGiASa 2y (GKS 0Q FyR pQ LI2aAa
one of the chains asymmetrically. Members of each series are numbered based on
their elution order within their respective group.arigionsin retention time are a

result of differences n molecular weight within a series, and differences in
hydrophobicity and sidechain symmetry between serisies D (with twderminal

acyl groups)are the most hydrophobic, with D1 eluting latest. Series B (with 1
terminal acyl group) is less hydrophobic than series D, and series A (with 0 terminal
acyl groups) elutes earliest. Sidechain asymmetry determines elution order when
terminal decorations and moletar masses are equal (as seen with B2 and B3). B2

has a more symmetrical sidechain compared tod@fl hence has better retention

by the stationary phase of the reverphase column and elutes more slowly.
Ternatin A1Kigure 2.3) is not only the largest monomeric anthocyanin but has also

been shown to be one of the most stable anthocyanins in neutral aqueous solutions,

likely due to the high degree of acylatifherahareet al., 1990)

56



Chapter 21solation and Structural Elucidation of Ternatin Anthocyanins f@itoria ternatea

o 3’ Sidechain

OH
HO 03 5 Sidechain
N O/
c
S
@A
<
GCG ‘E
p Q
® <GCG S
B
A3 o
S
_'7'1
T: Ternatin, R = Malonate n
! GC GCG GCGC GCGCG
: R - PIT )T PIT T
PT: Preternatin, R = H ) <GC P <GC P) <GC P <GC
D3 B4 D2 B3
G GC GCG GCGC GCGCG
P)T PT PT P)T P)T
IR o< o< o<, CIN
C5 c3 c4 Cc1 c2

— 3’ sidechain extension >
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Figure 2.3 Structural formula of ternatin A1l.
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The anthocyanin profile dfutterfly peahas also been demonstrated to change with
flower age(Teraharaet al, 1998) Younger flowers show increased concentrations

of prei SNY I GAya odSNy-Dmdloyiyh groud) Gahdh iiceasdd ¢ €
concentrations of smaller ternatin intermediates. In mature flowers, the most
abundant ternatins are B2, B1 and D1, ahdse may be the most important

pigments contributing to the overall blue colour.

2.1.3Extraction of anthocyanins

Anthocyanin extraction typically follows similar methods, irrespective of the plant.
Plant material due to be extractadfirst freeze dried to inactivate enzymes present
that would hydrolyse anthocyanic decorations. The first step of extraction involves
the breakdown of plant material into smaller fragments or powder. This can involve
sonication, bead milling or physical oemation using either a mortar and pestle, or
some form of blender. Breakdown of the material causes the plant cells to rupture

and alows better access for solvents, providing a better yield from the extraction.

Because of the polar nature of anthocyanins, they are highly soluble in water and
alcohol and are insoluble in apolar organic solvents. They are generally extracted
using aqueous alcohols; typically methanol, however ethanol can be used in place of
methand where the extract is used for food. Extraction solvents should also include
a small amount of acid (0:1% HCI as standard) to convert the anthocyanin to their

flavylium cation species and enhance their solubility in polar solvents.

It was once considered a rare occurrence for the anthocyanins to be acylated by an
aliphatic acid; anthocyanins acylated with aromatic phenolic acids such as
hydroxycinnamic acid or benzoic acid residues appeared to be more coliiioam

and Geissman, 1973However, many malonylated anthocyanins have since been
discovered by usingalternative extraction techniques including weak acids.
Extraction of these malonylated anthocyanins using standard procedures using
methanolic HCI results in intermediate methyl ester formation at the free carboxyl

group and the eventual loss of the acyl grdtfarborne, 1988)

This degradation of the anthocyanin occurs primarily at the concentration and drying

steps, where heat is applied to the solution to drive off solvent. With use of mineral

59



Chapter 21solation and Structural Elucidation of Ternatin Anthocyanins i@itoria ternatea

acids,anthocyaninsare typically concentrated during the drying process, increasing
the likelihood of esterification of the free carboxyl groups of acylated anthocyanins.
Therefore, to prevent éacylation, it is often recommended to use weak acids such
as acetic, tartaric or citric acids, or to use volatile acids such as trifluoroacetic acid.
Working at low temperatures also increases anthocyanin stability and helps to

prevent their degradation.

As the anthocyanins are insoluble in npolar solvents, ethyl acetate, chloroform,
hexane and diethyl ether can be used to sgmiify the plant extract. The organic
phase of the partition contains the bulk of n@olar products such as plant sterols,
carotenoids and chlorophylls, whereas the anthocyanins are localised in the aqueous
phase. However, this can cause loss of some flavonoid aglycones, particularly the
methylated flavones. The aqueous phase contains the polar flavonoids, which can
then be analged. Anthocyaninsre generally reactive, and quickly degraite
solution Therefore, theyshould be kept under a nitrogen atmosphere at low

temperature and without exposure to light.

Growing interest in the antioxidant potential of anthocyanins, and their use in
industry has led to a demand for more efficient extraction processes: reducing
solvent consumption, reducing environmental impact and increasing extraction yield

in shorter extaction times.
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2.1.4Chapter aims and objectives

This chapter presents the results from the isolation and structural elucidation of
ternatins from butterfly pea. The main objectives for this chapter were to isolate
SFOK 2F GKS GSNYylFiGAya o0SIENAYy3I RSO2NIGAZY
elucidatethe structure of each of these isolates, in particular, to find key interactions

between the delphinidin chromophore and the aromatic acyl residues.

Investigating the structural configuration of each ternatin may help to elucidate the
structural characteristics which give rise to the enhanced stability of these
anthocyanins in neutral conditions. Furthermore, structural elucidasbould

provide insight into the effects of iterative decorations on the resulting spatial

geometry of these complexes.
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2.2 Materials and methods

2.2.1Analytical Higiperformance liquid chromatograplgyMass
SpectroscopyHPLEMS

Analytical HPL-®ISwas run using a QExactive HPLC system (ThermoRisb4yr,
with a photodiode array (PDA) and quadrupolbitrap mass spectrometer as
detectors. Samples were dissolved in 50 % acetonitrile -®liNater, with 1% formic
acid to a concentration of 5 mgl*, and1 L (5ug) was injected onto a Luna C18(2)
column (4.6 x 100 mm, Bn). Products were monitored at 350 nm for {dlsorbing

compounds, and 540 nm for anthocyanins.

The mass spectroater was calibrating using Pierce calibration standards according
G2 GKS YI ydzFl Ol dB&ENDWere xefoidéd\NHsbDdi bdzitive
electrospray ionisation with a scan range of ZBD0 m/z 70,000 resolution and
data-dependentTop3 M. ForMS, an isolation window of 4.0 m/z was used, and

a normalised collision energy of ZOHPLC was run with a flow rate of 0.6 mL%nin

and column temperature of 40C. The mobile phase was a gradient mixture of
solvent A (1 % formic acid in M water) and solvent B (1 % formic acid in
acetonitrile) as follows: 5 % B (3 min), 5 % to 35 % (28.2 min), 35 % to 95 % (1.8 min),
95 % (2 min), 95 % to 5 % (0.8 min), 8% min).

2.2.2Ternatin extraction

2.2.2.1Crude extraction

100 g of dried flower petals dlitoria ternatea Lwere extracted with 1 L of 50 %
methanol : MilliQ water with 1 % formic acid for 24 hours ar@. The extract
mixture was then centrifuged af,200x g , and the supernatant decanted and
filtered through a nylon filter. The solids from the centrifugation and filtration steps
were then reextracted a further two times, resulting in a collective extractant volume
of 3 L.

The extraction solution was then drieid vacuoin a 1 L flask, using a rotary

evaporator (BuchiSwitzerlandl at 35°C until the volume was reduced 6100 mL.
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Due to the high degree of sugars and other matrix interferants, at this volume the
extract formed a resifike consistency. To liberate the extract for future purification
steps, 900 mL of 1% formic acid : Millwater was added, and the flask shaken on

an orbital shaker until the resin at the bottom of the flask was no longer visible.

2.2.2.2Extract sugar removal with XAD16N

The 1 L of extraction solution from section 2.2.1.1 was absorbed ongpanglass
column(65 x 600mm, i.d. x bed hight)packed with XADX8! microporous resin at a
flow rate off 5 mL min'. The column was washed with 2 L of 1 % formic acid : Milli

Q water at a flow rate of 10 mL mirt, and the yellow eluent was discarded.

To elute the anthocyanins, the column was washed with 70 % ethanol with 1 %
formic acid at a flow rate df 5 mL min', and the eluent collected into a 2 L glass

beaker. The column was washed until all the visible anthocyanins were removed
from the column, and the eluent transferred to a 1 L rotary evaporator flask and

driedin vacuoat 35°C.

