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ABSTRACT

UNIVERSITY OF TURKU
Department of Chemistry/Faculty bfathematicsand Natural Sciences

ENGSTROM, MARICA THERESE Understanding the bioactivity of plant
tannins: developments in analysis methods and strueictieity studies

Doctoral thesis, 185 p.

Laboratory of Organic Chemistry and Chemical Biology/
Natural Compound Chemistry

June 2016

Tannins,typically segregated into two major groups, thelrolyzable tannins (HTS)
andthe proanhocyanidins (PAs), are plapblyphenolicsecondarymetabolites found
throughout the plant kingdom. On one hand, tannins may cause harmful nutritional
effects on herbivores, for example insects, and hence they work as plants’ defense
against planeating animals. On the other hand, they may affect positiseine
herbivores, such as mammals, for example by their antioxidant, antimicrobial, anti
inflammatory or anticarcinogenic activities. This thesis focuses on understanding the
bioactivity of plant tannins, their anthelmintic properties and the tools usethd
gualitative and quantitative analysis of this endless source of structural diversity.

The first part of the experimental work focused on the development ofhigtia
SHUIRUPDQFH OLTXLG FKURPDWRJUDSK\IiWBMSHP PD\
based m#hods for the rapid fingerprint analysis of bioactive polyphenols, especially
tannins. In the second part of the experimental worlitivéro activity of isolated and
purified HTs and their hydrolysis product, gallic acid, was tested against egg hatching
and larval motility oftwo larval developmental stagesl and L2 of a common
ruminant gastrointestinal parasitdaemonchus contortughe results indicated clear
relationships between the HT structure and the anthelmintic acliigyactivity of the
studied compounds depended on many structural features, including size, functional
groups present in the structure, and the structural rigidness. To further understand
tannin bioactivity on a molecular level, the interaction between bovine serum albumin
(BSA), and seven HTs and epigallocatechin gallate was examined. The objective was
to define the effect of pH on the formation on tarphotein complexes and to
evaluate the stability of the formed complexes by gel electrophoresis and MALDI
TOFRMS. The reslts indicated that more basic pH values had a stabilizing effect on
the tannirprotein complexes and that the tannin oxidative activity was directly linked
with their tendency to form covalently stabilized complexes with BSA at increased pH.



THVISTELMA

TURUN YLIOPISTO
Kemian laitos/Matemaattiduonnontieteellinen tiedekunta

ENGSTROM, MARICA THERESE: Analyysimenetelmien kehittaminen ja
UDNHQQHADNWLLYLVXXVPIITULW\NVHW NDVYLW
ymmartamiseksi

Vaitoskirja, 185 s.

Orgaanisen kemian ja kemiallisen biologian laboratorio/
Luonnonyhdisteiden kemia

Kesakuu 2016

Tanniinit, joiden kaksi paaryhmaa ovat hydrolysoituvat tanniinit (HT) ja
proantosyanidiirti (PA), ovat kasvien yleisesti tuottamia sekundaarimetaboliitteja.
Tanniineilla voi olla seka negatiivisia etta positiivisia vaikutuksia niita syéviin eli6ihin.
Ne wivat aiheuttaa haitallisia ravitsemuksellisia vaikutuksia esimerkiksi niitéa syoville
hyonteisille. Toisaalta tanniinit voivat olla hyddyllisia kasvinsydjille, kuten nisakkaille,
esimerkiksi niiden hapettumista, mikrobiaalista toimintaa, sy6paa seka ukbidnd
ehkaisevien ominaisuuksien takia. Tassa vaitoskirjatytssa keskityttiin kasvitanniinien
bioaktiivisuden ymmartamiseen, niiden loisia/loistauteja ehkaiseviin ominaisuuksiin
sekd naiden rakenteellisesti monimuotoisten yhdisteiden kvalitatiivisiin  ja
kvantitatiivisiin analyysimenetelmiin.

Kokeellisen tyon ensimmaisessa osassa kehitettiin erittdin korkean erotuskyvyn
QHVWHNURPDWRJUDILDAWDQGHPPBNSWBS)V S bexlgiuvig PHW U
nopeita "sormenjalkfanalyysimenetelmia  tanniinien kvalitatiiviseen  ja
kvantitatiiviseen analyysiin. Taéssa osassa testattiin eristettyjen ja puhdistettujen
HT:ien in vitro -vaikutusta mérehtijdiden ruuansulatuselimistén loigéaemonchus
contortuksen, munien kuoriutumiseen ja loistoukkien liikkuvuuteen. Tulosten
perusteella HT:n rakenteen ja antiloisaksiuiuden valilla havaittin selva yhteys:
tutkittujen yhdisteiden aktiivisuus riippui monista rakenteellisista ominaisuuksista,
kuten HT:n koosta, rakenteen funktionaalisista ryhmistd ja rakenteellisesta
jaykkyydesta. Tanniinien bioaktiivisuuden ymmartéekis molekyylitasolla
malliproteiinin  ja seitseman HT:n sekd epigallokatekiinigallaatin  valista
vuorovaikutusta tutkittiin geelielektroforeesilla ja MALDIOF
PDVVDVSHNWURPHWULDOOD 7DUNRLWXNVHQD-ROL W
kompleksien madostukseen seka tarkastella muodostuvien kompleksien pysyvyytta.
7XORNVHW RVRLWWLYDW HPINVLYVHGkoBpleksed VaEL ORLY
tanniinin hapettumisherkkyys oli suoraan verrannollinen sen kykyyn sitoa korkeassa
pH:ssa proteiinia kealenttisesti.
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6 Introduction

