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PREFACE

There is no doubt that among the large number of natural products of plant origin,
debatably called secondary metabolites because their importance to the eco-
physiology of the organisms that accumulate them was not initially recognized,
flavonoids play a central role. These compounds and their derived pigments have
contributed to shaping our knowledge of modern genetics, providing colorful tools
to investigate a number of central plant problems, including the biology of
transposons, the regulation of gene expression, gene silencing, and the organization
of metabolic pathways. The legacy left by several outstanding chemists who have
devoted their lives to the understanding of the chemistry of flavonoids is being
carried by a growing number of scientists who take interdisciplinary approaches to
continue to advance our knowledge of the pathway and develop new means to
manipulate the synthesis of these compounds, which have significant potential in
providing solutions to plant and animal illnesses alike.

The interdisciplinary nature of the research currently being carried out in the area
of flavonoids is part of the spirit that this book has tried to capture. Chemistry,
biochemistry, genetics, and cellular and molecular biology are all parts of the
toolbox that the investigator has at hand in addressing fundamental biological
questions regarding the biosynthesis, storage, regulation, evolution, and biological
activities of flavonoids. These tools are combined in each of the nine chapters that
form this book to address what I have perceived to be some of the most significant
challenges currently being pursued in the area of the biology of flavonoids. If
specific topics have been left out, such as, for example, the metabolic engineering of
flavonoids, it is only because in my opinion the number of reviews in this subject
exceeds the quantity of novel relevant primary research publications.

Chapter 1 provides a novel look at flavonoids from the perspective of
stereochemistry. Chapter 2 provides an overview of the state of the art in flavonoid
isolation and characterization.  Historic and up-to-date perspectives on the
biosynthesis of flavonoids are provided in Chapter 3. Chapter 4 integrates the
studies in several plants to provide models on how the multiple branches of
flavonoid biosynthesis might be regulated. Chapter 5 explores the poorly
understood mechanisms that underlie the trafficking of flavonoids within cells. A
review of the contributions that flavonoids and derived pigments have and continue
to provide to geneticists and molecular biologists is provided in Chapter 6. Chapter
7 illustrates models that may help to explain the evolution of flavonoids and the
corresponding regulatory and biosynthetic genes. Chapter 8 delves into the
expanding field of the role that flavonoids play in health, and Chapter 9 provides a
review on the role of flavonoids as plant-signaling molecules.

I want to finish by thanking the authors who contributed to this book and for
their patience in bearing with the multiple revisions of their submissions. I also
want to acknowledge the several reviewers who provided me with comments on the
chapters. Most wholeheartedly I want to thank Sarat Subramaniam for his help with
the formatting and editing of the book.
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CHAPTER 1

THE STEREOCHEMISTRY OF FLAVONOIDS

JANNIE P.J. MARAIS,* BETTINA DEAVOURS,” RICHARD A. DIXON,”
AND DANEEL FERREIRA™*

“National Center for Natural Products Research, Research Institute of
Pharmaceutical Sciences, School of Pharmacy, The University of Mississippi,
University, MS 38677 USA; bPlant Biology Division, Samuel Roberts Noble
Foundation, 2510 Sam Noble Parkway, Ardmore OK 73401 USA; “Department of
Pharmacognosy, Research Institute of Pharmaceutical Sciences, School of
Pharmacy, The University of Mississippi, MS 38677 USA

1. INTRODUCTION

The study of flavonoid chemistry has emerged, like that of most natural products,
from the search for new compounds with useful physiological properties.
Semisynthetic endeavors of oligoflavonoids are in most instances confined to those
substitution patterns exhibited by monomeric natural products that are available in
quantities sufficient for preparative purposes. In order to alleviate these restrictions,
several programs focusing on synthesis of enantiomeric pure flavonoid monomers
have been undertaken. However, synthesis of the desired enantiomer in optically
pure forms remains a daunting objective and is limited to only a few types
of compounds. Chalcone epoxides, o- and B-hydroxydihydrochalcones, dihydro-
flavonols, flavan-3-ols, flavan-3,4-diols, isoflavans, isoflavanones, and pterocarpans
thus far have been synthesized in reasonable yields and purity.

2. NOMENCLATURE

The term “flavonoid” is generally used to describe a broad collection of natural
products that include a C¢-C;-Cq carbon framework, or more specifically a
phenylbenzopyran functionality. Depending on the position of the linkage of the
aromatic ring to the benzopyrano (chromano) moiety, this group of natural products
may be divided into three classes: the flavonoids (2-phenylbenzopyrans) 1,
isoflavonoids (3-benzopyrans) 2, and the neoflavonoids (4-benzopyrans) 3. These
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groups usually share a common chalcone precursor, and therefore are biogenetically
and structurally related.

3! O (@]
4
2|
2
1
3

2.1. 2-Phenylbenzopyrans (C¢-C;-C4 Backbone)

Based on the degree of oxidation and saturation present in the heterocyclic C-ring,
the flavonoids may be divided into the following groups:

O @ O O 8) O
) ]
C |
flavan @] O
flavanonc flavone

99 9% 9@
OH OH OH

O 0] flavan-3-ol
tlaveonol dihydroflavonol

flavan-4-al flavan-3 4-diol

*stereocenters
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2.2. Isoflavonoids

The isoflavonoids are a distinctive subclass of the flavonoids. These compounds
possess a 3-phenylchroman skeleton that is biogenetically derived by 1,2-aryl
migration in a 2-phenylchroman precursor. Despite their limited distribution in the
plant kingdom, isoflavonoids are remarkably diverse as far as structural variations
are concerned. This arises not only from the number and complexity of substituents
on the basic 3-phenylchroman system, but also from the different oxidation levels
and presence of additional heterocyclic rings. Isoflavonoids are subdivided into the
following groups:

O O O

1sollavone isoflavanone

isoflav-3-ene

1y

coumestane 3-&]’_\-’] coumarin coumaronochromene

coumaronochromonec ]'ltCl‘OC arpan

*stereocenters
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2.3. Neoflavonoids

The neoflavonoids are structurally and biogenetically closely related to the
flavonoids and the isoflavonoids and comprise the 4-arylcoumarins (4-aryl-2H-1-
benzopyran-2-ones), 3,4-dihydro-4-arylcoumarins, and neoflavenes.

R

4-arylecoumarin 3.4-dihydro-4-arylcoumarin neoflavene

*stereocenters

2.4. Minor Flavonoids

Natural products such as chalcones and aurones also contain a C4-C3-C4 backbone
and are considered to be minor flavonoids. These groups of compounds include the
2’-hydroxychalcones, 2’-OH-dihydrochalcones, 2’-OH-retro-chalcone, aurones (2-
benzylidenecoumaranone), and auronols.

O U0 Ol C

0O
2'-OH-chalcone 2'-OH-dihydrochalcone 2'-OH-retro-chalcone

O\ O OH
 — E ]

,'/ i
XONENE

auronols

auronc

*stereocenters
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3. SYNTHESIS OF FLAVONOIDS
3.1. Chalcones, Dihydrochalcones, and Racemic Flavonoids

Chalcones and dihydrochalcones are considered to be the primary Cg-C3-Cg
precursors and constitute important intermediates in the synthesis of flavonoids.
Chalcones are readily accessible via two well-established routes comprising a
base-catalyzed aldol condensation or acid-mediated aldolization of 2-hydroxy-
acetophenones 4 and benzaldehydes 5 (Von Konstanecki and Rossbach, 1896;
Augustyn et al., 1990a) (Scheme 1.1). The base-catalyzed aldol condensation is
usually the preferred route toward chalcone 6 formation, since under acidic
conditions cyclization of the ensuing chalcone leads to formation of corresponding
racemic flavanones 7 (Claisen and Claparéde, 1881). Dihydrochalcones 8 are
generally obtained via reduction (H,/Pd) of the preceding chalcones (Scheme 1.1).

R=OIL OMe, OBn, OMOM, ate.

Scheme 1.1 Acid- and base-catalyzed synthesis of chalcones, racemic flavanones, and
dihydrochalcones.
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3.2. Asymmetric Epoxidation of Chalcones

Asymmetric epoxidation of olefinic bonds plays a crucial role in introducing
chirality in the synthesis of several classes of optically active natural compounds.
Sharpless (Katsuki and Sharpless, 1980; Johnson and Sharpless 1993) and Jacobson
(1993) developed viable protocols for the enantioselective epoxidation of allylic
alcohols and unfunctionalized olefins. However, attempts regarding the enantio-
selective epoxidation of o,B-unsaturated ketones, in particular chalcones, have met
with limited success.

Wynberg and Greijdanus (1978) first reported the utilization of quinine
benzylchloride 9 (BQC) and quinidine benzylchloride (BQdC) 10 as chiral phase-
transfer catalysts (PTC). Since then, the use of PTC has emerged as one of the
preferred methods for the asymmetric epoxidation of o,fB-unsaturated ketones and
led to the first stercoselective synthesis of (-)- and (+)-trams-chalcone epoxides
12a/b [yield: 38-92%; enantiomeric excess (ee): 25-48%] (Helder et al., 1976;
Wynberg and Greijdanus, 1978) (Scheme 1.2).

9 Quinine benzylchloride (BQC) 10 Quinidine benzylchloride (BQAC)
R, 0
R, Ry Ra I f 4
PTC / NaQIl vy o N
S 30% aq. H2O, o
0 Ry Rs
11 12a/b

Ri. Ry, Ry = H, OMe, OMOM, C1, NO»

a — conliguration shown: (- }-(u, BS)-epoxides
b = enantiomer: (+)-(aS, PR )-epoxides

Scheme 1.2 Epoxidation of chalcones 11 with BOC 9 and BQdC 10 as PTC.

Except for the poor ee, this protocol demonstrated the preferential formation of
(-)-(aR,BS)-12a and (+)-(aS,BR)-12b epoxides, with BQC 9 and BQdC 10 used,
respectively, as PTC. This resulted in several investigations of alternative catalysts
and reaction conditions to enhance the enantioselectivity of the epoxidation of
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enones (Table 1.1). However, these attempts were limited to nonchalcone enones
and a few non- and monooxygenated chalcone substrates, which lacked natural

product oxygenation patterns.

Table 1.1 Asymmetric epoxidation of electron-deficient olefins

Type of reaction and reaction conditions

References

1. Bovine serum albumin catalyzed epoxidation:
Bovine serum albumin (BSA) under Weitz—Scheffer conditions and aq
NaOCIl with o- and B-cyclodextrins as catalysts.

2. Zinc-mediated asymmetric epoxidation:

Metal-based catalytic systems: Epoxidation of o,[3-unsaturated ketones
with O, in the presence of Et,Zn and (R, R)-N-methylpseudoephedrine.
Metal-based polymeric catalytic systems: Polybinaphthyl zinc catalyst
for the asymmetric epoxidation of enones in the presence of Bu'OOH
(TBPH).

3. Lanthanide-BINOL systems:

Asymmetric epoxidation of enones using lanthanoid complexes:
Several kinds of heterobimetallic chiral catalysts [La- and Yb—BINOL
and La- and Yb-3-hydroxymethyl-BINOL complexes] are useful for
this procedure, using TBHP and cumene hydroperoxide (CMHP).
Enantioselective epoxidation of o,B-enones by utilizing chiral La(O-i-
Pr);-(8)-6,6’-dibromo-BINOL  and  Gd(O-i-Pr);-(S5)-6,6"-diphenyl—
BINOL catalysts and CMHP.

4. Diethyl tartrate—metal peroxides:

Modified Sharpless protocol, with chiral metal alkyl peroxides as
nucleophilic oxidants: Using (+)-diethyl tartrate [(+)-DET] as chiral
modifier in the presence of Li-TBHP and n-Buli, yielded the (+)-
chalcone epoxide. The (-)-chalcone epoxide was obtained simply via
replacing n-BuLi with n-Bu,Mg.

5. Phase-tranfer catalyst:

Enantioselective epoxidation of chalcones utilizing Cinchona alkaloid-
derived quaternary ammonium phase-transfer catalysts bearing an N-
anthracenylmethyl function with sodium hypochlorite as oxidant.

Use of chiral quaternary cinchonidinium and dihydrocinchonidinium
cations for the nucleophilic epoxidation of various o,p-enones,
utilizing KOCI in stoichiometric amounts as oxidant, at —40°C.

Colonna et al.,
1985; Colonna
and Manfredi,
1986

Enders et al.,
1996, 1997

Yuetal., 1999

Bougauchi
etal., 1997;
Daikai et al.,
1998

Chen et al.,
2001

Elston et al.,
1997

Lygo and
Wainwright,
1998, 1999
Lygo and To,
2001,

Corey and
Zhang, 1999
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Table 1.1 (continued)

Type of reaction and reaction conditions

References

Catalytic asymmetric epoxidation of enones promoted by ag. H,0O,
with chiral ammonium salts (cinchonine or quinidine derivatives).
Epoxidation of enones under mild reaction conditions, using a new
chiral quaternary ammonium bromide with dual functions as phase
transfer catalyst.

Asymmetric epoxidation with optically active hydroperoxides (cumyl
hydroperoxide) and mediated by cinchonine- and cinchonidine-derived
phase-transfer catalyst

Epoxidation of chalcones using the phase-transfer catalyst, chiral
monoaza-15-crown-5 lariat ethers, synthesized from D-glucose,
galactose, and mannitol, with TBHP as oxidant.

Use of optically active solvents [2-(V,N-diethylamino)-1-butanol or 2-
(N, N-di-n-butylamino)-1-butanol], #-BuyNBr as PTC and alkaline
HQOz.

6. Epoxidation with chiral dioxiranes:

Involving dimethyldioxirane (DMDO) type of epoxidation utilizing
chiral dioxiranes generated in situ from potassium peroxomonosulfate
(oxone) and asymmetric ketones.
2-Substituted-2,4-endo-dimethyl-8-oxabicyclo[3.2.1]octan-3-ones  as
catalyst for the asymmetric epoxidation of alkenes with oxone.

7. Polyamino acid-catalyzed epoxidation:

Julia—Colonna asymmetric epoxidation, originally employs a three-
phase system comprising alkaline H,O,, an organic solvent (hexane or
toluene) and an insoluble polymer (poly-L-/-D-alanine or -leucine).
Asymmetric epoxidation using a nonaqueous two-phase system of
urea hydrogen peroxide (UHP) in THF or tert-butyl methyl ether, with
immobilized poly-L-/-D-leucine.

Julia—Colonna stereoselective  epoxidation under nonaqueous
conditions using polyamino acid (poly-L-/-D-alanine or B-leucine) on
silica (PaaSiCat).

B-Peptides as catalyst: poly-B-leucine in Julia—Colonna asymmetric
epoxidation.

Polyethylene glycol (PEG)-bound poly-L-leucine acts as a THF-
soluble catalyst for the Julia—Colonna asymmetric epoxidation of
enones.

Arai et al.,
2002

Ooi et al.,
2004;
Adam et al.,
2001

Bako et al.,
1999, 2004

Singh and
Arora, 1987

Wang and Shi,
1997; Wang
etal., 1997,
1999

Klein and
Roberts, 2002

Julia et al.,
1980; Colonna
etal., 1983;
Banfi et al.,
1984

Adger et al.,
1997,

Bentley et al.,
1997

Geller and
Roberts, 1999;
Carde et al.,
1999

Coffey et al.,
2001

Flood et al.,
2001
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As a feasible alternative to the utilization of enzymes as catalysts in organic
reactions, Julia and Colonna (Julia et al., 1980, 1982; Colonna et al., 1983; Banfi et
al., 1984) investigated the use of synthetic peptides in the epoxidation of chalcones.
Because of the potential use of polyoxygenated chalcone epoxides as chirons in the
enantiomeric synthesis of flavonoids and to determine the effect of different levels
of oxygenation and substitution patterns on the poly-amino acid-catalyzed
epoxidation, this protocol was extended to a series of chalcones exhibiting aromatic
oxygenation patterns usually encountered in the naturally occurring flavonoids
(Bezuidenhoudt et al., 1987; Augustyn et al., 1990a) (Table 1.2).

Table 1.2 Asymmetric epoxidation of chalcones 20a/b—26a/b using poly-L- and poly-D-
alanine as catalysts

s N 9
Jota
PclyJ;ala.nirV I3 K ‘
T -

Ry OMOM Ry B
O O Haly / WaOH ()it B8 epoxides 20a-26a
Toluene / CC1,
. .
R, a 14
i3 Rs
13-19 Poly-D-alaning H\g ,-O\ @"@ g
H
MUMO o]

(1)wS, A )epoxides 20b-260
Epoxides R, R, R; R, Alanine % [0{]278 %
yield ee
(-)-20a H H H H L 65 50 38
(+)-20b H H H H D 57 +75 53
()-21a H H H OMe L 64 76 66
(+)-21b H H H OMe D 38 +52 46
(-)-22a OMe H H OMe L 74 -122 84
(+)-22b OMe H H OMe D 26 +77 53
(-)-23a OMe H OMe OMe L 46 -79 62
(+)-23b OMe H OMe  OMe D 34 431 25
(-)-24a OMe OMe H OMe L * * 32
(+)-24b OMe OMe H OMe D * * 20
(-)-25a OMe OMe OMe OMe L * * *
(+)-25b OMe OMe OMe OMe D * * *
()26a  OMOM H H OMe L 43 * 70
(+)-26b  OMOM H H OMe D 36 * 36

"Not reported
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The triphasic system comprising poly-L- or poly-D-alanine, alkaline H,O, and
organic solvent (CCly or toluene) was utilized during the enantioselective
epoxidation of chalcones 13-19, to afford epoxides 20a/b-26a/b in moderate yield
and ee.

Although the Julia asymmetric epoxidation has proved to be a reliable reaction to
afford polyoxygenated chalcone epoxides in good yield and moderate to high ee’s,
this protocol is not without limitations, since reaction times are often unacceptably
long and require continuous addition of oxidant and base. Degradation of the poly-
amino acid under such reaction conditions also poses difficulties. Bentley and
Roberts found satisfactory solutions to many of these problems by conducting the
asymmetric epoxidation in a two-phase non-aqueous system consisting of oxidant, a
nonnucleophilic base, immobilized poly-amino acid, and an organic solvent (Itsuno
et al., 1990; Lasterra-Sanchez et al., 1996; Bentley et al., 1997). This procedure
afforded chiral enone epoxides in high yields and optical purity with a substantial
reduction in reaction times and also was extended successfully to chalcone
substrates (Nel et al., 1998, 1999a; Van Rensburg et al., 1996, 1997a) (See also
Sections 3.3 and 3.4).

3.3. o+ and f-Hydroxydihydrochalcones

o~ and B-Hydroxydihydrochalcones constitute rare groups of C¢-Cs-Cy metabolites
presumably sharing a close biogenetic relationship with the oi-methyldeoxybenzoins
and isoflavonoids (Bhakuni et al., 1973; Shukla et al., 1973; Bezuidenhoudt et al.,
1981; Beltrami et al., 1982; Ferrari et al., 1983; Thakkar and Cushman, 1995).
Wynberg prepared an aromatic deoxy o-hydroxydihydrochalcone via catalytic
hydrogenation of the corresponding chalcone (Marsman and Wynberg, 1979).
However, by utilizing the versatile epoxidation methodology, Bezuidenhoudt et al.
(1987) and Augustyn et al. (1990a, 1990b) extended this protocol to the
enantioselective synthesis of a series of o-hydroxydihydrochalcones. Treatment
of (-)-20a-26a and (+)-chalcone epoxides 20b-26b with either Pd-BaSO4/H, or
Pd-C/H, afforded (+)-27a-33a and (-)-o-hydroxydihydrochalcones 27b-33b,
respectively, in moderate to high yields and moderate ee’s (Table 1.3).

Although several procedures, comprising diverse reagents, such as
benzeneselenolate ion, samarium diiodide, aluminium amalgam/ultrasound, and
metallic lithium in liquid ammonia, have been used for the regioselective reductive
ring opening of o,B-epoxyketones to form the B-hydroxyketone (Molander and
Hahn, 1986; Otsubo et al., 1987; Moreno et al., 1993; Engman and Stern, 1994), the
most general reagent for these conversions is tributyltin  hydride
(TBTH)/azobisisobutyronitrile (AIBN) (Hasegawa et al., 1992). This method was
applied to a series of chalcone epoxides comprising the methyl ethers of substrates
with natural hydroxylation patterns (Nel et al., 1998, 1999a).
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Table 1.3 Synthesis of o-hydroxydihydrochalcones 27a/b—33a/b

MOMG QO

O i
Sl Nt . . R, c::Mtél;; R,
% catalytic
Ry ;/;U m R
R4 :
I, 8]
20a/b R =R3=Ry=Ry=11 a — confipuration shown [ 27a/h Ry =R;=R3=Ry=1I
21a/b R, R, ~Ry;~H Ry~ OMe b — enantiomer 28aM R, ~R; Ry~ H Ry~ OlMe
22a/h Ry=R;=H, Ry =Ry =0Me 29afh Ra=R;=H. Ry =Ry =0Me
23a/b Ha=H, R =K3=R4=0Me 30a/h Ry =H, K =R3=R4=0Mc
24a/b Ry =1L R;=R,=Ry=0Me 3lab R; =1L Ry=R,=Ry=0Me
25a/b K| — Ry — Ry~ Ry — OMe 32a/b K| - Kz — Ry — Rq— OMs
26a/b Ry — OMOM,. Rz — R; —H, Ry— OMe 33a/h Ry — OMOM, Ry —R3—H, Ry —OMe
Substrate Catalyst — H, Product % %
(% ee) yield ee
(-)-20a (38) Pd/BaS0O, (+)-27a 92 27
(+)-20b (53) Pd / BaSO, (-)-27b 61 54
(-)-21a (66) Pd / BaSO, (+)-28a 51 61
(+)-21b (46) Pd / BaSO, (-)-28b 72 48
(-)-22a (84) Pd / BaSO, (+)-29a 88 76
(+)-22b (53) Pd / BaSO, (-)-29b 70 52
(-)-23a (62) 10% Pd/ C (+)-30a 42 61
(+)-23b (25) 10% Pd/ C (-)-30b 40 16
(-)-24a (32) 5%Pd/C (+)-31a * 24
(+)-24b (20) 5%Pd/C (-)-31b * 19
(-)-25a (*) 10% Pd/C (+)-32a * 14
(+)-25b (¥) 10% Pd/ C (-)-32b * 16
(-)-26a (70) Pd / BaSO, (+)-33a 50 65
(+)-26b (36) Pd / BaSO, (-)-33b 46 32
"Not reported

Since the Julia asymmetric epoxidation of chalcones often gives disappointing
stereoselectivity, Nel et al. (1998, 1999a) also used the improved two-phase
nonaqueous system with poly-amino acids as asymmetric catalysts, recently
developed by Bentley and Roberts (Lasterra-Sanchez et al., 1996; Bentley et al.,
1997). Treatment of enones 14-18 with immobilized poly-L-leucine (PLL)/urea-
hydrogen peroxide complex (UHP) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)
in dry THF, afforded the (-)-(aR,BS)-trans-epoxychalcones 21a-25a in moderate to
high yields (21-80%) and improved optical purity (53-95% ee). The enantiomeric
(+)-(0S,BR)-trans-epoxychalcones  21b-25b  were similarly obtained using
immobilized poly-D-leucine (PDL) (yield, 19-76%; ee, 50-90%). The chalcone
epoxides 21a/b-25a/b were then treated with TBTH/AIBN in refluxing benzene to
afford the (R)- 34a-38a and (S)-2’-O-methoxymethyl-B-hydroxydihydrochalcones
34b-38b in excellent yields (70-90%) and without loss of optically purity (Table
1.4).
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Table 1.4 B-Hydroxydihydrochalcone formation

MOMO
Urea-hydrogen / DBU

IHF /1t.
Poly-L-leucine or
poly-n-lencing By
(xR, BS)- or (o8, fR)-epoxychalcones
21a/b 1)~ Ra— Rz — H, By — OMo
22a/b Bo— By — 11 By —RBs— OMe
17 Ra=H. &} =Ry =Ry = OMe 23a/b Bz — 11, Ry —R3 - R4 - OMe
18 B, —R; —R; R, —OMe 24a/b 1y =H, I, =R, =1, =OMc
25a/b 1y =Ra=Rq =14 = OMgc
lm'm / AIBN
bhenzene / rellux
(K- or (S)-p-hydroxydihydrochalcone
34a/b Ry =Rs=Ry=H R, =OMe
a = configuration shown 35a/b Ry =R3=H, B =Ry=0OMe
b = enantiomer 36a/b Ro=H, Ry=Ry=Ry=0Me
37a/b Ra=H, R;=R,=Ry=OMe
38a/b ) =Ra=R3=R;=0Me
Chalcone Poly Chalcone- % Y B-hydroxy- % )
amino epoxide yield ee dihydro- yield ee
acid chalcone
14 PLL 21a 71 85 34a 73 85
14 PDL 21b 69 81 34b 70 80
15 PLL 22a 80 95 35a 83 91
15 PDL 22b 76 90 35b 90 88
16 PLL 23a 64 88 36a 78 84
16 PDL 23b 61 87 36b 81 85
17 PLL 24a 36 60 37a 79 55
17 PDL 24b 33 61 37b 76 61
18 PLL 25a 21 53 38a 83 48
18 PDL 25b 19 50 38b 78 47

3.4. Dihydroflavonols

Although the Algar-Flynn-Oyamada (AFO) protocol (Geissman and Fukushima,
1948; Dean and Podimuang, 1965) and the Weeler reaction were mainly used for the
synthesis of aurones, it was demonstrated that these reactions can be adapted for the
formation of racemic dihydroflavonols (Saxena et al., 1985; Patonay et al., 1993;
Donnelly and Doran, 1975; Donnelly et al., 1979; Donnelly and Emerson, 1990;
Donnelly and Higginbotham, 1990) in moderate to good yields.
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Cyclization of 2’-hydroxy-a,3,4,4’-tetramethoxychalcone 39 with sodium acetate
in ethanol furnished both 3,3’,4’,7-O-tetramethyl-2,3-trans-40 and 3,3'4',7-O-
tetramethyl-2,3-cis-dihydroflavonols 41 in 22% and 11% yields, respectively
(Scheme 1.3). However, this method was not applicable to cycli-zation of a-OH-
chalcones (Van der Merwe et al., 1972; Ferreira et al., 1975).

OMe OMe
MeO. OH O MeO. (@) \\\\\©i
| OMe NaOAc . OMe
EtOH
OMe OMe

o o
39 40
+

OMe

o O
O OMe
OMe

o
41

MeO,

Scheme 1.3 Chalcone cyclization with NaOAc in EtOH to yield trans- and cis-
dihydroflavonols.

Initial attempts toward acid catalyzed cyclization of the chalcone epoxide to the
corresponding (2R,3R)-2,3-trans- 44a and (2S,3R)-2,3-cis-dihydroflavonols 45a
were hampered by two difficulties, i.e., aryl migration with formation of 4’,7-
dimethoxyisoflavone 43 and the epimerization/racemization of the
thermodynamically less stable (2S,3R)-2,3-cis-4",7-dimethoxydihydroflavonol 45a
to yield (2S,35)-2,3-trans-dihydroflavonol 44b (Augustyn et al., 1990a) (Scheme
1.4). The “loss” of optical purity in the 22a — 44a conversion indicates competition
between protonation of the heterocyclic oxygen and hydrolysis of the 2’-O-acetal
functionality, hence leading to a considerable degree of Syl character for the
cyclization step with concomitant racemization at C-3 of a presumed carbocationic
intermediate 42, yielding dihydroflavonols 44a and 45a. The thermodynamically
less stable (25,3R)-2,3-cis-dihydroflavonol 45a is rapidly racemized at C-3 to give a
mixture of 45a and 44b under the prevailing acidic conditions. Formation of the
isoflavone 43 is attributed to acid-catalyzed cleavage of the highly reactive oxirane
functionality prior to deprotection.
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MOMO Q MeO Q
Oy
A MeO. oMo OMe O |
H* QOH
H — : T
H Aroyl
MO i e}
Oe + mIgranon OMe
o
22a 42 43

/

CMe OMe
Me0 o_ . ©/ MeO o ‘ M
O
OH oH racermzabon

s} =]

)

44a 45a 44b

Scheme 1.4 Attempts toward synthesis of (2R,3R)-2,3-trans- 44a and (2S,3R)-2,3-cis-
dihydroflavonols 45a using acid-catalyzed cyclization.

In order to enhance the Sy2 nature of the ring closure step, and thus the formation
of 44a, methods aimed at the selective removal of the 2'-O-methoxymethyl group
under mild conditions were explored. It was anticipated that deprotection of the 2’-
O-methoxymethyl group with concomitant cyclization would enhance the
preservation of optical integrity. In order to circumvent the problem of isoflavone
formation, Van Rensburg et al. (1996, 1997a) investigated methods aimed at the
initial nucleophilic opening of the oxirane functionality, followed by deprotection
and cyclization. The excellent nucleophilic and nucleofugic properties of
mercaptans (Barrett et al., 1989) prompted evaluation of thiols in the presence of
Lewis acids and resulted in the selection of the phenylmethanethiol-tin(IV) chloride
(BnSH/SnCl,) system as the reagent of choice for the oxirane cleavage (Chini et al.,
1992). Treatment of the series of chalcone epoxides 21a/b-25a/b with BnSH/SnCl,
selectively cleaved the Cg-O bond of the oxirane functionality at —20°C and
effectively deprotected the methoxymethyl group at 0°C to give the corresponding
o.,2’-dihydroxy-B-benzylsulfanyldihydrochalcones 46a/b-50a/b as diastereomeric
mixtures (syn.: anti, ca. 2.3:1) in 86-93% yield. Treatment of these o-hydroxy-B-
benzylsulfanyldihydrochalcones 46a/b-50a/b with the thiophilic Lewis acid, silver
tetrafluoroborate (AgBF,) in CH,Cl, at 0°C, gave the 2,3-frans-dihydroflavonols
44a/b, 51a/b-54a/b in good yield and albeit in low proportions for the first time also
the 2,3-cis analogues 45a/b, 55a/b-58a/b (Table 1.5).
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Table 1.5 Asymmetric synthesis of dihydroflavonols

OMOM Ry
=

R P R

14 By=Ro=Ky=H, Ik;=0Me
15 Ry~ Ry~ OMe, Ra—R3—H
16 Ry =R3=Ry=0Me, Rp=TI
17 R =Ry =Ry =0OMe, Ry=H
18 R‘I:RQ:R]:R.i:OTVTC

Slalb Ry =R;=R; =1L Ry=0OMe
4da/b R, =R, = OMe, R;=R;-H
S2a/h Ri=R3=R4=0Me, Ro=H
S3a/h Ry =Ry=R,=0Me, Ry=H
Sdath Ry~ Ry~ R3 Ry~ OMe

Ry

55wb Ry —Ry— B3 —IL Ry— OMe
4fah R Ry~ OMe, Ry~ Ry~ 1
S6ath Ry=Ry=Ry=0Me, Ry=H
57ah Ry=Ry=Ry=0Me, By=H
SBah Ry - Ry~ R;~ Ry~ OMe

30% HyOy / 6M NaOH

MOMO 0

poly-L- or pely-D-alanine
CCLy /1L /3696 h et

2lalb Ry =Ro=Ri=H, k;=0Me
22a/h Ry —R4—OMe, Ra—R3—H
23a/b R; =R3=Ry=0OMe, Ro=II
24a/b R, =R, =R, = OMe, Ry-H
25ah Ry =Ry =Ry=Ry=0OMe

BniSH / 8nCly
CH,Cly /=20 - 050

By

Ry Q SBn

AgRF, / (.01 / R

46a/b R =Ry =R3=H, Ry=0Me
47a/b Ry=Ry=0OMe. Ry;=R;=II
48a/b K| —R3—Hy—OMe, Ry—H
49/ R;=R,=R,=0Me, Ry=H
S0a/b R; - Ry Ri-R; - OMe

u — conliguration shown
b = enantiomer

Epoxide % %  Dihydro-chalcone % Dihydro- % %  trans:cis

yield ee yield flavonol yield ee
21a 99 84 46a 86 51a/55a 86 83 93:7
21b 98 69 46b 90 51b / 55b 83 69 94:6
22a 98 86 47a 93 44a / 45a 71 84 79 :21
22b 98 74 47b 90 44b / 45b 72 75 83:17
23a 99 67 48a 89 52a/56a 81 68 85:15
23b 98 58 48b 91 52b / 56b 79 58 86:14
24a 97 70 49a 89 53a/57a 65 69  78:22
24b 97 53 49b 89 53b/57b 64 53 84:16
25a 79 49 50a 91 54a/58a 61 47 82:18
25b 76 49 50b 88 54b / 58b 63 44 80 :20
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A highly enantioselective synthetic method (99%, ee) was reported by Jew et al.
(2000) for optically pure (2R,3R)-dihydroflavonols, by wusing catalytic
asymmetric dihydroxylation and an intramolecular Mitsunobu reaction as key steps
(Scheme 1.5).

R, . . Ry Ry
AD-mix-o, or AD-mix-p
+-BuOH : H,0 (1: 1, viv) MOMCI/ (i-Pr),NEt
MeSO,NH, / 0°C
. eSO,NH, . CH,Cl, /1t -
| OH OMOM
CH;0, CH30, CH30,
OH OMOM
o] O o]
59 R,=H 61 R, =H (80%) 63 Ry =H (95%)
60 R, = OCH; 62 R, =OCH; (89%) 64 R, = OCH; (92%)
DIBAL-H / Toluene
-78°C
R OMOM R,
Li
R, R,
- OMOM
THF / -78°C H
OMOM
O
67 R =R,=H (50%) 65 Ry=H (69%)
68 R; = OMOM, Ry = OCH3 (65%) 66 R, =0OCH; (83%)
NMO (V-methylmorpholine V-oxide) /
TPAP (tetrapropylammonium perruthenate) /
4A molecular sieve / CH,Cl, / 1t
Ra
Ry el ‘
® :
2% HCl/ MeOH / 40°C OH
e
OH
R, 0
69 R =Ro=H (92%) 71 Ri=Ry=H (31%)
70 R; = OMOM, R; = OCHj (90%) 72 R; = OH, R, = OCHj3 (41%)
lPPhg /DEAD / THF /1t
Ry
R, o, @:
o R,

OH

R, o)

73 Ry =Rp=H (54%)
74 R; = OH, Ry = OCH; (51%)

Scheme 1.5 Synthesis of dihydroflavonol 73 and 374 ~di-O-methyltaxifolin 74.
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Sharpless asymmetric dihydroxylation of 59 and 60 with AD-mix-¢. gave the
2R,3S-diols 61 and 62 in excellent yields (80% and 89%, respectively) and ee (99%).
This was followed by protection of the C-2 and C-3 hydroxyl groups with MOMCI
and reduction with diisobutylaluminium hydride to give the corresponding
aldehydes 65 and 66. Addition of aryllitium to aldehydes 65 and 66 afforded the
secondary  alcohols 67 and  68. Oxidation of 67  and
68 produced the corresponding ketones 69 and 70, which were deprotected under
acidic  conditions to give the pentahydroxyketones 71 and 72.
An intramolecular Mitsunobu (Mitsunobu, 1981) reaction afforded dihydroflavonol
73 and 3’,4'-di-O-methyltaxifolin 74, respectively. The absolute configuration of the
newly formed stereogenic center C-2 of 73 and 74 were assigned as 2R, consistent
with the Sy2-mechanism of the Mitsunobu reaction.

3.5. Flavan-3-ols and Flavan-3,4-diols

Flavan-3-ols, e.g., (+)-catechin and (-)-epicatechin, represent the largest class of
naturally occurring C¢-C3;-C¢ monomeric flavonoids.  Flavan-3-ols also have
received considerable interest over the last few years because of their importance as
the constituent units of proanthocyanidins (Porter, 1988, 1994; Ferreira and Bekker,
1996; Ferreira and Li, 2000; Ferreira and Slade, 2002; Ferreira et al., 2005).
Progress in the study of these complex phenolics is often hampered by the limited
availability of naturally occurring flavan-3-ol nucleophiles with 2,3-trans, and
especially 2,3-cis, configuration. One of the most common ways for the synthesis of
flavan-3-ols and the closely related flavan-3,4-diol analogues involves the reductive
transformation of dihydroflavonols. Reduction of the dihydroflavonols 75a/b with
sodium borohydride in methanol affords the 2,3-tranms-3,4-trans-flavan-3,4-diols
76a/b, while reduction in an aprotic solvent like dioxane yielded the C,-epimers
77a/b exclusively (Scheme 1.6) (Takahashi et al., 1984; Onda et al., 1989). Such
reversal in the direction of the hydride attack could probably be explained in terms
of the presence of hydrogen bonding in aprotic solvents.

Catechin 80 represents the only flavan-3-ol synthesized from the corresponding
dihydroflavonol (Weinges, 1958; Freudenberg and Weinges, 1958). Consecutive
treatment of 2,3-trans-3-O-acetyldihydroquercetin tetra-O-benzyl ether 78 with
LiAlH, and H,/Pd gave the free phenolic flavan-3-ol 79 in optically pure form
(Scheme 1.7). '*C-Labeled (+)-catechin recently was synthesized by utilizing
osmium-catalyzed dihydroxylation of a flav-3-ene intermediate as a key step to yield
the 2,3-trans-3,4-cis-isomer with high diastereoselectivity. The first attempt
included ten steps, starting from K'?CN (Nay et al., 2000). A slightly different but
improved approach was later developed by the same group (Arnaudinaud et al.,
2001a, 2001b) for the formation of *C-labeled (-)-procyanidin B-3. Improved
yields were reported and the number of steps to the pivotal intermediate flav-3-ene
was reduced. A disadvantage using these protocols is that enantiomeric mixtures are
formed that require more refined and usally more expensive separation methods.
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Scheme 1.6 Reduction of dihydroflavonols with NaBH  to afford flavan-3,4-diols

Ol OBn UH
BnO, Q. i @ B 0, C[ HO, L&) @
OBn  LiAlH, e ORn H, ! Pd OH
—_—— —_——
Dac THF it dloxune -
UBn L OBu  OH 21

TR T9a/h (69%1) 80 (yield not reported)

Scheme 1.7 Reduction of 2,3-trans-3-O-acetyldihydroquercetin tetra-O-benzylether 78 to
yield catechin 80.

(+)-[*C]-Catechin 84a and (-)-["*C]-epicatechin 87 were isolated in high ee,
respectively, by the formation of their tartaric acid derivatives (Nay et al., 2001).
The resolution process included the esterification of the 3-OH group of 81a/b with
L-dibenzoyltartaric acid monomethyl ester to give a mixture of diastereomers 82 and
85 (92%) (Scheme 1.8). The (+)-catechin derivative 82 was crystallized in
hexane/dichloromethane (3:1) (diastereometic excess [de] > 99%), while the (-)-ent-
catechin derivative 85 remained in solution. The diastereomeric pure (de = 99%) (-
)-ent-catechin derivative 86 also was isolated by crystallization after hydrolysis
(MeOH/H,O/KOH) of 85, following esterification with D-tartaric acid. (+)-[°C]-
catechin 84a was isolated in a high yield and ee (99%) after hydrolysis and
reduction/deprotection steps. Epimerization at C-2 of (-)-[°CJ-ent-catechin 84b,
using 1% (w/v) ag. NasPO,, led to an equilibrium mixture of (-)-84b and (-)-[*C]-
epicatechin 87 in an approximate 3:1 ratio after 20 hr at 25°C (ee >99%).
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Scheme 1.8 Synthesis via resolutions of (+)-["*CJ-catechin 84a and (-)-[">C]-epicatechin 87,

In order to address the issue of stereocontrol at C-2 and C-3 of the flavan-3-ol
molecular framework, Van Rensburg et al. (1997b, 1997¢) designed a concise
protocol based on the transformation of retro-chalcones into 1,3-diaryl-propenes
(Table 1.6). These compounds are then subjected to asymmetric dihydroxylation to
give polyoxygenated diarylpropan-1,2-diols, which are used as chirons for

essentially enantiopure flavan-3-ols.