2.2.3Polyvinylpolypyrrolidon€PVPP) fractionation

2.2.3.1Preparing the adsorbent

Polyvinylpolypyrrolidone (PVPP) was first hydrated in 1 L of@illiater in a 2 L
beaker. The mixture was gently, but thoroughly, mixed to ensure all material had

contact with the water, and the adsorbent allowed to hydrate over 24 hours.

After hydrating, the adsorbent was then resuspended by gentle mixing, and allowed
to settle over a period of 2 hours. After the bulk of the resin had settled, the

suspended fine particles were decanted and the resin : water mixture refilled to 1 L.
The pr@esses of mixing, settling and decanting fine particles were repeated until the

supernatant was clear of all suspended particles.
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2.2.3.2Column chromatography

2.2.3.2.1Preparinghe column

After preparing the adsorbent as outlined in section 2.2. the volume of the
aqueous portion of the adsorbent was reduced by decanting the water, until the
mixture had a slurryike consistency. A 65 mm i.d. glass column was half filled with
Milli-Q water, and the adsorbent slurry was poured into the coluffime column
stopcock was opened halfway, and the column gently knocked along the sidewalls
whilst the solvent drained to ensure even packing without the inclusion of air

bubbles. The final bed heigbf the column was 120 mm.

2.2.3.2.2Running the column

An extraction derived as described in section 2.2.3 was dissolved in 500 mL of 1 %
trifluoracetic acid (TFA) in M#f) water, and 50 mL was loaded onto the column. The
column was then washed with 400 mL of 1 % aqueous TFA, followed by 400 mL of
30 % ethanl with 1 % TFA, and finally with 400 mL of 60 % ethanol with 1 % TFA. As
the separation on the column developed, three distinct bands were observed, which

were collected as fractions and analysed by HMISJSection 2.2.)).

2.2.3.3Hash chromatography

2.2.3.3.1Preparing the flash cartridge

PVPP (400 g ) was dry sieved through a 60 meshuf2%»@ batches of 50 g, and

the material which passed through the sieve was discarded. After sieving, the
stationary phase was then prepared in Miliwater. Like the method of packing the
glass column in section 2.2.3.2.1, the absorbent underwent a cycle of mixidipgsett
and decanting of the fines until the aqueous portion was clear. An empty 490 g flash
chromatography cartridge was then slurry packed with the adsorbent, and the flash
cartridge wa inserted into a Biotage Isolara flash chromatography system and
flushed with 500 mL of MiQ water at a flow rate of 40 mL minThe sintered glass

frit was then fitted to the top of the stationary phase, with care taken to ensure no

air entered the top of the cartridge.
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2.2.3.3.2Running flash chromatography

An extract derived by the method described in section2wias dissolved in 100 mL

of 20 % ethanol with 1 % formic acid. This was then loaded onto the flash cartridge
by syringe, and flash chromatography run with a flow rate of 35mnt!, using a
solvent gradient of solvent A (1 % formic acid in Millwater) and solvent B (1 %
formic acid in ethanol) as follows: 5% B (200 mL), 5 % to 100 % (1900 mL), 100 % (400
mL).

After an initial void volume of 500 mL, fractions were collected every minute until
the end of the run. Products were detected using a photodiode array at wavelengths
of 540 nm and 350 nm, for detection of anthocyanins and flavonols respectively. At
the erd of the run, fractions corresponding to each of the peaks in the 540 nm
absorbance trace were pooled together and dried in a rotatory evaporator. Fractions

were then analysed using the method outlined in section 2.2.1.

2.2.4Preparative HPLC

Samples were dissolved to a concentration of 400 mg im0 % acetonitrile with
1 % formic acid and 5QQ. (200 mg) were injected onto a GerANiX C18 preparative
column (150 x 21.2 mm,}&m). Preparative HPLC was run on a Dionex Ultimate 3000
(ThermoFisherl).SA)) at roomtemperature and with a flow rate of 20 mL rin
using a variable wavelength detector set to 540 nm for detection of anthocyanins.

For each of the PVPP fractions, the solvent gradient was as follows:

2.2.4.1%eries A ternatins (PVPP Fraction 1)

The nobile phase gradient was a gradient mixture of solvent A (1 % formic acid in
Milli-Q water) and solvent B (1 % formic acid in acetonitrile) as follows: 5 % B (1
min), 5 % to 20 % (13.2 min), 20 % (2 min), 20 % to 95 % (1.3 min), 95 % (5 min), 95
% to 5 %1 min), 5 % (5 min).
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2.2.4.2%eries B ternatins (PVPP Fraction 2)

The nobile phase gradient was a gradient mixture of solvent A (1 % formic acid in
Milli-Q water)and solvent B (1 % formic acid in methanol) as follows: 25 % to 29 %

B (1 min), 29 % to 42 % (19 min), 42 % to 95 % (1 min), 95 % (5 min), 95 % to 25 % (1
min), 25 % (4 min).

2.2.4.3%eries D ternatins (PVPP Fraction 3)

The nobile phase gradient was a gradient mixture of solvent A (1 % formic acid in
Milli-Q water) and solvent B (1 % formic acid in acetonitrile) as follows: 5 % B (1
min), 5 % to 10 % (1 min), 10 % to 30 % (24 min), 30 % to 95 % (1 min), 95 % (5 min),
95 % to5 % (1 min), 5 % (4 min).

2.2.5Smtpreparative HPLC

Fractions from the preparative HPLC step were dried in a rotary evaporator@t 35
and pooled into a clean preeighed vial. The fractions were then redried, and their
weights recorded. Each fraction was then dissolved to a concentration of 10 mg mL

1in 50 % acetonitrile with 1 % formic acid.

Semipreparative fractions were run on an Agilent 1290 (Agilent, U.S.A.) with a
photodiode array set to 540 nm and 350 nm for detection of anthocyanins and
flavonols respectively. For each preparative HPLC fraction,ub0(b mg) were
injected onto a Luna C18(2) (250 x 10 mmpg column held at 40C. Samples were
run at a flow rate of 3.5 mL nifwith the following gradient mixtures of solvent A (1

% formic acid in MilQ water) and solvent B (1 % formic acid in acetonitrile).

2.2.5.1%eries A ternatin senprep

Semipreparative HPLC was run on the fractions collected as described in section
2.2.3.4.1, using the parameters specified in section 2.2.3.5. For each of the fractions,

the following solvent gradients were used:
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2.2.5.1.1Ternatin A1

For Al, the gradient conditions were as follows: 18 % B (1 min), 18 % to 24 % (10
min), 24 % (4 min) 24 % to 100 % (0.1 min), 100 % (4.9 min), 100 % to 18 % (0.1 min)
and 18 % (4.9 min).

2.2.5.1.2Ternatin A2

For A2, the gradient conditions were as follou8: % B (1 min), 18 % t@ 2 (10
min), 2 % (4 min) 24 % to 100 % (0.1 min), 100 % (4.9 min), 100 % to 18 % (0.1 min)
and 18 % (4.9 min)

2.2.5.1.3Ternatin A3

For A3, the gradient conditions were as folloWs:% B (1 min), 3% to 3 % (10
min), 24 % (4 min) 24 % to 100 % (0.1 min), 100 % (4.9 min), 100 % to 18 % (0.1 min)
and 15 % (4.9 min)

2.2.5.2%eries B ternatins serprep

All series B ternatin preparative HPLC fractions (section 2.2.3.4.2) were run using the
following gradient: 5 % B (3.4 min), 5% to 10 % (0.1 min), 10 % to 23 % (31.9 min), 23
% (2 min), 23 % to 95 % (0.6 min), 95 % (2 min), 95 % to 5 % (0.1 min) and 5 % (5

min).

2.2.5.3%eries D ternatin senprep

Semipreparative HPLC was run on the fractions collecedlescribed irsection
2.2.3.43, using the parameters specified in section 2.2.3.5. For each of the fractions,

the following solvent gradients were used:

2.2.5.3.1Ternatin D1

For D1, the gradient conditions were as follows: 15 % to 18 % B (1 min), 18 % to 25
% (15 min), 25 % (4 min), 25 % to 100 % (0.1 min), 100 % (4.9 min), 100 % to 15 %
(0.2 min) and 15 % (4.9 min).
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2.2.5.3.2Ternatin D2

For D2, the gradient conditions were as follows: 15 % to 20 % B (1 min), 20 % to 30
% (10 min), 30 % to 100 % (0.1 min), 100 % (4.9 min), 100 % to 15 % (0.1 min) and 15
% (4.9 min).