1.INTRODUCTION

A single plant synthesizes hundreds of secondary metabolites, which are
essential for the survival of the plant due to their defensive properthsjimg
resistance against pathogens and herbivores as well as UV radiation (Haslam
1989; Stafford 1991). Polyphenols are the most common class of secondary
metabolites and they are foundammostevery plant species and in every part

of the plant (Haslam989). Tannins are the most complex class of polyphenols
and compounds found in a wide range of plant species (Bernays et al. 1989;
Haslam, 1989) and are conventionally classified into two major groups:
hydrolyzable tannins (HTs) and proanthocyanidins YPA'he biochemical
definition of tannins describes them as compounds having a tendency to interact
and form insoluble precipitates with proteins and other biological
macromolecules in aqueous solutions (Bameith and Swain 1962; Hagerman
2012). Tannirprotein interactions have great importance in numerous-plant
related domains and the ability of tannins to bind proteins is one explanation for
their defensive propertig®ppel 1993; Salminen and Karonen 2011; Constabel

et al. 2014) as well as for their ntibnal benefits (MuelleHarvey 2006;
Quideau et al. 2011, Li and Hagerman 2013).

Over the last few decades, theeof tannin containing plants as natural
anthelmintics in the control of ruminant parasites has received increasing
interest. The parasitiaofections of the gastrointestinal tract are one major threat
associated with the production of various livestock species worldwide (Sykes
1994; Jackson et al. 2009; Hoste et al. 2012). They affect the health and welfare
of cattle, sheep and goats by dagse.g. anemia, anorexia, impaired digestion
and nutrient absorption, which consequently result in significant production
losses (Holmes 1987; Sykes 1994; Hoste et al. 2001; Hoste et al. 2012). For
more than 50 years, the solution for this problem has Heerepeated use of
synthetic, chemical anthelmintic drugs (Hoste et al. 2012). However, this
exclusive reliance on the use of synthetic anthelmintic drugs to fight parasitic
infections is constrained by several issues such as the growing concern of
possble residues in food products as well as environmental consequences
(Hoste et al. 2012). In addition, the access of farmers to chemical anthelmintics
is usually limited in developing countries where the livestock production is
constantly increasinfKrecek and Waller 2006 Furthermorethe extensive use
of synthetic anthelmintics against parasites hed to widespread resistance,
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culminating in the formation of multiesistant nematode strains (Kaplan 2004;
Jackson 2009; Traversa et al. 2015).

As a consguence, there is an urgent need for alternative solutions to control
ruminant parasites. One possible and promising approach is the utilization of
bioactive plants as natural anthelmintics to at least partially replace the use of
syntheticdrugs (Niezen eal. 1995; Hammond et al. 1997; Hoste et al. 2015). It
has been shown that by using tannam forage it is possible to reduce the
intestinal parasites of ruminants without any significant risk of resistance
formation (Anthanasiadou et al. 2001; Hosteaket2006; Manke et al. 2015).
However, it is still unknown what kinds of tanrstructuresare most efficienas
natural anthelmintics and which chemical properties and structural features of the
tannins cause the observed effects. While it is commonlgpted that these
bioactivities are consequences of the interaction between tannins and proteins, the
specific mode of action has remained unclear (Frutos et al. 2004; Mdahezy
2006; Hoste et al. 2012). By understanding the mechanisms behind the
anthémintic effects of the plant tannins, stould be possible tpredict which
forage plantsre the best choices feed for ruminants.

The general interegt plant tannins has resulted in many efforts to provide
sensitive and selective analytical tools tbeir detection and characterization
(Prasain et al. 2@ Ignat et al. 2011; Flamini 2013Yhe more traditional
tannindetectionmethods which utilize the tendency of the functional groups to
undergo characteristic reactigrase beginning to be remad or accompanied
by more sophisticated methods suchigsid chromatography combined with
diode array detection (DAD) and/or mass spectrometric dete(tC-MS).

The development of ultreigh performance liquid chromatography combined
with tandem massspectrometry (UHPLE@MS/MS) has further provided
improvements in the performance of separation and detection, and reduced the
time required for qualitative and quantitative analysis (Guillarme et al. 2010;
RodriguezAller et al. 2013). Nevertheless, duethe structural diversity and
complexityof tanninsg many methodological problems still ex{&heynier and
Fulcrand2003; Salminen et al. 2011; Gu 2P For example, in PA analysis,
the timeconsumingprocedures of thiolysis and phloroglucinolysis aik thte

most commonly used methods for collecting qualitative and quantitative
information on PA content, composition and mean degree of polymerization
(mDP). Development of mproved methods with higtinroughput capabilities
would be highlydesirable
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2. LITERATURE REVIEW

2.1. Plant tannins

Tannins arelte most abundant secondary metabolites made by @adisan

be divided in three subgroupssed on their structural featurésydrolyzable
tannins(HTs) and proanthocyanidind?As) are the two major grqs of these
bioactive compoundsfound in vascular plants. hE third subgroup,
phlorotannins, is a little studied group of secondary metabolites found only in
marine brown algadStern et al. 1996; Kubanek et al. 2004; Amsdad
Fairhead 200pandis not included in this literature review.