This protocol included a base-catalyzed

condensation of the appropriately oxygenated acetophenones and benzaldehydes to
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Table 1.6 Synthesis of flavan-3-ols 108a/b-117a/b

,.\ L OMaM MM L OMOM
AI ‘J\[ DTd-Th/ DOl f/ \,[ _DSOCLICHCL \,L(
i} 4’|BH4 EiOH /L i) LR-Du (H-ﬂl = L L
/j 1t S S R,
=8

88R| Ry= Fq T, R = OM: 93R| R:=R3=H, R;=CMe by R Ry R H R OM:

%9 Ry 94 Ry -Ry 99 R =Ry=Obc Ra=Ry=TI
£ (T 95 By R I k: 100 By - B, - Ry - Ohs Ko -H
LR = e, 36 Ry =R:=R;=( 1 101 By =Ry=R;=0 3 =H
MR, R; Ry Ky OMe 9T R: Ey M N2 Ry =Ry=R:=Ry={iMa

AD-mix-e, or AD-mix-f)
T FDuOLL IO (1 L vy

'/ “‘--\_ i) AM HUL Y MeOH: HSU (301, vy MeSLENE ARG
i) 420 piidine

. B i 8 MO
WS l I . /\ ol
3 il - ¢ N e
- \
i OAs S N T’ /
2
I %

& 103ath By = Ra= Ra= 1T, Ry = Ohe
106/ Ry =Ry =Ra =1L R = OMe L13a/b R = Ry =R: =1L Ry= UM

4w I R OMe By I; H
109/ Ry = Ry = OMz. Ro=Ry=H Udarb By =Ry =OMe, Rz =FRy=T 108ath Ty = Ra= Ry = OMz, Ro =TI
b By Ry Ry OM: Ry H Lk R, Ry By OMs Ry H 106a/b B, =Ry = By = (A, Ry =H
Iath Ry=R:=Ry= UMz, Ry=H L1ga/b By = Ry~ Ry W7adb 1t = 1= B:= Ky = OM2
12t By R Ra By Ohle L7l R =Ry =R.=

a = confliguralicn shown

h = enantiomer

Propan- % Prop- % 1,2- % %  Flavan-3- % Trans:cis
1-ols yield  enes  yield diols  yield ee ols yield
93 99 98 73 103a 82 99 108a/113a 87 1:0.33
103b 8 99 108b/113b 88 1:031
94 98 99 74 104a 8 99 109a/114a 88 1:036
104b 82 99 109b/114b 90 1:0.33
95 99 100 70 105a 8 99 110a/115a 82 1:0.32
105b 8 99 110b/115b 80 1:0.30
96 98 101 68 106a 80 99 111a/116a 71 1:0.32
106b 83 99 111b/116b 70 1:0.33
97 99 102 66 107a 80 99 112a/117a 66 1:0.34

107b 87 99 112b/117b 65 1;0.35

In all cases, the ee was 99%.
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afford the (E)-retro-chalcones 88-92 (J,p 15.8-16.0 Hz). Consecutive reduction
(Pd-H, and NaBH,;), followed by elimination {SOCl, and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (1,8-DBU)} of the ensuing alcohols 93-97 afforded
the (E)-1,3-diarylpropenes (deoxodihydrochalcones) 98-102 (J;, 16 Hz) in
resonable overall yield (65-73%). Owing to the excellent results obtained
(Sharpless et al., 1977, 1992; Kwong et al., 1990; Jeong et al., 1992; Amberg et al.,
1993; Gobel and Sharpless, 1993; Wang et al., 1993; Kolb et al., 1994a, 1994b;
Norrby et al., 1994) during asymmetric dihydroxylation (AD reaction) of olefins
with AD-mix-o. or AD-mix-f3, these stereoselective catalysts were utilized for the
introduction of chirality at C-2 and C-3 of the flavan-3-ol framework. Thus,
treatment of the protected (E)-propenes 98-102 at 0°C with AD-mix-o in the two
phase system ‘BuOH: H,O (1:1) afforded the (+)-(1S,25)-syn-diols 103a—107a (J, ,
5.8 -6.5 Hz) in high yields (80-86%) and optical purity (99% ee). The (-)-(1R,2R)-
syn-diols 103b—107b were similarly obtained by using AD-mix-f3 (yield: 82-87%,
99% ee). Application of the Lewis acid-catalyzed phenylmethanethiol ring-opening
and cyclization of chalcone epoxides in the synthesis of dihydroflavonols (see
Section 3.4) (Van Rensburg et al., 1996, 1997a) to cyclization of the diols, however,
resulted in slow (24 hr) and low percentage conversion (10-20%) into flavan-3-ols.
In order to transform the diols more effectively into the corresponding flavan-3-
ols, methods aimed at the selective removal of the 2'-O-methoxymethyl group and
subsequent ring closure under mild acidic conditions were explored. Simultaneous
deprotection and cyclization of diols 103a/b—107a/b in the presence of 3M HCI in
MeOH, followed by acetylation, yielded the 2,3-trans- (yield: 48-68%) 108a/b—
112a/b and for the first time 2,3-cis-flavan-3-ols (yield:17-22%) 113a/b—117a/b in
excellent enantiomeric excess (>99%). Assignment of the absolute configuration of
the resulting flavan-3-ol derivatives 108a/b—117a/b by 'H-NMR and CD data
confirmed the configuration of the diols as derived from the Sharpless model.
The potential of this protocol in the chemistry of the oligomeric proanthocyanidins is
evident, especially in view of its aptitude to the synthesis of free phenolic analogues.
The latter analogues are as conveniently accessible by simply using more labile
protecting groups instead of O-methyl ethers. This was illustrated by Nel et al.
(1999b) by synthesis of the 4’,7’-dihydroxyflavan-3-ol diastereomers to confirm
(2R,3S)-guibourtinidol as a new natural product. Owing to the acid lability of
methoxymethyl derivative, the MOM functionality was used as a protecting group.
This method was extended to the synthesis of the full range of flavan-3-ols,
comprising different oxygenated phenolic substitutions as found in nature (Nel et al.,
1999c¢).
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3.6. Isoflavonoids

Synthetic routes to optically pure pterocarpans, exhibiting the aromatic oxygenation
patterns of naturally occurring isoflavonoids, are limited by the lack of readily
accessible starting materials. These restrictions and the challenge to form the
tetracyclic ring system with stereocontrol led to the development of various
synthetic approaches. Synthetic endeavors toward pterocarpans comprise Heck
arylation (Ishiguro et al., 1982; Narkhede et al., 1990), the reduction and cyclization
of the corresponding 2'-hydroxyisoflavanones (Krishna Prasad et al., 1986),
cycloaddition reactions of 2H-chromenes with 2-alkoxy-1,4-benzoquinones (Engler
et al., 1990; Subburaj et al., 1997), and 1,3-Michael-Claisen annulation (Ozaki et al.,
1988, 1989). Only two methods, i.e., asymmetric dihydroxylation of an isoflav-3-
ene (Pinard et al., 1998) and subsequent ‘“hydrogenative cyclization” or 1,4-
benzoquinone cyclo-addition reactions utilizing chiral Ti(IV) complexes (Engler et
al., 1991, 1999), permitted enantioselective access to this class of compounds.

3.6.1. Isoflavans

Given the fact that the configuration at C-3 would dictate the configuration at C-2 or
C-4 in the 3-phenylchroman framework, a series of isoflavans were synthesized,
which would then afford stereoselective access to other classes of chiral
isoflavonoids (Versteeg et al., 1995, 1998, 1999). The protocol involved the
stereoselective a-benzylation of phenylacetic acid derivatives, subsequent reductive
removal of the chiral auxiliary, and cyclization into the isoflavans (Scheme 1.9).
Owing to the efficiency of the asymmetric alkylation reactions of chiral imide
enolates, (4S5,5R)-(+)- and (4R,55)-(-)-1,5-dimethyl-4-phenyl-2-imidazolidinones
118a and 118b were used as chiral auxiliaries in the benzylation reactions (Close,
1950; Roder et al., 1984; Evans et al., 1987; Cardillo et al., 1988; Drewes et al.,
1993). The basicity of the imidazolidinones was decreased by utilizing the
trimethylsilyl ethers 119a and 119b in the acylation step using the phenylacetyl
chlorides 120-122. The ensuing N-acyl imidazolidinones 123a/b-125a/b were then
alkylated with the appropriate 2-O-methoxymethylbenzyl bromides 126 and 127 in
good to excellent yields with only one diasterecomer isolated (de > 99%). Removal
of the chiral auxiliary was effected by reductive deamination using LiAlH, in THF
for imides 128a/b-130a/b and a saturated solution of LiBH, in ether for analogues
131a/b-133a/b to give the 2,3-diarylpropan-1-ols 134a/b-139a/b (Cardillo et al.,
1989; Paderes et al., 1991). Acidic deprotection (3M HCI in MeOH), followed by
cyclization under Mitsunobu conditions (Shih et al., 1987) afforded the target
isoflavans 140a/b-145a/b in excellent yields and in nearly enantiopure form (ee
>96-99%).

The stereochemistry of the alkylation step is explicable in terms of the
preferential formation of a Z-enolate (Evans at al., 1982). Attack of the electrophile
is then directed to the face of the enolate opposite the phenyl moiety on the chiral
auxiliary. The chiral auxiliary with 4S-configuration led to propanols exhibiting
positive optical rotations and those from 4R-N-acyloxazolidinones showing negative
values, in accordance with observations by Evans et al. (1982).
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Alkylation of (4S,5R)-(+)-N-phenylacetylimidazolidinones resulted in (+)-

propanols and (3S5)-isoflavans and (4R,5S)-(-)-N-phenylacetylimidazolidinones in (-
)-propanols and (3R)-isoflavans.
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137a/b R, =R=1], Ry=R,~OMe (81; 80%)
138a/b R,=Ry=H, R,=R,=OMe (74; 77%)
13%/b Ry=H, R, =R=R,~OMs (80; 84%%)

und > : 3
LiBH, / E,Q for 131a/b-133a/b M Th
MOMO Ry
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129a/b R;=R=H, R;=Rs=0Me (95, 87%)
130a/b R,=R,=H, R;=R,=OMe (both 9294

13asb Ry=R;=H, Ry=R,=OMe (both 65%)
132a/h Ry Ry H, Ry, Ry OMe (65, 70%)
133a/b Ry 1, Ry—Ra—Ry-OMe (both 60%)

i) M HCIL { MeOH / refhux
i) PhyP/ DEAD ¢ TIIT / 1t.

R, %)
Ry
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140a/b Ry;=R,=R,=H, Ry=OMz (yield: 85; 80%) (e2 > 09%)
141a/ Ry=R,~H, Ry=Rs=OMe (yield: 85; 84%) (ce > 29%
142a/b R,=R,=H, R =R,=0OMe (vield: 70; 75%)
143a/b B;—RyH, ByR—OMe (yield: 80; 81%) (
144a/h Ry Ry H, Ry Ky OMe (yield: 90, 83%) (ee > 29%)
1452/ Ry— H, Ry—Ry—Ry—OMc iyicld: 88; 82%) (co » 99%)

a — configuration shown
b — enanliomer

Scheme 1.9 Stereoselective synthesis of (R)- and (S)-isoflavans.

3.6.2. Isoflavone Epoxides

The first representatives of flavone epoxides were prepared either by alkaline
hydrogen peroxide epoxidation of isoflavones or by an intramolecular Darzens
reaction of o-bromo-O-acyloxyacetophenones. Lévai et al. (1998) demonstrated that
dimethyldioxirane (DMDO) is a convenient and effective reagent for the epoxidation
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of various substituted isoflavones and subsequently prepared isoflavone glycoside
epoxides in high yields by utilizing this versatile oxidizing agent. However,
attempts to synthesize enantiomeric isoflavone epoxides with DMDO and a chiral
auxiliary demonstrated that the sugar chiral auxiliary did not exercise enantiofacial
selectivity and epoxides were isolated as 1:1 diasteromeric mixtures. The
Jacobsen’s Mn(Ill)salen complexes have proved to be highly efficient catalyst for
the enantioselective epoxidation of olefins by using various oxygen donors. It was
demonstrated that epoxidation of 2,2-dimethyl-2H-chromenes, in the presence of
optically active Mn(IlI)salen complexes and DMDO, proceeded enantioselectively.
Epoxidation of isoflavones 146-151, utilizing the Mn(IIl)salen complexes
(R,R)- and (S,S)-N,N “bis(3,4-di-t-butylsalicylidene)-1,2-cyclohexanediaminomanganese
chloride as catalysts and DMDO or NaOCl as oxygen donors, afforded for the first
time the optically active isoflavone epoxides 152a/b—157a/b (Scheme 1.10).

3.6.3. Isoflavanones

By employing a stereocontrolled aldol reaction as the key step, optically active
isoflavones 168—171 were synthesized for the first time by Vicario et al. (2000) in
good yields and excellent ee’s (Scheme 1.11). This sequence included an
asymmetric aldol reaction between (S,S)-(+)-pseudoephedrine arylacetamide and
formaldehyde to introduce chirality in the isoflavanone carbon framework at C-3.
This was followed by the introduction of the B-ring as a phenol ether under
Mitsunobu conditions and subsequent removal of the chiral auxiliary. Acids 164—
167 were then converted by an intramolecular Friedel-Crafts acylation, yielding the
isoflavanones 168—171 in good yields and essentially enantiopure.
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Ry

Ry

(2R.35)-

152a R =R, =R; =11 [method (1) yicld: 31%, ce: 52%]

1532 Ry —OMe. R, — Ry = H[(1) yicld: 27%, ea: 37%; (2} yield: 30%, ee: 71%]
L54a Ry=MeSO:0,. Ry =R, =TI [(1) yicld: 22%, cc: 21%]

1552 Ry —Ry—OMe, R — H (1) yield: 39%, ee: 52%|

L56a Ry — Ry~ OMe, R, — H[(11yield: 31%, ee: 82%]

157a Ry = MeSO,0, R — OMe, Ky = H [(1) yield: 25%, ee: 72%]

Method 1:
(R R-cat

Method 2:
NaQC1/ PPNO
R; )
146 R, -R,-R,-H 45.5)-cat
147 Ry = OMe,R;=R:=H
148 B, =Me50,0,R,=R,=H
149 B, — B~ OMe, H
150 Ry =R, =OMe, i Ry
181 Ry =Me§S0,0. R,=OMe, Ry =T

Q

R
(28,3R)- 3

152b R, =R.=R,=H[{1) vield: 34%, ee: 36%; (2) vield: 25%, ee: 63%]

153b R, =0OMe R, =R;=H [{1} vield: 36%, ee: 39%; (2) yield ee 77%)

134b R =MeSO,0 R, =Ry =H [(1} yield: 27%, ce: 48%: (2) yield: 23%, ce: 56%]

155b R —R;— OMe, R, — H [{1} yield: 29%, ce: 229 (2) yield: 30%, ee: 76%)

156h Ry =R;=0OMe, Ry=TF [{1) yield: 32%, ce: 86%; (2) yield: 30%, ec: 90%)

157b Ry = MeSOoC, Ry — OMe, Ry —H [(1) vield: 23%. ee: 90% (2) yield: 31%. ee: #4%]

(RR)-cat: (RR)-NN-bis(3 5-di-t-burylsalicylidenc-1,2

g ~cyclohexanediaminomangeanesc chloride
Sh-cat: (8,5)-M V-bis(3 5-di-r-butylsalicy lidene -1,

relohexanediaminomang anese chloride

Scheme 1.10 Enantioselective synthesis of isoflavone epoxides 152a/b—157a/b.
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| OH ~~ | O
R, N\/I\ . oo R ; N\/I\
Ph (D) LDA, THE, -78°C bh
O : {iiy HOOH, THF, -105°C O :
Ry : Ry
Ry R;

158 R, =R;=CMe, Ry =H 161 R;=R;=CMe, Ry = H (yield: 85%; ee: 99%)

159 R;=R;=R;=0Me 162 Ry=R;=R;=CMe (vield: 81%; ce: 99%)

160 Ry—Ry—OCH;0, Ry — H 163 Ry— Ry — OCH0, Ry — H (yiehl: 86%; ee: 93%)

(i) PPh,. DIAD, ArOH

(1) 4N HaS0y  dioxane
Tellux

o Ry
(1) SOCl,. toluena
reflux Ry . -
- i o 0y 5
(i) SnCly, CHoCl,, 1 :
R, By
Ry

168 Ry =Ky =Rs=0Me, By =Ry =11 (yield: 84%, se; 999 164 By=R; =Ry =0Me, Ry= R, =11 (vield: 68%)

169 By = K =K;=Rs=OMe  (vield: 85%,; ee: 999%) 165 Ry=Ry=R;=R;=0Me  {yield: 71%)

170 By =Ry = OCH,0, By = Ry = H, Ry = OMe (vield: 81%; ee: 99%) 166 Ry =R, =0CH,;0, Ry =N, = H, Ry = OMe (vicld: 8%)
171 Ry =Ry =Ry=OMe, Ry = Ry = H, ivicld: 8% cc: 99%) 167 Ry =Ry=Ry=OMe, Ry = Ry = H, (yicld: 63%)

Scheme 1.11 Stereoselective synthesis of isoflavanones 168—171.

3.6.4. Pterocarpans

Despite the identification of the first 6a-hydroxypterocarpan, (+)-pisatin, in 1960
(Cruickshank and Perrin), synthetic protocols to these potent phytoalexins are
limited by lengthy multistep routes and a lack of diversity as far as phenolic
hydroxylation patterns are concerned. These confinements are so restrictive that
only two 6a-hydroxypterocarpans, i.c., pisatin and variabilin, have been synthesized
(Bevan et al., 1964; Mansfield, 1982; Pinard et al., 1998).

The results reported for the stereoselective aldol condensation between methyl
ketones and aldehydes employing diisopropylethylamine and chiral boron triflates
(Paterson and Goodman, 1989) prompted the investigation for a more direct
synthetic approach to address the issue of stereocontrol at C-6a and C-11a of the
pterocarpan framework (Van Aardt et al., 1998, 1999, 2001). Depending on the
lability and/or stability of protecting groups under certain reaction conditions, this
protocol included methoxymethyl protection of the benzaldehydes 181 and 182
(labile in the presence of Lewis acids such as SnCl,) and phenylacetates 178—180 as
t-butyldimethylsilyl (TBDMS) ethers (stable under acidic conditions). Since 2-
hydroxy-, 2-hydroxy-4-methoxy- and 2-hydroxy-3,4-dimethoxyphenylacetic acids
are not commercially available, the required phenylacetates 175-177 were prepared
via a thallium(Ill)nitrate (TTN) oxidative rearrangement (McKillop et al., 1973) of
2-benzyloxyacetophenones 172—174 (Scheme 1.12). Debenzylation and silylation
afforded the requisite acetates 178—180 in high yields.
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R, Ry ; R,
1) Hy / Pt/ acetone / rt.
Ry GBn FCINJLCIO, Ry OBn ) TBOMSCL/ imidazole R OTBDMS
MeOLL/ 1t. o DML/ 1t Q
aMe OMe
Q

12 R -H. Ry~ H 175 R, -H. Ry~ H 178 Ry -H.R;—H
173 B —OMe, Ry —H 176 B —OMe, Ry — H 179 By —OMe, By —H
174 Ry — OMe, Ry — OMe 177 Ry — OMe, Ry — OMe 180 Ry — Ohe, Ry — OMe

Scheme 1.12 The synthesis of phenylacetates 178—180.

The subsequent condensation between the ester enolates and the benzaldehydes
afforded the 2,3-diaryl-3-hydroxypropanoates 183-187 in moderate to good yields
(67-78%) (Scheme 1.13). Since acid deprotection of the MOM group led to
decomposition (Greene and Wuts, 1991), SnCl, in the presence of PhCH,SH as
nucleophile was utilized as a selective deprotecting agent to afford the 2,3-diaryl-3-
benzylsulfanylpropanoates 188-192 in 70-96% yield. Subsequent reduction of 188-
292 with LiAlH, (yield: 77-97%) and ensuing cyclization under Mitsunobu
conditions (Mitsunobu, 1981) [PPhy/DEAD (diethylazodicarboxylate)] afforded the
4-benzylsulfanyliso-flavans 198-202 in good overall yields.

Cleavage of the silyl ethers using tetrabutylammonium fluoride (TBAF) on silica
(Clark, 1978) gave 4-benzylsulfanyl-2’-hydroxyisoflavans 203-206, which were
converted to the 6a,l1a-cis-pterocarpans 207-210 in yields of 39-82% using the
thiophilic Lewis acids, dimethyl(methylthio)sulfonium tetra-fluoroborate (DMTSF)
or silver trifluoromethanesulfonate (CF;SO;Ag) (Trost and Murayama, 1981;
Williams et al., 1984; Trost and Sato, 1985) (Scheme 1.14).

Isoflav-3-enes 215 and 216 were obtained via periodate oxidation of the cis-and
trans-4-benzyl-sulfanylisoflavans 201 and 202 followed by thermal elimination of
the sulfoxides 213 and 214 (Emerson et al., 1967; Kice and Campbell, 1967; Trost et
al., 1976) (Table 1.7). Owing to the instability of isoflav-3-enes 215 and 216, swift
transformation to the corresponding isoflavan-3,4-diols was essential.  The
commercially available AD-mix-o0 or -f was not reactive enough to effect
asymmetric dihydroxylation. Therefore, treatment of isoflav-3-enes 215 and 216 in
CH,Cl, at —78°C with stoichiometric amounts of OsOy in the presence of the chiral
catalyst dihydroquinine p-chlorobenzoate (DHQ-CLB) 211 afforded (-)-(3R,4S5)-syn-
diols 217a and 218a in acceptable yields (63—-68%) and excellent enantiomeric
excesses (>99%) (Kolb et al., 1994a; Pinard et al., 1998). The (+)-(3S,4R)-syn-diols
217b and 218b were similarly obtained by using dihydroquinidine p-chlorobenzoate
(DHQD-CLB) 212 as chiral ligand.
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MOMO OH
183 R, R, R, H

184 R, — OMe, By — Ry —TI
185 R; ~R; —H, Ry — OMe

186 R| —R3; —OMsz, Ro—H 69%

187 R =Ry =R3;=OMe  76%
BnSIT/ 5nCly
CHyCy 7 0°C

SBn

188 R =R, =R;=H 96%
189 R, = OMe, R;=R;=H 83%
190 By - Rz - H, Ra—OMe T0%
191 R, ~ Ry~ OMe. R, —H 31%
192 Ry —R,— Ry —OMe  98%

Scheme 1.13 Direct synthesis of 4-benzylsulfanylisoflavans 198-202 via condensation of

phenylacetates with bezaldehydes.
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Scheme 1.14 Synthesis of (6a,11a)-cis-pterocarpans 207-210.
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Table 1.7 Formation of (6a,11a)-cis- 221a/b, 222a,b and (6a,11b)-trans pterocarpans 223a

Med, e,

Il Q

Y“‘ - 1 O1BIME S ‘I CTBOME \4"\[ j\ 37BOMS
\l );L o, l\, Ji sos Sy _,klf[/ﬁ

\ Qe ,‘ \ \ \/ 0

i R-H N /:,- o A NS R=TT T i
202 K= e P B e MUa R o5 ut),
e, T/\ 214 R -OMic 56% \\:Eim-? ._T:iz;.;
.\/ .. /\]\ . Meo\//,\\‘ o
\'\ : :-V —— .o omding sy S K /\
mrn, L b e T } 14
MUO,\[ 5\/|:0’j/ L =EMS\." xl CMQ
T WY S £ -G o
T" = 218a/b X - Dbz
Z,TL,T[\ ’ll ONe
Isoflav-  Ligand Diol yield  ee 27 yield Pterocarpan yield  ee
3-ene (%) (%) OH (%) (%) (%)
215 211 217a 65 >99  219a 100 221a 70 >99
(BRAS) (6aR,11aR)
212 217b 68 >99  219b 100 221b 75 >99
(B3R AS) (6aS,11aS)
219a 100 223a 10 >99
(6aR,11aS)
219bp 100 223b 9 >99
(6aS,11aR)
216 211 218a 66 >99  220a 100 222a 75 >99
(BRAS) (6aR,11aR)
212 218b 63 >99 220b 100 222b 73 >99
(3RAS) (6aS,11aS)

Deprotection (TBAF suspended on silica) of diols 217a/b and 218a/b afforded
2’-hydroxyisoflavan-3,4-diols 219a/b and 220a/b in quantitative yields, which then
served as precursors to the respective 6a-hydroxypterocarpans 221a/b and 222a/b.
Attempted cyclization employing Mitsunobu conditions was unsuccessful.
However, selective mesylation (Ms,0, pyridine) activated the benzylic 4-hydroxyl
group sufficiently to afford the requisite (6a,l1a)-cis-6a-hydroxypterocarpans
221a/b and 222a/b in good yiclds and essentially optically pure form. It is
interesting to note that cyclization of diols 219a (3R,4S) and 219b (3S,4R) also
afforded the (6aR,11aS)- and (6aS,11aR)-trans-6a-hydroxyptercarpans 223a and
223b, respectively, as minor products (9—10% yield) and was the first report on the
formation of the configurationally hindered 6a,11a-frans-analogues.
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In all reported pterocarpan syntheses, formation of the six-membered B-ring
invariably precedes closure of the five-membered C-ring. Once the B-ring is
formed, Dreiding models indicate that it becomes virtually impossible to close the
C-ring in a configuration other than the 6a,11a-cis-form. It was envisaged that the
reversal of the order of cyclization, i.e., initial C-ring formation followed by B-ring
closure, may provide synthetic access to the hitherto unknown 6a,11a-trans-
pterocarpans. Thus, aldol condensation between the MOM-protected phenylacetate
224 and benzaldehyde 181, using LDA for enolate generation, afforded the 2,3-
diaryl-3-hydroxypropanoate 225 in 73% yield (Scheme 1.15).

OMOM OMOM 0. _OMe
DA OMOM
—h;
OMe
181

224 MOMO OH
225 (73%)

BriSH 7 8nCly

\},_DMe
R0 — 0| =

Ciy- 227 s‘mm 228 (47%) 226 (65%)

PPhy / DEAD.
_—

229 (93%) 230 (58%)

Scheme 1.15 Synthesis of (6a,11a)-trans-pterocarpan 230.

Deprotection of the acetal functionality of 225 using SnCl,/PhCH,SH afforded
2,3-diaryl-3-benzylsulfanylpropanoate 226 in 65% yield. Cyclization (AgBF,) of
226 to first form the pterocarpan  C/D-ring  system, afforded
the thermodynamically more stable trans-fused 2,3-disubstituted dihydro-
benzofuran 228 (47%; J,3; = 8.5 Hz). Subsequent reduction (LiAlH,) gave the
primary alcohol 229 (93%), which was converted under Mitsunobu cyclization
conditions into the 6a,11a-trans-pterocarpan 230 (Js, 11, = 13.5 Hz in 58% yield).
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4. ENZYMATIC STEREOSPECIFIC BIOSYNTHESIS OF FLAVONOIDS

Most enzymes of flavonoid biosynthesis are highly stereoselective and/or
stereospecific; however, for many enzymes this claim rests on only one or a few
published reports (Table 1.8) (Forkmann and Heller, 1999).

Flavonoids are synthesized via the phenylpropanoid pathway, beginning with the
deamination of phenylalanine by the enzyme L-phenylalanine ammonia-lyase
(PAL). PAL is specific for the naturally occurring L-isomer of phenylalanine; D-
phenylalanine is not a substrate (Koukol and Conn, 1961).

Perhaps the most stereochemically important reaction of flavonoid biosynthesis is
that catalyzed by chalcone—flavanone isomerase (CHI), which sets the
stereochemistry at C-2 of the flavonoid heterocyclic ring. CHI specifically generates
(25)-flavanones from chalcones and is well characterized at the biochemical and
structural levels (Bednar and Hadcock, 1988; Jez et al., 2000). The 2S-flavanone is
a critical intermediate for formation of several flavonoid classes whose biosynthesis
branches at this point, including flavones, flavonols, flavan-4-ols, anthocyanins, and
isoflavonoids, and enzymes that use flavanone as substrate (including flavanone 2-
hydroxylase/licodione synthase, flavone synthase II, flavone synthase I, flavanone 3-
hydroxylase, flavonoid 3’-hydroxylase, flavanone 4-reductase, and isoflavone
synthase) have been shown to be highly stereospecific for the 2S-enantiomer (Table
1.8). Other farther downstream enzymes, such as dihydroflavonol reductase,
flavonol synthase, anthocyanidin reductase, and leucoanthocyanidin reductase,
which do not directly use flavanone as substrate, also show a high degree of
specificity for the naturally occurring stereochemistries at C-2 and C-3 (the latter
generated by flavanone-3B-hydroxylase).

In contrast to most flavonoid enzymes, the 2-oxoglutarate-dependent
dioxygenases flavonol synthase (FLS) and anthocyanidin synthase (ANS) show
broad substrate and product selectivities in vitro (both accept flavanone,
dihydroflavonol, and leucoanthocyanidin as substrates) (Lukacin et al., 2003;
Martens et al., 2003; Turnbull et al., 2000, 2004; Welford et al., 2001). Detailed
structural and in vitro studies, with particular attention to the stereochemistry of
substrate and product, have shed light on how they catalyze reactions with their true
substrates in vivo (Turnbull et al., 2000, 2004; Welford et al., 2001; Prescott et al.,
2002; Wilmouth et al., 2002). For example, FLS and ANS show a preference
for substrates with natural C-2 and C-3 stercochemistries [(i.e. (2R,3R)-
dihydroquercetin for FLS and (2R,3S, 4R/S)- leucoanthocyanin for ANS], but
hydroxylate both (2R)- and (2S)-naringenin equally well in vitro, which suggests that
the C-3 hydroxyl group is important in biasing substrate selectivity (Turnbull et al.,
2004).
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Table 1.8 Stereoselective and/or Specific Enzymes of Flavonoid Biosynthesis

Enzyme Stereoselectivity Stereospcificity Key references
Phenylalanine L-phenvlalanine Koukol and Conn,
ammonia lyase pheny 1961
Chalcone Bednar and Hadcock,
. (2S5)-flavanone 1988; Hahlbrock et al.,
isomerase

Flavanone 2-
hydroxylase
(licodione

synthase)

Flavanone 4-
reductase

Flavone synthase

Flavone 3f3-
hydroxylase

Flavonoid 3’-

hydroxylase

Flavonol synthase

Dihydroflavonol 4-
reductase

Leucoanthocyanidin
4-reductase
Anthocyanidin

synthase

Anthocyanidin
reductase

Isoflavone
synthase

(25)-flavanone

(28)-flavanone

(28)-flavanone

(2S5)-flavanone

(2S5)-flavanone,
(2R,3R)-
dihydroflavonol

(2R 3R)-
dihydroflavonol

(2R,3R)-
dihydroflavonol
(2R, 38, 45)-
flavan-2,3-
trans-3,4-cis-
diol
(2R, 385, 495)-
flavan-2,3-
trans-3,4-cis-
diol

(25)-flavanone

(28, 4R)-flavan-4-ol

(2R,3R)-
dihydroflavonol

(2R, 38, 45)-flavan-
2,3-trans-3,4-cis-diol

(2R, 3S)-flavan-3-ol

(2R, 3R)-flavan-3-ol

1970; Jez et al., 2000

Akashi et al., 1998;
Otani et al., 1994

Fischer et al., 1988;
Stich and Forkmann,
1988
Britsch, 1990; Kochs
et al., 1987; Martens
et al., 2001; Sutter
etal., 1975
Britsch and Grisebach,
1986; Britsch et al.,
1992
Fritsch and Grisebach,
1975; Hagmann
etal., 1983
Lukacin et al., 2003;
Martens et al., 2003;
Prescott et al., 2002;
Turnbull et al., 2004
Stafford and Lester,
1982, 1984, 1985

Stafford and Lester,
1984; Tanner et al.,
2003

Turnbull et al., 2004;
Wilmouth et al., 2002

Xie et al., 2003

Hagmann and
Grisebach, 1984;
Kochs and
Grisebach, 1986
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Table 1.8 (continued)

Enzyme Stereoselectivity Stereospecificity Key references

Fischer et al., 1990a;
Isoflavone

(2R)-isoflavanone Paiva et al., 1991,
reductase
1994
Vestitone (2R)- Fischer et al., 1990b;
reductase isoflavanone Guo and Paiva, 1995
7,2’-Dihydroxy-4’-
methoxyisoflavano (-)-medicarpin Guo et al., 1994
1 dehydratase
3,9-
dihydroxypterocar EEESZ}II(})?S);;’?; tr(iia%réias)t;’fctg-an Hagmann et al., 1984;
pan 6a- Y yP Y yP P Schopfer et al., 1998
hydroxylase arpan
ba- (+)-6a-
Hydroxymaackiain hydroxvmaackiain (+)-pisatin Preisig et al., 1989;
3-0- yaroxy P Wu et al., 1997
methyltransferase

The flavan-3-ols (+)-catechin and (-)-epicatechin (Figure 1.1) form the building
blocks of proanthocyanidins (condensed tannins), a class of molecules of
considerable interest in view of their impacts on animal health (Dixon at al., 2005).
The C-2 and C-3 stereochemistries of (+)-catechin (2,3-trans) are identical to those
of intermediates in the flavonoid pathway, and a pathway leading from (2R, 38, 45)-
leucoanthocyanidin to (+)-catechin, catalyzed by leucoanthocyanidin reductase
(LAR), has been demonstrated and confirmed by the cloning of a
leucoanthocyanidin reductase from the tannin-rich forage legume Desmodium
uncinatum (Stafford and Lester, 1984, 1985; Tanner et al., 2003). LAR is a member
of the Reductase—Epimerase-Dehydrogenase family of proteins, whose members
include isoflavone reductase and related homologues (Min et al., 2003).

For many years, the origin of the 23-cis (-)-epicatechin units in
proanthocyanidins was a mystery. This problem was resolved by the demonstration
that the pathway leading to (-)-epicatechin proceeds from leucocyanidin through
cyanidin in reactions catalyzed by ANS and anthocyanidin reductase (ANR) (Xie et
al., 2003). ANR, an enzyme with weak sequence homology to dihydroflavonol
reductase, can introduce the 2,3-cis stereochemistry by acting on an achiral
intermediate (anthocyanidin). Mechanisms have been proposed for this reaction, and
it is possible that other ANR-like enzymes might exist with the ability to introduce
alternate stereochemistries (Xie et al., 2004).
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2.3-trans-flavan-3-ols 2,3-cis-flavan-3-ols
OH
HO 0 ©:OH
"OH
OH

(-)-epicalechin

OH

(—)-catechin ( yepicatechin (enf-epicatechin)
Figure 1.1 Flavan-3-ol isomers.

5. STEREOCHEMISTRY RELATED TO BIOLOGICAL ACTIVITY

5.1. Catechin

The Asian native Centaurea maculosa (spotted knapweed) has displaced native
weeds and crops throughout the western United States. Contributing to the
invasiveness of this exotic is the secretion of the phytotoxic trans-flavan-3-ol (-)-
catechin from its roots (Bais et al., 2002) (Figure 1.1). Both enantiomers of catechin
are present in root exudates of C. maculosa; however, only (-)-catechin had
allelopathic (phytotoxic) activity. Interestingly, (+)-catechin (but not (-)-catechin)
displayed antibacterial activity against several root pathogens, which suggests that
secretion of a racemic mixture may simultaneously protect C. maculosa roots against
microbial pathogens and weaken roots of neighboring plants (Bais et al., 2002).
When the phytotoxicity of catechin was examined in more detail, only the (-)-
enantiomer elicited generation of reactive oxygen species and calcium-signaling
events in roots of susceptible species (Bais et al., 2003a). Additional studies
with the cis-flavan-3-ols (+)-epicatechin and (-)-epicatechin showed that
(+)-epicatechin, like (-)-catechin, inhibited root and shoot differentiation and
seed  germination of several of the plants examined, while
(-)-epicatechin did not show inhibition (Bais et al., 2003b). Both (-)-catechin and
(+)-epicatechin are of the 25 configuration, which suggests that the stereochemistry
at C-2 is important for allelopathic activity. Interestingly, (+)-epicatechin also was
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effective at inhibiting C. maculosa, which is resistant to (-)-catechin (Bais et al.,
2003b).

Metabolic engineering of (-)-catechin biosynthesis to address the contribution of
(-)-catechin to the invasiveness of C. maculosa by knockdown experiments and also
to engineer (-)-catechin root secretion into nonallelopathic plants requires
identification of the enzyme(s) responsible for (-)-catechin biosynthesis. (-)-Catechin
has the opposite stereochemistry at C-2 and C-3 to that of most flavonoids, and it is
likely that (-)-catechin biosynthesis proceeds through the achiral anthocyanidin in a
reaction similar to that catalyzed by ANR.

5.2. Isoflavonoid Phytoalexins

Isoflavonoids are a subclass of flavonoids, restricted primarily to legumes, that play
important roles in plant and animal health (Dixon and Steele, 1999). Many of the
more complex isoflavonoids such as the antimicrobial pterocarpan phytoalexins
synthesized in response to fungal pathogens and other stresses are optically active
(Ingham, 1982) (Figure 1.2). Pterocarpans have diastereomeric carbons at 6a and
11a; thus, four stereoisomers are possible, although due to chemical constraints
only one pair of naturally occurring stereoisomers is found (i.e., 6aR;l11aR and
6aS;11aS). In the majority of legumes the (-)-enantiomers predominate; examples
include (-)-medicarpin (alfalfa, chickpea, clover), (-)-maackiain (chickpea, clover),
and (-)-glycinol (soybean) (Ingham, 1982).

(-)-pterocarpan {+)-pterocarpan

{-)-medicarpin: Ry = Ry = H: R3 = OCHjy (+)-medicarpan: Ry = Ry = H; Ry = OCH;: Ry = OH
{-)-maackain: R| —H: Ry - Ry — OCH,0 {(+)-pisatin: R, —OH; R, - Ry — OCH,(); Ry — OCH;
{-)-glveinol: Ry —R; —OH; R, — H

Figure 1.2 Structure and stereochemistry of isoflavonoid pterocarpan phytoalexins.

Two well-known examples of pterocarpan phytoalexins with opposite
stereochemistry include (+)-medicarpin from peanut and (+)-pisatin from pea.
Although molecular models of (+)- and (-)-pterocarpans are nearly superimposable
(with the exception of the B ring), the absolute configuration of these phytoalexins
can be an important factor in plant—pathogen interactions. Studies on the toxicity of
maackiain and pisatin enantiomers to phytopathogenic fungi demonstrated that in
general fungi were more sensitive to pterocarpans of the opposite stereochemistry to
that found in their host plant. For example, fungal pathogens of (-)-maackiain-
producing plants were more sensitive to (+)-maackiain (Delserone et al., 1992).
It has been suggested that this differential sensitivity of fungal pathogens to
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phytoalexins of the opposite stereochemistry may be exploited for disease control by
engineering plants to synthesize enantiomers of the opposite stereochemistry.
Further support for this strategy comes from work on the detoxification enzymes of
phytopathogenic fungi, which convert phytoalexins to less toxic forms by
demethylation, hydroxylation, or reductive cleavage (VanEtten et al., 1989). These
enzymes often display a high degree of stereospecificity for their host’s
phytoalexins. For example, an isolate of Nectria haematococca specifically
hydroxylated (-)-maackiain and (-)-medicarpin but not their (+)-enantiomers
(VanEtten et al., 1983). Similarly, a purified pterocarpan hydroxylase from the
chickpea pathogen Ascochyta rabiei hydroxylated (-)-maackiain and (-)-medicarpin
but not (+)-maackiain (Tenhaken et al., 1991). Pisatin demethylase from N.
haematococca and Ascochyta pisi preferred (+)-pisatin over (-)-pisatin (53—58% of
activity), although the demethylase from Mycosphaerella pinodes and Phoma
pinodella had the same activity on both enantiomers (George and VanEtten, 2001).
Furthermore, (+)-pisatin but not its (-)-enantiomer induced pisatin demethylase
activity in N. haematococca (VanEtten et al., 1989).