2.2.6Nuclear magnetic resonance (NMR) spectroscopy

H (600 MHz) anéfC (150 MHz) spectra were acquired on a Bruker AVANCE NEO
(Bruker Billerica, MA, USAjuipped with a Bruker TC@ryoprobe Spectra were
acquired atambient temperature indeuterated dimethyl sulfoxide (DMS@s,
GDsO3 with 10%deuterated trifluoracetic acidTFAd, GDRO,). > 1 mg of each
lyophilised anthocyanin isolate was dissolved in gD®f solvent and transferred to

a 3 mm NMR tubeA total of 16 scans were recorded fotspectra and 900 scans

for *C spectra Chemical shifts wereecorded in parts per million (ppm) and were
referenced to theDMSQds (GDsHOS residual solventesonanceg!l +  ppmH ®p
¥ 4+ Tppm)p®p H

For each iglate, two-dimensionalNMR experimerg were performed toaid in
assignment ofH and *C signals Theseincluded COSY (correlation speascopy
number of scars =4) for determininggeminal andvicinal*H -*H connectivity and
TOCSYtotal correlation spectroscopynumber of scans 4) to determine *H -*H
correlation within spin systems In *C spectra multiplicity of carbon atoms
subgituted with hydrogens were derived from 13QCd (multiplicity edited
heteronuclear single quantum coherence spectroscamymber of scans4), where
methylene carbons (GHare phased negativend methine (CH) and methyl (g@H

are phased positive

Additional information about carbon atom ntiglicity wasacquiredusing DEPTQ
(dimensionless enhancement by polarisation transfeumber of scans= 2000
which hasthe phasng of HSQCed buincludes quaternary carbons (C) phased
negatively HSQETOCSYhéteronuclear single quantum coherentsal correlation
numberof scans= 2) wasusedto solveoverlapping cosspeaksby resolvingsignals

into the 13Cdimension
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HMBC(homonuclear multiple bond coherencaumber of scans 8), which gives
correlations betweemprotons and carbonseparatedby two or three bonds, was

used to assigrcarboncarbon connetivity. ROESYdtational Overhauser effect
spectroscopynumber of scans 24) was used to determinmolecular conformation

via throughspace!H-*H couping.
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2.3 Results
2.3.1Polyvinylpolypyrrolidone (PVPP) fractionation

One of the major problems in isolating ternatins from butterfly peere the large
variety of anthocyanins present in the extractant. This presdtiie challenge that
individual ternatin concentrationarere low, compared to the total concentration of
anthocyanins present in the analyte. Therefore, a separatory method to reduce the
analyte complexity was required prior to separation using revgtsgse high
performance chromatography. In previous publicatiossparation of ternatins was

achieved using polnylpolypyrrolidone (PVPP).

To demonstrate the separative properties of PVPP, an initial 1 g of crude extract (as
produced using the method outlined 8ection 2.22) dissolved ir20% ethanol with

50 mM TFA was loaded onto a PVPP column with total bed voafrd®0 cni.
Separation was then performed using a stepwise gradient 1 bed volume of 20 %
ethanol : 50 mM TFA, 40 % ethanol : 50 mM TFA and finally 60 % ethanol : 50 mM
TFA with a flow rate of approximately 3 mL rhi®ver the course of 8 hours, the
analyte had developed into three distinct bands, as showFRigure2.4. Each of
these bands were collected as individual fractions and, following digirgcuoat

35°C, were analysed using the analytical HMSOmethod outlined in section 2.2.1.

As determined by the molecular ion mass, and retention time, analytical -NFSLC

(Figure 2.5 showed that each of the collected fractions contained primarily
yidK20eélyAya GKIFIG KIFEIR YFGOKAY3I o0Q YR pQ
eluted earliest and contained ternatin A3 and A2, both of which have glucose
NBaARdzSa |a KRSAIND (ASANYSAQ/K- A yo INBIa A RdzSa s K
missing. Fraction 2 contained ternatin B4, B3, B2 and B1 which allfeclenarate

and glucose residue as theéarminal residues, whereas fraction 3 which eluted last

contained ternatin D3, D2 and Déach ofterminate with p-coumarate on both the

0Q FYR psQ aARSOKIAY
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Fraction 3

Fraction 2

Fraction 1

Figure 2.4 Fractionation of crude butterfly pea extract using polyvinylpolypyrrolidon
chromatography. Elution was performed using a stepwise gradient of 20 %, 40 % and 60
ethanol with 50 mM TFA. As the column developed, three distinct bands were observ

Fractions were collectedas each band eluted from the column
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Figure 2.5 Analytical HPLC chromatograph traces of collected fractions from PVPP colun
chromatography. Chromatographs show absorbance at 540 nm and peak identity was confirm
by MS/MS. Fraction 1 contaied Y UG ! W¢ Uqé YH! ¢ URUY Ws Ra6 Was YU
Fraction 2 contaired primarily ¢ Uq 6 YH! ¢ URUt Ws Rqé WT RnnlJl JUql
fraction 3 contained primarily anthocyanins with p-coumarate as their terminal residues (serie
D).
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Across three independent runsthe PVPP stationary phasgsedto fractionate
ternatin mixturesproduced a fewcomplicatiors, namely théong development time

in excess of six houper experiment as well as the lack of reproducibility between
experiments Furthermore, as the separatiomas run on an open column, detection
of bands and subsequent collection of fractiowmss donevisually Thisled to
inconsistency in the contents of eaftaction, such as the absence tdrnatin Al

which likely eluted from the column prior to the fraction being collected.

Consequently, the next step was to determine whether the speed and
reproducibility of this separation step could be increased. This was performed using
a flash chromatography column packed with PVPP, and the separation performed
using a Isolera Biotagehd total extractant mass of 6 g from 100 g of dried flower
material was initially dissolved in 50 mL of 20 % ethanol : 1 % formic acid and loaded
onto the flash cartridge. The flash cartridge was then run using a linear gradient of 5
% ethanol : 1 % formiacid for 200 mL, followed by an increasing organic
concentration from 5 % ethanol : 1 % formic acid to 99 % ethanol : 1 % formic acid
over 1900 mL at a flow rate of 35 mL rhi\bsorbance at 540 nm was recorded as
the separation proceeded to generate a chromatograpig(re 2.9. After an initial

void volume of 500 mL35 mLfractions were then collecte@ach minute Peaks
observed in the chromatograph were pooled together, diiedacuoyielding three
fractions with masses 1.29 g, 1.98 g and 1.25 g for fractions 1, 2 and 3 respectively.
Each fraction was then analysed using the analytical HPLC method described in

section 2.2.1.
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Figure 2.6 Flash chromatography of butterfly pea extract using polyvinylpolypyrrolidone. Chromatography was run using a grad
solvent system of ethanol : 1 % formic acid and water : 1 % formic acid at a flow rate of 30 mL hikbsorbance at 540 nm wa
recorded to generate the chromatogram. The absorbance trace shows the development of ternatins into three distinct bands. -

regions highlighted were collected and pooled for further analysis.
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Despite running at a significantly increased flow rate compared to the previous
column chromatography method, separation of the ternatin mixture was
unaffected. Analytical HPLC confirmed that each of the fractions contained only the
anthocyanins with matang terminal sidechain residues. The first fraction contained
primarilygroup A ternatins A3 ([MF 1491.38 m/z), A2 ((M¥ 1799.47 m/z) andl

([M]* = 2107.56 m/z)Rigure2.7). The next fraction to elute containgafimarily
anthocyanins from group B, ternatins B4 ([M]1329.33 m/z), B3 ([MF 1637.42
m/z), B2 ([M] = 1637.42 m/z), and B1 ([M¥ 1945.51 m/z)Rigure2.8). The last
fraction to elute containegrimarily group D ternatins D2 ([ME 1475.37) and D1

(IM]*=1783.46)Kigure2.9), however ternatin D3 was missing from the fraction.
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Figure2.7 AnalyticalHPLEMS trace of thdirst fraction collected from PVPP flash chromatography. ThetopmatograprshowsU\-VISabsorbance
between 500¢ 600 nm while subsequent traces show total ion count. HPLC yielded three peaks with retention time: 9.76 min, 12.80 min anth13.
These corresponded to ternatin A3 (1491.38 m/z), ternatin A2 (1799.47 m/z) and ternatin A1 (2107.56 m/z) respkdditeipal peaks corresponded t
demdonykternatins and minor contaminants frogoelutionof proceedingfractions
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Figure 2.8 Analytical HPLG-MS trace of the second fraction collected from PVPP flash chromatography. The top chrategraph showsUV-VISabsorbance, while

subsequent traces show total ion count. HPLC yielded four peaks with retention time: 11.47 min, 13.70 min, 15.37 min and 1Bbr8in. These corresponded to ternati