2.1.1.Structural features of hydrolyzable tannins

HTsare a group of structurally diverse and complex molecules constructed
around a central polyol, most oftgtucose,but occasionallyglucitol, quinic
acid quercitol @ shikimic acid(Mueller-Harvey2001; Patra and Saxena 2010).
The term hydrolyzable tannin (HY stems from the significant feature of these
tannins to be susceptible to hydrgily by acids, bases or estemsés a
consequenceidTs yield hydrolysis produst characteristiof their functional
groupssuch as gallic acid and ellagic agkig. 1A,B) (Haslam 1979;Bors et
al. 2001; Patrand Saxen2010).In the simplestHTs, only gallic acid units are
esterified to the central polyol core whereas more comiglex are formed by
esterification and crodmking of these gallic acid unit€5foss 1992Haslam
1998; Patraand Saxena 2010; Okudand Ito 2011). Based on tirestructural
features, HTs are divided into three main subclasgafoylglucoses (GGs)
gallotannins(GTs) and ellagitannins (ETsExamplesof the HT subgroup are
presented in Figuré. Simple gallic acid derivatives contain one to five gallic
acid units i.e. galloyl groups esterified to the polyol odtig. 1C)while GTs
contin six or more glloyl groups that arbound either to the central polyol or
esterifiedto one of the galloyl groups forming a digalloyl gro(fig. 1D)
(Gross 1992; Grundhofer et al. 20Balminenand Karonen 2011)GGsand
GTs are relativiy simple molecules whereas eththird group, ETs, is
structurally highly diverseETs arefurtherdivided into sixsubgroupsased on
their structural featuregprimary ETs, dehydr&Ts modified dehydr&Ts, C-
glycosidicETs, flavonoETs and oligomeri&€Ts (Okuda et al. 2009)
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Primary ETs contain one or two hexahydroxydiphenoyl (HHDP) groups
and up to three galloyl groups (Fig. 1E). The HHDP group is biosynthetically
formed through intramolecular, oxidative-C bond formation between two
galloyl groups. The position of the HHDP groumdze 0204 and/or O306
or O2-03 and/or 0406. DehydroETs are formed when the HHDP group is
oxidized to form a dehydrohexahydroxydiphenoyl (DHHDP) gr@ig. 1F)
which can further be oxidized to modified dehydroERFg. 1G)(Okuda et al.
2009; Yoshida eal. 2009, 2010). In DHHDP ETs, the central glucopyranose
core adopts often'Cs conformation instead of theé'Ci conformation
characteristic for the primary ETs and in aqueous or alcoholic solutions, the
DHHDP group equilibrates between sind fivemembeed ring forms(Fig.
1F).

The characteristic feature @kglycosidic ETs is the acyclic glucose core.
C-glycosidic ETs can be categorized as: (1) castalypia (Fig. 11), containing
a nonahydroxytriphenoyl (NHTP) group that participates @iglycosidic
linkage and (2) casuarinigpe (Fig. 1K), in which an HHDP group participates
the C-glycosidic linkage instead>-JO\FRVLGLF (-Ayxdrakyl \yréuplat
the C1 of the acyclic glucose core show a unique reactivity that is reflected e.qg.
in the various condensates formed with other polyphenols. One such condensate
is the subgroup of flavorBTs that consist of €-glycosidic ET and a flavan
3-ol (most often catechin or epicatechin) bound to each other via a earbon
carbon linkage between C1 of the acyclic glucose and C8 or C6 of the-8avan
ol moiety[Fig. 1L (Yoshida et al. 2008, 2009, 20].0)
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Figure 1. The stretures of gallic acid (A), ellagic acid (Byentagalloylglucos¢C),
heptagalloylglucose [Y), tellimagrandinl (E), geraniin (F), chebulagic acid (G),
vescalagin (H)castalagin Ij, stachyurin (J)casuarinin (K)and acutissimin A (L)
HHDP, hexahydroxydiphenoyl; DHHDP, dehydrohexahydroxydiphenoyl; NHTP,
nonahydroxytriphenoyl.
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Furtherdiversity is brought by thé&st subgroup of ETs,ligomeric ETs,
which are formedvia intermolecularoxidative coupling of monomeric ETSs.
Oligomeric ETs can roughly be divided into three subgroups based onrthe
structural features. The first group contains oligomers that are farimsahgle
intermolecular GO bondsbetween the monomier units (Fig. 2$ A & The
second group contains macrocyclic oligomers forme two C-O bonds
between the monomeric unitsig. 2D). In thethird group C-glycosidic tannin
oligomersare linked viaintermolecular €C bond betweenthe C1 of the
acyclic glucoseof one monomer and the HHDP or galloyl group of the other
monomer(Fig. 2E) (OkudaandIto 2011; Yoshida et al. 2009, 2010).
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Figure 2. Structures of oligomeric ellagitannins rugosin E (A), lambertianin C (B),
gemin A (C), oenothein BDY) and roburin A (E)m-DOG, valoneoyl groupm-GOD,
sanguisorboyl groupn-GOG, dehydrodigalloylgroup; 2DOG, macrocyclic structure
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2.1.2.Structural features of proanthocyanidins

Proanthocyanidins @5, syn.condensed tannipsre oligomersand polymers
consisting of flavarB-ols units which are linketdy carborcarbon bond¢B-
type PAs)or in some cases by additional ethends(A-type PAs)(Porter
1989;Bors et al. 2001; Dixon et al. 200Berreira et al. 2005Theorigin of the
term proanthocyanidinis that upon &id-catalyzed depolymerizatiorand
oxidationthe extension units are converted to colored anthocyanidins (Porter
1989).The three rings athe flavan-3-ols unitsarelabeledas A, B, and GFig.
3A). PAs differ structurally based dhe numbe of hydroxyl groups ornhe A
and Brings, and the stereochemistry the asymmetric carbons of ti@ring
(Haslam 197; SantosBuelga and Scalbert 2000; Dixon et al. 200B)most
PAs, the absoluteconfiguration of C2 iR whereas th@bsoluteconfiguraton
of C3 can be eithdaR or S. Accordingdy, the stereochemistry of the molecule is
either cis (2R, 3R) or trans (2R, 35 (SantosBuelga and Scalbert 2000)
However, even more isomers can be found since the bond between the two
PRQRPHUV FDQ EH HLWKHU LQ -Bulga ané Bc@lberd X U D V!
2000; Dixon et al. 2005; Buzzini et al. 2007; Barbehand Constabel 2011).
The variable mean degree of yolerization isa furthersource of structural
complexity of the PAgFig 3B).