Although the biosynthetic pathway leading to (-)-medicarpin and related
compounds is well characterized, the in vivo enzymatic routes to (+)-pterocarpans
remain unknown. In (-)-pterocarpan biosynthesis the key enzyme determining the
stereochemistry of the 6a (and 11a) positions of the pterocarpan is isoflavone
reductase (IFR), which stereospecifically reduces 2’-hydroxyisoflavone to (3R)-
isoflavanone (Fischer et al., 1990a; Paiva et al., 1991). This (3R)-isoflavanone is
further reduced to isoflavanol, then dehydrated to pterocarpan with retention of
stereochemistry (Dixon, 1999). An initial hypothesis for the biosynthesis of (+)-
pisatin suggested that pea IFR would specifically generate (3S)-isoflavanone.
However, cloning and expression of pea IFR in Escherichia coli later showed that
this reductase produced (3R)-isoflavanone, identical to that of alfalfa IFR (Paiva at
al.,, 1994). The 6a-hydroxymaackiain 3-O-methyltransferase catalyzing the final
step in the biosynthesis of (+)-pisatin is specific for (+)-6a-hydroxymaackiain
(Preisig et al., 1989; Wu et al., 1997), suggesting that the reversal of stereochemistry
occurs between reduction of isoflavanone and formation of (+)-6a-
hydroxymaackiain. Possible mechanisms for the synthesis of (+)-pterocarpans
include formation of an isoflav-3-ene intermediate or epimerase-mediated inversion
of configuration. Support for the latter hypothesis comes from an unpublished
report that in peanut, which synthesizes (+)-medicarpin, IFR produces (3R)-
vestitone, but that the following enzyme vestitone reductase accepts only (3S)-
vestitone (Guo and Paiva, 1995).
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1. INTRODUCTION

Flavonoids and their conjugates form a very large group of natural products. They
are found in many plant tissues, where they are present inside the cells or on the
surfaces of different plant organs. The chemical structures of this class of
compounds are based on a C¢-C;5-Cq skeleton. They differ in the saturation of the
heteroatomic ring C, in the placement of the aromatic ring B at the positions C-2 or
C-3 of ring C, and in the overall hydroxylation patterns (Figure 2.1). The flavonoids
may be modified by hydroxylation, methoxylation, or O-glycosylation of hydroxyl
groups as well as C-glycosylation directly to carbon atom of the flavonoid skeleton.
In addition, alkyl groups (often prenyls) may be covalently attached to the flavonoid
moieties, and sometimes additional rings are condensed to the basic skeleton of the
flavonoid core. The last modification takes place most often in the case of
isoflavonoids, where the B ring is condensed to the C-3 carbon atom of the skeleton.
Flavonoid glycosides are frequently acylated with aliphatic or aromatic acid
molecules. These derivatives are thermally labile and their isolation and further
purification without partial degradation is difficult. The multiplicity of possible
modifications of flavonoids result in more than 6,000 different compounds from
this class were known in the end of the last century and this number continues to
increase (Harborne and Williams, 2000). Condensed tannins create a special group
of flavonoid compounds formed by polymeric compounds built of flavan-3-ol units,
and their molecular weights often exceeding 1,000 Da.

In the plant kingdom, different plant families have characteristic patterns
of flavonoids and their conjugates.  All these compounds play important
biochemical and physiological roles in the various cell types or organs (seed, root,
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green part, fruit) where they accumulate. Different classes of flavonoids and their
conjugates have numerous functions during the interactions of plant with the
environment, both in biotic and abiotic stress conditions (Dixon and Paiva, 1995;
Shirley, 1996). Additionally, flavonoid conjugates, because of their common
presence in plants, are important components of human and animal diet. Due to the
different biological activities of plant secondary metabolites, their regular
consumption may have serious consequences for health, both positive and negative
(Beck et al., 2003; Le March, 2002; Boue et al., 2003; Fritz et al., 2003; Nestel,
2003). For the mentioned reasons, methods for the efficient and reproducible
analysis of flavonoids play a crucial role in research conducted in different fields
of the biological and medical sciences.

(A) B)

Figure 2.1 Flavonoid structures, ring labeling, and carbon atom numbering. (A) Isoflavones.
(B) Flavones and flavonols. Full arrows indicate most frequent hydroxylation sites and
dashed arrows indicate most frequent C- and/or O- glycosylation sites.

The identification and structural characterization of flavonoids and their
conjugates isolated from plant material, as single compounds or as part of mixtures
of structurally similar natural products, create some problems due to the presence of
isomeric forms of flavonoid aglycones and their patterns of glycosylation. A number
of analytical methods are used for the characterization of flavonoids. In many cases,
nuclear magnetic resonance (NMR) analyses ('H and "°C) are necessary for the
unambiguous identification of unknown compounds; other instrumental methods
(mass spectrometry, UV and IR spectrophotometry) applied for the identification of
organic compounds fail to provide the information necessary to answer all
the structural questions. Utilization of standards during analyses and comparison of
retention times as well as spectral properties, especially when compounds are
present in a mixture, is critical. An important area of research on flavonoids is the
identification of their metabolites in animal tissues and body fluids (urine, blood,
spinal fluid). For this, investigators have to deal with different modifications of the
flavonoid moieties, modifications often not found in plant tissues (Blaut et al.,
2003). The metabolism of flavonoids in human and animal organisms, among
others, is based on glucuronidation, sulfation, or methylation (Sfakianos et al., 1997;
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Yasuda et al., 1994). The first two above-mentioned types of flavonoid aglycone
modifications, occurring after their consumption by humans or animals, are less
often found in the samples of plant origin.

One of the goals in functional genomics and systems biology studies is
metabolite profiling. Qualitative and quantitative monitoring of flavonoid
derivatives, together with information about the level of transcription and protein
expression, enables the elucidation of gene functions (Fiehn, 2001; Hall et al., 2002;
Sumner et al., 2003; Fernie et al., 2004). Another challenge in the field is to
establish the flavonoid conjugate profiles in genetically modified plant lines, e.g.
engineered for higher resistance against environmental conditions (pathogenic
microorganisms, insects, and physical stress factors such as temperature, drought, or
UV light). The plant performance in different environmental conditions and the
resulting effect on crop yield may be accompanied by increased synthesis of desired
and/or undesired natural products in particular plant tissues, among the biologically
active flavonoids or isoflavonoids (Bovy et al., 2002; Dixon and Steel, 1999; Fisher
et al., 2004; Trethewey, 2004; Verpoorte and Memelink, 2002).

2. ISOLATION OF FLAVONOIDS AND THEIR CONJUGATES FROM
BIOLOGICAL MATERIALS

The analysis of flavonoids and their conjugates is one of the most important areas
in the field of instrumental analytical methods, helping to solve problems
in biological and medical sciences. Different methods of isolation of the natural
products may be applied, and the utilization of various strategies is dependent on the
origin of the biological material from which the target natural products are to be
extracted (plant or animal tissue or body fluids). In the case of polyphenolic
compounds, it often is important to initially determine whether the researchers are
interested in the identification of individual components present in a mixture of
target compounds or whether they would like to estimate the total amount of
phenolic compounds in the biological material investigated. This second approach
most often takes place during the nutritional studies on different foods or fodders,
mainly of plant origin.

The presence of carbohydrates and/or lipophylic substances may influence
the profile of the qualitative and quantitative composition of flavonoids and their
derivatives in the obtained extracts. One has to consider the above-mentioned
selection of the methods for sample preparation and extraction, and in many cases
additional cleaning based on solid-phase extraction (SPE) of the extracted samples is
required.

2.1. Preparation of Plant or Animal Tissue and Foodstuffs for Flavonoid Analysis

The utilization of dried plant material for extraction may cause a substantial
decrease in the yield of flavonoid conjugates. Acylated flavonoid glycosides are
especially labile at elevated temperatures and are frequently thermally degraded
during the process of drying plant tissues. This is important during the profiling of
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this class of natural products in research directed toward the investigation of their
physiological and biochemical roles in plants under the influence of environmental
factors, or in studies of genetically modified plants for the elucidation of changes in
metabolic pathways.

Free flavonoid aglycones exuded by plant tissues (leaf or root) may be washed
from the surface with nonpolar solvents, such as methylene chloride, ethyl ether, or
ethyl acetate. However, more polar glycosidic conjugates dissolve in polar solvents
(methanol and ethanol), and these organic solvents are applied for extraction
procedures in Soxhlet apparatus. Mixtures of alcohol and water in different ratios
are applied for the extraction of flavonoids and their conjugates from solid
biological material (plant or animal tissues and different food products).
The extraction efficiency may be enhanced by the application of ultrasonication
(Rostagno et al., 2003; Herrera et al., 2004) or pressurized liquid extraction (PLE), a
procedure performed at elevated temperature ranging from 60°C to 200°C (Rostagno
et al., 2004). Supercritical fluid extraction with carbon dioxide also may be used
(Kaiser et al., 2004). However, the temperature conditions during the extraction
procedures have to be carefully adjusted because of the possibility of thermal
degradation of the flavonoid derivatives. In many cases, further purification and/or
preconcentration of the target compound fraction is necessary. In these cases,
liquid-liquid extraction (LLE) or SPE are most commonly used. For estimation of
the extraction yield it is necessary to spike biological materials with proper internal
standards. Most suitable are compounds structurally similar to the studied analytes
but not present in the sample. Compounds labeled with stable isotopes (*H or °C)
are useful when mass spectrometric detection is applied. In the case of the
extraction of flavonoids from biological materials, different classes of phenolic
compounds are often added. On the other hand, quantitative analysis of consecutive
components of the analyzed flavonoid mixture needs reference standard compounds
necessary for preparation of calibration curves essential for a precise quantification.

The choice of the extraction procedure for obtaining flavonoid conjugates from
biological material is very important and depends on the goals of the conducted
research. The evaluation of the spatial distribution of target compounds on the
organ, tissue, cellular, or even subcellular level is of special interest in some
projects. In these situations, the amount of biological material for the isolation of
natural products may be extremely small, and the application of microextraction
techniques is necessary (reviewed in Vas and Veckey, 2004). In many cases, it is
necessary to avoid the chemical and/or enzymatic degradation of the metabolites.
This is of special importance in the profiling of flavonoid glycosides in research
directed toward plant functional genomics or during physiological and biochemical
studies that need information about all classes of flavonoid conjugates present, even
the thermally labile acylated derivatives. On the other hand, in the phytochemical
analysis of plant species or phytopharmaceutical studies of plant material, the
repeatable isolation of all biologically active flavonoid aglycones with a good yield
is more important. In these cases, more drastic extraction conditions are acceptable.
Excellent reviews have been published on isolation strategies for the determination
of active phenols in plants tissue or food and foodstuff (Naczk and Shahidi, 2004;
Robards, 2003).
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Robust multistep chromatographic methods are necessary for the isolation
of'individual components from plant extracts containing new uncharacterized
compounds. Various stationary phases are used in column chromatography,
including polyamide, Sephadex LH-20, and different types of silica gels (normal and
reversed phase with chemically bonded functional groups). The proper choice of
solvent systems is necessary, often requiring the application of gradients of more
polar (normal phases) or more hydrophobic solvents (reverse phases), together with
the above-mentioned chromatographic supports in different chromatography
systems. The sequence and kind of separation methods used depends on the
composition of the sample and the experience of the researcher. However, minor
flavonoid components are difficult to obtain as pure compounds. In cases of
analysis of samples containing a number of compounds present in small amounts,
the application of an analytical chromatographic systems enhanced by proper
detectors (UV, NMR, and/or MS) gives spectrometric information sufficient for
establishing the structure of minor target components. When liquid chromatography
is used for separation of compounds, multiple detector systems are available (UV
diode array detector, mass spectrometers, and nuclear magnetic resonance
spectrometer). It is possible to achieve complete structural information about
isomeric flavonoids and their conjugates in this way.

2.2. Preparation of Body Fluids

For the isolation of flavonoids and their derivatives from liquid samples like
beverages (wine or fruit juice) and physiological fluids (blood or urine), two
different approaches are usually applied. The first one is based on liquid-liquid
extraction and the second one on solid-phase extraction of target natural products
mainly on RP C-18 silica gel cartridges. In the case of body fluids, special
procedures have to be considered to avoid degradation of target compounds due to
the activity of different enzymes present (Martinez-Ortega et al., 2004). However, in
some cases, flavonoid conjugates can be enzymatically hydrolyzed with external
glucuronidases and sulfatases prior to the isolation and analysis of products.

3. STRUCTURAL CHARACTERIZATION AND/OR IDENTIFICATION OF
FLAVONOID AND THEIR CONJUGATES

All physicochemical methods applied in the field of organic chemistry are useful for
structural characterization or identification of individual flavonoids and their
conjugates. The separation approaches mentioned above may be considered
in different ways. The first one is directed toward the analysis of single compounds
obtained after exhaustive isolation and purification procedures. The method of
choice in this approach is NMR of 'H hydrogen and/or “C carbon isotopes,
dependent on the intensity of the interactions between different atoms within a
molecule placed in a high-intensity magnetic field. Different NMR experiments
have been developed to achieve information concerning chemical structure of the
studied molecule on this basis. Particularly useful are methods enabling recording
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of two-dimensional spectra showing homonuclear interactions [correlation
spectroscopy (COSY) and nuclear Overhauser effect spectroscopy (NOESY)] as
well as heteronuclear [heteronuclear single quantum correlation (HSQC) and
heteronuclear multiple bond correlation (HMBC)] to facilitate the acquisition of all
the structural information about an aglycone and the corresponding sugar
substitution. In the case of diglycosides, information on the placement of the
interglycosidic bonds and the possible acyl group substitutions on the sugar rings,
and the position of anomeric proton(s) also can be obtained. The limitation of NMR
methods is the lower sensitivity in comparison with other instrumental methods. For
obtaining good quality spectra containing all the necessary structural information,
relatively high amounts of purified compound (more than 1 mg) are necessary,
especially when magnets of medium frequency (300 MHz) are used in the NMR
spectrometer. The NMR spectrometers may be connected on line to liquid
chromatographs (LC-NMR), giving a powerful tool to study mixtures of natural
compounds present in complex samples. Important structural data also can be
obtained from mass spectra registered on different types of mass spectrometers
(MS). The application of ultraviolet and infrared spectrophotometers may give
valuable information about specific compounds.

MS applied for the analysis of organic compounds utilize different ionization
methods and may be equipped with different types of analyzers. In addition, these
instruments may be combined with GC/LC or capillary electrophoresis (CE)
apparatus. However, simple chemistry based on single reactions such as silylation,
methylation, and acetylation blocking polar functional groups has to be done on the
studied samples prior to GC-MS analyses. Derivatization of polar groups improves
structural information obtained from MS spectra and ameliorates the volatility of
analytes, decreasing the thermal degradation of compounds within the GC capillary
column. The variety of MS techniques being available in laboratories is a reason that
this technique has a wide range of scientific or practical applications in biological
and medical disciplines. The general information about the ionization methods and
types of analyzers in MS used in phytochemical analysis is presented in Table 2.1.

Analysis of natural products is possible with different types of MS available on
the market. The instruments are equipped with various sample introduction systems
and ionization methods, as well as diverse physical phenomena are used for
separation of the created ions in MS analyzers. Positive and negative ions are
analyzed in MS; the choice of the ionization mode (negative or positive) is
sometimes a very important feature. The ionization methods may be divided into
two groups differing with respect to the amount of energy transferred
to the molecule during the ionization process. Electron ionization (EI) belongs to the
first group. The transfer of energy occurs during the interaction of electrons with the
molecule in the vapor state; it may cause the cleavage of chemical bonds and
fragmentation of the molecule, which is characteristic for the analyzed compound.
Other ionization methods deliver lower energy to the studied molecules during the
protonation (positive ion mode) or deprotonation (negative ion mode) processes. In
both cases, the absorbed energy is too low to cause intense fragmentation. In this
situation, techniques of collision-induced dissociation with tandem MS (CID
MS/MS) have to be applied for the structural characterization of compounds.
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Different designs of tandem analyzers in MS may be used (McLafferty, 1983;
Jennings, 1996). An example of such instruments enabling multistage tandem MS
(MS") are instruments with ion trap analyzers. In these analyzers, the fragment ions
created with CID may be further studied using additional MS" stages (March, 1997).

Table 2.1 lonization methods and types of analyzers for phytochemical and clinical analysis
of flavonoids and their conjugates using mass spectrometry

Sample
introduction system

Tonization method

Analyzer type

Comments

Direct insertion
or infusion of
single compound

Gas chromatography
- GC*

Liquid
chromatography —
LC
or
capillary
electrophoresis — CE

Electron ionization — EI
Chemical ionization — CI
Liquid secondary ion mass
spectrometry — LSIMS®
Fast atom bombardment —
FAB®
Atmospheric pressure
chemical ionization —
APCI®
Electrospray ionization —
ESI®
Matrix assisted
laser desorption — MALDI®

Electron ionization — EI
Chemical ionization — CI

Continuous flow fast atom
bombardment — CF FAB®
Atmospheric pressure
chemical ionization —
APCI®
Electrospray ionization —
ESI®

Electromagnetic — B/E or
E/B*
Quadrupole — Q
Ion trap — IT
Time of flight — ToF*
Fourier transform ion
cyclotron resonance — FT
ICR*

Electromagnetic — B/E or
E/B*
Quadrupole — Q
Ion trap — IT
Time of flight — ToF*

Quadrupole — Q
Ion trap — IT
Time of flight — ToF*
Fourier transform ion
cyclotron resonance — FT
ICR?

When soft ionization
methods are applied,
MS/MS techniques
Increase the amount
of structural
information.

Need of derivatization,
only analysis of free
aglycones is possible.

Only soft ionization
methods are applied,
MS/MS techniques
increase the amount
of structural
information

*High resolution analyzer, ions with mass difference of 0.1 Da may be resolved.

®Soft ionization method.
“Possible thermal degradation of analyte on GC column.

However, the fragmentation mechanisms are different during high- and low-
energy collisions used in electromagnetic or quadrupole and ion trap analyzers. It
has been shown that low-energy CID MS/MS spectra of C-glycosidic flavonoids
differ from those obtained when high-energy measurements are performed. In
tandem electromagnetic analyzers, high-energy collisions are performed, while other
types of tandem MS require low-energy collisions. Mass spectra registered with
these two approaches may give slightly different fragmentation pathways (Waridel
et al.,, 2001). During the analysis of flavonoid glycosides in negative ion CID
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MS/MS experiments, the cleavage of aglycone fragment ions and intensities of the
product ions in registered mass spectra are dependent on the ions chosen for
the fragmentation. March and coworkers (2004) registered CID MS/MS product ion
mass spectra of the fragment ions at 268 m/z (Y, — H)* and at 269 m/z (Y, ),
created after cleavage of the glycosidic bond of genistein 7-O-glucoside and
demonstrated that both spectra differed substantially.

In the last few years some review articles have been published describing
methods of MS analysis of flavonoids and their conjugates including information on
fragmentation pathways of flavonoid aglycones and their glycosidic conjugates
(Justesen et al., 1998; Stobiecki, 2000, 2004; Careri et al., 2002; Cuyckens and
Claeys, 2004; Prasain et al., 2004).

3.1. Structural Characterization of Individual Flavonoids and Their Conjugates
3.1.1. Nuclear Magnetic Resonance

NMR is a well-established and the most commonly used method for natural product
structure analysis. The studies of flavonoid structures using '"H-NMR were initiated
in 1960s (Markham and Mabry, 1975) and along with *C-NMR have became the
method of choice for the structure elucidation of these compounds. The chemical
shifts and multiplicity of signals corresponding to particular atoms and their
coupling with other atoms within the molecule allow for easy identification of the
aglycone structure, the pattern of glycosylation, and the identity of the sugar
moieties present. The literature of this topic is abundant and rapidly growing
(Markham and Geiger, 1994; Albach et al., 2003; Kazuma et al., 2003; Francis et al.,
2004).

3.1.2. Mass Spectrometry

MS is a very sensitive analytical method used to identify flavonoid conjugates or to
perform partial structural characterization using microgram amounts of sample
(Cuyckens and Claeys, 2004). Indeed, significant structural data can be obtained
from less than 1 mg of the analyzed compound when different MS techniques are
used in combination with chemical derivatization of the characterized compounds
(Franski et al., 1999, 2002, 2003). A strategy for the combined application of
different MS techniques and chemical derivatization are presented in Figure 2.2.

Flavonoid glycosides are thermally labile compounds and the evaporation
without decomposition of the analyte is impossible, even in the ion source of a MS,
where high vacuum exists (about 3 x 10 torr). In this situation, soft ionization
methods need to be applied for the analysis of this group of compounds, and the
analyte molecules are ionized without evaporation in high vacuum (FAB or LSIMS,
MALDI) or under atmospheric pressure (ESI, APCI). From normal mass spectra,
information can be obtained about the molecular weight of the whole conjugate, the
size of the sugar moieties attached to the aglycone, and the molecular weight of the
aglycone (Stobiecki, 2000; Cuyckens and Claeys, 2004).
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Unmodified fJavonod
glycosides

Chermical denvatization: /\

( - Methylation, Methods of 1onization:

- methanolysis LSIMS, FAR, ESI or APCI
- additional methylation or

acetylation

normal M3 CID M3MS
spectra spectra

- molecular mass,

- size of aglycone and sugarnng,

- type of glycosidic bond on aglycone C- or O-,
- information about acylation.

G C/MS with EI ionization

- informati on about interglycosidic bond,
-identification of aglycone,
- differentiation of C-6 and C-8 glycosides.

- identification ofsugars,

- site of sugar substitution on aglycone,
-interglycosdic linkages between sugars,
-identification ofaglycone

Figure 2.2 Structural information obtainable with different mass spectrometric methods.

With FAB or LSIMS ionization, the desorption of the analyte molecule ions
from the liquid matrix may be improved when the interactions of the polar groups of
the analyte with the matrix decrease. Improved efficiency of ion desorption may be
further achieved after the methylation of the analyzed compounds. In addition, the
methylation of a flavonoid glycoside may help to elucidate the glycosylation pattern
of the aglycone hydroxyl groups (Stobiecki et al., 1988).

The O-glycosides of flavonoids give positive ion mass spectra containing intense
[M+H]" ions as well as fragment ions created after the cleavage of glycosidic bonds
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between sugar moieties or sugar and aglycone, in this case Y, type ions (for the ion
nomenclature, see Domon and Costello, 1988; Claeys et al., 1996). A slightly
different situation is observed in the negative ion mass spectra mode, where much
lower fragmentation of the deprotonated molecule ions [M-H]™ occurs. In the case
of flavonoid O-glycosyl-glycosides, the rearrangement of sugars may take place
during the fragmentation process, and the sequence of sugar losses does not
correspond to the sequence of the sugar moieties in the intact molecule (Cuyckens et
al., 2001, 2002). This situation was observed for the first time in flavonoid
rutinosides 0(1-6) and neohesperidosides o(1-2), in which rhamnose occurs
on the nonreducing end of the diglucoside moiety and glucose is bound to
the aglycone (Ma et al., 2001). A different fragmentation pathway may be observed
in the flavonoid C-glycosides, in which rupture of the sugar ring takes place and
strong [M+H-120]" ions are created. The nomenclature of the fragment ions in mass
spectra of C-glycosides was introduced by Becchi and Fraisse (1989). The cleavage
of the sugar moiety in all types of flavonoid C-glycosides is observed in both
positive and negative mode mass spectra. The possible fragmentation patterns of
flavonoid O- and C-glycosides are presented on Figure 2.3.

Structural information obtainable from the mass spectra may be achieved when
tandem mass spectrometric techniques are applied. It is possible to increase
the degree of fragmentation by applying CID MS/MS technologies; however, in
LC/MS instruments with atmospheric pressure ionization (APCI or ESI) the increase
of potential between the entry slit to the analyzer and the skimmer also promotes the
fragmentation of the molecule ions, especially in the positive ion mode. The
analysis of metastable ions is also possible in MS with electromagnetic analyzers
equipped with collision cells in the field-free regions (McLafferty, 1983; Stobiecki
et al., 1988; Becchi and Fraisse, 1989). When a full CID MS/MS system is used, the
identification of the isomeric aglycones, for example kaempferol and luteolin or
apigenin and genistein, is also possible (Ma et al., 1997). An important advantage of
some CID MS/MS systems is the possibility of discrimination between C-6 and C-8
flavonoid glycosides. There are several reports showing that the differentiation of
both isomers is possible on the basis of the relative intensities of the fragment ions
obtained after CID fragmentation of the [M+H]" ions (Becchi and Fraisse, 1989; Li
et al., 1992; Waridel et al., 2001; Bylka et al., 2002; Cuyckens and Claeys, 2004).
The analysis of the CID mass spectra of flavonoid O-diglucosides permits one to
distinguish between o(1-2)- and o(1-6)-linked sugars in the investigated molecules
(Cuyckens et al., 2000; Ma et al., 2001; Franski et al., 2002).

Mass spectrometers with laser desorption ionization combined with the time
of flight analyzer (MALDI ToF) also were used for the analysis of isoflavone
glycosides in soy products (Wang and Sporns, 2000a), and [M+H]" and Y, type
ions were observed in the mass spectra. The same authors tried to apply this MS
technique for the analysis of flavonol glycosides in food (Wang and Sporns, 2000b).
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Figure 2.3 Fragmentation pattern and daughter ion nomenclature of different glycosides

of isoflavonoids. (4) Genistein-7-O-glucosyl-glucoside. (B) Genistein-8-C-glucoside.

Studies on the application of the MALDI ToF technique for the quantitative
analysis of flavonoid glycosides also were performed in the same laboratory; in this
case the proper choice of the matrix and the deposition of samples in target wells
was very important (Frison and Sporns, 2002). MALDI ToF also has been used for
the analysis of condensed tannins isolated from plant material. In the first paper
on this subject (Ohnishi-Kameyama et al., 1997), the MALDI and FAB ionization

for the identification of flavan-3-ol oligomers in apples was compared.

The

presence of up to pentadecamer polymers composed of catechins was reported.
However, only tetramers were identified in the same plant source when FAB
ionization was used in earlier experiments (Self et al., 1986). This comparison of
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results obtainable with both ionization methods shows the advantages of the MALDI
technique in studies of polymers and other compounds of high molecular weight.
The efficiency of the ion desorption from the ion source depends on the compound
used for the matrix cocrystalized with the analyte. Different compounds, mainly
organic acids such as trans-3-indoleacrylic acid or dihydroxybenzoic acid, are used.
However, the signal-to-noise ratio may vary substantially depending on the matrix
utilized. Generally, MALDI instruments are used for analysis of compounds with
molecular weights above 500 Da. MALDI ToF MS studies of polygalloyl
polyflavan-3-ols in grape seeds and wine were performed by several groups (Wang
and Sporns, 1999; Yang and Chien, 2000; Krueger et al., 2000; Perret et al., 2003).
Reed and coworkers (2003) identified procyanidines in sorghum. The isolation of
target compounds from plant extracts with different solvents permitted one to
distinguish two groups of compounds: oligomers of flavan-3-ols and a series of their
5-O-glucosylated derivatives. It was demonstrated that the fragmentation obtainable
in ToF analyzers due to the postsource decay (PSD) technique permits the
achievement of fragment-protonated molecules of flavan-3-ol trimers and tetramers
together with sequence information (Behrens et al., 2003).

3.2 Identification of Flavonoid Conjugates in Mixtures

During the past few decades, GC has been utilized for the separation of free
flavonoids present in mixtures. This method offers a good efficiency of separation,
but the necessity of derivatization of the compounds prior to the analysis decreases
its applicability. Moreover, the derivatization procedures (e.g., methylation and
trimethylsilylation) have their own limitations. When GC-MS is used, the mass
spectra of silylated compounds are dominated by fragmentation products derived
from the elimination of silyl groups; thus, less structural information on the desired
compound is obtained and the utilization of standards becomes necessary. On the
other hand, some rearrangements may take place during the methylation of
flavonoid —OH groups, and additional compounds become present in the reaction
mixture after the derivatization. This is especially the case for flavanones, which
rearrange to chalcones. However, mass spectra of methylated flavonols, flavones, or
isoflavones give good structural information about the corresponding isomers. The
comparison of mass spectra of silylated and methylated isoflavones from extracts
obtained from lupine roots was previously demonstrated (Stobiecki and Wojtaszek,
1990). It is possible to obtain additional information when CD;l is used for the
methylation of flavonoids, where the placement of native methyl group on the
aglycone can be established (Bednarek et al., 2001). The chromatographic separation
of the trimethylsilyl derivatives of components of a given mixture was better than
that of the methylated compounds, but the mass spectra of methylated isoflavones
provided more structural information.

The two other chromatographic techniques, LC and CE, mentioned before, allow
one to work without the chemical derivatization of analytes and permit the
simultaneous separation of flavonoid aglycones and glycosidic conjugates. The
combination of LC or CE with MS permits the use of different soft ionization
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methods. The most important are atmospheric pressure ionization, ESI and APCI,
used in negative or positive ion mode. Other ionization methods, such as
thermospray (TSP) and continuous flow fast atom bombardment (CF FAB), are no
longer in common use due to their technical complications. However, significant
descriptions of the use of LC/TSP/MS or LC/CF FAB/MS for the identification
(profiling) of secondary metabolites were published in the last decade of the
twentieth century (Stobiecki, 2000, 2001). Various analyzers are widely used in the
MS, both high resolution (time of flight) and low resolution (quadrupole and ion
trap). All the mentioned analyzers may be utilized in CID MS/MS mode. For the
detection of flavonoid conjugates after their separation with LC or CE systems, other
instruments besides MS are also commonly applied as detectors, including UV
detectors [single wavelength or diode array (UV DAD)], electrochemical, laser-
induced fluorescence (LIF), and NMR (Sumner et al., 2003). The sensitivity of LC-
MS or CE-MS systems depends on the detector applied. The highest sensitivity
achievable is estimated to approach 10! mole in the case of CE combined with a
LIF detector. The detection limit of LC-MS or LC-UV instruments is in the range of
10"% to 107"° mole, whereas the LC-NMR sensitivity is much lower and the minimal
amount of compound that can be detected is around 10~ mole.

Many reports describe the combination of different detectors coupled in line. The
most promising system, permitting in many cases an unambiguous structural
characterization of components in extract from unknown source, consists of UV
DAD detector, NMR, and mass spectrometer in line. The analysis of plant extracts
using this system was demonstrated for the first time almost 10 years ago
(Wolfender et al., 1998).

The structural elucidation of compounds using NMR experiments and their
separation by HPLC are well-established analytical methods. This is why
the connection of LC and NMR spectroscopy for analysis of mixtures of unknown
compounds was originally devised. The first such experiment was performed in
1978 (Watanabe and Niki, 1978). However, until the mid-1990s, not much progress
was achieved in the development of this technique. Several reviews discussed
serious obstacles, which had to be overcome to develop LC-NMR as a useful
method (Albert, 1999; Wolfender et al., 2003). The major problems concerned a low
sensitivity of NMR, the presence of protonated solvents used in the reversed phase
HPLC covering some signals of protons of analytes, and the possibility of running
only "H-NMR experiments.

Most of these problems have been solved partially within the last decade.
The low sensitivity of the NMR techniques has been addressed in several ways.
Using high-field magnets (at least 500 and up to 750-900 MHz) in spectrometers
connected to HPLC gives satisfactory results (Wolfender et al., 2001). Another
method for increasing the sensitivity is a “stop-flow” mode of the LC-NMR system
operation, allowing for a prolonged time of acquisition of NMR spectra, of up to
several days. In this method, the software controlling the whole system switches off
the HPLC pump in the moment when a chromatographic peak, registered by another
detector (most frequently UV), reaches the NMR probe (Holt et al., 1998). Different
NMR experiments then may be performed, including two-dimensional 'H-">C
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HSQC and HMBC spectra that could be obtained using even 10 g of sample
(Wolfender et al., 2001). Preconcentration of the sample, using higher-field strength
of the NMR instrument and optimization of the column parameters, further improve
the detection limit by an order of magnitude (Hansen et al., 1999). Signals of
solvents most frequently used in the reversed-phase chromatographic systems
(CH3CN-D,O and CH;0D-D,0) may be suppressed using the WET (water
suppression-enhanced through ¢; effects) technique (Smallcombe et al., 1995).

The LC-NMR technique has been applied successfully in several laboratories
for the studies of flavonoid compounds from different plant species (Wolfender et
al., 1997; Hansen et al., 1999; Lommen et al., 2000; Vilegas et al., 2000; Andrade
et al., 2002; Queiroz et al., 2002; Le Gall et al., 2003; de Rijke et al., 2004a; Waridel
et al., 2004). In most cases, the LC-NMR data are supported by results obtained
with different types of LC-MS experiments. However, even though the direct
connection of an HPLC with both spectrometers in one system is possible, it is not a
frequent arrangement. The reason for this is the need of use of deuterated water as a
solvent for NMR. In these conditions, some protons in the flavonoid molecules
(especially hydroxyl groups of the aglycone as well as those of the glycoside
moieties) are exchanged easily for deuterium atoms, causing the increase of the
apparent molecular weights of analytes and the eventual differences in the MS
spectra. In these cases, running additional LC-MS with H,O instead of D,O in the
mobile phase is recommended (Hansen et al., 1999).

The application of LC-NMR provides the most valuable structural information
in studies of mixtures of flavonoids of natural origin and allows for a proper
identification of compounds indistinguishable using other methods. Hansen et al.
(1999) have shown in Hypericum perforatum that two different glycosides
of quercitin exist, which coelute from the RP C-18 column and have the same MS
and MS/MS spectra. However, according to the differences in the NMR spectra,
they could be identified as quercitin 3-B-D-glucoside and 3-PB-D-galactoside. The
same compounds were found and similarly identified in the apple peel by Lommen
et al. (2000). However, in this material, in addition there were three quercitin
pentosides present, which could be identified only using LC-NMR as 3-o-L-
arabinofuranoside, 3-B-D-xyloside, and most probably 3-B-L-arbinopyranoside.
Similarly to the above examples, two different kempferol glycosides, obtained from
transgenic tomato fruits, eluted from the column very close to each other and had
almost identical MS spectra (LeGall et al.,, 2003). These compounds could be
differentiated only on the basis of the spectra acquired in the LC-NMR system. The
isoflavones formononetin and biochanin A along with their 7-O-B-D-glucosides and
malonyl-glucosides were found in clover (Trifolium pratense) leaves (de Rijke et al.,
2004b). Isomeric forms of malonyl-glucosides of both aglycones were present, and
according to the LC-NMR analysis were identified to differ in the 4” or 6”
esterification of the glucose ring with malonic acid.

Successful identification and quantification of components in analyzed samples
is not only dependent on the applied detectors. The influence of the composition
of the liquid phase on results obtained with mass spectrometry detectors was studied
for different classes of compounds (Rauha et al., 2001; Zhao et al., 2002; Huck
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et al., 2002). In addition, different interfaces applied for the coupling of LC with
MS were described (Gelpi, 2002; Niessen, 1999). The type of LC columns used also
influences the quality of data collected. The application of columns with SiO,
particles of 3 wm diameter as well as the application of RP C-30 stationary phase
(Vilegas et al., 2000) may improve the resolution and further reduce the time of
analysis.

Most of the described LC separations of flavonoid mixtures obtained from
different biological materials were performed on reversed-phase C-18 columns with
acidified mobile phases, in most cases with acetic or formic acids. A strong
suppression of cationized molecules (([M+Na]" and [M+K]" ions) was observed in
mass spectra due to the acid addition to the phase (Stobiecki et al., 1997). An
increase in sensitivity may be achieved this way owing to the presence of single
[M+H]" ions. Comparable effects may be achieved after the addition of ammonium
acetate to the mobile phase; in this case strong ammonium adduct ions [M+NH,]"
are observed (de Rijke et al., 2003). The flow rate of the mobile phase is an
important parameter when API methods are applied. In LC-MS systems the column
flow varies between 0.2 ml/min to 1 ml/min, for column diameters of 2 mm and
4 mm, respectively. The decrease of the column diameter may improve the
sensitivity due to a lower dilution of the analyte in the liquid phase. The accessible
sensitivity during the mass spectrometric analysis of flavonoids is in the low
nanogram level of a single compound injected onto the column. However,
in the case of extracts from biological origin, the sensitivity may decrease due to the
coelution of different natural products and the suppression of the ionization
efficiency of the target compounds. Extracts from 200 mg of fresh weight of plant
tissue material (root or green parts) give reasonable amounts of natural products to
obtain good quality single-ion chromatograms and mass spectra. The additional
purification and/or preconcentration of target flavonoid compounds is not necessary;
however, solid-phase extraction often was used to improve the quality of obtained
results. On the other hand, many efforts have been undertaken to improve the
sample preparation procedures and instrumental identification methods in order to
achieve the sensitivity sufficient for secondary metabolites analysis in single cells.
At present the utilization of micro- and capillary LC or CE allows one to approach
this limit of sensitivity.

During LC/MS system utilization, increased structural information may be
obtained when tandem mass spectrometric approaches are utilized. Different types
of analyzers can be applied including triple quadrupole, quadrupole and time of
flight, or ion traps. The last system makes it is possible to perform multiple MS/MS
experiments (March, 1997). From the MS" product ion mass spectra one can
achieve data about structure of an aglycone (Sanchez-Rabaneda et al., 2003; de
Rijke et al., 2003) and differentiation of C-6 and C-8 substituted glycosides (Sikorska
et al,, 2003; Waridel et al., 2001) and can draw conclusions about patterns of
O-glycosylation (Cuyckens and Claeys, 2004). During MS" experiments it is
important to establish proper conditions of mass spectrometric analysis. These include
the voltage between the entrance slit and skimmer or choice of parent ions. Both
characteristic fragmentation pathways of parent ions and their relative intensities
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bring information about the structure of flavonoid glycosides present in the mixture.
Comparison of positive ion mass spectra registered during LC/MS and LC/MS/MS
analyses with ESI ionization is presented on Figures 2.4 and 2.5. In normal mass
spectra, protonated molecules [M+H]" ions and Y," fragment ions are present,
created after the cleavage of glycosidic bonds. Tandem experiments after further
fragmentation of Y, ions allow the identification of the structure of an aglycone in
O-glycosides. This approach creates possibilities for establishing mass spectral data
bases of flavonoid glycosides or free aglycones (Bristow et al., 2004). However,
during analyses of crude extracts, the coclution of different secondary metabolites is
possible and in this situation simultaneous ionization of compounds in the column
eluate occurs; sometimes ratios of ion intensities of target compound with these,
originating from other substances, are very low. In this situation, the application of
MS/MS systems is useful, enabling the identification of natural product in extracts
of complex composition.
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Figure 2.4 Mass spectra of different isoflavonoid glycosides obtained using ESI HPLC-MS
system.