B4 (1329.33 m/z), ternatin B3 (1637.42 m/z), ternatin B2 (1637.42 m/z) atdnatin B1 (1945.51 m/z) respectivelyAdditional peaks corresponded todemalonyl-

ternatins and minor contaminants fromcoelution of precedingand proceedingfractions.
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Figure 2.9 Analytical HPLGMS trace of thethird fraction collected from PVPP flash chromatography. The tophromatograph shows UV-VISabsorbance, while

subsequent traces show total ion count. HPLC yielded two peaks with retention time: 16.20 min and 17.52 min. These correspeddo ternatin D2 (1475.37 m/z

and ternatin D1 (1783.46 m/z) respectivelyAdditional peaks corresponded todemalonyl-ternatins and minor contaminants fromcoelution of preceding fractions.
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2.3.2Ternatin Isolation

Following separation, each of the fractions from the PVPP separation were then
separated using a preparative HPLC system as described in the methods in section
2.24. 200 mg of each fraction were dissolved in 500 of 50 % acetonitrile.
Preparative HPLC of fraction(dsing method outlined irSection 2.2.4.1) yielded

three major peaks at retention times of 11.0 minutes, 13.6 minutes and 14.8 minutes
(Figure 2.10, A These peaks corresponded to ternatin A3, A2 and Al with recovered
masses of 33.2 mg, 82.8 mg and 43.5 mg respectively. Preparative HPLC of fraction
2 (usingmethodoutlined inSedion 2.2.4.2 yielded four major peaks with retention
times of 6.7 minutes, 9.5 minutes, 13.0 minutes and 15.0 minwEa&gi(e 2.10, B
Collection and analysis by analytical HPLC showed these peaks corresponded to
ternatins B4, B3, B2 and B1 with yields of 25.9 mg, 36.1 mg, 142.8 mg and 76.5 mg
respectively. Preparative HPLC of fractiqns3ng method outline isection2.2.4.3
resulted in two majompeaksat retention times of 16.3 minutes and 18.1 minutes
(Figure 2.10, ¥ corresponding to ternatin D2 and D1, of which 434.2 mg and 117.7

mg was recovered.

After preparativeHPLC, collected fractions were then-iselated using semi
preparative HPLC as outlined in section 2.3&mipreparative HPLC yielded highly
pure isolates of ternatins AB.94 mg (Figure 2.1}, A2 8.47 mg, A3 .39 mg D1
(1.75 mg and D2 6.36 mg Despite multiple attempts at isolatirigl,B2, B3 and B4,
contaminants remained. The masses recovered for these ternatins dudiemg,

0.76 mg, 1.77 mg and 0.21 mg respectively.
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Figure 2.10 Preparative HPLC chromatography of PVPP flash fraction§A) preparative
HPLC of fraction 1 yielded three peaks at retention times 11.0 min (A3), 13.6 min (
and 14.8 min (Al).B) fraction 2 yielded four peaks at retention times of 6.7 min (B4), ¢
min (B3), 13.0 min (B2) and 15.0 min (B1X) fraction 3 yielded two peaks at retentio
times of 16.3 min (D2) and 18.1 mind1). Peak identity was confirmed by HPL®IS o

the collected fractions.
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Figure 2.11 Analytical HPLGMS trace of the isolated ternatin A1. The top chroatograph showsmaximum UV-VISabsorbance between
53071560 nm for detection ofanthocyanin contaminants, while the middle chromatograph shows maximum absorbance between 338
360 nm for detection of flavonol contaminants. Bottomtrace shows extracted ion count within the mass range corresponding to ternati
Al Analysis shows one major peak with retention time of 17.55 min and corresponding mass of 2107.56 m/z (ternatin A1), with weinor

contamination.
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2.3.3Nuclear magnetic resonance (NMR) spectroscopy

Isolated ternatins were dissolved in 200 of DMS@ls with 10 % TFA (9 : 1) and
analysed using a combination of NMR experiments. Due to the presence of
contaminants in isolates B2, B3 and B4, assignment of the NMR spectra was
unattainable. The detailed structures of each ternatin isolate, A1, A2, A3, B1, D1 and
D2, were stablished throughtH- and *3C ¢ NMR spectroscopy, with bonchrbon

atom multiplicity estalished using HSQCed and DERIQ connectivity identified
through the use of COSY TOCSYHSQOCSYHMBC and ROESSection
2.2.6.NMR assignments were madde novg and compared to assignments
previously published in literaturéTeraharaet al, 1990; Terahareet al, 1996;
Terahareet al., 1998)

2.3.3.1Delphinidin signals

ProtonNMR PDMSGQGds 600 MHz) spectra showed that all the ternatin anthocyanins
have distinctive singlets of the delphinidin ring system found in the low magnetic
field region of the spectra. The observed chemical shiffsdf these protons ranged
between 8.5%; 6.85 ppm Table2.9. The Dpl proton was observed to be the most
deshielded, with resonances between 8.6%.44 ppm, with the most decorated

ternatins observed to be shifted further downfield compared to the less decorated

GSNYIFGAY&ad ¢KS SoltherBeng profdis obtethatn@ALADL Andl f &

A3 Figure 2.2) were observed to be fused as a broad singlet. This is likely the result
2F GKS a@YYSGNROI € AARSOKIFAYya LINBaSydl

anthocyanin Bing, leading to similar chemical environments otveel for both the

2 )

5L HQ YR 5L ¢cQ LINR{G2yad Ly GKS GSNYIFGAY

and A2, this broad singlet is observed to split into two broad singlets téthroton
adjacent to the longer sidechaishifted slightly further downfield.Due to

contaminants present in the ternatin B2 isolate, it was difficult to ascertain whether

GKS aA3daylrfa 2F 5L HQ YR 5L ¢cQ 6SNB ¥Fdza S

assignmentsshowedthese proton signals as a fused singlet observed at a claémic

shift of 8.05 ppm(Teraharaet al., 1996) Both ternatin B1 and B2 have asymmetrical

0Q YR pQ aARSOKIAyasz o dziacybgRicbse reSideyanl Ay
theBNAY3I 0Q FYR pQ LRaAAGAZ2YEad ¢CKSNBT2NBZ

appear not to result in splitting of this singlet.
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Table 2.2 'H NMR spectral data of isolated ternatins delphinidin ring systems (600 MHz, in
DMSOde-TFAd = 9:1;7 ppm from residual DMSO signal = 2.5 ppin

H T-A3 T-D2 T-A2 T-D1 T-Al

Dp-4 8.44 8.46 8.47 8.55 8.53
Dp-H Q 8.00 7.99 8.00 8.02 8.00
Dp-c Q 8.00 7.95 7.99 8.02 8.00
Dp-8 6.89 6.85 6.89 6.90 6.90
Dp-6 6.57 6.63 6.61 6.63 6.65
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Table 2.3 'H NMR spectral data of isolated ternatins acyl decorations (600 MHz, in DMS® :
TFAd =9:17 ppm from residual DMSO signal = 2.5 ppm)

H T-A3 T-D2 T-A2 T-D1 T-Al
3 -h 6.11 6.03 6.12 6.08 6.1
nm-h - 5.98 6.07 6.08 6.1
i -h - 6.30 6.41 6.28 6.41
K -h ; - - 6.28 6.41
3 - 7.26 7.22 7.27 7.25 7.26
n - - 7.14 7.24 7.25 7.26
7 - - 7.41 7.49 7.42 7.50
K - ] - - 7.42 7.50
3 -286  7.11 7.07 7.11 7.12 7.12
n-2&6 - 6.96 7.09 7.12 7.12
i -2&6 - 7.37 7.52 7.39 7.53
K -2&6 - - - 7.39 7.53
3 -3&5  6.81 6.83 6.8 6.83 6.83
n -3&5 - 6.52 6.83 6.83 6.83
i -3&5 - 6.71 6.98 6.73 7.00
K -3&5 - - - 6.73 7.00
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Figure 2.12 *H NMR spectrum of ternatin A3. The spectrum was recorded using a 600 MHz NMR spectrometer at ambient temperature

°C), with the sample dissolved in DMS&ls with 10 % TFAd. The structural formula of ternatin A3 is shown on the left.
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2.3.3.20rganic acid signals

The signals of thp-coumarate residues showed a high degree of symmetry within

the proton spectra of ternatins A1, D1 and A3, further demonstrating the symmetry

of the anthocyanin sidechaif&ppendx 2.1 ¢ 2.5, (A4). Within all p-coumarate
residues,thé@ andi LINRP G2y a KFR fFNBS O2dzZJ Ay3a 0O2ya
are all in the transH) configuration. In théH spectra of fre@p-coumarate(Ohet al.,

2022) the doservedchemical shifts of the 2&6 and 3&5 proton signals are present

at756T ®nc LIJY O02@SNI I LIAY3I GKS i aAxaylrto Iy
each of thep-coumarate decorations of the ternatins, the signals of the 2&6 and 3&5

protons are shifted upfieldTable 23).