In B-type PAs,the monomers are linked by 848 or C4-C6 linkages In
addition to this, the Aype PAs contain C20-C7 or C20-C5 linkagedFig.
3C (Hemingway et al. 1982; Portdi989; SantosBuelga and Scalbert 2000;
Dixon et al. 2005;Ferreira et al. 2005Buzzini et al. 2007; Barbeherand
Constabel 201]1) The most common PAs are procyanidins (PCs) consisting of
catechin anfbr epicatechin units (Fig3A), and prodelphinidins PDs)
consisting of gallocatechin atwd epigallocatechin units (Fi@A). Also PAs
consisting ofboth PC and PD units acemmon(Dixon et al. 2005Ferreira et
al. 2005; Buzzini et al. 2007 addition to these main Pélasses, some rarer
PAs exist €.g. propelargonidins, profisetinidins, prorobinetinidins and
proguibourtiniding, but these arspecifc for certain plant specig&erreira et
al. 2005) and nafiscussedherein.
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S 4 R3

extension
units

catechin: R' =R%2=H, R® = OH
epicatechin: R'=R®=H, R = OH
gallocatechin: R' =R3=OH, R2=H
epigallocatechin: R'=R2=0H,R®=H

terminal
unit

Figure 3. The most common proanthocyanidin monomeric units #A)example o
trimeric proanthocyanidirwith epigallocatechin andallocatechin (PD) aextension
units, and a catechin (PC) as terminal unit and an example of an -#pe
proanthocyanidin, procyanidin Al.

2.1.3.Tannin biosynthesis

A simplified scheme of the polyphédnbiosynthesis pathway leading to HTs
and PAs is presented in Figuteln the first steps of polyphenol biosynthesis,
the carbohydrates such as sucrose and starch from the Calvin argcle
processeckeither by glycolysisto glyceraldehyd&-phoghateor through the
oxidative or reductive pentose phosphate pathway erghrose4-phosphate
and glyceraldehyd8-phosphate (Salminen and Karonen 201The first
differences in HT and PA biosynthesis occitHWZHHQ WKH DFHWDW
pathwayand the shkimate pathway while PA synthesis utilizes both of these
pathways, HT biosynthesi®lies solely on the shikimate pathwg$alminen
and Karonen 2011)RegardingHT biosynthesis 1-galloyl- -D-glucose gyn
glucogallin)can beconsideredas the first intermediaten theHT biosynthetic
pathway (Gross 1988 Niemetz and Gross 1999)in the second step,
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glucogallinfunctionsasboth an acyl acceptor and acyl donor, in the formation
of digalloylglucoseup to pentagalloylglucoséGross 1983b; Gross 1999a,b;
Niemetz ad Gross 2005)The second biosynthetic pathway lead&ics asthe
galloylation of pentagalloglucose contines to hexa hepta,
octagalloylglucoseetc (Hoffman and Gross 1990; Niemitz and Gross 1998,
1999h 2001; Gross 2008Y he third pathway yieldETs, butin contrast taGT
biosynthesis, the proposed ET pathway is mostly hypothetical, since only two
steps of the ET pathwayave beercharaterized by enzymatistudies Gross
1999h Niemetz et al. 2001; Niemetz and Gr@893, 2005; Gross 200@kuda
and Ito 201). The other details have bedaduced from tannin structures and
their seasonalariationin the plant cell or their chemical synthesgalminen
and Karonen 20)1

Calvin cycle

— .

Glycolysis

(

glyceraldehyde-3-phosphate <

J
\

\

Oxidative pentose
phosphate pathway

erythrose-4-phosphate

phosphoeniolpyruvate
pyruévate \ chraldehyde-iﬁ-phosphate
\ )\<\ y
( Acetate/malonate \ Qs‘hikimate pathway\ Hydrolyzable
pathway 3-dehydro&_:|uinic acid ety pathway
acetyl-CoA i