Metabolite profiling of flavonoids and isoflavonoids and their conjugates gained
a wide interest in last few years. Many papers presenting applications of LC-UV
or LC-MS systems for the analysis of the above-mentioned natural products in
tissues of different plant species have been presented. Roles of isoflavones under
the influence of abiotic stress or as phytoalexins or phytoanticipins during
interaction of plants with pathogenic microorganisms were studied (Graham, 1991a,
1991b; Lozovaya et al., 2004; Bednarek et al., 2001, 2003). The same group of



ISOLATION AND IDENTIFICATION OF FLAVONOIDS

63

compounds was analyzed in different plant tissues (Gu and Gu, 2001; de Rijke et al.,
2001, 2004a, 2004b; Klejdus et al., 2001; Lin et al., 2000; Sumner et al., 1996).
Numerous conjugates of flavones and flavonols were identified in extracts obtained
from herbs, vegetables, fruits, and berries or juices. In the last few years, numerous
papers related to the analysis of anthocyanins in wine and grape or catechin
derivatives in green tea also were published (reviewed in Justesen et al., 1998;
Stobiecki, 2000, 2001; Careri et al., 1999, 2002; Prasain et al., 2004).
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Figure 2.5 MS" spectra of different malonyl-diglucosides of 2 ’-hydroxy-genistein obtained
using ESI HPLC/MS ion trap system.

Different methods of CE also can be also applied for the analysis of flavonoids
and their conjugates in various biological materials (Mellenthin and Gallensa, 1999;
Urbanek et al., 2002). The comparison of LC and CE chromatographic systems
for flavonoids analysis also has been published (Tomas-Barberan and Garcia-
Viguera, 1997; Vanhoenacker et al., 2001; Smyth and Brooks, 2004; Wang and

Huang, 2004).
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4. CONCLUSIONS

Due to a wide range of biological activities of flavonoids consumed by humans
and animals, there is a high interest in the metabolism of these compounds.
The most important groups of this class of natural products are the phytoestrogenes
(isoflavones: genistein derivatives) and antioxidants (anthocyanins: flavonols
and flavones); their interactions with proteins (tannins) and their metabolites are
monitored in physiological fluids (urine, blood, milk) and tissues (Prasain et al.,
2004). These kinds of studies will help to elucidate the influence of the flavonoids
on human and animal health and permit the evaluation of their role in different kinds
of epidemiological studies (see Chapter 8 for a detailed description). MS techniques
are the methods of choice in these research areas, especially the combination of
chromatographic systems (GC, LC, or CE) with powerful detectors which enable the
identification of single compounds in complex mixtures.
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CHAPTER 3

THE BIOSYNTHESIS OF FLAVONOIDS

BRENDA S.J. WINKEL

Department of Biological Sciences and Fralin Center for Biotechnology, Virginia
Tech, Blacksburg, VA 24061-0346 USA

1. INTRODUCTION

Flavonoids have long sparked the interest of scientists and nonscientists alike,
largely because these metabolites account for much of the red, blue, and purple
pigmentation found in plants and increasingly for their association with the health
benefits of wine, chocolate, and generally with diets rich in fruits and vegetables.
The flavonoid pathway, illustrated in Figure 3.1, therefore has become one of the
most well-studied of the many unique secondary metabolic systems that characterize
the plant kingdom. There is good evidence that these systems are derived from
primary metabolism, with a variety of enzymes, including members of the
cytochrome P450 hydroxylase, 2-oxoglutarate-dependent dioxygenase (2-ODDs),
short-chain dehydrogenase/reductase (SDR), O-methyltransferase (OMT), and
glycosyltransferase (GT) families, having been recruited into new functions during
the rapid evolution that accompanied the movement of plants onto land (Stafford,
1991). In the case of flavonoids, rudimentary forms of these compounds may have
played early roles as signaling molecules and then evolved functions in processes as
diverse as UV protection, growth and development, defense against herbivores and
pathogens, and recruitment of pollinators and seed dispersers. The remarkable
diversity of form and function of flavonoids in present-day plants has provided a
rich foundation for research in areas ranging from genetics and biochemistry to
chemical ecology and evolution to human health and nutrition. To date, more than
6,400 different flavonoid compounds have been described in the literature (Harborne
and Baxter, 1999) and the pathways responsible for their synthesis have been
characterized in detail in numerous plant species (Dixon and Steele, 1999; Harborne
and Williams, 2000, 2001; Winkel-Shirley, 2001a; Springob et al., 2003).
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Figure 3.1 Schematic of the flavonoid pathway showing the enzymatic steps leading to the
major classes of end products, flavonols, anthocyanins, proanthocyanidins, phlobaphenes,
aurones, flavones, and isoflavonoids, which are identified with boxes. Names of the major
classes of intermediates are given, with names of specific compounds in italics. Enzymes
are indicated with standard abbreviations in bold; names of cytochrome P450
monooxygenases that may function as membrane anchors for other flavonoid enzymes are
underlined. Abbreviations: ACTs, acetyl transferases; ANR, anthocyanidin reductase;
ANS, anthocyanidin synthase (also known as leucoanthocyanidin dioxygenase); C4H,
cinnamate-4-hydroxylase; CHI, chalcone isomerase; CHR, chalcone reductase; CHS,
chalcone synthase; 4CL, 4-coumaroyl:CoA-ligase; DFR, dihydroflavonol 4-reductase;
DMID, 7,2'-dihydroxy, 4"-methoxyisoflavanol dehydratase; F3H, flavanone 3-hydroxylase;
FNSI and FNSII, flavone synthase I and Il; F3’H and F3’5 'H, flavonoid 3’ and 3’5’
hydroxylase; IOMT, isoflavone O-methyltransferase; IFR, isoflavone reductase; 12 ’H,
isoflavone 2'-hydroxylase, IF'S, isoflavone synthase; LAR, leucoanthocyanidin reductase;
OMTs, O-methyltransferase; PAL, phenylalanine ammonia-lyase: GTs, glucosyl
transferases; VR, vestitone reductase.

There also is a growing understanding of the diverse physiological functions of
these compounds in plants and their effects, both beneficial and detrimental, when
consumed by mammals. The aim of this chapter is to provide a brief historical
account of the work that has led to our current understanding of the flavonoid
pathway and then discuss recent advances in elucidating the biochemistry and
organization of this intriguing metabolic system.
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2. A BRIEF HISTORY OF RESEARCH ON FLAVONOID BIOSYNTHESIS

In-depth historical accounts of research leading to our current understanding of
the structure and synthesis of flavonoid pigments can be found in two classic texts,
Muriel Wheldale Onslow’s The Anthocyanin Pigments of Plants, 2™ ed. (Onslow,
1925) and Helen Stafford’s Flavonoid Metabolism (Stafford, 1990) (Figure 3.2),
highlights of which are recounted here. Among the earliest documented studies of
flavonoid pigments is Robert Boyle’s 1964 Experiments and Considerations
Touching Colours (Boyle, 1664), which describes the effects of acids and bases on
the color of extracts from plant flowers and other pigmented tissues. The chemical
compositions of flavonoids, specifically the blue pigment of cornflower and the red
pigment of wine, was described in the mid-1800s as involving carbon, hydrogen,
and oxygen (Morot, 1849; Glénard, 1858). Colorless substances also began to be
recognized as being related to anthocyanin pigments during this period (Filhol,
1854; Wigand, 1862).

The first major progress toward understanding the biochemistry and genetics of
flavonoid metabolism came from studies of inheritance, starting with Mendel’s use
of flower color in pea to study the segregation of visible traits (Mendel, 1865), and
with renewed focus in the early 1900s in studies with common stock (a close relative
of Arabidopsis thaliana) and sweet pea by Bateson, Saunders, and Punnett (1904,
1905) (Figure 3.2). The finding that purple-flowered progeny could be produced by
crossing different white-flowered lines gave rise to the hypothesis that two genetic
factors, C and R, were required for the production of red pigments in sweet pea,
which were further modified by a third factor, B, producing blue or purple pigments.
These critical insights opened the door to elucidating the chemical processes that
underlie flavonoid biosynthesis. Palladin’s theory of “Atmuhngspigmente,” which
proposed that plants contain chromogens that are oxidized by enzymes to pigments,
including anthocyanins (Palladin, 1908), together with chemical and genetic studies
in Antirrhinum, led Wheldale to suggest that anthocyanins are formed from a
flavanone by the action of oxidase and reductase enzymes (Wheldale, 1909a,
1909b). Substantial progress was made soon thereafter on the chemical structures of
flavonoids by Willstitter and colleagues, who showed that pigments from a wide
range of plant species all derived from the three anthocyanins: pelargonidin,
cyanidin, and delphinidin (e.g., Willstétter and Everest, 1913; Willstétter and Weil,
1916). This group also described the chemical relationship of anthocyanins with the
flavonols, quercetin, kaempferol, and myricetin, as well as the presence of sugar and
methoxy groups on these compounds.
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Figure 3.2 Some of the key contributors to research on flavonoid metabolism.
Photographs reprinted with permission from Mary Catherine Bateson (A); courtesy of
Special Collections, Eric V. Hauser Memorial Library, Reed College (B),; and with
permission from the Phytochemical Society (C); photographs provided by Eric Conn (D)
and Geza Hrazdina and George Wagner (E). Reprinted with permission from Mary
Catherine Bateson, Institute for Intercultural Studies.

However, it was not until the 1950s that the availability of radioisotope tracer
molecules fueled major new progress toward elucidating the flavonoid biosynthetic
pathway (reviewed in Stafford, 1990). These studies also generated the first
evidence for channeling of intermediates in phenylpropanoid biosynthesis (reviewed
in Stafford, 1981; Hrazdina and Jensen, 1992). Integration of the resulting
biochemical information with a wealth of accumulated genetic data led to a
description of the sequence of genes involved in the production of anthocyanins in
the maize aleurone in 1962 (Reddy and Coe, 1962). Enzymological information was
also appearing during this time, with the first enzyme of the phenylpropanoid
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pathway, phenylalanine ammonia-lyase (PAL), described in 1961, followed by
cinnamate 4-hydroxylase (C4H) and the first flavonoid enzyme, chalcone isomerase
(CHI) from soybean in 1967 (Koukol and Conn, 1961; Moustafa and Wong, 1967;
Russell and Conn, 1967) (Figure 3.2). Eight years later, Kreuzaler and Hahlbrock
(1975) (Figure 3.2) described the purification from parsley of a second enzyme,
chalcone synthase (CHS), which functions at the entry point into the pathway. Soon
thereafter, Styles and Ceska (1977) published a scheme for flavonoid biosynthesis
that incorporated some 25 structural and regulatory genes functioning in diverse
tissues of maize. This was followed by the isolation of numerous additional
flavonoid enzymes and the corresponding genes (reviewed in Winkel-Shirley,
2001b), the first gene, for parsley CHS, being described in 1983 by Hahlbrock’s
group (Kreuzaler et al., 1983). During this period, Stafford raised the possibility that
the enzymes of flavonoid metabolism, like those of the phenylpropanoid pathway,
might be organized as one or more enzyme complexes (Stafford, 1974), and
substantial experimental evidence in support of this idea was published in the mid-
1980s by Hrazdina and his colleagues (Wagner and Hrazdina, 1984; Hrazdina and
Wagner, 1985) (Figure 3.2).

Numerous recent reviews have summarized the extensive progress made in the
flavonoid field since 1990, including advances in deciphering the signaling
pathways that regulate expression of flavonoid genes as well as mechanisms
controlling the intracellular distribution of flavonoid end products (Winkel-Shirley,
2001b; Vom Endt et al., 2002; Marles et al., 2003; Springob et al., 2003; Schijlen et
al., 2004; Dixon et al., 2005). In addition, the first three-dimensional structures
of several flavonoid enzymes were solved in the past few years, first for CHS and
CHI from Medicago truncatula, solved by Noel’s group (Ferrer et al., 1999; Jez
et al., 2000), and then for anthocyanidin synthase [(ANS) also known as
leucoanthocyanidin dioxygenase (LDOX)] from Arabidopsis by Wilmouth et al.
(2002).

Still, major gaps remain in our understanding of flavonoid biochemistry,
including the structural and biochemical basis of substrate- and stercospecificity for
most flavonoid enzymes and the mechanisms by which flux is distributed among the
various branch pathways. Unanswered questions also remain regarding the identity
of several enzymes and precise sequence of events that lead to the major classes of
flavonoid endproducts.
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3. RECENT ADVANCES IN IDENTIFICATION AND CHARACTERIZATION
OF THE PRIMARY FLAVONOID ENZYMES

3.1. Proanthocyanidin Biosynthesis

Despite extensive biochemical and genetic efforts over the past several decades to
identify the enzymes that mediate flavonoid biosynthesis, a number of key steps
have resisted elucidation. An important branch pathway that has long posed
challenges in terms of defining the relevant biochemical steps is the one leading to
the proanthocyanidins (a.k.a. condensed tannins) (reviewed in Dixon et al., 2005).
This pathway is of substantial interest as a potential target for genetic modification
to improve the yield, forage traits, and nutritional properties of crop species. A
major recent breakthrough has been the isolation of genes encoding two key
enzymes—anthocyanidin reductase (ANR) and leucoanthocyanidin reductase
(LAR)—that provide the initiating and extension units for proanthocyanidin
biosynthesis (Figure 3.1).

ANR was initially identified through characterization of the banyuls locus in
Arabidopsis (Devic et al., 1999). The gene and enzyme now have been studied in
detail in both Arabidopsis and Medicago (Xie et al., 2003, 2004a) and the enzyme
activity has been described in Camellia sinensis and a number of other plant species
(Punyasiri et al., 2004; Dixon et al., 2005). ANR, which is closely related in
sequence to dihydroflavonol reductase (DFR) as well as the phenylpropanoid and
isoflavonoid  enzymes, cinnamoyl-CoA  reductase, cinnamoyl alcohol
dehydrogenase, and vestitone reductase, converts the product of ANS/LDOX, an
anthocyanidin, to a 2,3-cis-2R,3R-flavan 3-ol (Figure 3.3). This discovery provided
the first indication that ANS/LDOX has a role in both anthocyanin and
proanthocyanidin biosynthesis and offered an explanation for the difference in
stereochemistry between 2,3-frans isomers for flavonols and anthocyanins, and 2,3-
cis isomers for the proanthocyanidin extension units in most plants. This is further
supported by the isolation of two mutant alleles of Arabidopsis ANS/LDOX, #18
and tds4, in screens for plants deficient in proanthocyanidin biosynthesis, which also
provided genetic evidence that ANS/LDOX precedes ANR in the pathway
(Abrahams et al., 2003; Shikazono et al., 2003). A gene encoding another key
enzyme of proanthocyanidin biosynthesis, LAR, was cloned from the legume
Desmodium uncinatum and found to be a member of the plant reductase-epimerase-
dehydrogenase (RED) superfamily, which also includes the gene for isoflavone
reductase (Tanner et al., 2003). LAR generates (2,3-trans) catechin from
leucoanthocyanidin, competing with ANS/LDOX for substrate to produce an
alternative initiating unit for proanthocyanidin biosynthesis. Interestingly, LAR
does not appear to exist in Arabidopsis, consistent with the presence of only 2,3-cis
initiating and extension units in this species (Abrahams et al., 2003; Tanner et al.,
2003). Although we have moved much closer to an understanding of this pathway
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with the cloning and characterization of ANR and LAR, the mechanism by which

the extension units are incorporated into proanthocyanidin polymers remains
unknown (Dixon et al., 2005).
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Figure 3.3 Reaction catalyzed by anthocyanidin reductase (ANR) (Xie et al., 2003).

3.2. Dihydroflavonol Reductase

In contrast to ANR, DFR has long been known to contribute to both anthocyanidin
and proanthocyanidin biosynthesis (Heller et al., 1985; Reddy et al., 1987).
Recently, Shimada et al. (2004) reported the characterization of DFR enzymes from
Spinachia oleracea and Phytolacca americana. As with most other members of the
order Caryophyllales, anthocyanins are entirely replaced in these plants by betalain
pigments, which are derived from tyrosine via dihydroxyphenylalanine by a pathway
unrelated to flavonoid metabolism (Strack et al., 2003). Recombinant DFR enzymes
from these species are functional in vitro, producing cyanidin from
dihydroquercetin, however, no such activity could be detected in extracts from
seedlings or mature leaves of either species. This could be due to the low expression
levels of the corresponding genes, which were assessed by Northern analysis
and semiquantitative RT-PCR in various tissues. It also was suggested that these
enzymes participate in proanthocyanidin biosynthesis, although these compounds
were not present in the vegetative tissues examined in this study. Another
possibility is that the DFR enzymes in these plants have lost the ability to interact
with other components of a flavonoid enzyme complex, so that only flavonols are
synthesized in tissues where enzymes of the proanthocyanidin pathway, such as
ANS/LDOX, ANR, or LAR, are not present. More work is needed on this
interesting system to assess the specific role(s) of the DFR enzymes in these species
and how the flavonoid and betalain pathways have evolved in the Caryophyllales.

3.3. The 2-ODD Enzymes

Advances in recombinant protein expression technology and substrate/product
detection methods have fueled rapid advances in the biochemical characterization of
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numerous key flavonoid enzymes in recent years. This is particularly true of
members of the 2-ODD enzyme family for which conventional biochemical analysis
of plant extracts had been limited by the oxygen sensitivity of the enzyme and its
susceptibility to cleavage by endogenous enzymes (Britsch and Grisebach, 1986;
Lukacin et al., 2000). Four 2-ODDs long have been known to function in flavonoid
metabolism in all plants: flavanone 3-hydroxylase (F3H), flavonol synthase (FLS),
flavone synthase (FNSI), and ANS (Figure 3.1). A fifth 2-ODD, flavonol 6-
hydroxylase (F6H), was more recently identified in the semiaquatic weed,
Chrysosplenium americanum, and shown to catalyze hydroxylation prior to O-
methylation at the 6 position of the A ring, a novel activity for this class of enzymes
(Anzellotti and Ibrahim, 2000, 2004) (Figure 3.4).

3,7,4'-trimethylquercetin 3,7,4'-trimethyl 6-hydroxyquercetin

3,6,7,2',4'-pentamethyl

6-hydroxyquercetin-5'- O-glucoside

—p» —p» 3,7,4', 5'-tetramethylquercetin 2'- O-glucoside

Figure 3.4 The reaction catalyzed by the 2-ODD enzyme, flavonol 6-hydroxylase (F6H) from
Chrysosplenium americanum (Anzellotti and Ibrahim, 2000).

A great deal of biochemical information on the flavonoid 2-ODD enzymes has
emerged since the mid-1980s, starting with the seminal work of Lothar Britsch and
colleagues (reviewed in Prescott and John, 1996). Recent studies incorporating
HPLC analysis into enzyme assays using conventional radiolabeled substrates, or
increasingly unlabeled substrates, have provided evidence for overlapping substrate
and catalytic specificities among these enzymes. The first indications for this
overlap came from studies on FLS enzymes from Arabidopsis and Citrus unshiu,
which were found to exhibit substantial F3H activity in addition to their primary
enzymatic activity in the terminal step of flavonol production (Prescott et al., 2002;
Lukacin et al., 2003). In addition, in vitro experiments with recombinant ANS
suggested that the enzyme could produce not only its natural product, cyanidin, but
depending on the C-4 stereochemistry of the leucocyanidin substrate possibly also
dihydroquercetin and quercetin (Turnbull et al., 2003). Turnbull et al. (2004)
subsequently compared the substrate preferences and stercospecificities of F3H,
FLS, and ANS enzymes from Arabidopsis and Petunia hybrida. The results of this
study indicated that the reactions catalyzed by the four enzymes all proceed via an
initial oxidation at the C-3 position. However, it also grouped F3H/FNSI and
FLS/ANS into two distinct subfamilies. The former have a very narrow substrate
preference, recognize only a single stereoisomer of their natural substrate,
naringenin, and are classified as C-3 B-face oxygenases. In contrast, FLS and ANS



THE BIOSYNTHESIS OF FLAVONOIDS 79

are C-3 o-face oxygenases that efficiently recognize different stereoisomers of their
natural, as well as several unnatural, substrates. The flavonoid 2-ODDs clearly offer
an excellent experimental system for defining the molecular determinants of the
substrate and stereoselectivities of this important class of enzymes. Domain
swapping experiments between Petunia F3H and Citrus FLS already have provided
evidence that the selectivity of F3H is not conferred by the 52 C-terminal amino
acids (Wellmann et al., 2004). Further enhancement of methods for biochemical
characterization of 2-ODDs, such as a recently described fluorescence-based assay
(McNeill et al., 2004), should help facilitate these types of studies in the future.
Enormous promise also lies in combining biochemical analyses with structural
approaches to understanding 2-ODD enzyme function. A high-resolution crystal
structure for Arabidopsis ANS, including one for the enzyme in complex with
enantiomerically pure dihydroquercetin, already is providing new insights into the
mechanism of stereoselective C-3 hydroxylation by this enzyme that are likely also
to apply to other members of this class of enzymes (Wilmouth et al., 2002).

3.4. Common Activities Specified by Members of Different Enzyme Classes

There are now three different examples of the overlapping contributions of 2-ODDs
and cytochrome P450s in the evolution of flavonoid metabolism. Work by Shin-ichi
Ayabe’s group (Sawada et al., 2002; Sawada and Ayabe, 2005) involving site-
directed mutagenesis of the P450 enzyme, isoflavone synthase (IFS), suggests that
this enzyme might have been derived from an ancestral CYP93 enzyme that also
gave rise to flavanone 2-hydroxylase and flavone synthase II (FNSII) (Figure 3.1).
These experiments indicate that IFS could have evolved via an intermediate enzyme
having flavanone 3-hydroxylase activity. Interestingly, FNS activity is specified by
either a P450 (FNSII) or a 2-ODD (FNSI) enzyme in different plant species (Britsch,
1990; Martens and Forkmann, 1999). It is conceivable that F3H was represented by
members of these two different enzyme classes in ancestral plant species. There is
now also evidence that F6H activity, first described as a 2-ODD enzyme in
Chrysosplenium americanum (Anzellotti and Ibrahim, 2000, 2004), is specified by a
P450 monooxygenase in Tagetes species (Halbwirth et al., 2004). The activities
differ in that the enzyme from Chrysosplenium americanum accepts methylated
flavonols, while the Tagefes enzyme does not. These findings underscore the
remarkable evolutionary plasticity of plant secondary metabolism and the potential
to achieve similar ends through entirely unrelated means. It could be interesting to
consider whether similar evolutionary processes may have occurred in other
metabolic systems. Further evidence for the biochemical plasticity of the flavonoid
pathway comes from analyses of the substrate and product specificities of FLS and
DFR. These enzymes carry out unrelated reactions in flavonoid biosynthesis (Figure
3.1) and belong to entirely different enzyme classes: the 2-ODD and SDR
superfamilies. However, both enzymes utilize primarily dihydroflavonols, but also
have been shown to convert flavanones (e.g., naringenin and eriodictyol) to
dihydroflavonols in the case of Arabidopsis and Citrus FLS, an activity traditionally
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associated with F3H (Prescott et al., 2002; Lukacin et al., 2003), or to flavan 4-ols in
the case of DFR from Dahlia variabilis, Gerbera hybrida, Zea mays, and Medicago,
an activity previously named flavanone 4-reductase (FNR) (Fischer et al., 1988,
2003; Halbwirth et al., 2003; Xie et al., 2004b) (Figure 3.5).

FLAVANONES: DIHYDROFLAVONOLS:
R=R'=H, naringenin R=R'=H, dihydrokaempferol
R=H, R'=0H, eriodictyol R

R=R'=H, 5'-hydroxy eriodictyol

R R=H, R'=0H, dihydroquercetin
OH g OH R=R'=0H, dihydromyricetin
HO 0. .
R F3H, (FLS) R
E—
H

]
OH O OH O

OH OH

FLAVAN-4-OLS
OH OH OH O FLAVAN-3,4-DIOLS:
R=R'=H leucopelargonidin
R=H, R'=0H leucocyanidin
R=R'=0H leucodelphinidin

v FLAVONOLS:
v R=R'=H kaempferol
R=H, R'=0OH quercetin
v R=R'=0H myricetin v
3-DEOXYPROANTHOCYANDINS v

Y

PROANTHOCYANDINS
& ANTHOCYANINS

Figure 3.5 Flexible substrate recognition of flavonol synthase (FLS) and dihydroflavonol
4-reductase (DFR) (Prescott et al., 2002, Lukacin et al., 2003, Xie et al., 2004b).
Abbreviations: F3H, flavanone 3-hydroxylase; FNR, flavanone 4-reductase.

The broad substrate specificity of DFR has led to the suggestion that it is the
level of F3H activity that ultimately determines the type of anthocyanin that
accumulates in maize silks (Halbwirth et al., 2003). Although FLS and DFR do
recognize a similar set of substrates, a difference between these enzymes is that only
DFR exhibits a strong stereospecificity. For example, two recently characterized
DFR enzymes from Medicago convert only the 2R,3R form of dihydroquercetin
(Xie et al.,, 2004b), consistent with the stereochemistry of naturally occurring
flavonols and anthocyanins. These enzymes therefore are likely to provide a
useful experimental system for understanding the determinants of substrate and
stereospecificity in individual enzymes.

Efforts also continue to be focused on elucidating how the preference of DFR for
its natural dihydroflavonol substrates is determined (Punyasiri et al., 2004; Xie et al.,
2004b). DFR enzymes from different plant species vary in acceptance of
dihydroflavonols with different B-ring oxidation states (Figure 3.5), a characteristic
that has been of long-standing interest with regard to engineering flower color
(Meyer et al., 1987). There long has been evidence for the role of a 26 amino acid
region, and more recently for one residue in particular, in determining DFR substrate
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specificity (Beld et al., 1989; Johnson et al., 2001). However, the recent analysis of
the Medicago enzymes shows that the molecular basis of this specificity, including
the roles of other active site residues, remains to be elucidated (Xie et al., 2004b).
Accumulating information on members of the SDR class of enzymes in a wide range
of species, including more than 40 three-dimensional structures now deposited in the
protein database, suggests that new insights will soon be forthcoming (Oppermann et
al., 2003).

4. ADVANCES IN ELUCIDATING FLAVONOID MODIFICATION
REACTIONS

In addition to the ongoing interest in the primary enzymes of flavonoid metabolism,
there has been a growing focus on enzymes that perform the substitution reactions
responsible for the tremendous structural and functional diversity of flavonoids
found in nature. This is driven in part by opportunities for metabolic engineering of
flavonoid biosynthesis for agronomic and nutritional improvement of plants.
Methylases, acetyltransferases, and GTs confer many of the ultimate chemical and
bioactive properties of flavonoids, for example, modulating flower color or
enhancing the activity of these compounds for use in defense against herbivores and
pathogens. These modifications also may play an important part in controlling the
distribution of flux across branch pathways by altering intermediates to favor
utilization by one or more competing enzymes at critical branch points. It is
noteworthy that many of the substitution reactions are quite species-specific and
most are still poorly understood both in terms of enzymology and their biochemical
or physiological significance.

4.1. Flavonoid Methyltransferases

A variety of O-methylated flavonoids have been described, involving substitutions at
the 3, 5, 6, 7, 4" or 5’ positions (for example, Figure 3.4). Huang et al. (2004) have
recently described the purification and biochemical characterization of a 3-O-
methyltransferase from Serratula tinctoria that exhibits a preference for quercetin
over other flavonols. This enzyme is of particular interest because 3-O-methylation
confers a number of distinct activities to quercetin, including antiinflammatory and
antiviral properties. Thus, the enzyme clearly has potential metabolic engineering
applications and cloning of the corresponding gene is underway. Other studies have
focused on how the stereo- and regiospecific addition of sugars and other groups is
controlled. Comparison of the substrate preferences and kinetic characteristics of
variants of a class I OMT from the ice plant, Mesembryanthemum crystallinum,
indicates that the N-terminus of this enzyme is an important determinant of these
properties (Vogt, 2004). Deletion of 11 N-terminal residues allows the enzyme to
add sugars to not only the 3" and 6 positions observed for the native plant protein,
but also to the 5 position (Figure 3.6). However, it also reduces the overall catalytic
efficiency of the enzyme, apparently affecting turnover rate rather than substrate
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binding affinity. Efforts are underway to solve the crystal structure of this enzyme
in order to understand these observations at a molecular level. Interestingly,
characterization of a novel 4'-O-methyltransferase from Catharanthus roseus
indicates that, at least for the four major 2-ODDs that function in flavonoid
synthesis, methylation at the 4' position did not reduce substrate utilization
(Schroder et al., 2004). This suggests that, although this modification may alter the
biological activity of flavonoid end products, it does not by itself control flux into
different branch pathways.

OCH;

OH O H;CO O

6-hydroxy quercetin 3,7,4'-trimethyl 6-hydroxyquercetin

Figure 3.6 Regiospecific methylation of 6-hydroxy quercetin catalyzed by a phenylpropanoid
and flavonoid O-methyltransferase from the ice plant, Mesembryanthemum crystallinum
(Vogt, 2004).

4.2. Flavonoid Glycosyltransferases

The addition of sugar groups has been well documented to enhance the solubility of
flavonoids, as well as many other metabolites, and is likely to be critical for the
transport and storage of these compounds at the final destinations in the vacuole or
cell wall.

Most flavonoid end products exhibit complex glycosylation patterns involving
the addition of one or more glucose, rhamnose, or other sugars. Recent progress in
understanding how this occurs includes elucidation of the terminal steps in the
biosynthesis of maysin, a flavone produced in maize that provides resistance against
the corn earworm, Helicoverpa zea. Quantitative trait locus and metabolite analysis
of the maize salmon silk (sm) phenotype by McMullen and colleagues (2004) has
shown that the sm/ and sm2 genes encode or control a glucose modification enzyme
and a rhamnosyl-transferase activity, respectively, in the maysin pathway. This
analysis has made possible the ordering of the final intermediates in the pathway
from the flavone, luteolin, to isoorientin, to rhamnosylisoorientin, and then to the
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OH

luteolin

isoorientin

OH i ienti
H O-Rha rhamnosylisoorientin

OH maysin
o H  ‘oRha

Figure 3.7 Pathway for the synthesis of maysin from the flavone luteolin. The sml and
sm2 loci are now known to encode or control the terminal steps (Vogt, 2004).
Abbreviations: GT, glucosyl transferase; RT, rhamnosyl transferase.
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bioactive product, maysin (Figure 3.7). In Citrus, a gene encoding a 1,2
rhamnosyltransferase, a key determinant of bitterness in fruits such as pummelo and
grapefruit, has been described (Frydman et al., 2004). The enzyme is more closely
related to the only other cloned flavonoid-glucoside rhamnosyl transferase, an
enzyme from Pefunia, than other GTs, including enzymes that conjugate rhamnose
directly to the flavonoid backbone. This is somewhat surprising as the Petunia adds
the sugar to a 3-O-glucoside substrate at the 6 position of the glucose moiety, while
the Citrus enzyme is specific for 7-O-glucoside substrates and places rhamnose at
the 2 position (Figure 3.8). Because the RT that participates in maysin biosynthesis
also adds rhamnose at the 2 position of glucose, but onto a 6-O-glucoside substrate,
it will be interesting to compare the substrate binding and reaction mechanisms
for these three enzymes. Progress also has been made in the identification of
genes encoding UDP-rhamnose:flavonol-3-O-rhamnosyltransferase and UDP-
glucose:flavonol-3-O-glycoside-7-O-glucosyltransferase in Arabidopsis based on
homology to other known flavonoid GTs and combined genetic and biochemical
analyses (Jones et al., 2003). The presence of these activities in Arabidopsis is
consistent with the structures of the flavonol glycosides of this species (Veit and
Pauli, 1999). Using a more global approach to developing new tools for engineering
the production of small molecule glycosides, Dianna Bowles’s group has surveyed
91 recombinant GTs from Arabidopsis, 29 of which were found to be capable of
glycosylating quercetin, reflecting the substrate promiscuity of these enzymes (Lim
et al., 2004). These GTs should be extremely useful for efforts to define the
determinants of GT substrate specificity and also may have substantial practical
value for directing the in vitro synthesis of commercially important mono- and
diglucosides. It also has recently been reported that dusky mutants of the Japanese
morning glory, which have reddish-brown or purple-gray flowers rather than bright
red or blue flowers, are deficient in a novel anthocyanin glucosyltransferase (Morita
et al., 2005).

As with many other enzymes, the molecular basis of the substrate and
regioselectivity of the flavonoid GTs is of significant interest. A single amino acid
change recently has been shown to increase the sugar donor specificity of a UDP-
galactose:anthocyanin galactosyltransferase from Aralia cordata to include UDP-
glucose (Kubo et al., 2004). However, UDP-galactose specificity did not appear to
be associated with the same residue, indicating that much remains to be learned
about the catalytic mechanism of this group of enzymes. Cloning and
characterization of a novel glucuronyltransferase (UGAT) from red daisy (Bellis
perennis) that is believed to confer solubility and stability to the pigment in flowers
suggests that this enzyme has a relatively broad substrate specificity (Sawada et al.,
2005). This may allow the enzyme to participate in a metabolic grid at the end of
pigment biosynthesis in which either malonylation at the 6 position or
glucuronosylation at the 2 position of glucose may take place first, similar to what
has been proposed for the late steps in pigment biosynthesis in red Perilla leaves
(Yamazaki et al.,, 1999). Together, these findings are opening new doors in
understanding substrate binding and regiospecificity of the various modification
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0-Glc-0-Rha
OH O OH O OH
naringenin-7-O-neohesperidoside naringenin-7-O-runtinoside delphinidin-3-rutinoside
(bitter flavor) (flavorless)

Figure 3.8 Glycosylation of the flavanone, naringenin, in Citrus (Frydman et al., 2004) and the
anthocyanidin, delphinidin, in Petunia (Brugliera et al., 1994). Abbreviations: UDPG flavonoid 3
or 7-glucosyltransferase (UF3GT or UF7GT); anthocyanin rhamnosyltransferase (RT).

enzymes that function in secondary pathways, information that is clearly important
for efforts to engineer the chemical and biological characteristics of flavonoids and
other metabolites.

4.3. Flavonoid Acetyltransferases

Although acetylation of flavonoids has been known for some time, it is less common
and not as well understood as the other modifications. It has been suggested that
acyl groups are effective competitors for addition of water at the 2 and 4 position
and may serve to stabilize the anthocyanin chromophore (Stafford, 1990). Insights
on substrate selection of flavonoid acetylases recently has come from isolation and
characterization of a novel anthocyanin malonyltransferase from scarlet sage (Salvia
splendens) (Suzuki et al., 2004). This enzyme catalyzes the second malonylation
reaction of anthocyanins in this species, adding malonyl at the 4 position of the 5-
glucosyl moiety to produce salvianin flower pigments (Figure 3.9). Sequence
comparison with the enzyme that catalyzes the previous step, malonylation at the 6
position of this glucose moiety, indicates that even these two enzymes have very



86 B.S.J. WINKEL

similar substrate specificities; they evolved from different branches of the BAHD
acyltransferase family.

4.4. Peroxidases

In addition to the modifications that occur in the cytoplasm, additional processing
can occur at the final destination in the cell wall or the vacuole. In particular,
anthocyanins can be oxidized by peroxidases to become brown or colorless.
Information on flavonoid-specific peroxidases is just beginning to emerge, even
though correlations between peroxidase activity and flower color were made more
than 90 years ago by Keeble and Armstrong (1912a, 1912b). Wang et al. (2004)
recently have described the cloning and characterization of a peroxidase from
Raphanus sativus (Chinese red radish) that they propose to have a function in or at
the vacuole in the oxidation of anthocyanins. This enzyme appears to be quite
common, at least among the Brassicaceae, grouping phylogenetically with six of
seven peroxidases identified in horseradish, and 7 of 73 putative peroxidases from
Arabidopsis.

(o]
OJ salvianin

Figure 3.9 Structure of the anthocyanin pigment, salvianin, from Salvia splendens.
The terminal steps in the synthesis of this compound involve addition of malonyl to the
5-glycosyl moiety, first at the 6 and then at the 4 position (Suzuki et al., 2004).

5. ENGINEERING OF FLAVONOID METABOLISM

The wealth of information that has resulted from decades of biochemical and
molecular genetic characterization of flavonoid metabolism increasingly seems to
underscore just how much remains to be learned about this system. Efforts to
engineer flavonoid metabolism is one of the best illustrations of this, with early work
resulting in some striking success stories, such as the use of a maize DFR gene to
produce a new flower color in Petunia (Meyer et al., 1987). In other well-known
cases, introduction of flavonoid transgenes has resulted in unstable phenotypes and
in fact provided one of the first examples of cosuppression (Jorgensen, 1995). Gene
downregulation using RNAi technology at least now appears to provide a way to
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target genes in a highly specific manner, as illustrated in modulation of flower color
in Torenia hybrida using RNAI against CHS (Fukusaki et al., 2004).

At the same time, the unexpected outcomes of attempts to engineer flavonoid
biosynthesis continue to generate new insights into how metabolism really operates
in cells. For example, two recent engineering efforts have uncovered new clues as to
how flux through competing branch pathways is controlled. Dixon’s laboratory has
shown that the bottleneck for engineering isoflavonoid synthesis in Arabidopsis
involves competition for flavanone between the introduced enzyme, isoflavone
synthase (IFS), and the endogenous FLS1 enzyme (Figure 3.1) (Liu et al., 2002).
Similarly, anthocyanin production in a white-flowered Petunia line has been
achieved, not just by enhancing DFR expression, but also by downregulating
expression of FLS; the highest levels of anthocyanin production were achieved by
using both approaches together (Davies et al., 2003). These findings are building a
case for the FLS reaction as a key point in the regulation of flux into the branch
pathways of flavonoid metabolism. There also are examples of the effects of
engineering competition with the entry point enzyme, CHS, including reduced
coloration of Petunia and Peuraria montana flowers upon introduction of chalcone
reductase, which in legumes shifts flux into the isoflavonoid pathway (Davies et al.,
1998; Joung et al., 2003). Similarly, reduced flower color and fertility were
reported in tobacco upon introduction of a stilbene synthase gene, which normally
sends flux into the stilbene branch pathway (Fischer et al., 1997). Some of these
negative effects can be ameliorated by selecting lines with altered expression of the
endogenous pathway or with moderate levels of transgene expression (for example,
Fettig and Hess, 1999). All these observations indicate that a great deal remains to
be learned about the mechanisms normally used by cells to distribute flux among
competing branch pathways.