The change in chemical shift was greater fscoumarate residues and u ,
compared to residues andk . This indicatethat theseshifts were likely the result

of interactions between the magnetic fields of the&coumarate, and the delphinidin

ring systems, such as would be found within a stacked conformation. The stacking of
acyl residues over the chromophore were further reinforced by the observation of

longrange NOEs between the Blpand3 &1 2&6 protons Figure 2.B).
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Figure 2.13 ROESY NMR spectrum of ternatin A3. The highlighted cross peak between®and

Ciand G, 2&6 indicate close proximity between the delphinidin core andhe acyl residues.
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2.4 Discussion

2.4.1Fractionation of crude butterfly pea extract using

polyvinylpolypyrrolidone (PVPP)

Extracts of butterfly peaflowerscontain 15 delphinidis8-O-3 f dzO 2 amalénsté) c £
o Q-HigluQoside derivatives, as well as a further 15 delphinidih o-@ % p Q
triglucosides and several decorated flavorglycosides. This presents a major
challenge in the isolation of individual ternatins, especially as many of the products
coelute on C18 stationary phase. For this reason, a method to fractionate the extract

prior to isolation on HPLC systems was required.

Polyvinylpolypyrrolidone has been used previously in the initial fractionation of
ternatins (Terahara et al, 1996, 1998) Fractionation with PVPP column
chromatography yielded three fraction&igure 24; Figure 2.5 which contained
only anthocyanins with matching terminal sidechain residues. The first to elute were
primarily the A seriesternating with two terminal glucose residues. B series
ternatins with one glucose and omecoumarate eluted next, followed by the final
fraction, which contained only D series ternatins which two termpiabumarate
residues. Collection of the fractions was carried maginually by observation of the
pigment bands as they eluted from the colum@onsequently, ternatin A1 was
missing from fraction 1, suggesting it eluted prior to collection of the fraction
Manual operation of the column presented difficulties @paration, namely in the
form of reproducibility due to poor control over flowrate, mobile phase composition
and detection of analyte. Coupled with long development times in excess of > 6
hours(Wrolstad and Struthers, 19713VPP is often overlooked as a stationary phase
for the separation of anthocyanins, despite offering an orthogonal method of
separation (Hrazdina, 1970pnd having a larger binding capacity compared to

macroporous and ion exchange stationary pha®#enet al, 2016)

Therefore, a flash chromatography methodavas developa, utilising PVPRand
allowing automation of fraction collection, wavelength detection, and fine control
over gradient and flowrate. Using this methddtal separation timewas reduced
from 8 hours, to 1 hour, while maintainisgmilar factionation of the extractKigure

2.6). However, ternatin D3 was not present in the final fraction, nor in any of the
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fractions collected from the region surrounding the corresponding absorbance peak.
Additionally, fractions suffered from significant coelution, requiring- re
chromatography to fully separate the ternatin groups. Further optimisation of the
chromatography peameters such as flow rate, mobile phase system and gradient,
and a more thorough analysis of the resulting fractions might localise D3 for
collection, while also improving resolution and thus, the purity of fractions for

downstream isolation.

2.4.21solation of ternatins

The isolates for BB3and Bl contained contaminants as observed in the analytical
HPLC chromatograph at a wavelength of 280 nm. Despitmtation with methanol,
these contaminants proved difficult to remove. The fact that after using orthogonal
stationary phases, these contamirtarwere still present indicated that they share
many chemical properties with the anthocyanins themselves. Therefore, further
separation would have required-isolation using a stationary phase with a different
retention mechaism. Separation with gntafluorophenyl(PFP) stationary phases
were attempted, where the retention mechanism relied on aromatic interactions
between the analyte and stationary phase, but significant coelution remained.
Further attempts could be attempted taking advantagetioé characteristicof
anthocyanins such as ion exchange chromatography because anthocyanins are weak
diacids.However,use ofsuch methods may prove problematic as the stability of
anthocyanins at near neutral pH may result in degradation of the analyte. These

refinements were not pursued further due to time constraints.

2.4.3Ternatin Structural Conformation

The structures of isolated ternatins were confirmed by a combination of one
dimensional ¥H, *C, DEPTQ), ansvo-dimensionalexperiments (COSY, TOCSY,
HSQC, HMBC and ROE8¥pendix 2.1¢ 2.5). The NMR spectra of ternatins are
defined by two distinct regions; the delptidin and p-coumarate signals located

the high magnetic region (> 6 ppm), and the glucose and malonate signals in the low
magnetic region (< 6 ppmghemical shits of the p-coumarate protons were shifted
upfield with regpect tothe reportedsignals of fre@-coumarate(Ohet al,, 2022) an

effect which wasoticeablystronger forp-coumarates & (Table 2.3. Similarly Dp
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proton signals wershifted udield with increasing decoratiofT able 2.3, indicating
interaction between the maggtic fields of the acyl residyeand thedelphinidin
scaffold With the addition of NDE signals detected betwe®p 4 and3 & 2&6
(Figure 2.13 NMR spectrashow ternatins adopt asandwichtype staking
arrangementwith acyl residues localiseahear the anthocyaninGring, and closer

proximity of these acyl residues with incr&iagnumber ofdecorations

2.4.4Conclusions

Since the initalisolation andstructuralcharacterisatiorof ternatinsby Teraharaet
al. (1990 199%; 1998) a large amount of wik carried out on butterfly pea
anthocyanins has been conducted on crude extractiorather than isolated
anthocyaningLaksharet al, 202Q Fuet al., 2021). This is duén partto complex
mixture of ternatingincreasng the difficult of isolatingternatins Thischapter has
demonstrated ahigh-capacityseparation techniga using polyvinydolypyrrolidone
which can quickly fractionate ternatins depending on their terminal residues
Through using this fractionaticechnique future research into the antioxidaaind
radical scavengingroperties as wdl asnatural colourant evaluationcan be better
correlated with theternatin terminal decorations Additionally it is unlikely that
individual isolate would be cost effecte as replacementood colourantsFrom an
industrial perspective fractionationof ternatins into groupscontainingthe most
desirable propertiessuch as colouand stabilitycould be achieved using thigw-
cost flash chromatography methodUsing these isolatesthe structurecolour

relationship is explored in subsequent cies.
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Chapter 3Hfects ofanthocyanin decoration
on colour and stability

3.1Introduction
3.1.1Anthocyanin structure stability relationship

Anthocyanins are often suggested as replacement food colourants, due to their
ability as weak diacids, to produce raxddpurple. These anthocyanins, such as those
from purplefleshed sweet potato, already see applicagorn beverages,
confectionery and dairy productd_uo et al, 2022) For the generation of blue
colours, anthocyanins must be present in either the neutral or anionic base
deprotonation states, and this generates a problem for their application; these
anthocyanins protonation states are generallynstable. Copigmentation
interactions, either intermolecular or intramolecular, can imprdnath stability and
generate bathochromic shifts, improving the molar ratio of the neutral and anionic

base and generating a bluer colour.

Butterfly pea produces ternatins, a group of polyacylated anthocyanins which
include ternatin Al, the most decorated anthocyanin discovered to date. These
anthocyanins have previously been isolated, and their structures characterised
(Terahareet al., 1996, 1998)however stability and colour characteristics have not
yet been assessed. This is required to determine their suitability for potential food

colourant applications.

3.1.2ConvertingU\-VISabsorption spectra to colour measurements

It is important to quantify colour accurately when analysing pigments for their
potential uses in manufacture. When lookingl-VISdata, it can often be difficult

to quantify the colour characteristics, particularly with spectra containing multiple
peaks, where small changes in absorbance can have profound effects on the

resulting colour.
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Colour perception is the result of all wavelengtiat absorbed by the compound.
Therefore, to measure colour, the absorbance spectra must first be converted to

transmission by taking the antilog of the absorbance vatue3.1).

Y pT oP

The transmission spectra are then weighted with an illuminant spectral power
distribution curve. The standard illuminant used by the International Commission on
lllumination (CIE) is termed D63Kglre 3.1, which refers to the spectral emission

of blackbody radiation at a temperature of 6,500 Kelvin and is equivalent to white

noondaylight in the Northern hemisphere.