L . gallic acid
3-dehydroshikimic acid— A

malon:yI-CoA

monogalloylglucose

shikimiic acid ;
k / ) / ) pentagall/o:y\lglucose

f Phenylpropanoid / \
precursors
Proanthocyanidins Sl Gallotannins Ellagitannins

cinnamic acid

p-coumaric acid

l p-couma:royI-CoA ‘

Figure 4. The biosynthetic pathay leading to proanthocyanidirad hydrolyable
tannins(adapted from Salminen and Karonen 2011)
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PAs arethe products of one othe several branches of the biosynthetic
flavonoid pathway.The aromaticB-ring and thethree carbon atoms of the
heterocyclic Ging are considered to originate from themino acid
phenylalaninewhich is produced bythe shikima¢ pathwayand transformed
into p-coumaroyiCoA along the phenylpropanoid pathway (Haslam 1977;
Strack 1997).The Acring is formed bythree unis of malonyicoerzyme A
(malonytCoA), produced by ta acetate/malonate pathwajaSlam 1977Tsao
2010).The main steps of PA biosynthesis are presented in Figétethe start
of the flavonoid pathway, one coumard&ybA moleculeis condensedvith
three malonyilCoA molecules to form tetrahydroxychalcondaglam 1977;
Winkel-Shirley 2001; He et al. 2008; Tsao 201The closure of the @ng
convers it into flavanore naringenin which further transforms into
dihydrokaempferol by the addition ohgdroxyl groupto the G position of the
C-ring (Holton and @rnish 199%. These thydroflavonok arereducel to form
(2R,3549)-leucoanthocyanidins(flavan3,4-diols) and further to (2R 39-
flavan3-ols catechin and gallocatech{$tafford 1991Winkel-Shirley 2001)
Alternatively, the leucoanthocyanidin moleculesan be oxidized to form
anthocyanidingHolton and Cornish 1995; He et al. 2008hich canfurtherbe
converted into (R,3R)-flavan-3-ols epicatechin and epigallocatecliiie and
Dixon 2005; He et al. 2008All three, (2R,3R)-flavan-3-ols, (2R,39)-flavan-3-
ols and(2R,3549)-flavan-3,4-diols, could potentially function agrecursorgor
thePAs(Dixon et al. 2005; Xie and Dixon 200%ian et al. 2010)However, &
far, the polymerization step oPAs has remained unsolvd®ixon et al. 2005;
He et al. 208; Zhao et al. 2010; Jiang et al. 2015
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Figure 5. The main steps involved in the biosynthesis of proanthocyanidins.
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The two types of terrestrial tannins seldom accumulate in high
concentrations in the same plant tisswesile PAs accumulate in the vaale
(Stafford 1988; Dixon et al. 2005; Zhao et al. 201BTs appear to be
concentrated in the cell wall of the plant tissu@sogs 1999a; Grundhofer et al.
2007). An explanatiorfor why PAs and HTs are rarely found simultaneously in
high concentrationgn same plant tissuean be found from the biosynthetic
pathways of these tannins. As a consequence of the common building blocks in
HT and PA biosynthesishere is gotential“competition” for the formation of
these compoundsf the glycolytic phospha®lpyruvate is efficiently directed
for the shikimate pathway, the production of pyruyatkich is utilized in the
acetatahalonate pathways significantly reduced. This results in reduced PA
biosynthesissinceit would need malonyCoA as one of theibuilding blocks
(Salminen and Karonen 20113imilarly, PA biosynthesissireduced by the
efficient production of gallic acid from-8ehydroshikimic acid as it negatively
affects the synthesis of shikimic acid and thus the formation of the other PA
precusor, phenylalaninéSalminen and Karonen 201The ameholds forthe
two HT classesGTs and ETsthey do not accumulate in the same plant tissue,
presumably due to the common precursor, pentagalloylglucose (Salminen and
Karonen 2011)

2.2.Liquid chromatography—mass spectrometryin tannin analysis

The growing interest towards platanninshas resulted in many efforts to
provide sensitive and selective analytical methods foir tetermination.
Traditionally, tannin analysis haasxploited the chemicakgctivity of thetannin
functional groups to undergo characteristic reactions that result in colorful
chromophores to be detected by spectrophotometry. These types of methods
include both the general polyphenol methods (Ciocalteau 1&8#¥the more
selecive functional group methods for the detectionR#s and HTs (Bate

Smith 192; Porter et al. 1986; Hagerman and Butler 1989; Wilson and
Hagerman 1990)While these spectrophotometric methodare rapid and
simple, they lack the speficity for individual compounds For this purpose,
more sophisticated methods are neededaddition to liquid chromatography
coupled with a diode array detector, liquid chromatography coupled with mass
spectrometry (LEMS) is one of the most important tools in the characteoiza
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of all organiccompoundsincluding quanttation and identification of different
tannins

2.2.1.Liquid chromatography Anass spectrometryin general

LC is a separation technique in which a mobile phase is continuouskdpass
over a stationary phase packed in a colurb@ utilizes the interactions of the
analyte with both the mobile and stationary phdise stronger thenteraction
with thestationary phase compared to the mobile phthsdpnger theetention
time (Niessen 2007)Based on the polarity of the mobile and stationary phases
LC is divided into normaphaselL.C and reverseghaselLC (Adrey 2003. In
normatphase LG the stationary phase is more polar than the mobile phase (e.g.
mobile phaséexane stationary phase silica)hereasn reverseephase.C, the
mobile phase is more polar than stationary p@semobile phasacetonitrile
stationary phasectadeylsilyl). LC utilizing very smallparticle sizesof the
stationary phase” —¢gdmbined withvery high pressure(up to1300ban

is referred as ultraigh performance liquid chromatography (Guillarme et al.
2010; RodriquezAller 2013) The advantagesof UHPLC compared to its
predecessorhigh performance liquid chromatograpliiPLC), include the
improvedchromatographic resolutiothe increasedensitivityandthe shorter
analysis time (Guillarme et.a010).

When mass spectrometry used in conjunion with a chromatographic
technique, the compounds enter the ionization source based on their elution
order from the chromatographic column used (Rodrighéer et al. 2013).
Mass spectrometry involves the following stesization of the analytesat
the ionization source, separati of the produced ionbased ortheir mass to
charge ratiogm/2 and detectin of the ions (Adrey 2003)There are a number
of ion sources available in mass spectrometry dautently most LC-MS
systems utilizeslectrosprayonization ESI) technique (Hofapek et al. 2012).

In ESI, the sample iirst injected into a capillary maintained at high voltage
(Adrey 2003).Because othe high voltage the liquid streandispersesnto a
mist of highly charged droplets that undergo desolvatioa to the heated
drying gas (often nitrogen) floWGreavez and Roboz 2014he dropletsize
decreasauntil the repulsive forces betweéehe charges on the surface of the
dropletsovercome the surface tension and the so c&ledombic explosion
occurs(Fenn et al. 198%drey 2003; Kebarle and Verkerk 2008)number of
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smaller dropletsare formed which further decrease in size until the droplet
radius reaches~10 nm, and the electric field starts to support direct ion
evaporation(Niessen and Tinke 199%reavez and Robo2014) When this
occurs the droplets distort anithe so called Taylor congevelops(Fig. 6). A
Taylor cone is formed also at the tip of the ESI probe when the initial droplets
are formed due to the nebulization of the solvent flow (Greaves and Roboz
2014). The released ions, i.e. analytes, then transferred through a series of
focusing lenses into the mass spectrometer (Adrey 2003aptat et al. 2012).