Reconstitution in yeast of parts of the flavonoid and isoflavonoid pathways, as
well as early steps in phenylpropanoid metabolism, is another application of
metabolic engineering that may provide insights into the cellular organization and
regulation of these enzyme systems. Yu’s group has demonstrated the feasibility of
expressing CHI, F3H, and FNSII in yeast cells to produce both the natural products
from supplied chalcone precursors as well as novel compounds when uncommon
substrates were provided (Ralston et al., 2005). This system is proposed to offer a
unique platform for functional analysis of these enzymes, including their physical
and genetic interactions. However, a similar study of the first enzymes of general
phenylpropanoid metabolism from poplar (two isoforms of PAL, cinnamate 4-
hydroxylase, and a cytochrome P450 reductase), failed to detect channeling of trans-
cinnamic acid, even though this has been demonstrated for the corresponding
enzymes in Nicotiana tabacum (tobacco) cells (Rasmussen and Dixon, 1999).
Individual isoforms of tobacco PAL behave very differently in terms of association
with the ER and presumably other phenylpropanoid enzymes (Achnine et al., 2004),
which suggests that it could be the isoform used in these experiments rather than the
yeast that is responsible for the lack of corroboration of the results obtained in
tobacco.
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6. FRONTIERS IN THE STUDY OF FLAVONOID METABOLISM

The localization of flavonoid metabolism and how this impacts the deposition of end
products is another area with a long history of study where new information and new
questions continue to arise. Our laboratory recently has demonstrated the presence
of CHS and CHI in the nucleus of Arabidopsis cells (Saslowsky et al., 2005). This
finding is consistent with several reports from other groups of the presence of
flavonoids in nuclei in such diverse species as Arabidopsis, Brassica napus,
Flaveria chloraefolia, Picea abies, Tsuga Canadensis, and Taxus baccata
(Grandmaison and Ibrahim, 1996; Hutzler et al., 1998; Kuras et al., 1999; Peer et al.,
2001; Buer and Muday, 2004; Feucht et al., 2004). These studies have raised
interesting questions regarding the physiological roles of flavonoids, speculated to
include protecting DNA from UV and oxidative damage (Feucht et al., 2004) or
controlling the transcription of genes required for growth and development such as
auxin transport proteins (Grandmaison and Ibrahim, 1996; Kuras et al., 1999; Buer
and Muday, 2004). However, it also begs the question of how intracellular
distribution of the enzymes is controlled. There is good evidence that flavonoid
synthesis in the cytoplasm proceeds via an enzyme complex, tethered to the
endoplasmic reticulum by the cytochrome P450 enzyme, flavonoid 3’-hydroxylase.
However, this enzyme cannot be the assembly point for an enzyme complex in the
nucleus; also, only CHI is sufficiently small enough to enter the nucleus on it own,
but only CHS contains a predicted nuclear localization signal (NLS). Thus, either
the other enzymes required to synthesize flavonoids such as quercetin 3-sulfate in
Flaveria chloraefolia (Grandmaison and Ibrahim, 1996) are cotransported with
CHS, or NLSs are formed upon association of these enzymes. At present the
mechanisms by which cells regulate the distribution of flavonoid metabolism to
these different compartments remains entirely unknown.

As already alluded to, one of the most important recent developments in the
effort to understand the organization and operation of flavonoid metabolism has
been the application of the tools of structural biology. The release over the past 5
years of the three-dimensional structures of CHS and CHI from Medicago
truncatula and for ANS for Arabidopsis has enhanced dramatically our under-
standing of several of the key reactions of flavonoid metabolism (Jez et al., 2000,
2002; Wilmouth et al., 2002; Austin and Noel, 2003). Homology-based modeling is
proving useful also in the analysis of numerous other enzymes where structures are
available for even distantly related enzymes, including the 2-ODD (F3H, FLS,
FNSI, and F6H), cytochrome P450 (FNSII, IFS, and flavonoid 3’-hydroxylase,
F3’H), and SDR (DFR and ANR) enzymes that constitute the flavonoid pathway.
This holds true for several modifying enzymes, with substantial structural
information already available for OMTs (O-methyltransferases) and evidence that
the Family I class of GT enzymes will be similar in structure to the GT-B enzymes,
for which several crystal structures have been solved (Lim et al., 2004). In addition
to the examples cited above, Yang et al. (2004) have described the use of docking
simulations to model substrate in the active site of a flavonoid OMT from
Arabidopsis in order to develop a mechanistic explanation for differences between
the substrate preferences of this enzyme and that of caffeic acid OMT, the enzyme
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used as the template for homology modeling. Molecular modeling also is being used
as part of a functional genomics study of the Arabidopsis cytochrome P450 enzymes
by Schuler’s laboratory. Initial efforts have focused on four enzymes of
phenylpropanoid metabolism, including F3’H (Figure 3.10), the structures of which
were modeled on the crystal structures of four bacterial and one mammalian P450
enzyme (Rupasinghe et al., 2003). Analysis of these models indicated that, despite
as little as 13% sequence identity among these proteins, the structural cores and
several loop regions are highly conserved. Substrate docking simulations suggested
that the enzymes use a similar substrate recognition mechanism and are informing
mutagenesis experiments aimed at clarifying the roles of specific residues in
defining the substrate preferences of these enzymes.
™

Figure 3.10 Homology model of Arabidopsis F3’H developed by the Schuler laboratory
(Rupasinghe et al., 2003). The structure was visualized using Swiss-PdbViewer 3.7. Side
chains of residues corresponding to the P450 signature motif, which includes the heme-
binding cysteine (red), and the DT pair that mediates dioxygen activation (blue) are
shown. The six regions that determine substrate specificity (SRS1-6) are highlighted in
green. See Color Section for figure in colors.

The availability of authentic structures and homology models already has
enhanced radically our understanding of reaction mechanisms. It will be interesting
to see how these types of modeling experiments perform overall as predictive tools
for enzyme function. The promise of this approach is underscored by the fact that
the substrate and product specificity of a Gerbera CHS-like protein were accurately
predicted by modeling the active site architecture based on the Medicago CHS
crystal structure (Ferrer et al., 1999). Structural information also will be essential
for understanding the organization and intracellular distribution of the flavonoid
pathway. For example, our laboratory has begun fitting docking simulations of
homology models of Arabidopsis CHS and CHI to data generated by small-angle
neutron-scattering experiments to explore the structural basis of the interaction of
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these two enzymes (Dana, Martins, Kreuger, and Winkel, unpublished data). The
fact that many other metabolic systems are composed of members of the same
classes of enzymes suggests that what is learned from this highly tractable
experimental system will have broad applicability in understanding the organization
of cellular metabolism.

7. CONCLUSIONS

Studies of flavonoid metabolism are increasingly intertwined with efforts to
understand a wide array of other primary and secondary metabolic systems. The
growing accessibility of sophisticated tools for determining the biochemical and
structural characteristics of enzymes is driving this work to new levels, even as it
adds to our appreciation for the true complexity of cellular metabolism. The
practical implications of new knowledge for engineering enhanced agronomic and
nutritional traits in plants also are more and more evident. It seems likely that
flavonoid metabolism will continue to serve as an important and tractable
experimental model for efforts to understand cellular metabolism for some time to
come.
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1. INTRODUCTION

The control of flavonoid biosynthesis provides one of the best-described regulatory
systems in plants. The availability of a large number of mutants that affect the
expression of several pathway biosynthetic genes, and hence result in significant
alterations in pigmentation (Figure 4.1), facilitated the cloning of regulators in plants
that classically have been used to investigate the flavonoid pathway (e.g., maize,
petunia, snapdragon, gerbera) as well as in plants that are emerging as convenient
model systems to further understand the regulation of the pathway (e.g.,
Arabidopsis) (Mol et al., 1998; Winkel-Shirley, 2001). The flavonoid pathway is
under tight developmental control, and multiple environmental conditions, of them
light and hormones being the best investigated, affect the expression of the flavonoid
biosynthetic genes (Irani et al., 2003).

As extensively described in other chapters of this book, the flavonoid pathway
provides an intricate grid that results in the formation of various distinct groups of
flavonoids, which include the anthocyanin, proanthocyanidin (PA, syn. condensed
tannins), and phlobaphene pigments, and the nonpigmented flavonols, flavones, and
isoflavones. Each group of flavonoid compounds serves specific functions to the
plant, under particular developmental or biotic/abiotic conditions. Thus, each branch
of the pathway is under separate control, ensuring that the appropriate compounds
are produced when and where required.

97



98 F. QUATTROCCHIO, A. BAUDRY, L. LEPINIEC, AND E. GROTEWOLD

Figure 4.1 (A-D) Maize kernels showing phlobaphenes and anthocyanins. (4) Accumulation
of phlobaphenes in the pericarp under the control of the unstable P1-vv allele and
anthocyanins in the aleurone under C1 and the unstable R-m3 allele. (B) P1-vv with
phlobaphenes in the pericarp. (C) R Cl aleurones accumulating anthocyanins with
phlobaphene sector in the pericarp. (D) Phlobaphene pigments in P-rr pericarp. (E—H)
Petunia flowers with different AN and PH alleles. (E) Wild-type (R27 line) petals
accumulating cyanidin. (F) Flowers with anl unstable allele (line W138) in the same
background. (G) Wild-type flower (VR line) accumulating mainly malvidin. (H) Same as G,
but mutated in the ph2 gene (V26). (I-L) Petunia seed coats showing the effect of the anl
mutation in condensed tannin accumulation, cell size and structure. (1) Seed of wild-type R27
line. (J) Unstable anl mutant (W138). (K) Scanning electron microsopic (SEM) picture of the
seed in I. (L) SEM picture of the seed in J. (M—O) Arabidopsis seedlings accumulating
anthocyanins. (M) Wild-type (Col-O ecotype). (N) PAPI overexpressing line (pap1-D).
(O) Three day-old wild-type seedling germinated on norflurazon (chlorophyll synthesis
inhibitor). (P-R) Arabidopsis seeds (WS ecotype) accumulating PA or anthocyanins. (P)
Wild-type seeds showing PA accumulation. (Q) Pale tt2 seeds. (R) Seeds carrying a mutant
ban allele showing anthocyanin accumulation instead of PA. See Color Section for figure in
colors.
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The regulation of the pathway is largely at the level of transcription of the
regulators and of the corresponding biosynthetic genes. Only in a few exceptional
situations, additional posttranscriptional control levels have been described
(Damiani and Wessler, 1993; Franken et al., 1991; Pairoba and Walbot, 2003).
Thus, this chapter will primarily describe the transcriptional control of the pathway
genes and the corresponding regulators and provide a perspective of how the
flavonoid regulatory network relates to other important control systems in plants.

2. INDEPENDENT REGULATION OF THE DIFFERENT BRANCHES OF
FLAVONOID BIOSYNTHESIS

2.1. Flavonoid Biosynthetic Grid

Flavonoid biosynthesis provides an excellent example of a biosynthetic grid rather
than a linear biosynthetic pathway. A detailed description of the flavonoid pathway
is presented in Chapter 3. Early studies characterizing the expression of flavonoid
structural genes have revealed an important, still intriguing, difference in the
regulation of the genes in the pathway, depending on the species of interest. In
maize, all the known structural biosynthetic genes are coordinately activated (Irani
et al,, 2003), whereas in dicotyledonous species, two clusters of coregulated
structural genes can be distinguished: early biosynthetic genes (EBG), the induction
of which precedes that of the late biosynthetic genes (LBG) (Mol et al., 1998; Nesi
et al., 2000; Pelletier et al., 1999). The finding that the maize regulators C1 and R
are unable to activate the chalcone synthase CHSA gene of petunia, unlike the
putative maize ortholog encoding for CHS (C2), led to the conclusion that
dicotyledonous EBG might be controlled by a distinct set of regulators
(Quattrocchio et al., 1993, 1998). However, the expression of EBG has not been
shown to be affected in any of the single regulatory mutants studied to date,
suggesting that these early steps can be redundantly controlled by several regulators.
This would add a supplementary level of complexity to the regulation of the
flavonoid pathway in dicotyledonous species. The regulation of several of the main
flavonoid biosynthetic branches is described below.

2.2. Regulation of 3-Deoxy Flavonoid and Phlobaphene Biosynthesis

Maize, sorghum, and a few other grasses accumulate in floral organs the
phlobaphene pigments derived from the likely nonenzymatic condensation of the 3-
deoxy flavonoids luteoforol or apiforol. These pigments are likely to contribute to
the protective role of the pericarp, similarly as PA function in the testa of numerous
dicots (see Section 2.4). The 3-deoxy branch of the pathway is regulated by the P1
(pericarp colorl) gene in maize (Styles and Ceska, 1989) and its ortholog, Y1, in
sorghum (Chopra et al., 1999). P1 encodes a R2R3-MYB transcription factor
(Grotewold et al., 1991), and P1 alleles have different pigmentation patterns in the
pericarp and the cob glumes as a consequence of the action of specific cis-regulatory
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elements in the P1 promoter (Zhang and Peterson, 2005). The R2R3-MYB family is
very large in the flowering plants, with around 135 genes in Arabidopsis (Stracke et
al., 2001) and over 250 members in maize and its close relatives (Jiang et al., 2004;
Rabinowicz et al., 1999).
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Figure 4.2 Regulatory factors involved in the control of the various branches of flavonoid
biosynthesis. (4) Only a few genes have been demonstrated to be the direct targets of the
regulators. (B) The set of targets is not the same in all species. For example, in maize, the
EBG and LBG are coordinately regulated; in Arabidopsis only the LBG downstream from
DFR and in petunia the LBG plus one of the CHS genes. (C) This group of genes, identified as
regulated by AN1, PH3, and PH4 have not yet been fully characterized.

P1 activates a subset of the flavonoid biosynthetic genes (Figure 4.2), including
C2 (CHS), CHI1 (CHI, chalcone isomerase), and Al (DFR, dihydroflavonol 4-
reductase) (Grotewold et al., 1994), but not F3H (flavanone 3-hydroxylase) or other
genes unique to the anthocyanin branch of the pathway (Grotewold et al., 1998). The
transcriptional activity of P1 can be monitored in yeast, in the absence of other
plant-specific factors (Hernandez et al., 2004), provided that it is furnished with a
promoter containing the high-affinity P1-binding site ("PBS) present in the Al
promoter. Similar to other plant R2R3-MYB factors, P1 binds in vitro DNA
sequences with the consensus sequence ACC'/,ACC (Grotewold et al., 1994).
Recent findings suggest that the regulation of DNA binding by P1 might be under
REDOX control (Heine et al., 2004), providing a possible link between the
metabolic status of the cells and the activity of the regulators.
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2.3. Regulation of Anthocyanin Biosynthesis

A specific subgroup of R2R3-MYB genes, which includes maize C1 (Paz-Ares et
al., 1987), petunia AN2 (Quattrocchio et al., 1999), and Arabidopsis PAP1/PAP2
(Borevitz et al., 2000), is responsible for the regulation of the anthocyanin
biosynthetic genes (Figure 4.2). In contrast to the P1 regulator of 3-deoxy flavonoid
biosynthesis, these R2R3-MYB transcription factors cannot function on their own
and require the presence of a member of the R/B family of basic helix—loop—helix
(bHLH) coactivators for function. Similar to the R2R3-MYB family, the plant
bHLH family is very large, with more than 150 members in Arabidopsis (Atchley et
al., 2000; Buck and Atchley, 2003; Heim et al., 2003; Toledo-Ortiz et al., 2003).

The R2R3-MYB/bHLH physical interaction is mediated by the R3 repeat of the
MYB domain and the N-terminal region of the bHLH factor, as was first
demonstrated for the maize C1 and B regulators (Goff et al., 1992). Although CI
binds to similar DNA sequences as P1 does, C1 has an intrinsically low DNA-
binding affinity (Sainz et al., 1997). It remains to be established whether this low
DNA-binding affinity is a property shared by other R2R3-MYB anthocyanin
regulators. It is interesting, however, that a C1 site-directed mutant that displays an
in vitro DNA-binding affinity comparable to that of P1 and which activates
transcription in yeast from the "™PBS remains dependent on the R/B bHLH partner
for transcriptional activity in maize cells (Hernandez et al., 2004), suggesting that
the low affinity of C1 for DNA is not sufficient to explain why the C1 activity is
R/B-dependent.

To understand the mechanisms of R/B function, a P1 mutant was generated that
can interact with R/B (Grotewold et al., 2000). This P1 mutant, named P1*, behaves
like P1 in the absence of R/B (i.e., activates only a subset of the flavonoid
biosynthetic genes and displays R-independent activity). In the presence of R/B,
P1* displays an enhanced activity (R-enhanced activity) on Al, and in sharp contrast
with P1 efficiently activates the entire anthocyanin pathway (Hernandez et al.,
2004). P1* thus permitted the uncovering of two functions for R/B. On one hand,
R/B plays an essential function in the activity of Cl. This activity could be
associated with the release by R of a CI1 inhibitor or with an increase by R of the
stability of C1. On the other hand, the R-enhanced activity was shown to require the
anthocyanin regulatory element (ARE), a cis-regulatory element present in various
anthocyanin biosynthetic genes (Lesnick and Chandler, 1998). These studies
permitted the establishment of a model for the cooperation between the R2R3-MYB
and bHLH regulators of anthocyanin biosynthesis (Figure 4.3).

The regulation of anthocyanins in petunia presents some interesting variations
that are likely to reflect aspects still ignored in maize and other plants. For example,
in this dicot, there are two bHLH proteins, AN1 and JAF13 (Spelt et al., 2000), that
interact with AN2, which is one of the two R2R3-MYBs that regulate the LBG
(Quattrocchio et al., 1999). JAF13 is phylogenetically more related to R/B, while
AN is more related to TTS, a regulator of PA accumulation (see Section 2.4).
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ANI1 requires the physical interaction with AN2 or AN4 to activate biosynthetic
genes such as DFR (Spelt et al., 2000). The two petunia bHLH proteins seem to
participate together in the formation of an active transcription complex. In yeast
two-hybrid assays, both AN1 and JAF13 can form homo- as well as heterodimers.
Transient expression assays show that each of them, in combination with AN2, is
sufficient to induce activity of the DFR promoter. However, the two proteins are not
completely functionally equivalent as AN1 can, in the same assay, boost the activity
of P1, while JAF13 cannot (Spelt et al., 2000). Given that Pl functions
independently of any known bHLH factor, the significance of this remains unknown.

While all other anthocyanin regulators in petunia have been cloned from
pigmentation mutants, JAF13 has been cloned by homology with the maize Lc gene
(a member of the R/B family). To better define the function of this gene, an allele
containing a transposon insertion upstream of the bHLH-encoding region of JAF13
has been isolated by the screening of a petunia population. The homozygous mutant
plants show a reduction in the levels of the DFR transcript and about a 50%
reduction in anthocyanins in petals, sufficient to result in revertant spots on the pale
mutated background (Urbanus and Quattrocchio, unpublished results). The
phenotype of this mutant can be explained in one of two ways: either the JAF13
function is partially redundant or the presence of JAF13 in the protein complex is
not necessary but has an “intensifying” effect on the activity of the complex itself.

In addition to the R2R3-MYB and bHLH regulators, a specific subgroup of
WDR (WD-repeat) proteins participates in the regulation of anthocyanin genes.
First identified in petunia, AN11 encodes a small protein with five to six conserved
WDR (de Vetten et al., 1997). Mutations in anl1 lack flower pigmentation, which
can be partially complemented by the overexpression of the AN2 or AN1 regulators
in petals. Together with the finding that an11 mutant lines have normal expression
of the known regulators, this prompted the suggestion that AN11 modulates post-
transcriptionally the activity of the R2R3-MYB or bHLH factors (de Vetten et al.,
1997). The TTGI gene in Arabidopsis encodes a highly related protein that affects
trichome and root hair formation and mucilage deposition, in addition to pigment
accumulation (Walker et al., 1999). In maize, PACI (pale aleurone colorl) encodes
the ANII/TTGI ortholog (Selinger and Chandler, 1999). PACI complements
Arabidopsis ttgl mutants (Carey et al., 2004).

2.4. Regulation of PA Biosynthesis

PA polymers serve various functions in plants, including protection against diverse
biotic and abiotic stresses and strengthening of seed dormancy and longevity
(Debeaujon et al., 2000; Dixon et al., 2005; Marles et al., 2003; Winkel-Shirley,
1998). They occur in fruits, vegetables, flowers, and seeds. In Arabidopsis, PAs
accumulate specifically in the seed coat (integuments), giving the mature seed its
brown colour after oxidation (Debeaujon et al., 2003). Since the seed coat is a tissue
of maternal origin, the phenotype of PA mutants is determined by the genotype of
the mother plant. Consequently, the transparent testa (#/) phenotype, characteristic
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of Arabidopsis flavonoid mutants (Figure 4.1), can be observed only in the progeny

of a plant homozygous for the mutation. Flavonols are also largely represented in
Arabidopsis seeds, but these compounds accumulate both in the embryo and in the
integuments. Along with PA, they contribute to the seed quality of many important
Ccrops.

To date, more than 20 loci involved in PA metabolism have been identified
and according to the abnormal pigmentation of mature mutant seeds named
TRANSPARENT TESTAl (TTI) to TT19, TTG1, TTG2, and BANYULS (BAN).
Sixteen mutants already have led to the cloning of the respective genes, among
which 12 could be placed to the flavonoid pathway (Debeaujon et al., 2003; Dixon
et al., 2005). In addition, six complementation groups defective in tannins
biosynthesis (¢ds/-6) have been described (Abrahams et al., 2002). With the
exception of TDS4/TT18, which encodes a LDOX (Abrahams et al., 2003;
Shikazono et al., 2003), all the other groups represent new loci or correspond to new
1t alleles.

Among all these loci, six (IT1, TT2, TT8, TT16, TTG1, and TTG?2) appear to
have a regulatory function. 77/ encodes a zinc-finger protein of the new WIP
family (Sagasser et al., 2002), 772 encodes a R2R3-MYB domain protein with high
similarity to the maize C1 regulator (Nesi et al., 2001), and 7716 corresponds to the
ARABIDOPSIS BSISTER (ABS) MADS-domain protein (Nesi et al., 2002). These
three proteins are specifically expressed in ovules. In contrast, 778 is expressed in
seeds and in young seedlings (Baudry et al., unpublished) and encodes an R/B-like
bHLH transcription factor (Nesi et al., 2000). 77G2 encodes a ubiquitously
expressed WRKY transcription factor that, similar to TTGI, is involved in the
control of trichome organogenesis and mucilage deposition (Johnson et al., 2002).

It was shown recently that anthocyanidin reductase (ANR), a core enzyme in PA
biosynthesis that converts anthocyanidins to their corresponding 2,3-cis-flavan-3-
ols, is encoded by BAN (Devic et al., 1999; Xie et al., 2003). The activity of the BAN
promoter is restricted to PA-accumulating cells, the inner integument and pigment
strand (chalaza) cells (Debeaujon et al., 2003). Functional analyses of the BAN
promoter showed that an 86-bp DNA fragment functions as a PA-accumulating
cells-specific enhancer. This enhancer contains cis-regulatory elements similar to
the "*PBS (Debeaujon et al., 2003; Grotewold et al., 1994). Mutations in the 772,
TT8, and TTGI regulatory loci abolished BAN promoter activity, while mutants in
TTI and TT16 modified the spatial expression of BAN. Similarly, 772, TT8, and
TTGI mutants impaired the expression of 773 (encoding DFR, a LBG), suggesting
that these loci coordinately affect the expression of LBG (Nesi et al., 2000).

TT16/ABS is necessary for BAN expression and PA accumulation in the
endothelium of seed coats, with the exception of the chalazal-micropylar area. The
phenotype of the 7716 mutant, together with the results of the ectopic expression of
TT16, suggested that this gene is involved in the specification of endothelial cells,
but it is not required for proper ovule function (Debeaujon et al., 2003; Nesi et al.,
2002). TTG?2 is likely to participate in the regulation of the pathway after the
leucoanthocyanidin branch point (Johnson et al., 2002). However, the direct targets
of TT16, TTG2, and TT1 remain to be identified.
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Recent progress in the functional analysis of TT2, TT8, and TTGI1 has
demonstrated that these three proteins act at the same level and cooperate to control
directly the expression of a subset of LBG of the PA pathway (Baudry et al., 2004;
Nesi et al., 2001). Using an approach that already had been successful in the
characterization of the target genes of other flavonoid regulators (Spelt et al., 2000),
fusion proteins with the glucocorticoid receptor hormone-binding domain (GR),
revealed that BAN is a direct target of TT2, TTS8, and TTG1 (Baudry et al., 2004).
Investigation of the physical interactions between these factors and the BAN
promoter in yeast revealed a mechanism similar to that described for the regulation
of anthocyanins (Hernandez et al., 2004), involving the formation of a R2R3-
MYB/bHLH complex (in the case of PA between TT2 and TT8) directly binding to
the BAN promoter. In addition, TTG1 is likely to be an integral part of this
transcription factor complex, thanks to the ability of TTGIl to interact
simultaneously with TT2 and TTS8 and to boost the transcriptional activity of these
proteins in yeast (Baudry et al., 2004). In these experiments, the finding that TT2
and TTGI directly interact was at first perceived as unexpected. However, a similar
protein—protein interaction in yeast was found for AN4 and AN11 but not between
AN2 and ANI1I1. These results suggest some conservation and selectivity in the
formation of R2R3-MYB/bHLH/WDR modules. The significance of these
interactions in the functionality of the complex remains to be established.

The identification of several R2ZR3-MYB/bHLH/WDR regulatory modules with
very similar properties (Figure 4.2) poses the question of how is regulatory specificity
achieved. Using the BAN promoter as a reporter gene, several combinations of the
closest Arabidopsis relatives of the TT2 and TT8 proteins were tested in transient
expression experiments in protoplasts (Baudry et al., 2004). Based on the phenotype
of the #8 mutant, it could be assumed that TT8 is the only Arabidopsis bHLH
necessary for PA regulation in planta. However, TT8 could be replaced in these
experiments by other TTG1-dependent bHLH proteins, including GL3 and EGL3
(Zhang et al., 2003). Conversely, TT2 was the only Arabidopsis R2R3-MYB able to
activate BAN expression, indicating that in the TT2/TT8 complex the R2R3-MYB is
responsible for the specific activation of PA biosynthesis. Potentially, the bHLH
factor might participate in the recognition of the target genes via a mechanism
conserved among the TTG1-dependent bHLH proteins (even from other species),
since a maize bHLH (Sn) also could replace TT8 (Baudry et al., 2004).

2.5. Regulation of Flavonol Biosynthesis

Flavonols play important functions in plants, serving as copigments (Forkmann,
1991), as shields from UV radiation (Kootstra, 1994; Ryan et al., 2001), and
contributing to male fertility by facilitating pollen germination (Mo et al., 1992;
Taylor and Grotewold, 2005; Ylstra et al., 1992). Flavonol formation requires the
expression of CHS, CHI, F3H, and FLS, this last gene encoding flavonol synthase,
which converts dihydrokaempferol (DHK) or dihydroquercetin (DHQ) to the
corresponding flavonols, kaempferol (K) and quercetin (Q), respectively. Little
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continues to be known about how this branch of the flavonoid pathway is regulated.
The regulators of anthocyanin biosynthesis can induce the accumulation of
flavonols, as recently shown by the comprehensive analysis of the metabolic
changes associated with the expression of the R2ZR3-MYB transcription factor PAP1
gene in Arabidopsis (Tohge et al., 2005). Interestingly, however, while the over-
expression of PAPI resulted in a significant increase in the expression of many
flavonoid biosynthetic genes, FLS was not among the upregulated genes, suggesting
that the increase in flavonol accumulation is likely a consequence of the presence of
a constitutively expressed FLS, together with an increased flux through the
flavonoid pathway. On this line, preliminary molecular and biochemical results
indicate that flavonol biosynthesis is affected in the seeds of tt2 and ttgl mutants
(Baudry, Routaboul, and Lepiniec, unpublished results).

A similar situation was found when the maize R and C1 regulators of
anthocyanins were expressed from a fruit-specific promoter in the tomato flesh
(Bovy et al., 2002). In this case, the expression of DFR, ANS, and FLS was
significantly enhanced, but the inability of the tomato DFR to utilize either DHQ or
DHK as substrate resulted in a very significant increase in the accumulation of Q
derivatives in the fruit flesh. While these results suggest that the anthocyanin
regulators have the potential to control the accumulation of flavonols, it is evident
from the analysis of maize and Petunia mutants that the flavonols are independently
regulated from the anthocyanins, particularly in male floral organs, since all the
regulatory mutants in the anthocyanin pathway are male fertile.

AtMYBI12, encoding a R2R3-MYB transcription factor with high identity to the
maize P1 regulator of the phlobaphene pigments (Dias et al., 2003), recently has
been identified as a regulator of flavonol biosynthesis in Arabidopsis (Mehrtens
et al., 2005). AtMYBI12 regulates the expression of CHS, CHI, F3H, and FLS but
not of the anthocyanin biosynthetic genes. A mutation in AtMYB12 results in a
significant decrease in flavonol accumulation, suggesting that other regulators may
contribute to the control of this branch of the pathway. These study also showed
that P1 can control the expression of the flavonol biosynthetic genes in Arabidopsis
(Mehrtens et al., 2005), suggesting that P1 may regulate flavonol biosynthesis in
maize. However, in maize, P1 is unable to activate F3H and no flavonols were
detected among the several flavonoids induced by P1 expression (Grotewold et al.,
1998). Similar to P1, AtMYBI12 functions independently of the known bHLH co-
activators (Mehrtens et al., 2005). The studies on AtMYBI12 make this gene the
only bona fide regulator of the flavonol pathway that so far has been described.

3. REGULATORY LINKS BETWEEN THE BIOSYNTHESIS AND THE
TRANSPORT/STORAGE OF FLAVONOIDS

3.1. Relationship between the Regulation and the Transport of Flavonoids

The last step of anthocyanin accumulation is their sequestration into the vacuole of
epidermal or subepidermal cells (See Chapter 5 for a full description of mechanisms
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of transport and sequestration of flavonoids). The maize BZ2 and the petunia AN9
genes encode glutathione S-transferases required for pigment accumulation
(Alfenito et al., 1998). Possibly, the activity of these genes is required to tag the
anthocyanin molecules for transport to the vacuole. The sequestration of these
molecules into the vacuolar lumen, evidenced by the phenotype of the mutants
(Figure 4.1), is essential for proper pigmentation. Careful observation of revertant
spots in unstable mutant flowers shows that ANI1, AN2, and ANI11 control
pigmentation in a cell-autonomous manner in the epidermal cells of the petals. The
same holds for R and C1 in the aleurone tissue of maize kernels (Goodman et al.,
2004). On the contrary, structural genes, including AN9 and BZ2, yield non-cell-
autonomous revertant spots (spots with not well-defined borders). This observation
suggests that the regulators of anthocyanin biosynthesis also control the expression
of genes that participate in the sequestration of the anthocyanins into the vacuole.
This is supported further by the finding that mutations in the #2 gene affect the
expression of TT12, encoding a transporter of the MATE family (Nesi et al., 2001).

3.2. Control of Vacuolar pH

Anthocyanins are stored in the vacuole and their color not only depends on the
substitution pattern of the molecule but also on the conditions in the vacuolar lumen,
such as the pH, the concentration of metal ions and (flavonoid) copigments, and the
way anthocyanins are packed (Grotewold, 2006). Thus, anthocyanins can be used as
“natural” indicators of the conditions inside the vacuole. The vacuolar lumen is
always more acidic than the surrounding cytoplasm and the pH gradient across the
vacuolar membrane is actively built and maintained by ATP- or pyrophosphate
(PPi)-powered proton pumps residing in the tonoplast (Maeshima, 2001). In petunia
flowers, the acidification of the vacuole results in a red color of the flower, and
mutations affecting vacuolar pH regulation can be recognized because of the
bathochromic shift (toward blue) of the flower color (Figure 4.1G, H). A similar
phenomenon is observed in flowers of Ipomea, where development of the normal
blue color during petal maturation requires the alkalinization of the vacuole, a
process in which the PURPLE (PR) protein, encoding a putative Na"/H" pump
(Fukada-Tanaka et al., 2000), participates. PR was proposed to transport Na™ into
and H' out of the vacuole, resulting in higher vacuolar pH and blue color. In petals
of petunia flowers, epidermal cells have large vacuoles that under the microscope
look like “big bags” filled with red pigment. These vacuoles undergo an
acidification step around the time of flower opening. Later, when the flower is
about to wilt, the pH increases further (Quattrocchio et al., 2005).

3.2.1. Identification of pH Mutants and Cloning of the Corresponding Genes

By screening petunia populations for flower color mutants, several genes were
identified that control acidification of the vacuole. This includes seven PH genes
that, when mutated, make the flower more blue and increase the pH of the petal
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homogenates from ~5 to ~6 (Spelt et al., 2002). This indicates that in wild-type
petunia flowers PH genes are involved in the acidification of the vacuole. Mutations
in the anthocyanin regulatory genes (AN1, AN2, AN11, and JAF13) affect the pH of
the flower homogenate in a similar way. This was initially unnoticed because the
lack of pigmentation in these mutants masks the effect of the pH on flower color.
Mutants in biosynthetic genes (e.g., AN3 encoding F3H) have normal pH values,
indicating that it is not the absence of the anthocyanins that results in the decrease
of pH present in the regulatory gene mutants. Thus, the regulators of anthocyanin
biosynthesis are likely to also control a parallel pathway that results in the
establishment of the vacuolar pH.

3.2.2. Alleles of AN1 Uncover a Dual Function for Some bHLH Regulators

The cloning of the PH6 gene (Chuck et al, 1993) and, independently, the
anthocyanin regulator AN (Spelt et al., 2000, 2002) by transposon tagging revealed
that ph6 is an allele of ANI. The pho allele (and ph6-like alleles) conditions bluish
flowers that contain normal quantities of anthocyanin pigments but have a higher
pH. These alleles express truncated versions of the AN/ mRNA (Spelt et al., 2002).
The best-analyzed allele (anl-G621) results in the accumulation of high amounts
(~ 30-fold higher than wild-type ANI) of a truncated AN protein that lacks the
C-terminal half including the bHLH domain. At first glance, this suggests that the C-
terminal half of AN1 is required for vacuolar acidification but not for anthocyanin
synthesis. However, analysis of additional anl/ alleles showed that the situation is
more complex. First, an allele that expresses the AN1 protein truncated at roughly
the same position as those derived from the ph6 alleles and that accumulates at wild-
type levels conditioned strongly reduced anthocyanin synthesis and high pH.
Second, transient assays in which the wild-type AN/ and ph6 alleles are over-
expressed showed that ph6 is impaired in its ability to efficiently activate DFR.
Finally, an AN allelic series, generated by independent excisions of a transposon
insertion, showed that insertions of one, two, or three amino acids into the first helix
of the bHLH domain progressively reduced the capacity of AN1 to induce both
pigment biosynthesis and vacuolar pH (Spelt et al., 2002). Together, these results
show that the C-terminal half of AN1 is essential for vacuolar acidification. This
region of AN1 also participates in the activation of anthocyanin synthesis, but with a
less important role, given that the removal of this region of the protein, as in the ph6
alleles, can be compensated for by overexpression of the protein.

In addition to the anthocyanin and pH phenotypes, an/ mutants have abnormal
seed coats displaying peculiar epidermal cell expansion and/or division after
fertilization during the development of the seed (Spelt et al., 2002). Because this
phenotype is not observed in an2 mutants (Quattrocchio et al., 1993) and it is very
weak in ph4 mutants (see below), it is possible that it results as a consequence of the
interaction of AN1 with PH4 and/or with another as yet unidentified R2R3-MYB
protein.
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3.2.3. The PH Genes

Besides ANI/PH6, three more petunia PH genes have been isolated from
transposon-tagged mutants. All these ph mutants increase vacuolar pH to a similar
extent as anl and anl ] mutants, but do not affect anthocyanin biosynthesis.

PH4 encodes a R2R3-MYB factor that interacts with the conserved amino
terminal domain of AN1 (Quattrocchio et al., 2005). The AN1-PH4 complex is
dependent on the presence of AN11 for the control of vacuolar pH, in a fashion
similar to how the anthocyanin regulatory complexes (AN1-AN2 and AN1-AN4)
are dependent on AN11 (Koes et al., 2005).

PH3 encodes a WRKY transcription factor with high similarity to TTG2
(Verweij et al., submitted for publication). Expression studies show that PH3, like
PH4, is expressed only in petals and ovaries and appears to be controlled, at least in
part, by ANI, PH4, and ANI11. Constitutive overexpression of AN1 and PH4 is
sufficient to activate PH3 expression in leaves, indicating that PH3 acts downstream
of AN1 and PH4 (Verweij et al., submitted for publication).

PH?2 encodes a protein kinase related to STE20 from yeast (Spelt, Quattrocchio,
Koes, unpublished results). STE20 is a serine/threonine kinase that represents the
connecting point in the signal transduction pathway between trimeric G proteins and
the MAP kinases cascade (Dan et al., 2001). Substrates for the PH2 kinase have not
yet been identified.

All the PH loci so far isolated encode regulatory proteins that reveal little about
the molecular mechanisms associated with vacuolar acidification. To identify genes
directly involved in the acidification of the vacuole, mRNA profiling experiments
were conducted by screening for genes strongly downregulated in anl, ph3, and ph4
mutants, by cDNA AFLP and microarray hybridization. From this screen, 20 gene
fragments have been identified and cloned. Similar to PH3, the expression of all
these genes is enhanced in petunia plants ectopically over-expressing AN and PH4.
Furthermore, the analysis of plants transgenic for 35S::AN1-GR (Spelt et al., 2000)
confirmed that several of these genes are direct target genes of ANI1 (Spelt,
Quattrocchio, and Koes, unpublished results). Interestingly, none of these newly
identified genes is dependent on PH2, suggesting that PH2 operates in a separate
acidification pathway or that it is involved in post-transcriptional modification of
one (or more) structural genes of the same pathway.

4. FLAVONOID REGULATORY NETWORKS

4.1. Models for the Cooperation between R2R3-MYB, bHLH and WDR Proteins

Extensive work on flavonoid regulation has demonstrated that the specific activation
of each pathway relies on the participation of the appropriate R2ZR3-MYB factors.
The participating R2R3-MYB proteins can be divided into two classes, depending
on fundamental differences in their mode of action (Figure 4.2). A simpler
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mechanism concerns flavonol and phlobaphene biosynthesis and involves R2R3-
MYB acting without known bHLH “cofactors” (Figure 4.3A). However, R2R3-
MYB proteins controlling anthocyanin and PA biosynthesis require both bHLH and
WDR cofactors acting in a complex interplay (Figure 4.3B). This model suggests
that one role of the bHLH cofactor is to allow the R2ZR3-MYB factors to activate
transcription (Grotewold et al., 2000). This function of the bHLH factor, which does
not appear to require a recruitment of the bHLH to DNA, is unlikely to involve
solely an increase in the DNA-binding affinity of the R2R3-MYB factor, since a
mutant of Cl1 that binds DNA with high affinity continues to be dependent on R
(Hernandez et al., 2004). In addition, the bHLH factors can function by enhancing
the regulatory activity of the R2ZR3-MYB factor, presumably by being recruited to
DNA. Although a direct binding of the bHLH of R or R-related proteins to DNA
has not yet been demonstrated, the need for the presence of the conserved ARE,
present in many flavonoid genes, for R-enhanced activation (Elomaa et al., 2003;
Lesnick, 1997; Pooma et al., 2002) strongly suggests that the bHLH factor binds
DNA or is recruited to DNA by another protein.

The role of the WDR proteins remains poorly understood. They can physically
interact with bHLH factors and with some R2R3-MYB protein (e.g., TT2),
supporting the idea that they may form part of the regulatory complex (Baudry et al.,
2004; Kroon, 2004; Payne et al., 2000; Zhang et al., 2003). Previous findings
indicating that AN11 is mainly localized in the cytosol led to the conclusion that the
WDR is part of a cytoplasmic-signaling pathway (de Vetten et al., 1997). However,
recent results indicate that the Perilla ortholog, PfWD (Sompornpailin et al., 2002),
can be mobilized to the nucleus when coexpressed with the bHLH regulator of the
pathway. In addition, three-hybrid experiments conducted in yeast indicated that
TTG1 can simultaneously interact in the nucleus with the TT2/TT8 complex and the
BAN promoter (Baudry et al., 2004). However, in this case, TTG1 was not required
for DNA recognition by the complex and the role of the WDR protein remains
poorly understood. One attractive hypothesis is that the WDR proteins are necessary
to prevent the effect of a negative regulator.
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Figure 4.3 Models for the participation of WDR, MYB, and bHLH in the regulation of
flavonoid pathways.

4.2. Negative Regulators of Flavonoid Gene Activation

From what has been described so far in this chapter, it appears that the expression of
the flavonoid genes and largely a result of the action of transcription activators.
Nevertheless, substantial experimental evidence also involves negative regulators in
the control of transcription of flavonoid biosynthetic genes.
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Figure 4.4 Model for the negative regulation of flavonoid biosynthesis.