The weighted spectra are then integrated with the three CIE colour match curves
(Figure 3.2, which correspond to the sensitivity and distribution of cone cells
present in the human eye. Asis the photopic luminosity function, these values are

then scaled by calculating the photopic response of the illumineaut3.2 ¢ 3.5).
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Figure3.1 The relative spectral power difie white daylight (D65K)luminantas a function of wavelength. Colour perception is dependent on the light
is returned from arobject, and therefore reliant on theelative spectral of the illuminant
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Figure 3.2 The threecolour match functions produced by the Commission Internationale d¢
0 kK Hragé @CIEDf the 1964 CIE XYZ colour space, using a‘’ldbserver angle.
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3.1.3Converting from CIEYZo CIH*a*b* and CIEHCcoordinates

Although CIE XYZ coordinates meet the criteria of ascribing a numerical colour value
to the U\AVISspectra, the transformation lacks clarity with regards to how changes

in the X or Z values affect the resulting colours. A further transformation with
equations3.6 ¢ 3.12 can be utilised to convert X and Z to a* and b* respectively,
where a* represents greered (-a* = green; +a* = red) and b* represents blue
yellow (b* = blue; +b* = yellow). The Y value is converted to L*, or lightness, where

a value of 100 at the origiepresents white, and 0 represents black.

The lightness valuel*

0 poe@~— po oD

Thered g greenaxis valuea*

o
g vnmQ— "Q— o
W
And the blueg yellow axis b*
Tz “Q d‘) “Q d’) &J
w Tt — - Oi
¢ W W

Where X, Y andZ have the meaning given ingq.3.3), (eq.3.4) and (eq.3.5) respectively,

and Xn, Y» and z, describea white achromatic reference point
O wSThw @ prht & prHAYT T o080

The domain ofthe function f is divided into two parts, where t is given the meaning

0 —he—- € s op T
«w w
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The functional I(t) is corrected as

0 OXORN
O &R VQ Q

And) is given the meaning

o ¢

—

@

¢ w
TheseCartesian coordinates can then be transformed to polar coordinates with
equatiors 3.13 ¢ 3.14, where the colour is represented as the angle between the

origin and data point, and chromaticity the distance from the or{§igure 3.3. This

ascribes a single numerical value to the colour and its intensity, which allows for easy

comparison between different pigments.

The hue angléQ, where a* and b*have the meaning given in(eq. 3.7 and (eq. 3.9

respectively
(I)Z
TF oOWwE o oP o
And the chromaticity as
o° 3 & oP T
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Figure 3.3 CIE LHC is a polar representation offa*b* Cartesian coordinates. Hue represents the arc tangent between the origin and data point, wheré i3 red, 90

yellow, 180° green and 270° blue. Chroma is the distance from the origin and corresponds to the intensity of the colour. @lzalate h°, first the quadrant is identifiec

based on the sign of the a* and b* value. h° is the sum of the quadrapius the angle calculated from arctan of—i.
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3.1.4Aims and objectives

Thae were two mainaimsfor this chapter The firstwasto analyse the observed
differences between the different ternatins to understatite effects of side chain
decoration (lycosylationand acylation) on the colour and stability of the
anthocyanins under different conditions. The extraction and purification of the
ternatins provided a unique resource to examine sequential additions of aromatic
acyl and glucose residues on the propertiéshe pigments, which could potentially

illuminate the molecular mechanisms determining these properties

The second airwasto compare the colour and stability of individual ternatin species
to the complex mixture extracted from flowetisat can be useds a food colourant
to evaluate whether changes in ternatin composition might improve the functional

properties with respect to their use as food colourants.
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3.2 Materials and methods
3.2.1Reagents and standards

Anthocyanin standard delphinidin-G-glucoside chloride (>95%) was purchased
from Extrasyntlse (Genay, France). Analytical standardspafoumarate (>95%)
were purchased from MerclD@rmstadt, Germany Ultrapure water was produced

from a MillFQ Direct water purification systenvi{llipore, Burlington Mass., U.S.A.

3.2.2Buffer preparation

3.2.2.1Potassium chloride : Hydrochloric acid (pd2)

A stock solution of potassium chloride (KCI) was prepared by dissolving 14.91 g of
KClI in one litre of MilQ) water, giving a final concentration of 0.2 M. A second stock
solution of hydrochloric acid (HCI) was prepared by mixing 16.5 mL of 37 % (w/w)

and983.5 mL of MiliQ water, giving a final concentration of 0.2 M.

To prepare pH 150 mL of KCI stock solution was added to 134 mL of HCI stock
solution in a ratio of 0.37 : 1. For pH 2, 50 mL of KCIl was added to 13 mL of HCI with
a ratio of 3.85 : 1. The pH of these buffers was then measured with a pH meter and
adjusted to their requied pH values by addition of 1 M HCI and 1 M NaOH.

3.2.2.2@¢tric acid :Disodiumimsphatebuffer (pH 3¢ 8)

One litre of 0.2 M stock solution of disodium phosphate Q) was prepared by
dissolving 28.38 g of MdPQin Milli-Q water. A second stock solution of citric acid
(GHsOy) was prepared by dissolving 19.21 g of citric acid in one litre inQAllater,
giving a final concentration of 0.1 M. Buffers were then prepared as described in
Table 1. The pH of each buffer was measured with a pH meter and adjusted with 1

M HCI andL M NaOH.
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Table 3.1 Ratios of disodium phosphate and citric acid required for specific pH (per 100
mL)

pH 0.2 M NaHPQ (mL) 0.1 M GHgO7 (mL)
3 20.55 79.45
4 38.55 61.45
5 515 48.5
5.2 53.6 46.4
54 55.75 44.25
5.6 58 42
5.8 60.45 39.55
6 63.15 36.85
7 82.35 17.65
8 97.25 2.75
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3.2.3UV-VISabsorbance spectra

3.2.3.1Single samples

1 mL of sample was loaded into a quartz cuvette witli @olume of 1.5 mL anpath
length of 1 cm. Th&\-VISabsorbance spectrum was then recorded between 340
nm and 750 nm, with a spectral resolution of 1 nm using a BioSpectrometer
(Eppendorf, Germany). Solutions were kept at room temperature and protected

from light. Data were collected in a comrasaparated vhuies file for further analysis.

3.2.3.2Pate reader

U\VISabsorbance spectra were recorded between 340 and 750 nmwith a
resolution of 1 nnmusing a CLARIOstatate reader(BMG, GermanyBsamples (200

pL) were loaded into the wells of a 96 well plate. Spectra were recorded at room
temperature and protected from light. Path length correction was done
autonomously by the instrument. Dateere exported as commaeparated values

filesfor further analysis.

3.2.4Qude extract spectra

In triplicate, 5 mg of a crude extract of anthocyanins (extracted using the method
outlined inSection 2.22.1) were dissolved in 1 mL of each of the pH buffers specified
in sections 3.2.2.Jand 3.2.2.2 Aliquots (20QuL) of each pH buffered extract were

then loaded onto a 96 well plate.

Samples were allowed to equilibrate at room temperature in the dark for 30 minutes
prior to analysis.UV-VIS absorbance spectra were obtained using the method

outlined in section 3.3.2. Spectra were recorded each day for a total of 14 days. In
between readings, samples were transferred to microcentrifuge tubes to prevent
evaporation in the plate. Samples were stored at room temperature, and with

exposure to natural light.

This procedure was repeated for extracts after the sugar removal step using XAD16N

(Section 2.22.2), and for each of the PVPP fractioBsqtion 2.2.3.3.
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3.2.5Ternatin isolate absorbance

Each isolate (fronfection 2.2.3.5 was dissolved in 50 mM aqueous HCI to a
concentration of 1 mM. These isolates were then diluted to a final concentration of
50 uM by addition of each buffer in sections 3.2.2.1 and 3.212\2VISspectra

were then recorded in triplicate using the method outlined in section3322.

3.2.6Functional Colour: A tool for higihroughput colorimetry

In order to calculate CIE L*a*b* colour space coordinates for a large quantity of
samples, a computational tool was developed using the python programming
language (python, v.3.10). This algorithm automates the processingVefIS
absorbance spectra collected between 340 nm and 750 nm, producing CIE XYZ, CIE
L*a*b*, sRGB and HSV colour space coordinates. As this algorithm is -a post
processing technique, it provides a rapid assay method when used in conjunction
with a plate readerparticularly when compate to the single cuvette capacity of
traditional colorimeters. The program also features a graphical user interface,
equipped with a file browser and batching system, allowing users to select multiple
files to run within a single instance. Functional Cotmaur be accessed via the GitHub

repository:https://github.com/AlanHoughton/FunctionaColour

3.2.6.1Processing Inputs

Spectra generated from sections 3.2.6 and 3.2.7 were initially formatted in Microsoft

Excel (Version 2110 Buildc ®n ®mMnpHT ®PHAHON VY Y2@Ay3d GKS
column A, and sample spectra to all subsequent columns. The data were then loaded

into the program as dataframe type objects using the pandas mogtkinney,

2010) This dataframe was then converted into an array using the NumPy module
(Harriset al., 2020)and compared against the selected illuminant data to ensure that

the spectral range and resolution were identical.