ESI is a soft ionization technique, in whichnalyte fragmentationremains
moderate However, die to the mechanism of ionizatioim ESI, larger
molecules often become multiply charged, allowing their detection with
common mass analyzg@adrey 2003)

kv charged nebulized liquid

N, —= e_©O

—— liquid flow ——— o © &

LY
N_2—-— / °° Taylor cone
: AN
S

Nebulized droplet from
the spray is subjectedto
a supplemeniary drying
gas, such as healed N,

Figure 6. Taylor cone formation occurs both at the end of the ESI tubevhedthe
dropletbreals up and releasdons(adapted from Greaves and Roboz 2014).

After the ions are formed, thegre separated based on then/z ratios.
Severaldifferent mass analyzdypes exist, and even if many of thediffer
significantly in the modes of operation, they all separate ions according to the
m/z ratios (Greaves and Roboz 2014Current mass analyzers include
guadrupols, quadrupole ion trapgime-of-flight analyzers,Fourier transform
ion traps ion mobility analyzersand magnetic sector analyzdfSross 201,
Greaves and Roboz 2014As such, hese analyzers reveal the mass of the
analyte but limited informationon the structure of the analgtes obtained. For
this purpose multi analyzers, i.etandem mass spectromgt (MS/MS) is
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required. Several foranf MS/MS are availablebut tiple qualrupole (QqQ)s
onethe most widely used MBIS instrumerd.

2.2.2 Triple quadrupole tandem massspectometry

As the name suggest@qQ consists of three quadrupslia series (Fig7). The

first and thirdquadrupolegunctionasmass separation devices while the second
guadrupoldas a collision cell,in which fragmentation otheionsfrom the first
guadupole is carried out with radio frequency voltagand collision gas, often
argon In some QqQ instruments, the second quadrupole is a hexapole,
octapole oranion tunnelinstead but the principle remains the same (Niessen
2007; de Hoffman and Stroabt 2008). The first anthird quadrupoles are
controlled by changing the radio frequency and direct current potentials to
allow the transmission of ions of a singt€zratio or a range ofm/z values
depending on the application (Andrey 2003; GreavezRwiobs 2014). Mass
separation is based on the oscillation of the ions entering the electronic field of
the quadrupole. Only ions with specifit'zvalues have stable oscillatory flight
pathswhile otherions oscillate in an unstable pattern and are losbhligion to

the rods of the quadrupole (Greaves and Roboz 2014).

ion —— D = | — ]
source  "TTeTTeee Oy By =2 w5 SO detector
Q1 q2 Q3

Figure 7. Principle of the triple qudrupole analyzer. Q1 and Q&n operate in
scanning mode or held static, depending on the application., lingrecursor ions
are fragmented intorpduct ions.

By keeping the two analyzers (Q1 and Q3) in either scanning mode or held
static, different modeof data collection can be utilized, including full scan,
product ion scan, precursor ion scan, neutral loss scan and selected/multiple
reaction maitoring (Tablel). For full scan purposes, the dirextrrent and
radio frequency voltages are changed progressively while keeping their ratio
constant; this yields mass spectra comprised of all the diffenéntalues
present in the sample. Due to the scanning technilge€qQ analyzers have a
limited resolution for full scan analysis and are categorized as low resolution
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mass spectrometersapable of measuring the/zratio of an ion to the nearest
integer value (Adrey 2003). As a consequence oldieresolution, two ions
with the same nominal mass but with a differemtact mass cannot be
separated.

Table 1. Different analysis modes in tandem mass spectronGeindified from
Niessen 2007)

Mode Q1 Q3 Application

To obtaininformation on the

Full Scan Scanning Scanning sample composition

Product Selectin Scannin To obtain structural information
lon Ean 9 9 on the ions produced in the ion source
Precursor . . To monitor compounds which give an
lon Ean Scanning Selecting identical fragment in CID*
NeutralLoss . Offset Q.l and Q?’ scanning at fixed/z

Scanning . difference: to monitor compounds
Scan scanning .

that lose @ommon neutral species

Selected/
Multiple . . : - ,
Reaction Selecting Selecting To monitor a specific ClBreaction
Monitoring

*CID: collision induced fragmentation, takes place in the collision cell g2

The true potential of QgqQ analyzers is revealed when quantifying known
compounds or when elucidating structural information concerning the structure
of the molecule involved. As much as 100% of the instruments scanning
capacity can be used for a selected ion, making the instrument highly sensitive
when monitoring singlen/zvalues (Hoffman and Stroobant 2008; Graves and
Roboz 2014)In addition to the traditional MS/MS analysis, many instents
enable toutilize in-source fragmentation foselected and multiple reaction
monitoring (SRM and MRM, respectivelyethodsIn this approachions are
fragmented within the source of the mass spectrometer by application of a
voltagein the nozzleskimmer system through whictihe ions are sampled to
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the analyzer (Adrey 2003; Hoffman and Stroobant 2008¢ appliedvoltage
increases the velocity t¢iieions exiting into the relatively higpressure region
between the nozzlend the skimmer. This ineases th@robability of theions

to collide with theresidwal gas molecules, leading foagmentationof the
analyte ions (Adrey 2003). These ions then travel to the Q1 where the MS/MS
analysis continues as described above.