The maize INI (for Intensifierl) factor was defined by recessive mutations that
increase pigmentation of the kernel (Burr et al,, 1996). The full-length ¢cDNA
encodes a protein similar to AN1 and TT8. However, 99.8% of the mRNAs are
incorrectly spliced and encode truncated proteins. It is possible that some of these
truncated bHLH proteins act as dominant negative factors, for example, by titrating
out active C1 protein. However, in transient expression experiments in Arabidopsis
protoplasts, a close IN1 relative (TT8) was not able to activate the expression of an
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Arabidopsis structural gene, when expressed in combination with C1, unlike similar
C1/Sn, TT2/Sn, and TT2/TT8 combinations (Baudry et al., 2004) (Figure 4.4B).
This intriguing result suggests that TT8 and IN1 might form inactive complexes
with C1.

Dominant negative alleles also have been described for an R2R3-MYB regulator,
the maize CI gene. The dominant inhibitor C/-/ allele (Paz-Ares et al., 1990) carries
a frameshift in C1 resulting in a protein lacking most of the activation domain (Sainz
et al., 1997), a characteristic shared by several other dominant negative C/ alleles
(Singer et al., 1998). Although the specific mechanisms by which these dominant
negative C1 alleles function are unclear, they were proposed to inhibit pigmentation
by competing with the DNA-binding site of the wild-type C1 protein or for the
interaction with the R/B cofactors (Chen et al., 2004; Goff et al., 1991).

The strawberry FaMYB1 gene acts as an inhibitor of flavonol and anthocyanin
gene expression. The inhibitory activity of FaMYBI1 is likely to involve a conserved
amino acid sequence associated with transcriptional repression and present also in
the AtMYB4 repressor (Aharoni et al., 2001; Jin et al., 2000) (Figure 4.4A). Over-
expression in tobacco of the R2R3-MYB FaMYBI protein results in strongly
reduced flower pigmentation, as a consequence of the decreased expression of ANS
and a flavonoid-UDP-glucose transferase (GT), with all the other biosynthetic genes
remaining at comparable levels as in wild type (Aharoni et al., 2001). Yeast two-hybrid
experiments suggested that FAMYBI1 has the potential to interact with the petunia
AN protein, consistent with the conservation in FAMYBI1 of residues implicated in
the interaction between bHLH and R2R3-MYB domains (Grotewold et al., 2000).
Arabidopsis mutants for the AtMYB4 gene possess an increased tolerance to UV-B
light, and the cloning of the 4AtMYB4 gene showed that it is repressed by exposure to
UV (Jin et al., 2000). AtMYB4 thus was proposed to play a role in modulating UV
screen production by repressing the transcription of very early genes of the
phenylpropanoid metabolism (primarily C4H) (Jin et al., 2000). Interestingly, three
other R2R3-MYBs (AtMYB3, AtMYB7, and AtMYB32) present a putative
inhibitory domain similar to the one described in AtMYB4 and FaMYBI1, and could
potentially interact with the bHLH controlling flavonoid structural genes (Stracke et
al.,, 2001; Zimmermann et al., 2004). The role of these proteins remains to be
investigated, but it is tempting to speculate that they could be involved in the
modulation of flavonoid biosynthesis in planta by a mechanism similar to that of
AtMYB4 or FaMYBI.

The Arabidopsis ICX1 locus (for increased chalcone synthase expressionl) is a
negative regulator of pathways inducing flavonoid biosynthetic genes (Wade et al.,
2003) (Figure 4.4C). Mutant analyses suggested that ICX1 negatively modulates
gene expression in response to light (mediated by UV-B, CRYI, and PHYA),
environmental stimuli (cold), metabolism, and hormones. The action of this locus,
however, is not confined to flavonoid biosynthetic genes and, similarly to the
pleiotropic effect of the #fg/ mutation, icx/ shows alterations in other aspects of
epidermal cells development (e.g., cell division and expansion, trichome number,
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root elongation, and root-hair initiation). /CXI could encode a general regulator of
epidermal cell development and interfere with several TTG1-dependent pathways.

The UPL3/KAKTUS gene is another negative regulator involved in the control of
a TTG1-dependent pathway (Downes et al., 2003; El Refy et al., 2003). It encodes a
protein with a HECT domain, a classical signature of E3 ubiquitin ligases, and it
represses excess branching and endoreduplication of Arabidopsis trichomes. A
possible target for UPL3/KAKTUS is GL3 (Downes et al., 2003), suggesting that a
posttranslational control of the stability of this bHLH might be important during
trichome organogenesis. This hypothesis fits well with the proposition that TTGI
could act in transient stabilization of its bHLH partner (Payne et al., 2000). This
model is also consistent with the quantitative effect of TTG1 on TT8 activity
(Baudry et al., 2004).

The MYBX protein of petunia was identified as a partner of AN1 in yeast two-
hybrid experiments (Kroon, 2004). MYBX is a small R3-MYB protein that lacks a
transcription activator domain, thus resembling structurally the Arabidopsis CPC
and TRY proteins (Kroon, 2004; Schellmann et al., 2002; Wada et al., 1997). Over-
expression of this factor in transgenic petunia plants results in flowers with reduced
expression of all AN/ target genes, loss of pigmentation, and vacuolar pH
alkalinization. The observation that MYBX expression is affected in an/ flowers and
that the endogenous MYBX gene is downregulated in plants overexpressing MYBX
suggests that this small R3-MYB is part of a regulatory loop that modulates ANI
activity. Transgenic plants overexpressing AN/ do not show any kind of phenotypic
alteration, which is probably a consequence of the negative feedback loop. In
addition, MYBX might function by titrating out an R2R3-MYB factor to restrict
more efficiently the activity of R2R3-MYB/bHLH/WDR module(s) to specific
cellular domains, as proposed recently for CPC and TRY in Arabidopsis (Esch et al.,
2003; Hulskamp, 2004) (Figure 4.4C).

4.3. Similar R2R3-MYB/bHLH/WDR Regulatory Complexes Control Other Processes

The development of leaf hairs in Arabidopsis is a process extensively studied as a
model for cell differentiation. On leaves and stems, some epidermal cells develop
into trichomes. Cells that adopt a trichome fate do not appear in regular (fixed)
positions, but do show more or less regular spacing (i.e., only one of two
neighboring cells normally develops into a trichome). In the root, certain files of
cells develop into root hairs, depending on their position relative to the underlying
cortical cells.

The definition of the trichome fate of a leaf epidermal cell is dependent on TTG1,
the redundant bHLH factors GL3 and EGL3, and the MYB factor GL1 (Ramsay and
Glover, 2005). In addition, the single MYB repeat protein TRY acts as an inhibitor
of trichome development and may play a role in determining trichome spacing, since
try mutants show an increased number of trichomes that often occur in clusters
(Schellmann et al., 2002). Underground, the default pathway of epidermal is root
hair formation, and a mechanism very similar to that determining trichome fate
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establishes the fate of a root non-hair (atrichoblast) cell. In the root, GL3 and EGL3
(Zhang et al., 2003), together with the GLI paralogue WER (Lee and Schiefelbein,
1999) and TTG1, are necessary for non-hair cell specification, and a paralogue of
TRY, CPC (Wada et al., 2002), functions as an inhibitor of the process. TRY and
CPC are able to interact with the bHLH proteins such as R from maize and AN1 and
JAF13 from petunia (Spelt, Kroon, Quattrocchio, and Koes, in preparation).

Interestingly, the various bHLH proteins are interchangeable across the different
pathways. The overexpression of EGL3 and/or GL3 partially complement the defect
in PA of the #8 mutant (Zhang et al., 2003). Ectopic coexpression of EGL3 or GL3
together with GL1 results in supernumerary trichomes, while the ectopic expression
of EGL3 or GL3 together with PAP1 induces anthocyanins production (Zhang et al.,
2003). These results indicate that the specificity for the set of target genes is
provided by the MYB protein, while the bHLH factor is likely to be shared among
multiple different processes. Curiously, this principle holds even across species.
Although mutations in the anthocyanin regulators of maize and petunia have no
effect on trichome development, the expression of R or the WDR PACI readily
restores the defects in root hair development of Arabidopsis ttgl mutants (Carey et
al., 2004; Lloyd et al., 1994).

Once the pattern of trichome differentiation (distribution of trichomes on the leaf
surface) is determined and the differentiation program is induced, the specification
of the trichome structure (expansion, elongation, branching, orientation of
the branches) requires additional regulators that are controlled by the
WDR/bHLH/R2R3-MYB network (Ramsay and Glover, 2005). One of these
“secondary” regulators is the WRKY factor TTG2 (Johnson et al., 2002), which is
involved in branching and proper development of the trichome structure. Like the
closely related petunia PH3 protein, TTG2 is expressed under the control of the
WDR/bHLH/R2R3-MYB network and can complement the p43 when expressed in
petunia (Verweij, Spelt, Koes, and Quattrocchio, in preparation). A second
downstream regulator is the homeodomain-leucine zipper protein encoded by GL2
(Di Cristina et al., 1996; Masucci et al., 1996). GL2 mutants have small trichomes
with reduced branching and abnormal expansion. Interestingly, a protein of the same
family (ANL2) is involved in anthocyanins accumulation in subepidermal cells of
Arabidopsis seedlings and mature plant tissue (Kubo et al., 1999). The emerging
picture is one of a repetition of similar, successful networks of interacting factors to
which small variations are applied to control distinct cellular processes.

4.4. Regulating the Regulators

The control of the regulators described in the previous sections is likely to be the
primary step in the determination of the precise pattern of flavonoid accumulation in
plants. While R2R3-MYB/bHLH/WDR interactions are well documented, essential
data are still lacking concerning the activation of the expression of the corresponding
genes. For instance, there is an obvious correlation between the activities of BAN
and 772 promoters in PA-accumulating cells (Debeaujon et al., 2003). Additionally,
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recent analysis has revealed that the activity of the T7GI promoter is tightly
regulated and restricted to specific cellular domains, suggesting that the expression
of the WDR is also an important control point in the specificity of flavonoid
accumulation in plants (Baudry et al., 2004).

One example of the analysis of the mechanisms controlling the expression of a
flavonoid regulator is the study of the C/ promoter (Kao et al., 1996). At least three
cis-acting regulatory elements are of particular importance in the C1 promoter,
including an RY motif responsible for VP1-mediated activation and two elements
responding to abscisic acid or light. Further evidence for the direct binding of VP1
to the RY motif have highlighted the role of this transcription factor in the direct
activation of the expression of C/ in maize seeds (Suzuki et al., 1997). Factors
homologous to VP1 have been identified in Arabidopsis. These include the ABI3,
LEC2, and FUS3 proteins, which constitute the B3-domain transcription factor
family (Gazzarrini et al., 2004). By contrast, the Arabidopsis factors appear to be
negative regulators of flavonoid biosynthesis, as anthocyanin accumulation is
ectopically induced in /ec2 and fus3 mutant embryos. Consistently, FUS3 prevents
TTG1 expression in precise cellular domains of the embryo (Tsuchiya et al., 2004).
Thus, unlike the strong similarities observed in flavonoid R2R3-MYB/bHLH/WDR
regulatory modules, mechanisms of control of these regulators can exhibit strong
divergence between species. In this regard, an interesting interplay has been revealed
between R2R3-MYB and the expression of their bHLH cofactors in dicotyledonous
species. In petunia, the expression of AN/ (bHLH) is activated by AN2 and AN4,
two R2R3-MYB controlling anthocyanin production in flowers (Spelt et al., 2000).
Similarly, the ectopic expression of 772 can induce the production of 778 in roots
(Nesi et al., 2001). In these species, the control of the expression of the bHLH genes
by other flavonoid regulators might be an important feature of the regulatory
network, but no such mechanism so far has been revealed in maize (Carey et al.,
2004).

4.5. Evolutionary Considerations

The anthocyanin biosynthetic pathway shows a high level of conservation of both
the structural and regulatory genes, in spite of the very different pigmentation
patterns and pathway end products. To explain regulatory differences between the
anthocyanin pathways from maize and petunia, a model has been postulated for the
evolution of the pathway (a full description of this and other models can be found in
Chapter 7). This model assumed that the regulators are older than the structural
genes of the anthocyanin pathway itself and that they have (or had) distinct, more
ancient functions (Koes et al., 1994). The coupling of different gene sets (by
acquisition of the appropriate cis-regulatory elements) to the regulators, combined
with the acquisition of tissue-specific expression patterns by the regulators
themselves, gave rise to the large variety of flavonoid accumulation patterns that we
can observe nowadays.
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The finding that the same set of WDR, bHLH, and R2R3-MYB regulators control
various other aspects of epidermal cell differentiation (like vacuolar acidification
and hair specification) seems to ask for an extension of the model. Moreover, new
sets of target genes appear to be acquired by preexisting regulators. However, in
these examples, the addition of a specific cis-regulatory element to the new target
genes is not sufficient and may have been accompanied by the recruitment of new
(MYB-type) protein partners to give a new specificity to the protein complex.
Models to explain how small variations in R2R3-MYB may result in novel
regulatory functions, particularly from the perspective of their ability to regulate
metabolic pathways, recently has been described (Grotewold, 2005).

Curiously, the ability of the anthocyanin regulators to control pigment formation
is largely conserved throughout the angiosperms, although there are (small)
differences in the way they regulate EBG. In contrast, their involvement in hair
development or vacuolar acidification seems to be more limited (Carey et al., 2004;
Lloyd et al., 1992, 1994). Thus, alterations of the WDR and bHLH regulators do not
seem to determine whether they control hair development or not, but changes in the
downstream genes and/or the MYB partners do. The role of the anthocyanin
regulators in vacuolar acidification is only seen in petunia, but it cannot be excluded
that the same mechanisms exists in other flowers, where no mutants yet have been
isolated.

One way to explain why the role in hair development or vacuolar acidification is
limited to relatively few plant species is to assume that the anthocyanin regulators
have acquired these functions relatively recently. However, an exciting alternative is
that hair development and vacuolar acidification depend on the same or very similar
(conserved) downstream processes, for example, the assembly or function of
endomembrane systems. The comparative analysis of down stream structural genes
involved in vacuolar acidification and hair development will be essential to shed
light on the question of how apparently dissimilar processes are regulated by similar
sets of proteins.

5. CONCLUSIONS, REMARKS, AND FUTURE DIRECTIONS

The regulation of flavonoid biosynthesis continues to provide a powerful system to
investigate basic mechanisms of the regulation of plant gene expression. The
interaction between transcription factors from various different families makes it an
ideal case to understand combinatorial control of transcription. Given that proteins
similar to those controlling flavonoid biosynthesis are used in the regulation of a
number of other cellular processes indicates a more general mechanism of
cooperation between these groups of regulatory proteins. Uncovering the
biochemical bases of the cooperation is one area in which our efforts are currently
focusing.

The finding that distinct branches of the flavonoid pathway are independently
regulated opens significant avenues for the manipulation of specific groups of
phytochemicals by metabolic engineering. The use of transcription factors for the
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manipulation of plant metabolic pathways is gaining momentum (Braun et al., 2001;
Broun, 2004; Memelink et al., 2000). The possibility that transcription factors not
only control the expression of biosynthetic enzymes, but that they also contribute to
the establishment of the proper conditions (e.g., pH) and compartments (e.g.,
vacuoles) for the accumulation of the corresponding phytochemicals is attractive and
deserves to be investigated in more detail.
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CHAPTER 5

TRANSPORT OF FLAVONOIDS

From Cytosolic Synthesis to Vacuolar Accumulation

SATOSHI KITAMURA
Japan Atomic Energy Research Institute (JAERI), Gunma, Japan

1. INTRODUCTION

Flavonoid compounds are one of the most analyzed groups of secondary metabolites
in higher plants. The main reason for the interest in flavonoids is that they are major
constituents of plant pigments. Anthocyanins, a flavonoid subclass, have been of
special interest because of their ability to confer red, orange, blue, and purple
coloration to leaves, flowers, and fruits (Mol et al., 1998). As pigments, flavonoids
have facilitated the testing of hypotheses related to Mendel's law and transposable
elements. Flavonoids have been the focus of attempts to modify flower color by
genetic engineering (Tanaka et al., 1998). There also is interest in using them as
drugs or dietary supplements because of their strong antioxidant activities (Harborne
and Williams, 2000; Bartel and Matsuda, 2003). In plants, flavonoids have several
functions including attracting insects for pollination and dispersal of seeds, acting in
defense systems (e.g., as UV-B protectants and phytoalexins), signaling between
plants and microbes, and regulating auxin transport (Winkel-Shirley, 2001). Many of
these functions cannot occur unless flavonoids are properly localized within the
cells.

Anthocyanins, proanthocyanidins (also called condensed tannins), and flavonols
are three major subclasses of flavonoid compounds. Anthocyanins do not show their
brilliant colors until they are accumulated in the acidic vacuoles. Proanthocyanidins
are polymers of the catechins and/or epicatechins monomeric precursors (Xie et al.,
2003). In the seed coat, proanthocyanidin precursors accumulate in the vacuole,
followed by polymerization and oxidation to proanthocyanidin within this organelle.
The oxidation of proanthocyanidins hardens the seed coat, which induces moderate
dormancy in the seeds and limits the detrimental effects of physical and biological
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attacks (Shirley, 1998; Debeaujon et al., 2000). Thus, the proper subcellular
localization of these flavonoids is crucial for fulfilling their functions in plant cells.
The subcellular localization of flavonols is still a matter of debate. Some flavonols
have a protective role as UV-B filters, and they also could function as copigments
for anthocyanins in specific tissues. To fulfil these functions, such flavonols are
assumed to accumulate in the vacuole (Koes et al.,, 1994; Mol et al., 1998). In
contrast, other flavonols appear to be present in the cytoplasm, as has been found in
Arabidopsis root tissue (Buer and Muday, 2004). The cytosolic flavonols appear to
regulate auxin movement from cell to cell.
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The results of many experiments indicate that the sites at which flavonoids
accumulate are different from the sites at which they are synthesized. It thus is
believed that plant cells have flavonoid transport mechanisms. Although the
biosynthesis of these compounds has been described in detail (Figure 5.1), their
transport and accumulation mechanisms are not clear. This chapter focuses on
flavonoids that accumulate in the vacuole, which are mainly anthocyanins and
proanthocyanidins. I briefly describe here their subcellular biosynthetic sites,
introduce the constituents of subcellular flavonoid transport, and discuss possible
transport mechanisms.

2. FLAVONOID BIOSYNTHETIC SITES

Flavonoids are believed to be synthesized in the cytosol. Flavonoid biosynthesis
requires elaborate metabolic mechanisms, for example, for preventing reactive and
potentially toxic intermediates from diffusing into the cytoplasm. Accordingly,
Stafford (1974) proposed that flavonoid biosynthetic enzymes form a multienzyme
complex in the cytosol. The enzymes involved in flavonoid synthesis are shown in
Figure 5.1. In flower protoplasts of Hippeastrum and Tulipa, the highest activities of
chalcone synthase (CHS), chalcone isomerase (CHI), and glucosyltransferase were
found in the cytosolic fraction, whereas low but significant activities also were
detected in the microsomal fraction (Hrazdina et al., 1978). These results suggested
that these enzymes are localized in close proximity to endomembranes. In
Hippeastrum petals, cinnamate 4-hydroxylase (C4H) cofractionated with the
endoplasmic reticulum (ER) (Wagner and Hrazdina, 1984). Cofractionation of C4H
with the ER or microsomal membrane has been observed in several plant species
(Fritsch and Grisebach, 1975; Czichi and Kindl, 1977; Hrazdina and Wagner, 1985),
whereas many of the other flavonoid enzymes appeared to be mainly in the cytosol
(Fujiwara et al., 1998; Devic et al., 1999; Jones and Vogt, 2001). C4H and flavonoid
3'-hydroxylase (F3'H) belong to the cytochrome P450 enzyme family and have an
ability to bind to membranes. Immunoelectron microscopy confirmed that CHS has
a loose association with the ER membrane in buckwheat hypocotyls (Hrazdina et al.,
1987). These results have led to a modification of Stafford’s (1974) proposal in
which flavonoid biosynthetic enzymes are organized as a multienzyme complex
loosely associated with the cytoplasmic face of the ER and are anchored to the ER
membrane through C4H and F3’H (Hrazdina, 1992; Winkel-Shirley, 1999). Recent
biochemical, immunohistochemical, and molecular cytological investigations have
supported convincingly this concept. Burbulis and Wainkel-Shirley (1999)
demonstrated protein—protein interactions between CHS, CHI, and dihydroflavonol
reductase (DFR) by yeast two-hybrid assays, affinity chromatography, and
immunoprecipitation, and suggested that these proteins interacted both in vitro and
in vivo. These results are consistent with the hypothesis that the flavonoid enzymes
assemble as a multienzyme complex. Furthermore, CHS and CHI were found to co-
localize at the ER and tonoplast in Arabidopsis roots (Saslowsky and Winkel-
Shirley, 2001). Other components in the flavonoid enzyme pathway have been
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suggested to colocalize close to the ER membrane. These include 2-
hydroxyisoflavanone synthase and isoflavone O-methyltransferase in alfalfa (Liu
and Dixon, 2001), and phenylalanine ammonia-lyase (PAL) and C4H in tobacco
(Achnine et al., 2004). Although the association of flavonoid enzymes with the ER
membrane has not been completely established (Saslowsky and Winkel-Shirley,
2001), determination of the subcellular site of flavonoid biosynthesis could provide
important clues to understand the flavonoid transport mechanisms in plant cells.
This topic is further discussed in Chapter 3.

3. ENTRANCE OF FLAVONOIDS INTO MEMBRANE-BOUND
COMPARTMENTS

Anthocyanins and proanthocyanidins are synthesized in the cytosol and finally
accumulated in the vacuoles. To accomplish this, vacuolar membrane-bound
permeases and/or transporters are required to take up cytosolic-synthesized
flavonoids into the vacuole. As described in the following sections, several types of
transporters participate in the vacuolar uptake of flavonoids.

3.1. Proton-Dependent Transporters

Vacuoles have various physiological functions in plant development and
differentiation. One of their functions is to act as a storage site for various secondary
metabolites including flavonoids. In plants, the acidic conditions of the vacuolar
lumen are established mainly by two tonoplast-localized proton pumps: the v-
ATPase and the v-PPase (Sze et al., 1999; Maeshima, 2001). The acidic pH makes
anthocyanins colored by the formation of flavylium ions within the vacuole (Mol et
al., 1998; Nakajima et al., 2001). The pH gradient between the cytosol and the
vacuole provides the potential energy needed to take up substrates into the vacuole.
Hopp and Seitz (1987) investigated the uptake efficiency of radiolabeled
anthocyanins into isolated carrot vacuoles, and suggested that vacuolar uptake of
flavonoids was dependent on the energy provided by the proton gradient. Flavone
glucosides are endogenously synthesized in barley. Klein et al. (1996) suggested the
existence of a proton antiporter in barley for the uptake of radiolabeled flavone
glucosides in vitro. Many other secondary metabolites, such as coumaric acid
glucosides, have been suggested to be imported into isolated vacuoles in a proton-
dependent manner (Martinoia et al., 2000). However, proton-dependent transporter
genes that import flavonoids into the vacuole have not been isolated from these
species.

3.2. ABC-Type Transporters

Some secondary metabolites and their intermediates are considered to be highly
reactive and potentially toxic in the cytoplasm (Marrs, 1996). To avoid toxicity,
flavonoids are transported or sequestered to vacuoles or to the exterior of the cell.
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Plants have developed detoxification systems to defend themselves against
exogenous phytotoxic chemicals, also called xenobiotics. The main detoxification
pathway for xenobiotics in plants is composed of three phases: (I) an activation
phase, which usually involves hydrolysis or oxidation, resulting in xenobiotics
becoming more reactive; (II) a conjugation phase in which compounds metabolized
in phase I are conjugated with hydrophilic molecules such as glucose, malonate, or
glutathione; and (III) a compartmentalization phase in which the conjugates are
separated from the cytosol by membrane-associated transport proteins (Coleman et
al., 1997). The major reaction in phase I is catalyzed by cytochrome P450 proteins,
and some P450s, including C4H and F3'H, participate in the flavonoid biosynthetic
pathway. Many flavonoids have glucosyl and malonyl moieties, and genes encoding
the corresponding transferases have been identified in some species (Fedoroff et al.,
1984; Suzuki et al., 2001). Glutathione S-transferase (GST) proteins participate in
anthocyanin pigmentation in maize (Marrs et al., 1995) and petunia (Alfenito et al.,
1998). These results suggest that the flavonoid pathway, like the detoxification
system, has activation and conjugation phases and raise the possibility that it also
has a compartmentalization phase mediated by a membrane-associated transporter
protein that is similar to that of the detoxification system. It should be noted that the
existence in plant cells of flavonoid—glutathione conjugates has not yet been
conclusively demonstrated.

In the detoxification pathway, exogenous compounds are conjugated with
glutathione by GST, which is a crucial reaction in the following
compartmentalization step. The glutathione conjugates are recognized and
sequestered to the vacuoles or exported to the cell wall by ATP-dependent, proton-
gradient-independent transporters, named ATP-binding cassette (ABC)-type
transporters (Martinoia et al., 1993). No other types of transporters are known to
mediate compartmentalization of the glutathione conjugates. The involvement of an
ABC-type transporter in flavonoid accumulation was first suggested by Marrs et al.
(1995). They cloned a maize GST gene, Bronze2 (BZ2), from the anthocyanin-
deficient bz2 mutant and showed that BZ2 was required for normal accumulation of
anthocyanins. They further found that treating cultured maize cells with vanadate, an
inhibitor of ABC-type transporters, conferred a flavonoidless phenotype, which
mimicked the bz2 mutant. These results strongly suggested that an ABC-type
transporter was required for vacuolar uptake of anthocyanins in maize via the
presumptive formation of anthocyanin—glutathione conjugates by BZ2 (Marrs et al.,
1995). In mung bean, the uptake of the isoflavonoid medicarpin by isolated vacuolar
membrane vesicles was found to be accelerated by Mg-ATP and to be strongly
inhibited by vanadate (Li et al., 1997). Flavone glucuronides of rye also were taken
up by the vacuolar membrane in vitro through an ABC-type transporter (Klein et al.,
2000). These results suggest that some flavonoids are taken up into the vacuoles via
ABC-type transporters.

A subclass of ABC proteins, the multidrug resistance-associated proteins
(MRPs), facilitate transport of flavonoid—glutathione conjugates in plants. Two
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Arabidopsis MRP-type ABC transporters (AtMRP1 and AtMRP2) mediate the
vacuolar uptake of anthocyanin—glutathione conjugates in a heterologous host (yeast)
(Lu et al., 1997, 1998). The Arabidopsis genome encodes for 15 putative MRP
genes, some of which appear to be able to transport glutathione conjugates in yeast
(Rea et al., 1998; Kolukisaoglu et al., 2002). Although knockout mutants for some
AtMRPs have been identified, none of them have resulted in flavonoidless
phenotypes (Gaedeke et al., 2001; Klein et al., 2004). As the substrate specificity for
the respective AtMRPs is relatively broad (Lu et al., 1997, 1998; Liu et al., 2001),
the vacuolar uptake of anthocyanins may be handled in a redundant fashion by some
MRPs in Arabidopsis.

A putative ABC-type transporter gene, ZmMRP3, recently was found to be
involved in anthocyanin accumulation in maize (Goodman et al., 2004). The
expression pattern of ZmMRP3 correlated with the anthocyanin accumulation pattern
and with the expression patterns of other flavonoid structural genes. An antisense
mutant of ZmMRP3 had lower anthocyanin levels than did the wild type. The
antisense mutant resembled the bz2 mutant in having a brownlike coloration and
similar HPLC profile. These similarities may be due to the nonuptake of
anthocyanins into vacuoles in both the antisense mutant and the bz2 mutant.
ZmMRP3-green fluorescent protein (GFP) localized at the tonoplast in etiolated
maize protoplasts. Thus, ZmMRP3 appears to play a role in the vacuolar
accumulation of anthocyanins. ZmMRP3 most likely functions in planta as a
membrane-bound transporter that is required for vacuolar uptake of anthocyanins in
maize (Goodman et al., 2004).

3.3. MATE-Type Transporters

Genetic approaches have suggested that a novel type of transporter is involved in
flavonoid transport in plants. A number of Arabidopsis mutants deficient in
flavonoid biosynthesis have been isolated. Many of these mutants, called
transparent testa (tf) mutants, have altered seed color (Koornneef, 1990; Winkel-
Shirley, 2001). One of the ## mutants, #£/2, is deficient in flavonoid pigments in the
seed coat but not in vegetative organs (Debeaujon et al., 2001). Analyses of double
mutants of ##/2 with other ## mutants and histochemical analyses showed that 77172
was involved in vacuolar accumulation of proanthocyanidins in the seed coat.
Cloning and sequencing of 7712 revealed that it encoded a 507-amino acid protein
with 12 transmembrane segments. These results suggest that TT12 is a transporter
that accumulates proanthocyanidin precursors into vacuoles (Debeaujon et al.,
2001). The predicted amino acid sequence of TT12 is similar to the amino acid
sequences of ERC1 from Saccharomyces cerevisiae (Shiomi et al., 1991), NorM
from Vibrio parahaemolyticus (Morita et al., 1998), and DinF from Escherichia coli
(Kenyon and Walker, 1980; Krueger et al., 1983). Based on their sequence
characteristics, these proteins, including TT12, are classified as multidrug efflux
transporters, but are distinct from other members of this group that have been
characterized to date. For example, these proteins lack a diagnostic motif of ABC-
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type transporters, namely a nucleotide-binding fold (NBF) motif, which contains a
Walker A box, a Walker B box, and an ABC signature (Rea, 1999). For this reason,
they have been placed in a new family called the multidrug and toxic compound
extrusion (MATE) family (Brown et al., 1999). The MATE family is characterized
by the presence of 12 putative transmembrane segments and by the absence of
signature sequences specific to the other multidrug transporter superfamilies. The
molecular function of the MATE-type transporters is less well understood, although
NorM was suggested to act as a Na'/drug antiporter (Morita et al., 2000).

Another putative MATE-type transporter participating in flavonoid transport was
identified in tomato. By screening activation-tagged mutants, Mathews et al. (2003)
isolated one line in which the whole plant body had a deep purple pigmentation.
They cloned and sequenced the activation-tagged gene, ANTI, and showed that it
encoded a MYB transcriptional factor (see Chapter 4 for a full description of the
regulators of the flavonoid pathway). Activation and/or overexpression of ANT/
resulted in the coordinated up-regulation of the expression of some flavonoid genes
including structural (CHS, CHI, DFR), modification (glucosyltransferase genes), and
a transporterlike (defined as MTP77 in Mathews et al., 2003) genes. MTP77 encodes
an amino acid sequence similar to that of Arabidopsis TT12. The similarity of
MTP77 to TT12 and its coordinated up-regulation by ANT! activation make MTP77
the most likely candidate for an anthocyanin transporter in tomato. A similar
strategy has been used to comprehensively identify genes related to flavonoid
biosynthesis and accumulation in Arabidopsis. An activation-tagged mutant, pap!-
D, accumulated large amounts of secondary metabolites including anthocyanins.
This phenotype resulted from activation of a MYB transcriptional factor, PAPI
(Borevitz et al., 2000). Tohge et al. (2005) investigated the gene expression profile
as well as metabolic profiles in plants overexpressing PAP/ and identified many
flavonoid structural genes and two transporterlike genes that were induced. The two
transporterlike genes were classified as "sugar transporterlike" proteins, rather than
MATE-type transporters. Sugar transporter proteins belong to the major facilitator
superfamily (MFS) of multidrug transporters and possess a common motif of 12
transmembrane segments (Marger and Saier, 1993), shared by the MATE and MFS
transporters. Although it is now difficult to conclude whether anthocyanin
accumulation involves MATE-type transporters in dicots, elucidation of the function
of these candidates is important for understanding the diversity of flavonoid
transporter proteins and the evolutionary processes in flavonoid transport
mechanisms.

Little is known about the functional mechanisms (e.g., the energization modes
and substrate specificity) of MATE-type transporters. MATE-type transporters are
abundant in bacteria and plants, but have not been identified in animals. This may
mean that MATE-type transporters have unique functions in these organisms. The
Arabidopsis genome has more than 50 genes encoding putative MATE-type
proteins, and a few mutants with defective MATE-type genes have been isolated.
MATE-type proteins are thought to be involved in the secretion of exogenous toxins
(Diener et al., 2001) and in signaling pathways for disease resistance (Nawrath
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et al., 2002). Further biochemical and cell biological analyses are needed to clarify
the functions of these newly categorized transporter proteins.

4. OTHER FACTORS INVOLVED IN FLAVONOID TRANSPORT

The preceding sections described the site of flavonoid biosynthesis and possible
flavonoid transporters. This raises the question of how flavonoids that are
synthesized near the ER make their way to membrane-bound transporter proteins
within the cytosol. Does flavonoid transport within the cytosol occur by simple
diffusion or is it mediated by other factor(s)? There is some evidence that other
factors are involved in flavonoid transport, as described below.

4.1. GSTs

As mentioned above, GST proteins are required for anthocyanin accumulation. In
maize, a GST appears to operate after glycosylation of anthocyanin precursors by
UDP-glucose:flavonoid 3-O-glucosyltransferase (UFGT), a final enzyme necessary
for producing stable anthocyanin molecules in plant cells (Reddy and Coe, 1962). A
GST encoded by BZ2 is necessary for taking up anthocyanin precursors into the
vacuole in maize (Marrs et al., 1995). This was corroborated by the finding of the
same phenotype in loss-of-function mutants of ZmMRP3, an anthocyanin transporter
gene, and BZ2 in maize (Goodman et al., 2004). GSTs are multifunctional enzymes
and one of their most interesting functions is detoxification of exogenous substrates,
such as herbicides, by conjugation with glutathione (Edwards et al., 2000; Dixon et
al., 2002). Because the detoxification pathway for xenobiotics was presumed to be
parallel to the pathway for flavonoids, the flavonoid-specific GSTs were previously
believed to form flavonoid—glutathione conjugates before their vacuolar
compartmentalization (Marrs et al., 1995). This putative function was supported by
the facts that (1) BZ2 and Anthocyanin9 (AN9, the counterpart of BZ2 in petunia)
had glutathionation activity against a model substrate, 1-chloro 2,4-dinitrobenzene
(CDNB) in vitro (Marrs et al., 1995; Alfenito et al., 1998), and (2) radiolabeled
glutathione was colocalized with anthocyanin pigments on two-dimensional thin
layer chromatography in cultured maize cells (Marrs et al., 1995). However,
anthocyanin—glutathione conjugates have not been identified in plant extracts.
Furthermore, glutathionation activity of BZ2 and AN9 proteins against flavonoids
was not detected in vitro or in vivo (Mueller et al., 2000; Walbot et al., 2000). AN9
was found to bind to flavonoids rather than to cause them to form glutathione
conjugates (Mueller et al., 2000). These findings raise another possibility, i.e., that
flavonoid-specific GSTs, such as AN9, bind to flavonoids in order to sequester the
flavonoids into vacuoles, acting as cytoplasmic escort or carrier proteins rather than
glutathionation agents (Mueller et al., 2000). As further evidence that
glutathionation activity is not required for normal accumulation of anthocyanins,
site-directed mutagenized BZ2 proteins, in which the amino acid that is important
for glutathionation activity in animal and insect GSTs is mutated, did complement
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the null-mutant phenotype of bz2 (Mueller and Walbot, 2001). As flavonoid-specific
carrier proteins, GSTs have been proposed to prevent oxidation of flavonoids within
the cytosol and/or deliver "flavonoid cargo" directly to the membrane-bound
transporters (Mueller and Walbot, 2001).

GST and GST-like genes other than BZ2 and AN9 have been shown to be
involved in anthocyanin accumulation in Arabidopsis (TT19), soybean
(GmGST26A), and carnation (Flavonoid3, FL3) (Table 5.1). The anthocyaninless
phenotypes of the respective mutants were complemented by other GSTs shown in
Table 5.1. For example, the lack of anthocyanins in bz2, #19, and fI3 was
complemented by the expression of AN9, and the lack of anthocyanins in an9 was
complemented by the expression of BZ2. Thus, the GSTs shown in Table 5.1 appear
to have the same function in anthocyanin transport in these species. Plant GSTs are
divided on the basis of sequence identity into five types (Phi, Zeta, Theta, Tau, and
Lambda) (Dixon et al., 2002). It is interesting that a mutation in a Tau-type GST that
prevented anthocyanin accumulation was complemented by a Phi-type GST
(Alfenito et al., 1998). Among the GST genes, Arabidopsis TT19 appears to have
unique and intriguing functions. Loss-of-function mutants of 7779 result in a
significant reduction in anthocyanin pigments in the vegetative parts, as well as a
large reduction of brown pigments in the seed coat, where proanthocyanidin-derived
pigments accumulate. Overexpression of the petunia AN9 gene in the #/9 mutants
restored the anthocyanin pigments in the vegetative parts, but did not restore the
brown pigments in the seed coat (Figure 5.2). In the immature seed coat, the
proanthocyanidin precursors accumulated within the large central vacuoles in the
wild type, whereas they accumulated within small vacuolelike structures in the 719
mutant. These results indicate that 7719 is required not only for vacuolar uptake of
anthocyanins but also for normal sequestration of proanthocyanidin precursors into
vacuoles (Kitamura et al., 2004). GSTs were previously thought not to be involved
in the proanthocyanidin pathway in Arabidopsis, because the putative
proanthocyanidin transporter TT12 is not a member of the ABC transporter family,
which is the only transporter that is involved in the transport of GST-related
compounds (Debeaujon et al., 2001). In other species such as petunia and maize,
different GST proteins might be used for vacuolar accumulation of distinct flavonoid
subclasses.
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Figure 5.2 Seed color at the ripening stage in Arabidopsis. See Color Section for figure in
colors.

GSTs generally work as dimers and each of the subunits has two potential
binding sites for glutathione (Reinemer et al., 1996). It is unclear whether
glutathione molecules are necessary for proper flavonoid accumulation. In rye, in
vitro vacuolar uptake of flavone glucuronides was stimulated by glutathione, without
the formation of glutathione conjugates (Klein et al., 2000). This result may indicate
that the function of flavonoid-specific GSTs is to efficiently take up flavonoids
using glutathione as a cofactor. On the other hand, the finding that site-directed
mutagenesis of BZ2, which generates mutantproteins that presumably lack
glutathionation activity, could restore the mutant phenotype of bz2 (Mueller and
Walbot, 2001) suggests that glutathione molecules are not important for flavonoid
transport in maize. Our biochemical analyses of Arabidopsis TT19 suggested that
glutathione molecules are not required for flavonoid transport (unpublished data).
However, we cannot rule out the possibility that the point-mutagenized BZ2 protein
described above is still able to form a heterodimer with another class of GST, and
that the glutathione held by the partner GST in the heterodimer enables the
flavonoid-specific GST to fulfil its function in flavonoid transport in planta. Further
studies are needed to determine whether glutathione is involved in flavonoid
transport.
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Table 5.1. GST genes involved in flavonoid accumulation in plants

Gene Species Gene Type of | Mutant Reference

name isolated? GST isolated?
BZ2 maize yes Tau yes Marrs et al. (1995)
AN9 petunia yes Phi yes Alfenito et al. (1998)
TT19 Arabidopsis yes Phi yes Kitamura et al. (2004)
FL3 carnation no — yes Larsen et al. (2003)
GmGS | soybean yes Tau no Alfenito et al. (1998)
7264'

TInvolvement of anthocyanin accumulation was suggested by molecular complementation
tests in a bz2 background

4.2. Acylation of Flavonoids

In vitro experiments with parsley showed that flavone glucosides needed to be
malonylated to be efficiently taken up by isolated vacuoles (Matern et al., 1986).
Similarly, the uptake of anthocyanins by isolated vacuoles of carrot suspension cells
was not efficient, unless the anthocyanins were modified with sinapic acid (Hopp
and Seitz, 1987). These in vitro observations suggest that acylation with malonic
acid or sinapic acid is crucial for efficient flavonoid accumulation. Acylation might
be a prerequisite molecular tag for efficient vacuolar uptake of flavonoids in these
species. Acylation of flavonoids may serve to trap flavonoids within vacuoles
(Matern et al., 1986; Hopp and Seitz, 1987).