3.2.6.2Converting spectra to illuminant weighteeflectance spectra

The absorbance spectra were converted to transmission spectra by taking the antilog
of the absorbance value for each value in the array. The transmission spectra were

then weighted with an illuminant spectrum by pointwise multiplication.
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3.2.6.3Calculating CIE XYZ from weighted transmission spectra

The weighted transmission spectra were converted to CIE XYZ colour space
coordinates by taking the integral of the transmission spectra and each of the three

tristimulus curvesEvJandly

3.2.6.4Converting CIE XYZ to CIE L*a*b*

A further transformation withequations3.6 ¢ 3.12were utilised to convert X and Z
to a* and b* respectively, where a* represents greead (a* = green; +a* = red)
and b* represents blugellow (b* = blue; +b* = yellow). The Y value was converted
to L*, or lightness, where a value of 100 at the origépresents white, and 0

represents black.

3.2.6.5Converting Cartesian coordinates to a polar representation

The a* and b* values of the Cartesian CIE L*a*b* coordinates were further

transformed to polar coordinates usimgjuatiors 3.13and 3. 4.

3.2.6.6Verifying calculated colours

To ensure the accuracy of the colour matching progradh ta*b* colour
measurements were made using the same solutidescribedn section 3.2.51 mL
of each solution was transferred to a cuvette with path length of 1 twab
parameters weréhenrecordedusing aHunterLab UltraScan Sspectrophotometer
set to total transmission mode (TTRAN), with D65K illuminant and 10° observer
angle.These measured values were then compared against values calculated using

the python algorithm.
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3.2.7Thermal degradatioassays

Thermal degradation of ternatin isolates was performegkt7 at 55C in an oven
(Fengeret al,, 2019) Isolates were diluted to 50M in disodium phosphate : citric
acid buffer preheated to 58C, and 50QuL aliquots immediately transferred to a
microcentrifuge tube and plunged into dry ice until frozen. Each hour, a further
aliquot 500uL was removed and cooled in dry ice for a period of 8 hours, and a final

sample at 24 hours.

After all samples had been collected, frozen samples were thawed on ice and loaded
onto a 96 well plateU\-VISabsorbance spectra between 340 nm and 750 nm were

then collected using a CLARIOstar plate reader. The rate of colour loss was quantified
as: b'YQa OQY QY OENNDD Pt 1 ———— and plotted as a

function of time.The halflife of ternatins at pH 7 were compared to the values at

room temperature.
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3.3 Results
3.3.1Stability of butterfly pea anthocyanins

Copigmentation interactions are particularly important for plants to generate and
enhance colours to attract pollinatorsHowever, copigmentation with nen
covalently bound molecules, termed intermolecular copigmentation, is a
comparatively weaker interaction when compared to intramolecular
copigmentation. This is due to the requirements for a relatively higher concentration
of copigments for the efficient formation of stacking type arrangements, which place
a larger metabolic burden on the plant. In contrast to this, ternatins feature
covalently bound acyl residues, which can form these stacking type arrangements
with their atached copigment, termed intramolecular copigmentation. This is often
more stable, due to the closer proximity of the covalently bound copigment, thereby

increasing the probability for these interactions to occur.

Figure 34 shows theU\-VISabsorbance spectra of the crude butterfly pea extract in
citric acid : sodium phosphate buffer at pH 2.5 to 7.5. At pH 2.5, the predominant
protonation state of the anthocyanins is the cationic species, withag0of 550 nm.

As the pH increases to > 3 the neutral base was present, with a correspehging

of 575 nm. Additionally, a new absorbance peak was present at a wavelength of 620
nm, a wavelength where the anionic base is typically observed. For true blue colours,
the wawlength of absorbed light is within 580640 nm. Extracts of butterfly pea
flowers at pH 4.5 7.5 had a high degree of absorptivity within this region, and a

resulting liquid colour of blue.

With anthocyanins which feature two or more proximal hydroxyl groups on the B

ring, the neutral species can chelate metal cations such &§ Ahusing
deprotonation and the subsequent formation of the anionic base. However,
ternatins are decorated with glucosyt 08 f &aARSOKI Aya 2y GKS 0Q
which occlude the interaction with metal catioriBherefore,this observed peak is

likely the result of copigmentation interactions.
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Figure 3.4 UV-VISabsorption spectra of 1 mg mt! butterfly pea crude extract between pH 2.5 and 7.5. Thanaxof the three major species was: 550 nm for tr
flavylium cation (AHY), 575 nm for the neutral base (4, and 629 nm for the anionic base (A An additional absorbance peak was present at a wavelength of 620 |

(A) between pH 2.5 and 5.5, before overlapping with the anionic base at pH 6.3.5.
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To demonstrate the stability of anthocyanins extracted from butterfly pea, the
absorbance spectra of an extract (as outlined in section 2.2.3.1) were recorded

between 400 nm and 700 nm over a period of 79 days over a pH range of 2.5 to 7.5.
Figure 3 shows the remaining coloured species, calculated-as p 1 for each

sampling point. As expected, the anthocyanins were most stable at an acid pH of 2.5,
with a calculated hallife of 98.7 days. At this pH, the vast majority of anthocyanin
species exist in the cationic protonation state, where the primary mesharior
colour losgsthrough the hydration of the C2 carbon, leading to the formation of the
colourless hemiketal. As was showritie ROESNMRspectra of ternatin ABFigure

2.13 and Appendix 2.1¢ 2.5, (1)), ternatins formed sandwictype stacking
interactions around the B and C¢ rings, which sterically hindered water from the
C2 position, thereby stabilising the anthocyanin against hydration. Interestingly, the
anthocyanins were less stable as the pHeased to 3.5 with a halffe of 41.2 days,
before their stability increased at pH 4.5 and 5.5, with Hie#fs of 49.5 and 71.4
days.

As pH increaskabove pH 2, degradatioaccurredthrough poorly characterised

oxidative and hydrolytic processes. These reactions take place principally at
positions along the anthocyaning@ing, namely the GE3,C4andC2 MQ 02y Ra ®
At pH 5.5 the predominant species presadsthe neutral form, and the observed

increase in stability suggested a preference for stacking type interactions occurring
around the B¢ and C¢ rings. At pH values closer to neutral, anthocyanin stability

was observed to deease, with haHives of 53.5 and 26.0 days for pH 6.5 and 7.5
respectively. This coincides with the formation of the anionic base, lending credence

to the enhanced stability of the neutral species against hydrolytic and oxidative

degradation at elevategH.

Although crude extracts of ternatins have a high degree of stability and produce blue
colours between pH 4 and 7, they represent a complex mixture of ternatin

anthocyanins which collectively define their overall colour and stability.
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Figure 3.5 Stability of crude butterfly pea extract different pH values.&) shows the remaining

absorbance at” max for a 1 mgmL* sample of crude anthocyanin extract in citric acid : sodiur
phosphate buffer between pH 2.51 7.5, calculated as — p m;Twhere A was the initial
absorbance value, and A the measured absorbance valueB] shows the calculated halflife for
absorbance at each pH. Halflife was calculated as1 +, where K is the rate constant of th

exponential decay equation used to fit the data. AIR? values were greater than 0.95.
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3.3.2U\-VISabsorbance spectra of ternatin isolates

Because a crude extract of butterfly pea flowers represents a complex mixture of
anthocyanins and other potential planar copigments, its colour is dependent on each
of the components present as well as any potential intermolecular interactions.
Therefore to understand the contribution of each iterative decoration of ternatins

on colour characteristics one needs to assay the overall colour and stability of each.

The individual ternatins (A1, A3, B% and D1) represent anthocyanins with
progressive additions of glucose and aromatic gegoumaratey NB & A RdzSa 2y
YR pQ OF Nb 2 y-ringJBj éxardafig the@FlouriakdSstahility of each
ternatin the contributions of the individual decorations to the properties of the
pigmentswere defined allowingthe generaton of hypotheses about the molecular

mechanisms underpinning these properties.