In general, QgQinstruments arewell suited for both qualitative and
guantitativeanalysis a theyprovide excellent sensitivity and selectivignd
high signalto-noise ratie are obtainedespecially inSRM/MRM analy®s.
However,the number of MS/MS transitions in a single SRM/MRMrsegt is
limited and thus, when applying many SRbt MRMs a compromig between
sensitivity and acquisition rate unavoidablg/Guillarme et al. 2010). When
analyzing a large number of compoundsis possible to dividehe MS/MS
method into several time-scheduld windows with different SRMMRM
channels and timeegmentqGuillarme et al. 2010)For example, a MRM
method with a dwell timétime spentfor particular transitionpetweenl6 and
25 ms wasusedin UHPLC-MS/MS analysis ofsevenoligomeric ETs m willow
herb leaves (Baert et al. 201&)t when analyzing 154 polyphenols in wine,
was reduced to 5 ms (Lambert et al. 201Bhe partiallimitation of this
procedurearises from thepossiblevariation in elutiontime; with too many
analytedo be det¢ctedthetime windows beame verynarrowandadjustments
are requiredf the analyteretention timedluctuate outsidethe original time
window (Guillarme et al2010).

2.2.3. Tannin analysis byandem mass spectrometry

Tandem mass spectrometry can bedufor both qualitative and quatatiive
determination of tannins.nHE SRM/MRM methodology enables high sensitivity
and selectivity fothe quanttation of tannins while the other applications allow
theanalysis of their fragmentation patterns and thusthetural elucidation of
tannins. In particular, ESMS/MS approachis a powerful tool for the
identification and structural characterization of tannins. The different utilization
modes (full scan, product ion scan, precursor ion scan, neutral losdl @&s we
SRM/MRM) and combination of the data obtained with the different modes are
very usdul in structure elucidation (Bubba et al. 2012). Still, the most common
method to study the fragmentation patterns is to use the product ion scan for a
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selectedprecusor ion. This enables tntativelyidentity the molecules and
further, to selectsuitableparameters for th8RM/MRM methods (Zywicki et

al. 2@2). The fragmentation patterns of both HTs and PAs are well
documented. ConsideringGs andGTs, their fragmatation patternbave been
suggested already byll scanMS (e.g. Salminen et al. 1999; Mammela et al.
2000) but utilization of MS" has enabled a more detailed descriptiorthef
fragmentation patternsThe fragmentationof GGs and GTs is rather
straighforward as they contain onballoyl groups attached to the core polyol
(GGs) and additional galloyls linked to the core galloyl groups via depside
bonds GTs). The depside bonds between two galloyls are less stablethiean
ester bonds between the coreyopbland galloyl groupgSalminen et al. 1999),

and thus the fragmentation of the former type of galloyl groups leads to the loss
of 152 Da while the latter one gives a fragment i@am/z169. In principle, all

the galloyl groups attached with depside ol the core galloyl groups are
fragmented first and then the galloyl groups attached to core polyol start to
fragment (Berardini et al. 2004; Regazzoni et al. 2013).

Figure 8 summarizes the current knowledge of the fragmentation patterns
of galloylgluco®s. The pentagalloylglucose shows consistent mass loss of
galloyl moieties to tetra tri-, di- and monogalloylglucoses. This has been
confirmed also by the neutral loss géllic acidin case ofpentagalloy to
digalloylglucose (Tan et al. 2010) Interestingly, the fragmentation of
digalloylglucosecontributes not only to the loss of galloyl group but ago
major product ions am/z 439 and m/z 423 have been reported (Soong and
Barlow 2005;Tanet al.2010) While the former derives from decarboxylation,
the latter has been suggested to derive from the removal of two formaldehyde
moieties fromthe central glucose (Taylor et al. 2005; Tan et al. 2010)
Similarly, the monogalloylglucosedgment ionsat m/z271 and m/z 211have
been explained by the removal aihe andtwo formaldehyde groups
respectively(Tan et al. 2010).
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Figure 8. Fragmentationpathway of galloylglucosesin negative mode ESWS"
(Zywicki et al. 2000; Soong and Barlow 2005; Tan et al. 2010). 5GG,
pentagalloylglucose; 4GG, tetragalloylglucose; 3GG, trigalloylglucose; 2GG,
digalloylglucose; 1GG, monogalloylglucose.

ET structuresare more complex than GG and GT structuresand
correspondingly, their fragmentation is less straightforwardowever, the
fragmentation patterns do follow the same general rules @ndhénomeric
ETs, the main fragments are often related to the functiooalpgrsuch as the
galloyl group andhe HHDP grap (Zywicki et al. 2002; Fracasetti et al. 2013;
Regueiro et al. 2014)or example, tentative fragmentatsoof an acyclic ET,
vescalagin, are presented in Fig@eln case of oligomeric ETsdditional
fragmentation pathways emerge due to their fragatemt into themonomeric
units of which the ETonsistsof (Mullen et al. 2002; Hager et al. 2008; Bubba
et al. 2012; Baert et al. 2015).
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Figure 9. Fragmetation pathway of vescalagin in negative mode-ESTI' (Zywicki et
al. 2002; Hager et al. 2008A, ellagic acid.

The lastgroup of tannins, PASs structurallysignificantly different from
HTs. For B-type PAs, lhe main fragmentation pattarimclude quinonamethide
(QM) mechanism, heterocyclic ring fission (HRF) and r&rels-Alder
(RDA) fragmentabn (Gu et al. 2003; Callemien and Collin 2008; Pérez
Jiménez and Torres 2012) which are presenteégare 10 for a PC dimer
With QM fragmentation it is possible to define the extension and terminal units
of the oligomers and polymersor example,n B-type PCdimers,the cleavage
of the interflavanoid bond gives fragments (negative mode)with m/z 289
(terminal unit)and m/z 287 (extension unit). fimeric PC gives fragments at
m/z577 andn/z287if the cleavage takes place betwedlea upper units anavz
289 andm/z575if it takes placebetweerthe lower unit§Callemien and Collin
2008; Péregdiménez and Torres 2012; Flamini 20Tala et al. 2013 For the
PC dimer and trimeHRF givesfragments am/z451 andm/z739while RDA
fissionresults ina fragment aim/z425for the PC dimer and an/z713for the
PC trimer (Callemien and Collin 2008; Jaiswal et2@l12; Pérediménez and
Torres 2012 Teixeira et al. 2016 Further, losses of ¥ and COare common
and explain many of the other ions prodilige the fragmentation of PAs
(Callemien and Collin 2008; Li and Deinzer 20@#lgadode la Torre et al.
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2013. For PA gallates,the loss of the galloyl group-152 Da) is
characteristially observed(Pezet et al. 2I1; Jaiswal et al. 2011; Pérez
Jiménezand Torres2012).In general,same fragmentations occalso for A
type PAsand the m/z values of PAs with one Atype bond differ from the
corresponding Bype PAby 2 Da However,A-type interflawanoid linkages do
not readily undergo RDA fissions because of the additional etherdvatttus,
these differences can be ugedlistinguishing Atype and Btype PAs (Gu et
al. 2003; Li and Deinzer 2008; Jaiswal et al. 2011; Flamini 2013).