5. CYTOLOGICAL ASPECTS OF FLAVONOID TRANSPORT

In addition to the biochemical and molecular studies described above, cytological
approaches have provided further clues to flavonoid transport mechanisms.
Anthocyanin-producing cells often have unique subcellular structures called
"cyanoplasts" and "anthocyanoplasts" with high concentrations of anthocyanin
pigments. Over 70 species in 33 families of angiosperms possess spherical
anthocyanoplasts (Pecket and Small, 1980). Anthocyanoplasts are observed as
numerous small red vesicle-like structures at the early stage of development, while
they are observed as a smaller number of large anthocyanoplasts at a later stage
(Pecket and Small, 1980; Nozue and Yasuda, 1985). These observations suggest that
anthocyanoplasts are formed as a result of the progressive coalescence of smaller
vesicles. Although flavonoid biosynthesis was first thought to occur in
anthocyanoplasts, there is growing evidence that it occurs at the surface of the ER.
This has led to the speculation that anthocyanoplasts are involved in transporting
anthocyanins from the ER to the vacuole (Nozzolillo and Ishikura, 1988; Nozue et
al., 1993). Similar red spherical bodies that are present within vacuoles are called
anthocyanic vacuolar inclusions (AVIs). They do not appear to be encircled by
membranes (Nozue et al., 1993; Markham et al., 2000). It remains to be resolved
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whether AVIs are derived from the digestion of membranes of anthocyanoplasts
after they enter the vacuole or from the aggregation of pigments within the vacuole.
Anthocyanoplasts and AVIs might have different origins. Nozue et al. (1997)
isolated a 24-kDa protein (VP24) from cultured sweet potato cells. VP24 is localized
mainly in anthocyanoplasts and vacuoles. The mature VP24 protein sequence is
similar to the sequences of carboxypeptidases (Xu et al., 2001). Carboxypeptidases
have been proposed to be involved in the hydrolysis of the glutathione moieties from
the glutathione conjugates in the plant vacuole (Wolf et al., 1996). Thus, VP24 may
be involved in the processing of flavonoid—glutathione conjugates (Xu et al., 2001).
Alternatively, VP24 might function as a membrane-bound protein that is involved in
the transport or accumulation of anthocyanins. This is possible, because the
precursor form of VP24 possesses a highly hydrophobic C-terminus containing eight
putative transmembrane domains (Xu et al., 2001). However, this function would
last only until the cleavage of the C-terminal propeptide.

Anthocyanin-accumulating vesicles were found to form in the cytoplasm of
suspension cells of black Mexican sweet (BMS) maize that had been transformed
with maize transcriptional factors (C/ and R) (Grotewold et al., 1998). These
vesicles appeared to eventually coalesce into a single one. These characteristics are
quite similar to those of anthocyanoplasts mentioned above. Interestingly, when
BMS cells were transformed with another regulator, P/, instead of the
anthocyanoplasts, two types of autofluorescent bodies, designated yellow
fluorescent bodies (YFBs) and green fluorescent bodies (GFBs), were found (Lin et
al., 2003). Epifluorescence microscopy demonstrated that YFBs and GFBs first
occurred as small spherical vesicles in the cytoplasm and finally accumulated in the
vacuole and the cell wall, respectively (Grotewold et al., 1998; Lin et al., 2003). An
ultrastructural analysis of autofluorescing cells revealed electron-dense spherical
structures that were in the expanded ER at the early stage of P/ expression and in
the vacuole and cell wall at a later stage. P/ is required for the production of 3-
deoxy flavonoids in the floral organs of maize (Grotewold et al., 1994). In fact,
BMS cells expressing P/ were shown to produce flavan-4-ols, one of the 3-deoxy
flavonoids, as well as some phenylpropanoids (Grotewold et al., 1998). These results
raise the possibility that YFBs and GFBs are involved in subcellular trafficking of
secondary metabolites from the sites of synthesis to two major accumulating sites,
the vacuole and the cell wall.

All of the flavonoid-specific GST genes characterized to date are involved in the
accumulation of anthocyanins, whereas the Arabidopsis TT19 is the only one that is
involved also in the accumulation of proanthocyanidins. In Arabidopsis, synthesis of
the proanthocyanidin precursors is limited to the innermost layer of the seed coat
(Chapple et al., 1994) and begins after fertilization (Debeaujon et al., 2003). The
precursors can be visualized by histochemical staining with vanillin or DMACA
(Debeaujon et al., 2000; Abrahams et al., 2002). At one day after flowering (DAF),
the red color that results from the reaction of the precursors with vanillin is visible as
dots in both the wild type and the #/9 mutant. However, the patterns of
proanthocyanidin accumulation were different between the wild type and #/9 at 2~3
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DAF. At 5 DAF, the precursors were located in a single expanded vacuole within
each constitutive cell in the wild type, whereas they were restricted to a few smaller
vacuoles in #1719 (Figure 5.3). Thus, in the mutant of the flavonoid-specific GST in
Arabidopsis, the proanthocyanidin precursors are accumulated in membranelike
structures. This is surprising because in mutants of the flavonoid-specific GSTs in
other species, flavonoids such as anthocyanins are not taken up into the membrane
compartments and remain dispersed in the cytosol (e.g., Marrs et al., 1995). These
unusual membranelike structures in the #/9 mutant might reflect disruption of the
normal transport mechanism for proanthocyanidin precursors in the mutant seed coat
(Kitamura et al., 2004). These findings raise the possibility that the function of 7779
in the proanthocyanidin pathway is different from its function in the anthocyanin
pathway.

wild-type

.

Figure 5.3 Depositional patterns of proanthocyanidin precursors in immature seeds of
Arabidopsis. See Color Section for figure in colors.

6. PUTATIVE FLAVONOID TRANSPORT MODELS

The mechanisms of flavonoid transport in different plant species are difficult to
reconcile, and therefore it is hypothesized that different species utilize different
transport mechanisms (Mueller and Walbot, 2001). Nevertheless, two characteristics
of flavonoid transport appear to be shared by the different mechanisms. First,
analyses of mutants of several species have clearly shown that GSTs are involved in
flavonoid transport (Table 5.1). In addition to the genes shown in Table 5.1, a GST-like
gene (MTP4) was found to be up-regulated in ANTI-overexpressing tomato
(Mathews et al., 2003), and a GST-like gene was found to be down-regulated in
mutants for flavonoid-specific transcriptional factors in morning glory (Y. Morita,
A. Hoshino, S. Tida, personal communication). These results suggest that the
function of the GST and GST-like proteins is relatively conserved among different
species. Second, membrane-bound transporter proteins seem to be required for
normal accumulation of flavonoids into vacuoles, although a consensus type of
transporter for flavonoid accumulation has not been established. In the maize
anthocyanin pathway and in the Arabidopsis proanthocyanidin pathway, the genes
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for both GST and the transporter have been isolated. In view of its flavonoid-binding
ability, the GST encoded by BZ2 appears to act as a flavonoid carrier protein before
the uptake of flavonoids into the membrane compartments. GST or GST-
glutathione-bound flavonoids might be recognized for uptake into membrane
compartments by ZmMRP3, which is a putative ABC-type transporter. The similar
lack of anthocyanin pigmentation in zmmrp3 and bz2 mutants also could be
explained by a failure at the same biological step: the uptake of flavonoids into the
membrane-bound compartments. On the other hand, it is rather difficult to explain
the Arabidopsis proanthocyanidin pathway. In a mutant with a defective
proanthocyanidin transporter gene (#t/2), proanthocyanidin precursors are
distributed throughout the cytoplasm (Debeaujon et al., 2001), whereas in a mutant
with a defective GST gene (#£19), proanthocyanidin precursors are concentrated in
small vacuolelike structures (Kitamura et al., 2004). This suggests that TT12 and
TT19 function at different points in the proanthocyanidin pathway. Because TT12 is
classified as a MATE-type transporter, tagging of substrates with GST or GST-
glutathione should not be required for their transport via TT12 (Debeaujon et al.,
2001). Therefore, it is likely that knocking out 7779 would not completely prevent
the uptake of the precursors into the membrane compartments. This idea was
supported by the finding of a precursor-vanillin reaction at the maturation stage of
the #19 seed (ca. 10~18 DAF), which suggests that the precursors are not degraded
or oxidized by the cellular machinery in #/9 before this stage (Kitamura et al.,
2004). If TT19 acts as a flavonoid carrier protein as suggested above, how then are
the small vacuoles formed in #/9? Flavonoid transport models are discussed in the
following two sections. These models assume that flavonoids are synthesized near
the ER.

6.1. Transport of "Naked" Flavonoids without Membrane Structures

In plants, the ER is a large network of continuous tubules and sheets that is spread
throughout the cytosol (Stachelin, 1997). Therefore it is possible that the
cytoplasmic face of the ER where flavonoids are synthesized is physically close to
the vacuole where flavonoids are finally accumulated. This suggests one model in
which flavonoids, with the help of GST, are transported in a "naked" form (i.e., not
in transport vesicleslike structures) directly to the vacuolar membrane-bound
transporter (Figure 5.4, pathway I). In this case, ZmMRP3 and TT12 are localized
on the membrane of the vacuoles. The finding that ZmMRP3 is localized at the
tonoplast (Goodman et al., 2004) is consistent with this model. This model also is
consistent with the hypothesis that flavonoid-specific GST acts as a flavonoid carrier
protein to prevent oxidation of flavonoids and/or to deliver flavonoids directly to the
tonoplast-bound transporters. In Arabidopsis, the finding of smaller vacuolelike
structures filled with proanthocyanidin precursors in the #/9 mutant (Kitamura
et al., 2004) can be attributed to reduced interactions between flavonoids and
tonoplast-bound TT12 proteins due to loss of the carrier proteins. Since flavonoid-
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specific GSTs, including BZ2 and TT19, do not possess vacuolar transport signals,
other proteins possessing such signal peptides may interact with the GSTs to deliver
the flavonoids to the vacuoles.

6.2. Flavonoid Transport by Vesicles or Small Vacuoles

The second flavonoid transport model is like a vesicle-trafficking model (Figure 5.4,
pathway II). This model already has been proposed for proanthocyanidin
accumulation. In the early stage of proanthocyanidin accumulation in Douglas fir
and loblolly pine, proanthocyanidins are found as small osmiophilic deposits in
minute vesicles or the ER, while in later stages of accumulation they occurred as
larger deposits in the vacuoles, probably as the result of fusion of smaller vesicles
(Parham and Kaustinen, 1977). One hypothesis, based on studies of enzymes
involved in flavonoid biosynthesis, is that proanthocyanidin precursors synthesized
on the ER membranes enter into the ER lumen and then ER-derived vesicles
containing the precursors are transported to the vacuole, fuse with the vacuolar
membrane, and empty their contents into the vacuole (Stafford, 1989).

Transport of some macromolecules (such as proteins and polysaccharides)
between organelles is mediated by small vesicles in eukaryotic cells (Rothman and
Wieland, 1996; Robinson et al., 1998; Ueda and Nakano, 2002). The transport
vesicles are released from ER foci that concentrate the cargo and are transported and
fused to other membranous organelles (Golgi apparatus, endosomes, and vacuoles)
or the plasma membrane, where they empty their cargo. Vesicle trafficking of some
proteins from the ER directly to the vacuole is consistent with the putative pathway
for flavonoids. The vesicle-trafficking model provides plausible mechanisms for
avoiding the effects of potentially toxic secondary metabolites moving within the
cytosol and for accumulating large quantities of flavonoids in the vacuoles. The
vesicle-trafficking mechanism may transport not only proteins but also other
molecules such as flavonoids to the vacuole. However, there is no direct evidence
that flavonoids are transported by vesicle trafficking. Genes encoding small
GTPases and SNAREs that are required for budding, targeting, and docking of the
vesicular membranes in the secretory pathway (Sanderfoot and Raikhel, 1999;
Molendijk et al., 2004) have not yet been implicated in the accumulation of
flavonoids.
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Figure 5.4 Proposed flavonoid transport mechanisms. The flavonoid multienzyme complex is
shown as a linear array for convenience. See Color Section for figure in colors.

The mechanisms by which flavonoids are taken up into the ER in the vesicle-
trafficking model are thought to be similar or identical to the mechanisms by which
flavonoids are taken up into vacuolar lumens in pathway I, i.e., mechanisms that
involve a GST and a transporter (Figure 5.4) (Grotewold, 2001). If this is correct,
then in the vesicle-trafficking model the flavonoid-specific transporter proteins
could be localized mainly in the ER membranes and possibly in vesicular
membranes and the tonoplast. However, there is not yet any evidence that TT12 and
ZmMRP3 are found on the ER or vesicular membranes (Debeaujon et al., 2001;
Goodman et al., 2004). In the vesicle-trafficking model, the flavonoid-specific GSTs
would localize very close to the ER so that they can act as flavonoid carrier proteins.
This is because the flavonoid biosynthesis site and the flavonoid import site are both
on the ER and are thought to be almost adjacent to each other (Figure 5.4, pathway
IT). Biochemical studies suggested that BZ2 is loosely associated with microsomal
membranes (Pairoba and Walbot, 2003), although its exact localization is unknown.
On the other hand, the vesicle-trafficking model can not easily explain the
Arabidopsis 119 phenotype, in which endothelial cells of the seed coat have a few
small vacuoles filled with the proanthocyanidin precursors. If flavonoids are taken
up into the ER lumen in local areas, then the loss of the ability to escort flavonoids
would have a negligible effect in this model. The #/9 phenotype, in which
proanthocyanidin precursors are restricted to a few small vacuoles, may indicate that
TT19 has other unknown functions. One explanation is that TT19 also acts after
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proanthocyanidin precursors are taken up into the ER by TT12, for example, at the
stage of intracellular vesicle trafficking of flavonoids. To test this hypothesis, further
studies are needed to determine the subcellular localizations of TT19 and TT12, to
isolate other factors that interact with TT19, and to biochemically characterize
TT19.

It is not clear whether the autofluorescent bodies in maize and the
anthocyanoplasts in some species are compatible with the vesicle-trafficking model.
The sizes of the autofluorescent bodies (0.3~3 um in diameter) and anthocyanoplasts
(3~10 pm) are considerably larger than those of the vesicles used in the secretory
pathway (e.g., COPII vesicle = ~0.1 pm). Because anthocyanoplasts are red, the
lumen of anthocyanoplasts is thought to be acidic. It therefore is conceivable that
anthocyanoplasts are intermediates of the flavonoid-accumulating vacuoles. The
flavonoid transport models may need to be modified to explain the cytological
observations. Flavonoids are first accumulated into a number of small vacuoles,
rather than directly transported to the preexisting large vacuoles. Transport of
flavonoids between the membrane compartments (such as between vesicle—vesicle
and/or vesicle—vacuole) may depend on (1) fusion of mutual membranes, such as
occurs in the vesicle trafficking of macromolecules, (2) loading of vesicles into other
larger compartments, as is suggested by the detection of auto-fluorescent bodies in
the vacuole of maize, or (3) unknown novel mechanisms (see Grotewold, 2004).

7. PERSPECTIVES

Flavonoid transport mechanisms previously have been analyzed mainly in terms of
transport of flavonoids across membranes. Some mechanisms have been suggested
to take up flavonoids across membranes in vitro, such as a proton-dependent
mechanism and a proton-independent and ATP-dependent mechanism. Genetic
approaches have been used to isolate both the ABC-type transporter gene for
anthocyanins in maize (ZmMRP3) (Goodman et al., 2004) and the MATE-type
transporter gene for proanthocyanidins in Arabidopsis (TT12) (Debeaujon et al.,
2001). Activation tagging analyses have shown that the anthocyanin pathway
involves a MATE-type protein in tomato (Mathews et al., 2003) and sugar-
transporter-like proteins in Arabidopsis (Tohge et al., 2005). These results may
indicate that different species utilize different transport mechanisms or that
individual species possess different transport mechanisms for different flavonoid end
products (Winkel-Shirley, 2002). Plant cells have more than one kind of vacuole
(Marty, 1999). It is unclear what kinds of vacuoles accumulate flavonoids and
whether the same type of vacuole accumulates both anthocyanins and
proanthocyanidins (Gruber et al., 1999). If species-specific or end product-specific
transport mechanisms exist, they might be due to the existence of specialized
vacuoles that accumulate specific flavonoids via the corresponding transporter
proteins. Alternatively, they might be due to the temporal, spatial, or developmental
expression of the transporter genes. To understand the complex flavonoid transport
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mechanisms, further studies are needed to identify the flavonoid-accumulating
vacuoles and to determine the distribution patterns of the respective transporter
proteins in different tissues at different developmental stages.

At present, a GST is the only player that links flavonoid synthesis and its
vacuolar accumulation. Therefore, GSTs have a crucial role in the subcellular
transport of flavonoids. Although the function of the GSTs in flavonoid transport is
unclear, their most likely function is to act as flavonoid carrier proteins (Mueller et
al., 2000). To obtain further insights into the function of the GSTs, we now are
investigating the subcellular localization of TT19. Our preliminary results
(unpublished data) suggest that the GSTs are occasionally localized at certain
cytoplasmic foci within the cells. Determining the distribution patterns of flavonoids
as well as endomembrane compartments and comparing them with the distribution
pattern of GSTs will clarify the biological significance of the subcellular localization
of GSTs. On the other hand, we recently obtained another #/9 mutant in which only
one amino acid in TT19 is changed (Shikazono et al., 2005). This mutant is
phenotypically indistinguishable from other #/9 null mutants, which suggests that
the point mutation nearly completely disrupts TT19 function. We are presently
characterizing the point-mutated protein, with the hope that it will elucidate the
function of flavonoid-specific GSTs.

In order to understand flavonoid transport, we also should determine the state of
the endomembrane system, not only in vacuoles but also in other membranous
organelles in the cells being analyzed. Cultured cells, such as maize BMS cells, are
good materials for studying flavonoid transport because the interaction between
flavonoid accumulation and development of endomembranes in these cells can be
revealed easily by a number of reagents. For example, the endomembrane system
can be visualized by a fluorescent dye and vesicle trafficking in the secretory
pathway can be examined with various inhibitors. Although the biogenesis and
development of vacuoles are not well understood, the vacuolar membrane has been
suggested to be derived from the ER (Bethke and Jones, 2000; Surpin and Raikhel,
2004). Plant cells have several kinds of membrane compartments, and most of them
[protein bodies, ER bodies, prevacuolar compartments (PVCs), and precursor-
accumulating (PAC) vesicles] are derived from the ER (Hara-Nishimura et al.,
2004). In the endothelial cells of the Arabidopsis seed coat, pigment accumulation is
preceded by the formation of a central vacuole at the early stage of seed
development (Beeckman et al., 2000). On the other hand, loss-of-function mutants
of LDOX/TT18/Tannin Deficient Seed 4 (TDS4) gene resulted in the appearance of
multiple small vacuoles in the Arabidopsis seed coat, suggesting that
proanthocyanidin accumulation is a signal for vacuolar maturation (Abrahams et al.,
2003). Interestingly, in the Arabidopsis mutant atvsri, abnormal trafficking of
vacuolar storage proteins by PAC vesicles resulted in the formation of multiple
small vacuoles (Shimada et al., 2003). Other tds mutants isolated by Abrahams et al.
(2002) may include mutants for vacuolar biogenesis or development. Such mutants
would help to identify novel genes that participate in proanthocyanidin transport of
Arabidopsis. In addition, many # mutants remain to be analyzed (Winkel-Shirley,
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2001). Surprisingly, a novel # mutant was recently attributed to the loss-of-function
of a putative plasma membrane-type H'-ATPase gene, which clearly indicates that
this gene is specifically involved in proanthocyanidin transport or accumulation
(Baxter et al., 2005). Further studies using a combination of forward and reverse
genetics, cell biological approaches, and molecular mutagenesis (including RNA1)
should help to understand the molecular mechanisms of flavonoid transport in plant
cells as well as to manipulate flavonoid contents in plant breeding programs.
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1. INTRODUCTION

In the plant kingdom, the flavonoid biosynthetic pathway is ubiquitous and produces
a variety of pigmented as well as nonpigmented compounds. Flavonoid compounds
have been implicated in several biological processes and some of their functions
include the attraction of pollinating agents via pigmentation of floral organs (Huits et
al., 1994), pollen tube germination (Mo et al., 1992), protection from UV exposure
(Bieza and Lois, 2001), and defense against insects by acting as insecticides
(Wiseman et al., 1996) and fungal pathogens by acting as phytoalexins (Nicholson
and Hammerschmidt, 1992; Dixon and Steele, 1999). Flavonoid pigments have been
used as a convenient visible marker in molecular genetic experiments and to study
regulation of gene expression (Styles and Ceska, 1977, 1981, 1989; Dooner et al.,
1991; Koes et al, 2005). Flavonoid biosynthesis takes place through the
phenylpropanoid pathway, and depending on the genetic constitution of the plant
naringenin can have several different fates leading to the formation of flavonoid
metabolites that include anthocyanins, flavones, and anthocyanidins (Figure 6.1)
(Styles and Ceska, 1989; Dooner et al., 1991; Winkel-Shirley, 2001a, 2001b;
Schijlen et al., 2004). Since the isolation of chalcone synthase (CHS), which
catalyzes the first committed step of this pathway (Kreuzaler et al., 1983), efforts
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have been focused on the isolation of mutants and the cloning of structural genes
that are required for the different biosynthetic steps (Harborne and Williams, 2000;
Winkel-Shirley, 2001a). Progress in our understanding of gene expression and
regulation has been enhanced by targeting structural as well as regulatory genes that
are required for the biosynthesis of these pigmented flavonoids.

Since various aspects of the gene structure and regulation, genetics, epigenetics,
biochemistry, and regulation of flavonoid biosynthesis have been reviewed recently
(Springob et al., 2003; Schwinn and Davies, 2004; Tanner, 2004; Koes et al., 2005;
Tanaka et al., 2005) and also discussed in other chapters of this book, we will focus
on the biosynthesis and accumulation of 3-deoxyflavonoid (phlobaphene) pigments
in maize (Zea mays) and sorghum (Sorghum bicolor) (Figure 6.2),
proanthocyanidins (condensed tannins) in Arabidopsis (Arabidopsis thaliana), and
anthocyanins in snapdragon (Antirrhinum majus), petunia (Petunia hybrida), and
three Ipomoea species: the Japanese morning glory (Ilpomoea nil), the common
morning glory (Ipomoea purpurea), and Ipomoea tricolor (Figure 6.3). We will also
discuss molecular genetic aspects by emphasizing phenotypes of mutant alleles
characterized at the sequence level and describe briefly epigenetic aspects of
regulation in the genes for phlobaphenes, proanthocyanidins, and anthocyanins.

2. FLAVONOID PIGMENTS IN MAIZE AND SORGHUM

In maize, purple and red anthocyanins are derived from 3-hydroxyflavonoids while
the brick-red phlobaphenes are condensed products of 3-deoxyflavonoids (Figure
6.1) (Styles and Ceska, 1989; Dooner et al., 1991). Anthocyanin pigmentation is the
oldest trait employed for studies in genetics: Gregor Mendel, the founder of modern
genetics, studied inheritance of flower and seed color in pea, and Nobel Laureate
Barbara McClintock, the discoverer of transposable elements and epigenetic gene
regulation, used pigmentation patterns of maize kernels as a marker in her research.
Over the years, genetics of anthocyanins and phlobaphenes have allowed the precise
understanding of molecular mechanisms that govern their accumulation in a tissue-
specific and developmentally regulated fashion (Kirby and Styles, 1970; Dooner and
Nelson, 1977; Larson et al., 1986; Styles and Ceska, 1989; Dooner et al., 1991;
Grotewold et al., 1998).

2.1. Phlobaphene pigments in maize and their regulation

The phlobaphenes or the 3-deoxyflavonoid pigments are brick-red in color and the
chemical constitution of this class of secondary metabolites remains largely
unknown. Although controversies exist in terms of naming and chemistry of certain
condensed tannins and phlobaphenes, we will present the knowledge earned through
the study of 3-deoxyflavonoid pigments or phlobaphenes observed in maize and
sorghum. The steps in this pathway share the same enzymes required for the early
steps of the synthesis of anthocyanins. Three structural genes, namely, C2, CHII,
and A1, which encode CHS, CHI and DFR, respectively (Figure 6.1), are required
for the synthesis of 3-deoxyflavonoids (Styles and Ceska, 1989). The phlobaphene
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pigments are believed to result from polymerization products of flavan-4-ols (Styles
and Ceska, 1981; Foo and Karchesy, 1989), and genetics of the accumulation of
these precursors is very well understood in maize through the use of mutants in
biosynthetic genes (Dooner et al., 1991; Neuffer et al., 1997). The polymerization of
flavan-4-ols to condensed phlobaphenes is likely to be a nonenzymatic step (Styles
and Ceska, 1989) and this aspect requires further study both at the genetic and
biochemical levels.

The synthesis of the flavan-4-ols and the phlobaphenes requires a functional P/
(pericarp color) locus. The P1 gene encodes an R2ZR3-MYB DNA-binding domain
protein (Grotewold et al., 1991). Gel retardation and transposon mutagenesis studies
have demonstrated that the P1 DNA-binding domain binds to the cis-regulatory
elements of the A7 gene promoter and this binding facilitates transcription of the a/
gene (Grotewold et al., 1994; Pooma et al., 2002) (a detailed description of
the mechanisms of regulation of phlobaphenes and anthocyanins is presented in
Chapter 4).

2.2. Allelic diversity and tissue-specific expression patterns

The most obvious pigmentation phenotypes of P/ can be observed in the pericarp
(outer layer of the ovary wall) and cob glume (palea and lemma, bracts that subtend
the kernel) tissues of mature maize ears. The maize P/ gene was cloned from an Ac
(Activator) tagged allele called PI-vv (variegated pericarp, variegated cob);
thereafter, several Ac insertion alleles of P/ have been identified (Peterson, 1990;
Athma et al., 1992) and used to study the importance of coding as well as regulatory
sequences of the P/ gene (Sidorenko et al., 2000).

Apart from the existence of Ac transposon alleles of the P/ gene, several
naturally existing stable as well as unstable alleles have been documented (http:
//www.maizegdb.org). Thus, using phlobaphene pigments as markers, alleles at the
P1I locus can be distinguished easily based on their variation in kernel pericarp and
cob glume pigmentation (Figure 6.2) (Brink and Styles, 1966). These alleles have
been conventionally identified by a suffix indicating their expression in pericarp and
cob glumes. For example, a p/ allele with expression in pericarp and cob glumes has
been designated as Pl-rr as opposed to a nonfunctional allele p/-ww (white or
colorless pericarp and white glumes).
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Figure 6.1 General scheme of the phenylpropanoid and flavonoid pathways. Pathways show
flavonoid subbranches of anthocyanins, phlobaphenes, condensed tannins, isoflavonoids,
isoflavonoid phytoalexins, 3-deoxyanthocyanidin phytoalexins, CEW (corn ear worm)
resistance factors, flavonols, and aurones. Pigment color description of some of the
compounds is shown in parenthesis below the respective compound. Dihydrokaempferol
(DHK), dihydroquercetin (DHQ), and dihydromyrecetin (DHM). Gene products shown are
phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumaroyl: CoA-
ligase (4CL), chalcone synthase (CHS), chalcone reductase (CHR), chalcone isomerase
(CHI), flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), flavonoid 3'-
hydroxylase (F3'H), flavonoid 3',5-hydroxylase (F3'5’H), glucosyltransferase (GT), 3-
glucosyltransferase (3GT), anthocyanidin synthase (ANS), leucoanthocyanidin reductase
(LAR), anthocyanidin reductase (ANR), condensing enzyme (CE), flavone synthase (FNS),
flavonol synthase (FLS), rhamnosyltransferase (RT), glucose 4,6-dehydratase (GD),
methyltransferases (MTs), acyltransferases (ATs), 3-glucoside rhamnosyltransferase (3RT),
and 3-glucoside glucosyltransferase (3GGT).
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Figure 6.2 Phlobaphene pigmentation phenotypes of maize and sorghum. (A) Variegations in
the kernel pericarp of P1-vv allele resulting from the excision of the Ac transposon from the
pl gene of maize. (B) kernel pericarp and cob glume pigmentation and (C) husk pigmentation
patterns of two stable alleles P1-rr (left) and P1-wr (vight). (D — F) gain of pericarp and cob
glume pigmentation phenotypes showing epigenetic variegation of ears and kernels of P1-wr

Ufol. (G —1) sorghum phlobaphenes are regulated by yellow seedl (Y1) and the alleles of
Y1 shown are Yi-cs, Yi-rr, and y1-ww, respectively. See Color Section for figure in colors.
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Figure 6.3 Flower pigmentation phenotypes of morning glories.(A — C) Blue or dark purple
Sflowers of wild-type I. nil, I. purpurea, and 1. tricolor, respectively. (D — F) f3'h mutants
exhibiting reddish flowers of 1. nil with the magenta allele, 1. purpurea with the pink and

mutable a (flaked) alleles, and 1. tricolor with the fuchsia allele, respectively. The a (flaked)

allele is the CHS-D gene carrying an autonomous Ac-related transposable element, Tip100.
(G) Variegated flowers of 1. nil with the purple-mutable allele in the vacuolar Na'/H"
antiporter gene (NHX1) carrying the Tpn4 transposon. (H) Brownish flowers of L. nil with the

magenta, purple, and dusky alleles. (I) Flowers with typical chimeric sectors and spots of L.

nil with the a3 (flecked) allele, corresponding to the DFR-B gene carrying the Tpnl
transposon. (J) Variegated flowers of 1. nil with the mutable speckled allele, which is the CHI
gene with Tpn2. (K — L) Flowers and seeds, respectively, of L. tricolor with the mutable ivory
seed-variegated allele. (M) White flowers with colored stems of L. nil with the mutant cl,
encoding a maize Cl-like flower-specific R2R3-MYB transcription factor.(N) variegated

flowers of I tricolor due to transcriptional gene silencing. (O — P) Flowers of 1. nil with a
recessive and a dominant mutant allele, respectively, displaying nonclonal variegations

caused by epigenetic gene silencing. See Color Section for figure in colors.



PIGMENTS AS TOOLS IN MOLECULAR GENETICS 153

Other examples of P1 alleles include P/-wr (white pericarp, red cob glumes) and
Pl-rw (red pericarp and white cob glumes). These alleles not only differ in their
pigment accumulation in the pericarp and cob glumes but their affects also can be
observed in the husk and tassel glume tissues. Specific expression patterns
controlled by these individual alleles have been found to be correlated with the
transcriptional regulation of P/ in various tissues (Chopra et al., 1996). Genetic and
molecular studies further established that the transcriptional regulation of P/ alleles
is a function of the unique gene structures of each of the alleles. The PI-rr allele
carries a single coding sequence that is flanked on both 5" and 3" ends by a 5.2 kb
direct repeat (Lechelt et al., 1989), while the P/-wr contains six identical gene
copies that are arranged in a tandem head-to-tail fashion (Chopra et al., 1998). The
association between the Pl-wr phenotype and the amplified gene structure was
proven by cosegregation analyses using tissue-specific pigmentations of P/-rr and
PIl-wr as a marker, and these studies established that P/-wr gene copies present in
the maize inbred lines with white pericarp and red cob phenotype are tightly linked
(Chopra et al., 1998). Apart from the copy number difference, the coding and
proximal regulatory sequences of the two alleles are more than 99% similar at the
DNA sequence level.

As opposed to the multiple copy complex of the PI-wr, the PI-rw (red pericarp,
white cob) allele is encoded by a singly copy P/ gene sequence (Zhang and
Peterson, 2005). The expression pattern of the P/-rw has been shown to be
genetically correlated with the sequence modification of a distal regulatory element.
Allele-specific expression patterns can be produced by promoter sequence
differences, as demonstrated for the alleles of maize regulatory genes B/ and R/
(Ludwig and Wessler, 1990; Radicella et al., 1991). As compared to the simple PI-
rw regulation, which could be explained by the absence of a DNA sequence per se,
the regulation of the P/-wr allele seems to be more complex (Chopra et al., 1998).
Transgenic analysis of p/ regulatory sequences have demonstrated that other factors,
including an epigenetic mode of regulation (discussed in Section 4), may be
responsible for the formation of stable and unstable alleles (Cocciolone et al., 2001;
Chopra et al., 2003).

The function of P/ has been diversified further by a duplicated and tightly linked
gene, P2 (Zhang et al., 2000). Although the expression of P/ can be observed in
kernel and silk tissues, the expression of P2 is restricted to silks (Zhang et al.,
2003b). Pigmentation phenotypes produced by the browning of cut silks (silk
browning) has led to the identification of the role of the P2 gene in silks. Both P/
and P2 are equivalent in regulating the silk browning phenotype (Cocciolone et al.,
2005). It is now clear that silk browning is associated with the presence of C-
glycosyl flavones, a class of flavonoids that includes maysin (Byrne et al., 1996;
Grotewold et al., 1998), which acts as an insecticide to the larvae of corn ear worm
(Wiseman et al., 1996).
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2.3. Regulation of phlobaphenes in sorghum

In sorghum, phlobaphene pigments have been described and their biosynthesis has
been studied to some extent, but the genetic and molecular nature of this pathway is
not well elucidated (Kambal and Bate-Smith, 1976). Making use of a visible
pericarp phlobaphene phenotype, Chopra et al. (1999) showed that a functional Y/
(yellow seedl) gene is required for the biosynthesis of flavan-4-ols in various
sorghum tissues, including the seed pericarp and glumes. Unlike the maize P/,
functional alleles of Y/ also regulate phlobaphene accumulation in leaves. The
naming of alleles of Y/ has been based on the maize P/ nomenclature, such that Y/-
rr stands for red pericarp, red glumes. Functionality of the Y/ gene largely has been
studied from red revertants obtained from the mutable allele Y/-cs (Y1-candystripe)
(see Section 4.1). As mentioned above, biosynthesis of flavan-4-ols in maize requires
a functional allele of the P/ gene, and now studies have established that Y/ and P/
genes are orthologs that encode R2R3-MYB domain proteins (Chopra et al., 1999;
Zhang et al., 2000; Boddu et al., 2005a). Their functionality also is conserved in that,
similar to the P/-regulated pathway, the transcription of the DFR gene is more
drastically reduced in the mutable Y/-cs allele than in the functional revertants of y/
(Boddu et al., 2005b). These expression data have been obtained from leaves,
immature inflorescence, pericarp, and glumes, indicating that the Y/ gene is
transcribed and regulated in sorghum tissues in a developmental fashion. In addition,
the characterization of loss of pigmentation mutants designated as y/-ww (white
pericarp, white glume) has been useful in establishing the genetics and regulation of
phlobaphenes biosynthesis and their accumulation in sorghum. Some of these “loss
of function” alleles contain large deletions of regulatory as well as coding
sequences, and the cause of these deletions is under further investigation (J. Boddu
and S. Chopra, unpublished), while others contain partial deletions within the Y/
coding sequences that have arisen by the imperfect excision of the Cs/ element (F.
Ibraheem and S. Chopra, unpublished). In addition to the accumulation of flavan-4-
ols, the Y/-rr (red pericarp, red glume) seeds show the presence of compounds
called 3-deoxyanthocyanidins (Boddu et al., 2005b). These types of flavonoids have
been shown to be induced and act as phytoalexins in sorghum leaves during
attempted penetration by Colletotrichum sublineolum (Snyder and Nicholson, 1990).
The chemical structures of flavan-4-ols and 3-deoxyanthocyanidin phytoalexins in
sorghum are very similar, and thus it has been speculated that these compounds may
arise through a common pathway (Lo and Nicholson, 1998; Chopra et al., 2002).
DNA polymorphisms together with phlobaphene pigmentation were used as tools to
perform cosegregation analyses to establish a genetic linkage between the expression
of phytoalexins and functional Y/ alleles (Chopra et al., 2002). Study of the
biosynthesis of sorghum phytoalexins and phlobaphene pigments thus have provided
clues to the existence of additional subbranches of flavonoid pathways that may
involve identification of function of additional structural gene encoding flavonoid 3™
hydroxylase (F3'H) (Boddu et al., 2004).
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3. ANTHOCYANINS AND PROANTHOCYANIDINS

In dicotyledonous plants, Arabidopsis, snapdragon, petunia, and morning glories,
mutations in the biosynthesis of flavonoid pigments were mainly scored as defects in
flower coloration or seed pigmentation. Genes for the biosynthesis of anthocyanin
pigments in flowers of the ornamental plants, snapdragon, petunia, and [pomoea and
those of proanthocyanidins in Arabidopsis seeds as well as their mutants are well
documented. Complete descriptions of the structural and regulatory genes in the
pathway are presented in other chapters of this book (Chapters 3 and 4,
respectively).

3.1. Anthocyanins and their biosynthetic genes

Anthocyanins are the most abundant flavonoid pigments that get sequestered in
vacuoles and are largely responsible for diverse pigmentation from orange to red,
purple and blue in flowers and fruits. Often, these compounds also occur in leaves,
stems, seeds, and other tissues. There are six major anthocyanidins acting as central
chromophores of anthocyanins: pelargonidin, cyanidin, peonidin, delphinidin,
petunidin, and malvidin, which differ only in the extent of B-ring hydroxylation and
methylation (Figure 6.4). In general, pigments of pelargonidin and cyanidin
derivatives produce red and purple color, respectively, whereas those of delphinidin
show purple or blue color (Goto and Kondo, 1991). Genes controlling the B-ring
hydroxylation of anthocyanidins, F3'H and F3'5H encoding flavonoid 3’-
hydroxylase and flavonoid 3’,5’-hydroxylase, respectively, are key determinants for
the synthesis of cyanidin or delphinidin (Figure 6.1). Indeed, F3'5'H transgenes
confer violet or mauve coloration to carnation and blue pigmentation to rose flowers
(Tanaka et al., 2005; http: //www.suntory.com/news/2004/8826.html). Further
modifications of anthocyanidins, mainly by O-glycosylations and O-acylations,
result in a large variety of anthocyanins (Honda and Saito, 2002). Anthocyanidin-3-
O-rutinosides were found in flowers of petunia and snapdragon, whereas
anthocyanidin-3-O-sophoroside and sambubioside derivatives were detected in
flowers of Ipomoea and pigmented leaves of Arabidopsis, respectively (Martin and
Gerats, 1993a; Brugliera et al., 1994; Kroon et al., 1994; Holton and Cornish, 1995;
Tohge et al, 2005). The production of anthocyanidin-3-O-rutinosides and
anthocyanidin-3-O-sophorosides is mediated by UDP-rhamnose:anthocyanidin 3-O-
glucoside-6"-O-rhamnosyltransferase (3RT) and UDP-glucose:anthocyanidin 3-O-
glucoside-2"-O-glucosyltransferase (3GGT), which catalyze the addition of a
rhamnose or a glucose molecule to anthocyanidin 3-O-glucosides, respectively
(Brugliera et al., 1994; Kroon et al., 1994; Morita et al., 2005).