3.3.2.1Decoration of ternatins

Ternatin Al, the most decorated of the ternatins, has the largest bathochromic shifts
of all the ternatins. Th&/\-VISabsorbance spectra of Ternatin Adigure 36) shows

four distinct peaks which evolved as the solvent pH increased. At acidic pH (pH < 2),
the flavylium cation (AR was the predominant species, with<a.xof 554 nm. As

the pH increased to 3, a shoulder peak emerged at a wavelength of 577 nm,
corresponding to the neutral species (A). An additional absorbance peak was
observed from pH 1 & wavelength of 624 nm, which increased in amplitude as the
pH increased, becoming a substantially distinct peak at pH 3. At these pH values the
environment was too acidic for the formation of an appreciable amount of anionic
base (A, which would typically be the species responsible for the peaks within this
wavelength region. At pH values of 7 and 8, where the anionic basebégins to

form, a peak with<max0f 637 nm was observed.
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Figure3.6 U\-VISabsorbance spectra of Ternatin A1 (8@) at pH 1 to 8. The three major species are? @lvylium cation) with &maxof 554 nm, A (neutr.
species) at 577 nm and @nionic base) at 637 nm. An additional peak appears from pH 3 onwards corresponding to the formation of a charge ata
(CT) with<maxof 637 nm. This absorbance peak is the primary contributor to the development of blue liquid colouration at slightly acid pH.
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The additional peak observed is can likely be attributed to the interaction between
the delphinidin chromophore and the acyl decorations, forming a charge transfer
(CT) interaction. In such interactions, the overlapping delocalisedolecular
orbitals of the chromophore and the acyl decorations and chromophore, mith

the concomitantrearrangement of electron density resulting in an orbital with lower
energy. As a result, there is a decrease in the energy gap between the ground state
and excited state, leading to the observed CT absorbance peak. The overall effect of
this interactionis an increase in the wavelength of light absorbed, and thus a bluer

colour.

The source of the blue colour exhibited by ternatins within the pH range of 4to 7 is
attributed to the charge transfe(CT)peak. Prior to the formation of the anionic
base, each isolate demonstrates a comparable CT band inlNeifl Sabsorbance
spectra (seédppendix 3.1¢ 3.8). However, the specific wavelength of this band is
influenced by the number adicyldecorations present on the 3' and 5' sidechains
(Table 3.2. In almost all cases, increasing the number of aromatic acyl decorations

led to an increase in thenaxof the CT absorbance peak.

3.3.2.2Hfect of acylation otJ\+VISspectra

The most significant bathochromic shifts of the charge transfer absorbance peak
200dzNNBR dzLlR2Yy Ottt dAz2zy 2F (KSMHDXandki A RSOK
A3THB3, withan increase of 9 nm and 10 nm respectivdighble 3.2. In contrast,

acylating the 5' sidechain of ternatin B3ftom D1 resulted in a mere 1 nm increase

A YmaxOf the CT peak. The magnitude of bathochromic shiftefach protonation

a0l 4GS RAALIXFEBSR | O2yaAadSydl0ndinc@sSaNy Y |«
T2 NJ ! o thecatian,wHilthE anionic base exhibited increasedl8ihm and

6 nm Similarly, for the neutrdbase there was &y Y AYONBF &S F2NJ . n |
AYONEBI &S T2 Mhniiocredss for th& anionfchase.Oef A2y 2F
sidechain of B3 (to form D1) led to a significantly smaller increase femthef each

protonation state, 1 nm for the anionic base and no change for the neutral base. A

larger increase however was observed for the cationic species, with an associated

bathochromic shift of s im.
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Table3.2 <nax Of each protonation state of the ternatin isolates. Aavylium catior
A: neutral quinoidal base, CT: Charge transfer peak,akionic quinoidal bas
Diagrammatic representation of each ternatin structure is given in the leftmost co
where: T = Delphinidi8-O-3 f dzO 2 amklénite),0Gé= glucose and @-soumarate.

AH* A CT A- Structure
A1 554 577 624 637 G
GCGCG

GCGCG
GCGC

B1 551 576 622 632

GCGC
GCGC

D1 554 574 621 632

GCGCG
A2 550 574 620 632

A3 539 567 610 615

GCGCG
B2 547 572 617 625

GCGC
D2 550 572 618 626

GCG

1<
1<
"< e
s o o o I
<l
1<
1<
1<

B4 538 567 609 613
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B ¢ ring rotation has been proposed to influence the wavelength of light absorbed,
withalargerC3C2-/ MRQHQ RAKSRNI f y3fS NBadzZ GAy3 A
Copigmentation appears to be primarily driven by interaction between the aromatic

moiety of the copigment through ¢ ~ interaction, with sugar units contributing

little to the interaction. This may explain the larger bathochromic shifts associated
GAGK Ot GA2y 2F GKS 0Q aARS OKFIAYy O0O2YLJ
BNAy3Id . & | OeflidAy3a GKS o0Q AARSOKFIAYyXZ GKS
experiences a greater magnitude of force acting on one side of theif). This

g2dzZ R Ay RdzOS | &l NPy 3S NJring,Libuef ibcéeasiigythe2 y S & )

dihedralangle and inducing a larger bathochromic shift.

3.3.2.3Efect of glycosylatioron UV-VISspectra

Contrary to acylationglycosylationof the ternatins led to significantly smaller
effects on the<max Of each of the protonation states, and of the CT complex.
Glycosylato2 ¥ pQ &aARSOKIAY 2F .nX (2 FT2NX !oZX
cationic species and CT complex, 2 nm for the anionic base and no change for the
neutral base. Ternatin D2 can undergjgcosylatiorforming regioisomers B2 or B3,

gAGK (GKS 3fdz02aS FRRSR (2 SAGKSNI dKS o
glycosylatio2 ¥ G KS 0Q aARSOKI A Ynauf 2riNdAsOBkerved = |

P

for the cationic species, and 1 nm for the CT complex and anionic base. Conversely,
glycosylatior2 ¥ G KS pQ aARSOKIAY FT2NXAY3I GSNYI (A

2 nm for the neutral base and CT complex, and 5 nm for the anionic base.

Decoration with sugar units increases the hydrophilicity of the sidechain, and hence
the interaction strength with the bulk solvent, effectively overcoming some of the
interaction energy between the acyl residues and chromophore rings. This is partially
offset by the potential for formation of hydrogen bonds between the orbitals of

the chromophore and the @ atom of the sugar hydroxyl.
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However, as a sugar unit addedtoee 0 Q &ARSOKIFIAY A& GKS TFAT
sidechain (B3> A2) the distance between the sugar and chromophore was too great

any for potential interactions. Instead, this interaction appeared to weaken the
interaction between the sidechain and chromophore and may have resulted in a
reduction of the unilateral forceghat influenced the dihedral angle. Upon
glycosylation2 ¥ (G KS p Q -#& A3R B1S WKL) Ahgwevér, the potential

interactions between the sidechain and chromophosere weakened, thereby

increasing the asymmetric forces which may act to rotate tlqgiBg. However, the

impact of this on colour as defined by the bathochromic shift of thev&glimited

to 1 nm (B4>A3) or 2 nm (B+ Al).

3.3.39dechain decorations influence on stability:

As reported in section 3.3.tplour lossof anthocyanins occurs in two main ways:
the first involving water addition at the C2 of thgryliumring and the formation of

the colourless hemiketal. This is then followed by the opening of the pyrylium ring
and eventual isomerisation, forming the -@balcone and transhalcone
respectively. This degradation route occurs only with the flavylium catequiring

an electrophilic region localised to the C2 position. The second route of degradation
is facilitatedby oxidative and hydrolytic reactions which occur at bonds positioned
within the anthocyanin @ ring, with autoxidation presumed to occur by the
spontaneous generation of B, by electron or hydrogen atom transfer from the

neutral or anionic base tof{JDangles and Fenger, 2018)

As ternatins produce a blue colour at near neutral pH, to determine the stability of
each ternatin isolate stored in an aqueous solution théVISabsorbance spectra
were sampled over a period of 37 days at pHat7room temperature The
absorbance at<max Wwere recorded from each sampling point, and the residual

coloured species were then determined as the percentage of remaining absorbance
at <nax Calculated as— p T @figure 3.7. The halflife was calculated from the rate

of decay of the peak atnax, and represents the time taken for the absorbance to

equal half of the initial starting value.
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Figure 3.7 Stability of ternatin isolates (60uM) over time at pH 7and temperature of 2 °C. Percentage of residual coloured species were calculated as- p T,

where Agwas the initial absorbance value, anccurves were fitted usingthe one phase exponential decayequation. Error bars represent standard deviation, and eac
data point represents the mean of three independent experiments (n=3)A) ternatins decorated with two acyl residues; B) ternatins decorated with three acy

residues; (C) ternatins decorated with four acyl residues.
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