Figure 10. Fragmentation pathwayf procyanidin dimer in negativenomode (Gu et
al. 2003; Callemien and Collin 2008; Pétkménez and Torres 2012). RDA, retro
Diels-Alder fragmentation HRF, heterocyclic ring fission; QM, quinone methide
cleavage

Compared to thenumberof publications that have utilized MS/MS for
tannin identification and to study the tannin fragmentation pattsurgrisingly
few papershave used MS/MS fotannin quantitationExamples of SRMand
MRM methods used in the literature tbie quanttation of tanninsare listed in
Table2. In additionto adjusting the typical interface parametesmhenutilizing
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QQqQ mass analyzgrthe cone voltage, collision energy and the pressutieeof
collision gas arenanually optimizedSherwood et al. 2009)Usually, the most

abundant fragment ion is selected foe tBRM/MRM transition(Sherwood et
al. 2009 and br smaller tannins, the selectiaf precursor ion israther

straightforward anaften the singly charged molecular s chosen for that
purpose However, when the molecular weigtit the tanninexceedshie mass
range of the analyzer, multiple charged ions are utilized (Baert et al. 2015).
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2.3. Tannin—protein interactions

Tannin-protein interactions have great importance in numerous plant related
domainsfrom the most basic functions in plant physiology and ecology to their
utilization in agriculture, foods and medicinEhe nterest in tannimesearch

has increased substantially during the past few decades and a particular interest
has beeron the role ottannins on the human and animal health and nutrition.
Many of these nutritional and health effects have been associated with the
ability of tannins to interact with proteins in biological systeinsorder to
understand the exact roles of tannins andemmetin these interactions, it has
been essential to determine the nature of the interactiod the features
affecting thecomplex formation.

2.3.1. Nature of tannirjprotein interactions

The nature of the interactisibetweentanninsand proteins can bdivided
into covalent and nenovalentbonding based on whether the molecules are
irreversibly bound to each other or hogspectively At low pH, tanninsmost
often form nonrcovalent bondsvith proteins while at higher pHhe formation
of covalent compmxes is favored Rrigent 2005; Hagerman 2012Norn-
covalentbonds more often referred amn-covalent interaction®nabletannins
to bind specifically but transiently to other molecul@annins, as well as
polyphenols in generare amptphilic molecuks containingboth hydrophilic
and hydrophobiaccharacteristics The hydrophilic character is caused by the
phenolic hydroxyl groups whereas the aromatic ring itself is hydrophobic
(PoncetLegrand et al. 2006; Muell¢darvey et al. 2007; Hagerman 2012
Although norcovalent bonds are weak, stable associatetseen tannins and
proteinsare formed when the interaction systéwrms multiple non-covalent
bondssimultaneouslyHaslam 1998 Almost all noAcovalent interactions can
be divided into subclassed the electrostatally attractive interactiong=rom
these interactions@Edtacking, hydrogen bonding and hydrophobic interactions
are the most importanbnes regarding tanniprotein interactiongHaslam
1998; Lodish et al. 200@angles andufour 2M6; McRae et al. 2031

At neutral to alkaline pHtannins may bexidized to form quinones via
unstable semiquinone radicaldppel 1993. A scheme of oxidation of the
HHDP grouppresent inETs is shownin Figure 11. Oxidation occurs most
readily ata pH higher than the pKa ahe tannin phenolic hydrogenyhich
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typically is in the range of @ (Appel 1993; Hider et al. 2001). Howeyer
oxidation of the tannins by biological free radicals or reactive oxygen species
independat of the pH The formedquinonesare relatively unstable molecules
and are easilyquenched bya reaction witha protein to form covalently
stabilized adducts (Appel 1993; Prigent et al. 2007; Quidet al. 2011;
Salminenand Karonen 2011)In this process,he electrophilic quinones
attackedby the lonepair bearing amine or thialf the protein and therefore
may alter the structure and function of the protein (Ludlum et al. 1991; Prigent
et al. 2007).

Figure 11. The oxidation ofa hexahydroxydiphenoyjroup to form a quinonayhich
further formscovalent bonds with proteirend as a consequence afféh structure
and function of the proteinin addition,the byproducts cause oxidative stress by
damagindipids, proteins and other biomoleculedapted from Salminen and Karane
2011)

In addition to dividing the tanniprotein complexes to covalent or ron
covalent, the nature dfieinteractionscan bedescribedoy the solubility of the
formed complegs Even if theclassicaldefinition of tanninemphasizesher
ability to precipitate proteis (Swainand Bate Smith 1962, precipitation does
not necessarily occur iconditionswhere the stoichiometry of the interacting
species favarsoluble complexes (CheandHagerman 2004; Hagerman 2012
Thus even ifa tannindoes not precpitate proteis efficiently, it may have a
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