156 S. CHOPRA, A. HOSHINO, J. BODDU, AND S. IIDA

R1, Rz=H, pelargonidin-3-O-glycoside
R1=0H, R2=H, cyanidin-3-O-glycoside

R1, Rp=0H, delphinidin-3-0-glycoside
R{=0CHa, Ro=H, peonidin-3-O-glycoside
R1=0CHa3, Ra=0H, petunidin-3-O-glycoside
R{, Re=0CHz, malvidin-3-0-glycoside

Ra=xylese, R4=0H, anthacyanidin-3-0O-sambubioside
R3=0H, R4=rhamnose, anthocyanidin-3-O-rutioside
HO HO Ra=glucose, R4=0H, anthocyanidin-3-O-sophoroside

Figure 6.4 Basic structure of anthocyanins. The extent of hydroxylation and methylation of
the B-ring, indicated by B, determine the six major anthocyanins.

Blue and reddish flowers of the morning glories I. ni/ and 1. tricolor (Figure 6.3)
contain peonidin-3-O-sophoroside and pelargonidin-3-O-sophoroside derivatives
with four additional glucose residues and three caffeoyl moieties, which are called
Heavenly Blue Anthocyanin (HBA) and Wedding Bell Anthocyanins (WBA),
respectively. The latter was found in the magenta or fuchsia mutants (Table 6.1)
(Goto and Kondo, 1991; Hoshino et al., 2003). Not only the structure of HBA but
also the vacuolar pH of around 7 or even higher in the open flowers of morning
glories plays an important role in blue flower pigmentation (Yoshida et al., 1995;
Yamaguchi et al., 2001). The change from reddish-purple buds into blue open
flowers correlates with an increase in the vacuolar pH that is mediated by the
vacuolar Na'/H™ antiporters, INNHX1 and InNHX2 (Fukada-Tanaka et al., 2000;
Ohnishi et al., 2005), and the recessive purple mutants deficient in the InNHXI gene
fails to increase vacuolar pH partially during flower opening (Figure 6.3)
(Yamaguchi et al., 2001). This contrasts with the petunia flowers, in which the pH
values of petal extracts from the wild-type and recessive pi mutants are about 5.4
and 6.0, respectively (de Vlaming et al., 1983; van Houwelingen et al., 1998). Some
of the petunia Ph genes were found to encode transcriptional regulatory proteins
controlling both anthocyanin pigmentation and vacuolar pH (Spelt et al., 2002).

3.2. Anthocyanin regulatory genes

Anthocyanin biosynthetic genes can be divided into early and late genes in
snapdragon and petunia, whereas those in maize appear to be coordinately controlled
as a single module (Martin and Gerats, 1993b; Mol et al., 1998). The regulatory
division between early and late genes occurs before and after F3H in snapdragon
and petunia, respectively (Figure 6.1). Thus, the regulations of the genes in the
flavone and flavonol biosynthetic pathways in snapdragon and petunia, respectively,
differ from those in their anthocyanin biosynthetic pathways. The similar division
after F3H also was observed in proanthocyanidin biosynthetic genes in Arabidopsis
(Nesi et al., 2001; Debeaujon et al., 2003). Although the presence or absence of
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these regulatory divisions is regarded to stem from the differences between dicots
and monocots (Martin and Gerats, 1993b; Mol et al., 1998), available data indicated
that the biosynthetic genes in dicotyledonous /pomoea mainly appear to be under
coordinate control (Hoshino et al., 1997, 2003; Tiffin et al., 1998; Park et al., 2004;
Morita et al., 2005).

Mutations in regulatory genes encoding transcription factors often affect the
expression of more than one biosynthetic enzyme genes, since the production of
anthocyanins involves the coordinated expression of these genes. These
transcriptional regulatory proteins include members of R2R3-MYB, bHLH (basic
helix-loop-helix) and WD40 family proteins (Table 6.1), and a combination of the
WD40, R2R3-MYB, and bHLH proteins and their molecular interactions determine
a set of genes to be expressed (Mol et al., 1998; Winkel-Shirley, 2001b; Koes et al.,
2005; Ramsay and Glover, 2005). In Arabidopsis, anthocyanin pigmentation can be
detected in the hypocotyls of seedlings and in the stems and leaves of aged plants,
which can be intensified under various stressed conditions including high light and
water stress. Moreover, intense purple coloration can be observed in various
vegetative organs by overexpressing the PAPI gene encoding an MYB transcription
factor (Borevitz et al., 2000). The anthocyanins produced in Arabidopsis are
cyanidin-3-O-sambubioside 5-O-glucoside derivatives (Figure 6.4) (Tohge et al.,
2005).

In maize the anthocyanins accumulation is regulated by pairs of duplicated
transcription factors: R1 and B1, which are bHLH proteins (Ludwig and Wessler,
1990; Goff et al., 1992), while the C1 and PL1 are MYB DNA-binding domain
proteins (Cone et al., 1993). Anthocyanin accumulation in the kernel aleurone is
controlled by R1 and C1, while B1 and PL1 together are required for anthocyanins
in plant parts (Chandler et al., 1989). Recent genetic screens have identified the pale
aleurone colorl (PACI) locus, which functions together with the downstream
transcription factors 7/ and ¢/ to induce anthocyanins in aleurone and scutellum
(Carey et al., 2004). The pacl gene encodes a WD40 repeat protein with similarity
to AN11 (ANTHOCYANINTI11) and TTG1 (TRANSPARENT TESTA GLABRAI)
proteins of petunia and Arabidopsis, respectively. Comparative studies of pacl,
anll, and ttg] mutations and their phenotypes have led to identification of distinct
regulatory mechanisms that may control different traits in a species-specific fashion.
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Table 6.1 Flavonoid pigmentation biosynthetic and regulatory genes characterized in
different plant species

Gene Gene Gene TE*
products name symbols [T-DNA] References
Maize
CHS colorless?2 c2 + (Wienand et al., 1986)
white pollen whp (Franken et al., 1991)
CHI chalcone isomerasel chil (Grotewold et al., 1994)
F3’H red aleurone prl (C. Svabek and S. Chopra, unpub)
DFR anthocyaninlessl al + (O'Reilly et al., 1985)
ANS anthocyaninless2 a2 + (Menssen et al., 1990)
UF3GT bronzel bzl + (Fedoroff et al., 1984)
GST bronze2 bz2 + (McLaughlin and Walbot, 1987)
MRP ZmMRP3 (Goodman et al., 2004)
MYB  colorlessl cl + (Cone et al., 1986)
(Paz-Ares et al., 1986)
purple plant pl (Cone et al., 1993)
pericarp color P + (Chen et al., 1987)
(Lechelt et al., 1989)
(Grotewold et al., 1991)
yellow seedl (sorghum) vl + (Chopra et al., 1999)
bHLH  red r + (Dellaporta et al., 1988)
booster b (Chandler et al., 1989)
(Radicella et al., 1991)
intensifier inl + (Burr et al., 1996)
WD40  pale aleurone colorl pacl + (Carey et al., 2004)
Snapdragon
CHS nivea niv + (Wienand et al., 1982)
F3H incolorata inc (Martin et al., 1991)
DFR pallida pal + (Martin et al., 1985)
ANS candi candi (Martin et al., 1991)
bHLH  dellila del + (Goodrich et al., 1992)
Petunia
CHS chsA (van der Krol et al., 1988)
chsJ (Koes et al., 1989)
CHI po (van Tunen et al., 1991)
F3H anthocyanin3 an3 + (Souer et al., 1995)
F3’H htl, 2 +(htl) (Bruglieraetal., 1999)
Cyt bs difF + (de Vetten et al., 1999)
F3’5’H hfl, 2 +(hfl) (Holton et al., 1993)
DFR anthocyanin6 an6 + (Huits et al., 1994)
UF3GRT rt + (Brugliera et al., 1994)
(Kroon et al., 1994)
GST anthocyanin9 an9 + (Alfenito et al., 1998)
MYB anthocyanin2 an2 + (Quattrocchio et al., 1999)
bHLH  anthocyaninl anl + (Spelt et al., 2000)
jaf13 + (Quattrocchio et al., 1998)
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Table 6.1 (cont.)

Gene Gene Gene TE*

products name symbols [T-DNA] References

WD40  anthocyaninl I anll + (de Vetten et al., 1997)

Arabidopsis

CHS TRANSPARENT TESTA4 e (Shirley et al., 1995)

CHI TRANSPARENT TESTAS 175 (Shirley et al., 1992)

F3H TRANSPARENT TESTA6  TT6 +° (Wisman et al., 1998)

F3’H TRANSPARENT TESTA7 77 (Schoenbohm et al., 2000)

DFR TRANSPARENT TESTA3 TT3 (Shirley et al., 1992)

ANS TRANSPARENT TESTAIS TTI8 (Shikazono et al., 2003)
TANNIN DEFICENT SEED4 TDS4 + (Abrahams et al., 2003)

ANR  BANYULS BAN + (Xie et al., 2003)

UF3GT UGT78D2 (Tohge et al., 2005)

UF5GT UGT75C1 (Tohge et al., 2005)

GST TRANSPARENT TESTA19 TTI19 (Kitamura et al., 2004)

MATE TRANSPARENT TESTA12 TTI2 (Debeaujon et al., 2001)

MYB TRANSPARENT TESTA2 172 (Nesi et al., 2001)
PRODUCTION OF ANTHOCYANIN
PIGMENTI PAP1

bHLH  TRANSPARENT TESTAS8 T8

+

_hﬁﬁ
e s

e

=

(Borevitz et al., 2000)
(Nesi et al., 2000)

=

GLABRA3 GL3 (Payne et al., 2000)
ENHANCER OF GLABRA3 EGL3 (Zhang et al., 2003a)
WD40 TRANSPARENT TESTA
GLABRAI T7G1 (Walker et al., 1999)
Morning Glory
CHS RI ™) RI + (Tida et al., 2004)
Anthocyanin P) A + (Habu et al., 1998)

CHI Speckled or Cream (N) Sp, Cr  + (lida et al., 2004)
F3’H Magenta ™) Mg (Hoshino et al., 2003)
Pink P) P + (Hoshino et al., 2003)
Fuchsia (T) Fuchsia (Hoshino et al., 2003)
DFR A3 (N) A3 + (Inagaki et al., 1994)
Pearly (T) Pearly + (Tida et al., 2004)
ANS R3 (N) R3 + (Y. Morita et al., unpublished)
UF3GT Duskish (N) Dk + (Y. Morita et al., unpublished)
UF3GGT Dusky N) Dy (Morita et al., 2005)
MYB Cl N) Cl (Y. Morita et al., unpublished)

w (P) w (M. Rauscher, pers. comm.)
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Table 6.1 (cont.)

Gene Gene Gene TE*

products name symbols [T-DNA] References

bHLH  Ivory seed P) s + (K. I. Park et al., unpublished)
Ivory seed (T) s (Park et al., 2004)

WD40 Ca N) Ca (Y. Morita et al., unpublished)

The symbols + and [+] in the column TE [T-DNA] indicate the presence of an allele generated by
insertion of an endogenous transposon among the characterized alleles that may not be cited here and the
presence of a T-DNA tagged allele among the first characterized alleles in the literature cited,
respectively. The symbol +? indicates that the alleles in the original literature cited were generated by
insertion of the maize En-1 transposon. (N), (P), and (T) in the morning glories indicate /. nil, 1. purpurea,
and 1. tricolor, respectively.

3.3. Proanthocyanidins Biosynthesis and Regulation

Proanthocyanins or the condensed tannins in Arabidopsis are found only in the seed
coat, or testa, and confer brown pigmentation in mature seeds due to their oxidation.
Therefore, it is not surprising that most of the genes for anthocyanin biosynthesis
were identified on the basis of mutations that abolish or reduce pigmentation in the
seed coat, which include TRANSPARENT TESTA (TT) and TRANSPARENT TESTA
GLABRA (Winkel-Shirley, 2001a, 2001b). Both structural and regulatory genes were
found in the # mutant class, whereas only regulatory genes were identified in the #tg
class (Table 6.1). Some mutations in the 77 genes were obtained by screening the
phenotypes with no pigmentation in stems and leaves (Shikazono et al., 2003). In
addition to the regulatory proteins in Table 6.1, transcription factors controlling the
proanthocyanidin accumulation at the later stages have been identified: TT1, TT16,
and TTG2 proteins belonging to the WIP, MADS, and WRKY family, respectively
(Debeaujon et al., 2003). Two alternative pathways lead to proanthocyanidins
(Figure 6.1): (1) anthocyanidins are converted into 2,3-frans-flavon-3-ols by
leucoanthocyanidin reductase (LAR), the ¢cDNA of which was isolated from
proanthocyanidins-rich leaves of the legume Desmodium uncinatum (Tanner et al.,
2003), and (2) anthocyanidins are converted into 2,3-cis-flavon-3-ols by
anthocyanidin reductase (ANR), which is encoded by the BAN gene in Arabidopsis
(Xie et al., 2003). The seed phenotypes of fds4 and ban tds4 double mutants also
indicated that anthocyanidin, actually cyanidin, is an intermediate for
proanthocyanidin biosynthesis in Arabidopsis (Abrahams et al., 2003; Tanner,
2004).
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4. FLAVONOID PIGMENTS AS A TOOL TO UNDERSTAND GENETIC AND
EPIGENETIC REGULATION

The use of flavonoid pigmentation as a visual and molecular marker has helped in
the cloning of genes as well as in unraveling mechanisms of regulation of plant gene
expression. The unstable P/-vv (variegated pericarp, variegated cob glume) allele
was the first mutable allele studied by maize geneticists (Emerson, 1917). Further
genetic studies of the P/-vv allele led to the identification of a transposable element
originally designated as Mp (Modulator of pericarp) (Brink and Nilan, 1952).
Genetic and molecular studies later demonstrated the Mp element to be the same as
Ac (Activator). Classical studies of twin sectors on P/-vv ears led to the findings
that transposition of 4c often takes place during DNA replication and the majority of
insertions are in the linked sites (Greenblatt and Brink, 1963; Greenblatt, 1984). In
recent years, molecular genetic studies have used Pl-vv-induced variegated
phenotypes as a convenient marker to establish transposition mechanisms by easily
following the pigmentation of the Ac donor site (Chen et al., 1987; Athma et al.,
1992; Moreno et al., 1992; Dellaporta and Moreno, 1994; Brutnell, 2002; Kolkman
et al., 2005).

Among the plants listed in Table 6.1, maize, snapdragon, petunia, and morning
glories have a longer history in breeding and/or classical genetic studies than
Arabidopsis (Coe and Neuffer, 1977; lida et al., 1999; Coe, 2001; Schwarz-Sommer
et al., 2003; Iida et al., 2004; Gerats and Vandenbussche, 2005), and flower
pigmentation is one of the most important traits in breeding of ornamental plants.
Because in early times the breeders employed spontancous mutants as sources of
new traits, it is obvious that a significant number of spontanecous mutations were
caused by insertion of endogenous transposons. Moreover, mutable alleles
conferring variegated phenotypes fascinated many geneticists including Hugo de
Vries, who is one of the rediscoverers of the Mendel’s laws and systematically
studied the inheritance of flower variegations of snapdragon in the 1890s (de Vries,
1903). Indeed, various mutable alleles of maize, snapdragon, petunia, and Ipomoea
were described and characterized (Nevers et al., 1986), and most of them are
believed to be caused by excision of DNA transposons integrated at the mutable loci.
Some of these mutants in petunia were isolated by transposon mutagenesis (Koes
et al.,, 1995; van Houwelingen et al., 1998). In addition, several mutations in
Ipomoea including the dusky alleles are likely to be footprints generated by excision
of DNA transposable elements (Morita et al., 2005). The situations in these plants
clearly contrast with that in Arabidopsis, in which many insertion mutations are
obtained as T-DNA tagged lines (see Table 6.1).

4.1. Trapping of New Transposons

The cloning and characterization of DNA transposons was first achieved in the
mutable waxy and nivea loci of maize and snapdragon, respectively, and subsequent
successful transposon tagging of the maize Bz/ (3GT) and snapdragon pallida
(DFR) loci were performed (Coen et al., 1989; Fedoroff, 1989). In snapdragon, the
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nivea alleles give albino flowers, whereas the pallida alleles give ivory flowers with
a yellow aurone pigmented area around the lower lip of the corolla, because aurone
is derived from chalcone (Figure 6.1). The DNA transposon Tam3, residing at the
mutable pallida locus and which could probably be traced back to de Vries’s studies,
had been activated and transposed into the already known (or cloned) nivea (CHS)
locus and identified as a newly inserted DNA segment (termed transposon trapping).
The mutable pallida locus, where the original Tam3 was integrated, was then
identified by using the information of the cloned Tam3 sequence (termed transposon
tagging).

One of the first successful transposon taggings in heterologous plants
corresponded to the petunia Ph6 gene by the maize DNA transposon Ac. The
resulting insertion displays variegated flower and seed color (Chuck et al., 1993).
The mutable PAh6 allele, deficient in the vacuolar pH control, was later found to be a
particular allele of the AN/ gene encoding an bHLH transcription factor (Spelt et al.,
2002). A full description of AN1 and the control of vacuolar pH is found in Chapter
4. Thus, anthocyanin biosynthetic genes played very important roles in establishing
trapping of transposons and early demonstration of gene tagging as a powerful
molecular genetic tool.

4.2. Identification of Active Transposable Elements in Sorghum and Morning Glories

In sorghum, the high frequency of somatic and germinal reversions of Y/-cs to YI-rr
led to the hypothesis that the Y/-cs phenotype may be the consequence of the
presence of a transposable element in the Y/ gene (Zanta et al., 1994), bearing a
marked resemblance to the maize P/-vv allele (Chopra et al., 1999). Making use of
the similarities in the phlobaphene accumulation patterns, the Y/-cs allele allowed
the identification of the only known active transposable element Candystripel (CslI)
in sorghum. The Cs/ transposon belongs to the FEnhancer/Suppressor-mutator
(En/Spm) or the CACTA super family (Kunze and Weil, 2002) and is 23 kb in size, a
property similar to other members of this family. The red-white sectors or the
variegated pericarp phenotype result from the somatic excisions of the Cs/ element
from Y, while germinal excisions of the Cs/ generate heritably functional alleles.
Similar to maize PI-vv, exploitation of the sorghum variegated pigmentation
phenotype as a marker (Figure 6.2) has further allowed the analysis of somatic and
germinal excision events of the Cs/ transposon in sorghum. By applying the
traditional approach of monitoring the variegated or full red phenotype of the donor
Csl site it has been possible to identify new putative Cs/-mutations in sorghum
(Carvalho et al., 2005).

About one third of more than 200 spontaneous mutants described in the Japanese
morning glory (/. nil) exhibit mainly altered flower pigmentation patterns, including
several mutable loci conferring flower variegations (lida et al., 1999). One of them
called flecked (Figure 6.3) was believed to have appeared in the early 18th century in
Japan, and several woodblock prints of its variegated flowers were made in the
middle of the 18th century. The mutable flecked allele was found to be caused by a
6.4-kb transposon Tpnl inserted into the second intron of the DFR-B gene (Inagaki
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et al., 1994). It was later established that the majority of the I il mutations,
including the mutable speckled and purple alleles (Table 6.1), were caused by
insertion of nonautonomous DNA transposons belonging to the 7pnl/ family, in the
En/Spm superfamily (Hoshino et al., 2001; lida et al., 2004). Interestingly, all of the
Tpnl family elements identified so far contain various foreign sequences with
genomic exons and introns (Kawasaki and Nitasaka, 2004). Insertion of 7pn/ into an
intron of the DFR-B gene resulted in the production of chimeric mRNA molecules
consisting of DFR-B exons and foreign exon sequences within 7pnl, thereby
inactivating DFR-B (Takahashi et al., 1999). Indeed, several identified mutable
alleles conferring flower variegations contain the 7pn/ family elements inserted into
intron sequences of anthocyanin biosynthetic genes (A. Hoshino et al., unpublished).
Most of the spontaneous mutations, including mutable alleles giving flower
variegations in other morning glories (/. purpurea and 1. tricolor) were shown to be
caused by various transposons, most of which belong to the Ac/Ds (or hAT)
superfamily (Kunze and Weil, 2002) or are Mu-related elements (Ilida et al., 1999,
2004; Hoshino et al., 2001, 2003; A. Hoshino, unpublished). Interestingly, the
mutable allele ivory seed-variegated (ivs-v) in L tricolor, which exhibits pale-blue
flowers with a few fine blue spots and ivory seeds with tiny dark-brown spots
(Figure 6.3), is caused by an intragenic tandem duplication within the gene for a
bHLH transcriptional regulator, and somatic homologous recombination between the
tandem duplication results in the pigmented spots (Park et al., 2004).

4.3. Flavonoid pigments as markers in epigenetic studies

Since Mendel’s studies on genetic inheritance, pigmentation by anthocyanins and
phlobaphenes has been used as an important trait in elucidating genetic and
epigenetic phenomena. Barbara McClintock employed the mutations in the maize
pigmentation genes C1, P1, Al, A2, Pr, and Bzl (McClintock, 1950, 1951, 1956) to
characterize the transposons Ac, Ds and Spm. She called them “controlling
elements,” because they were distinct from the chromosomal genes themselves and
could alter or modulate gene expression reversibly, independent of their
chromosomal locations. The gene regulations she had characterized were later
realized to include both genetic and epigenetic gene regulations (Fedoroff, 1989;
Feschotte et al., 2002; Lippman and Martienssen, 2004). Epigenetics has been
defined as “The study of mitotically and/or meiotically heritable changes in gene
function that cannot be explained by changes in DNA sequence” (Russo et al.,
1996). Epigenetic modification may be observed as DNA methylation defects and/or
chromatin modifications in plants (Lippman and Martienssen, 2004; Matzke and
Birchler, 2005). We briefly review the initial observation in alterations of the
pigmentation, which have led to the discovery and elucidation of epigenetic gene
regulation.
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4.3.1. Transgenes and transposons: Discovery of gene silencing through flavonoid
pigmentation patterns

Introduction of the maize DFR cDNA into a petunia dfr mutant resulted in
transgenic plants displaying pelargonidin-based brick-red flowers as well as
variegated flowers with brick-red sectors (Meyer et al., 1987). The flower
variegation was caused by transcriptional gene silencing (TGS) due to DNA
methylation of the promoter of the DFR transgene (Meyer, 1995). Subsequently,
posttranscriptional gene silencing (PTGS) of transgenes and endogenous genes were
reported in the petunia CHS and DFR genes (Napoli et al., 1990; van der Krol et al.,
1990). The generation of these variegated flowers is one of the earliest examples of
sequence-specific RNA-mediated gene silencing, the mechanisms of which have
become one of the central topics in epigenetic gene regulation (Lippman and
Martienssen, 2004; Matzke and Birchler, 2005). Epigenetic modifications have been
shown recently to involve RNA interference and heterochromatin, which in turn are
influenced by invasive DNAs such as transgenes and transposable elements
(Lippman et al., 2004; Lippman and Martienssen, 2004). The flower variegation
patterns caused by the excisions of DNA transposons in [pomoea are often heritable
and they are believed to be regulated epigenetically (lida et al., 2004). Transposons
and other repetitive sequences are able to regulate adjacent genes epigenetically
(Lippman et al., 2004). A mutant of . tricolor exhibiting variegated flowers was
found to carry a 0.4-kb transposon integrated into the promoter of the DFR-B gene,
and the integrated transposon appears to affect DNA methylation of a particular site
within the DFR-B promoter (lida et al, 2004; J.D. Choi and A. Hoshino,
unpublished). Thus, the genetic change caused by the transposon integration results
in a situation in which the epigenetic gene regulation can play important roles in
flower pigmentation (lida et al., 2004). It is likely that both genetic and epigenetic
regulation associated with transposons can cooperatively act on the generation of
flower pigmentation patterns.

4.3.2. Identification of modifiers that participate in maintenance of gene expression

A classic example of epigenetic regulation is paramutation, which was first
described by R.A. Brink using the expression of the R locus in maize kernels (Brink,
1958; Brink et al., 1968). Paramutationlike phenomena now have been described in
several systems including regulatory genes (Chandler and Stam, 2004). In the maize
anthocyanin pathway, recessive mopl (mediator of paramuationl) and rmr
(required to maintain repression) mutations are recent demonstrations of the power
of flavonoid pigment-based screens to identify factors participating in the epigenetic
regulation of gene expression (Dorweiler et al., 2000; Hollick et al., 2000). In
addition to anthocyanins, maize phlobaphenes offer a powerful marker to follow
gene expression analysis because of the readily observable pericarp pigmentation in
the kernel or ectopic expression in the plant body (Cocciolone et al., 2000, 2001).
Gene expression studies using P/-rr and PI-wr alleles have led to the identification
of epigenetic regulatory mechanisms that may play a significant role in generating
tissue specific expression patterns (Chopra et al., 1996, 1998). In 1960, the natural
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ectopic expression of phlobaphenes allowed Charles Burnham to identify a
spontaneous dominant modifier of maize, which later became known as Unstable
factor for orangel (Ufol) (Chopra et al., 2003). Ufol modifies the organ-specific
expression of the P/-wr allele and an enhanced pigmentation state of the tissue is
correlated with decrease in DNA methylation of the P/-wr sequence (Figure 6.2).
The nature of the Ufo! mutation is not known but it has now been mapped to maize
chromosome 10S (Chopra et al., 2003). Interestingly, Ufo! has poor expressivity and
may interact differently with single copy versus multicopy hyper- and
hypomethylated alleles (R. Sekhon and S. Chopra, unpublished).

5. CONCLUSIONS

It is clear that flower pigmentation attracts not only pollinators but also many plant
biologists including geneticists. Because mutations in flavonoid pigmentation genes
are nonlethal and confer easily scorable color phenotypes in stems, flowers, and
seeds, various flavonoid pigments, including the anthocyanins, proanthocyanidins,
and phlobaphenes described here, have served as important traits in elucidating
genetic and epigenetic phenomena. Undoubtedly, these secondary metabolites will
keep on making important and significant contributions as useful tools for molecular
genetic studies in the future.
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CHAPTER 7

THE EVOLUTION OF FLAVONOIDS AND THEIR
GENES

MARK D. RAUSHER
Department of Biology, Box 90338, Duke University, Durham, NC 27708 USA

1. INTRODUCTION

Flavonoids constitute a diverse array of plant secondary compounds that perform a
wide variety of physiological and ecological functions (Figure 7.1). The role of
anthocyanin pigments as visual signals in angiosperms for attracting pollinators and
fruit dispersal agents is well known, but these functions were acquired late in the
evolutionary diversification of flavonoids. Less well-known and probably more
ancient functions of flavonoids include protection against the detrimental effects of
UV radiation; mediation of interactions between pollen and stigma; defense against
bacteria, pathogenic fungi, and herbivores; mediation of interactions between plants
and mutualistic mycorhizzal fungi; and regulators of hormonal activity. Because
recent, thorough reviews of these functions are available elsewhere (Koes et al.,
1994; Shirley, 1996), they will not be discussed in detail here. Instead, I focus on
the evolutionary processes by which these functions arose and continue to evolve.

As other chapters in this volume make clear, the flavonoid pathway has served as
a model system for understanding gene regulation in plants. In a similar way,
flavonoid pathway genes, both structural and regulatory, have served as a model
system for understanding a variety of evolutionary processes, including the role of
gene duplication in facilitating the evolution of novel characters, the causes of
evolutionary rate variation among genes, and the relative importance of structural
and regulatory genes in evolution of ecologically important characters. In this
chapter, I review how examination of patterns of change in flavonoid genes has
contributed to our understanding of these and other evolutionary issues, beginning
with an examination of our understanding of the historical evolution of the flavonoid
biosynthetic pathway.
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2. HISTORICAL EVOLUTION OF THE FLAVONOID PATHWAY

The flavonoid pathway is a classic example of a pathway that has evolved
piecemeal, gradually lengthening as new products and new functions were added.
Although many details of its evolutionary construction are still hazy, it is possible to
reconstruct the main evolutionary events with confidence. The following account is
an elaboration of the reconstruction originally suggested by Stafford (1991). As will
be seen, a general theme emerges from this reconstruction: gene duplication has
provided the raw material for building the pathway. There is a satisfying symmetry
to this in that, as we shall see below, once the flavonoid pathway was essentially
complete, duplication and divergence of genes from the pathway has led to the
emergence of new classes of compounds. Through gene duplication, pathways are
not only born themselves, but they spawn additional pathways.

Equally importantly, the evolution of the flavonoid pathway provides an
excellent example of how a biochemically complex trait may be built up in stages,
with each addition being adaptive. It thus provides an illuminating counterexample
to the claim of the “Intelligent Design” movement that complex biochemical
adaptations that are irreducibly complex cannot be assembled gradually by natural
selection. In this case, the complex biochemical adaptation is flower color produced
by anthocyanin pigments. Its complexity lies in the fact that anthocyanin production
requires at least six sequential biochemical reactions enabled by six
different enzymes. Looking at this character by itself, there is no question that it is
irreducibly complex. As numerous knockout mutations in the pathway demonstrate,
removal of one enzyme eliminates the production of anthocyanins. It is only
because the intermediate products that were invented along the way—the diverse
collection of flavonoids produced by land plants—retain their important ecological
and physiological functions, and so have not been superseded in these functions by
other secondary metabolites, that we are able to recognize that the irreducible
complexity of floral pigment production actually evolved gradually.

When considering the evolutionary construction of the flavonoid biochemical
pathway, it should be borne in mind that early flavonoid production may have been
quite “leaky.” Initially, enzymes of primary metabolism already may have produced
small quantities of many different simple flavonoids, simply due to lack of complete
substrate specificity in those enzymes. In this context, if an environmental change
caused the production of one or a subset of these compounds to become
advantageous, natural selection would act to enhance its production. At first, the
mechanism of enhancement may have been quite crude (e.g., up-regulating a key
enzyme of primary metabolism) and probably would have had deleterious
pleiotropic effects. If, however, the advantages of increasing the production of
flavonoids were large enough, this would evolve despite the pleiotropic effects.
Moreover, it would automatically establish selection pressures to lessen the
pleiotropic effects. Two particularly effective types of genetic change that could
respond to this selection would be specialization of a duplicate gene for carrying out
early flavonoid synthesis and the evolution of regulatory control over such a gene.
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2.1. Evolution of the flavonoid enzymes

A major clue to the stepwise development of the flavonoid pathway is provided by
the distribution of both different types of flavonoids and different flavonoid enzymes
among land plant taxa (Figure 7.2). This distribution allows us to recognize a series
of successive stages in the evolution of the pathway.

2.1.1. Stage 1: Algae

Land plants are believed to be derived from organisms like green algae (Charales).
Although extensive surveys have been conducted (Markham, 1988), flavonoids
consistently fail to be found among the algae. Moreover, although several algal
genomes have been sequenced, none contain open reading frames that show
homology to the coding sequences of any known flavonoid enzymes. The initial
evolution of the flavonoid pathway thus probably took place after the colonization of
land.

2.1.2. Stage 2: Bryophytes (mosses), liverworts, and hornworts

This paraphyletic group represents the earliest plants to colonize land. It also is the
oldest plant group to produce flavonoids. Among the types of flavonoids produced
by these plants are chalcones, flavonols, and flavones (Markham, 1988), which are
derived from the first three enzymes of the flavonoid pathway (Figure 7.1). In
addition, EST (expressed sequence tags) databases report sequences that appear to
represent these three enzymes: chalcone synthase, chalcone—flavanone isomerase,
and flavanone 3-hydroxylase. All three enzymes appear to have been derived via
gene duplication from genes coding for enzymes of primary metabolism. CHS
exhibits strong sequence similarity to bacterial genes coding polyketide synthases,
particularly those involved in fatty acid synthesis (Verwoert et al., 1992). Moreover,
the condensation reactions of these enzymes also are similar, as is the set of
substrates used. Based on similarity in sequence and enzymology, F3H belongs to
the oxoglutarate-dependent dioxygenase family of enzymes and is presumably
derived from a duplication of one of its members (Winkel-Shirley, 2001). The
origin of CHI is less clear, since it seems to be unrelated in sequence and tertiary
structure to any other plant enzyme (Jez et al.,, 2000). However, enzymes with
similar sequence and secondary structures have been reported from some bacteria
and fungi (Gensheimer and Mushegian, 2004), and an enzyme of unknown sequence
but exhibiting CHI activity has been isolated from the bacterium FEubacterium
ramulus (Herles et al., 2004). Interestingly, although this enzyme is capable of
converting naringenin chalcone into naringenin, it is believed that its function in vivo
is the catabolism of naringenin.

Two hypotheses have been put forward regarding the initial advantages
associated with producing flavonoids. One suggests that flavonoids evolved as an
effective sunscreen protecting against UV radiation as plants began colonizing land
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(Markham, 1988; Koes et al. 1994; Shirley 1996). Supporting this suggestion are
the observations that even simple flavonoids such as chalcones, aurones, and
flavanones absorb UV wavelengths strongly, and that flavonoid knockout mutants
often are extremely susceptible to UV damage (Li et al., 1993; Lois and Buchanan,
1994). By contrast, Stafford (1991) has argued that the first function of flavonoids
was to regulate or chaperone plant hormones. Stafford argues that this hypothesis is
more likely than the UV protection hypothesis because presumably early flavonoid
enzymes were not as efficient as current enzymes, and therefore large quantities of
flavonoids likely did not accumulate early. Moreover, it has been shown in
angiosperms that flavonoids contribute to regulation of auxin transport (Brown et al.,
2001; Peer et al., 2004).
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Figure 7.1 Schematic portrayal of the flavonoid pathway. Specific compounds are listed in
lower case. Classes of compounds are listed in bold upper case. Enzymes are listed in bold
italics. STS: stilbene synthase. CHS: chalcone synthase. CHI: chalcone-flavanone isomerase.
F3H: flavanone-3-hydroxylase. DFR: dihydroflavonols 4-reductase. ANS: anthocyanidin
synthase. UF3GT: UDP flavonoid glucosyltransferase. F3’H: flavonoid 3 hydroxylase.
F3757H: flavonoid 3’5 hydroxylase. LCR: leucoanthocyanidins reductase. FS: flavone
synthase. FLS: flavonol synthase. IFS: isoflavone synthase. AUS: aureusidin synthase.
DH="dihydro.” L="leuco.”

These three enzymes and the flavonoids produced by them are unlikely to have
arisen and evolved their new functions simultaneously. A likely, though currently
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unproven, sequence of origin is that CHS evolved first, followed by F3H, and then
CHI. CHS seems a likely first enzyme because it is the initial enzyme in the
pathway. Perhaps equally important, though, is the fact that naringenin chalcone,
the product of CHS, spontaneously isomerizes to the flavanone naringenin even in
the absence of CHI (Holton and Cornish, 1995). This “leakiness” means that it is
likely that early plants with only CHS function could produce a variety of flavonoids
that could collectively provide UV protection. The evolutionary incorporation of
CHI into the nascent pathway could then have been favored, not because it provided
a new function, but because it improved the efficiency of an existing function. The
incorporation of F3H into the pathway could have either proceeded or followed CHI,
allowing the production of dihydroflavonols and perhaps flavonols. While we can
probably never be certain what advantage this conferred, one likely possibility is that
these compounds evolved as defenses against pathogenic fungi and bacteria, a
function that has been demonstrated in contemporary plants (Kemp and Burden,
1986; Curir et al., 2005).

In addition to the evolution of the CHS-CHI-F3H backbone of the rudimentary
flavonoid pathways, this stage also saw the evolutionary development of the three
major branches of that pathway (Figure 7.1). These branches correspond to different
degrees of hydroxylation of the flavonoid B ring. The first branch produces
compounds lacking hydroxylation at either the 3’ of 5’ position, such as
dihydrokaempferol and kaempferol. The second branch produces compounds
hydroxylated at the 3’ position (dihydroquercetin and quercetin), while compounds
produced by the third branch (dihydromyricetin and myricetin) are hydroxylated at
both the 3" and 5’ positions. Evidence for this claim comes from extensive surveys
of flavonoid compounds produced by mosses and liverworts (e.g., Markham, 1988),
which reveal the species that produce derivatives of all three branches. Moreover,
EST databases from the moss Physcomitrella patens contain sequences that are very
F3’H like, which in higher plants hydroxylates the 3’ position. Sequences similar to
F3’5"H, which in higher plants hydroxylates the 5" position, have not yet been
reported from mosses or liverworts. Both of these enzymes have apparently been
recruited to the pathway through duplication of genes in the cytochrome P450
hydroxylase family (Dixon and Steele, 1999). Although one can only speculate as to
the selective advantages associated with addition of branches to the pathway,
differential effects of hydroxylated vs. nonhydroxylated flavonoids are known. For
example, quercetin seems to be a more effective photoprotectant than kaempferol
because it is a more effective antioxidant (Ryan et al., 2001, 2002).

Another enzymatic innovation that appears to have occurred at this stage is the
evolution of flavonol synthase. All orders of land plants, including bryophytes,
produce flavonols, which are produced from dihydroflavonols by one or more
flavonol synthase (FLS) enzymes (Figures 7.1 and 7.2). FLS is derived from the 2-
oxoglutarate-dependent dioxygenase gene family (Holton et al., 1993). While the
presence of flavonols in mosses, liverworts, or ferns indicates that these groups must
possess FLS genes, they have not yet been detected and characterized, almost
certainly because of the little attention that has been paid to the genomes of these
groups.
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Figure 7.2 Land plant phylogeny showing the time of origin of flavonoid enzymes. +,
Documented presence of flavonoid; — , possible evolutionary loss of flavonoid. Phylogeny
from Savolainen and Chase (2003).

In contrast to flavonols, isoflavonoids occur only sporadically throughout the
land plants (Dewick, 1988). Isoflavonoids have been reported in the moss Bryum
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capillare (Anhut et al., 1984), suggesting that the key enzyme for producing these
compounds, isoflavone synthase (IFS) may have originated at this stage of plant
evolution. However, the isoflavonoids have not been reported from any other plant
outside of the gymnosperms and angiosperms (Dewick, 1988). This pattern suggests
that the production of isoflavonoids may have evolved independently in Byrum and
in the seed plants. Moreover, until isoflavonoids are detected in other bryophytes,
the acquisition of the ability of Bryum to synthesize these compounds may represent
a relatively recent evolutionary event. Since /FS has not yet been cloned from
Bryum, it is not currently possible to evaluate this hypothesis.

2.1.3. Stage 3: Filicophyta (ferns)

The ferns and allies (lycopsids and equisitopsids) are believed to be derived from
bryophytelike ancestors. They are the oldest group of plants known to produce
proanthocyanidins (also called leucoanthocyanidins).  Proanthocyanidins are
commonly found in polymerized form, molecules known as tannins. In higher
plants, proanthocyanidins are produced by the enzyme dihydroflavonol-4-reductase
(DFR), which uses dihydroflavonols as substrates. Although this enzyme has not
been reported in ferns, the genomic characterization of ferns is in its infancy. It
would be very surprising if DFR were not eventually found in these plants.

One of the primary functions of tannins in plants is believed to be defense
against bacterial and fungal pathogens, as well as herbivores (Feeny, 1970). This is
likely to be one of the primary advantages that drove the evolution of the capability
to produce proanthocyanidins in the lineage leading to ferns. As with other
enzymes, DFR seems to have been derived from a duplicated gene associated with
primary metabolism, in this case NADPH-dependent reductases associated with
steroid metabolism (Baker and Blasco, 1992). Additionally, the three branches of
the flavonoid pathway established in the bryophytes are maintained in the ferns, with
procyanidin and prodelphinidin, as well as the flavonols kaempferol, quercetin, and
myricetin being produced by species in many different fern families (Markham,
1988).

2.1.4. Stage 4: Gymnosperms and angiosperms

It is within these two groups of land plants that anthocyanins finally made their
appearance (Timberlake and Bridle, 1980; Niemann, 1988). The key addition to the
flavonoid pathway involved in this step was the recruitment of the enzyme
anthocyanidin synthase (ANS), presumably as a result of gene duplication from the
family of 2-oxo-glutarate-dependent oxygenases. This enzyme catalyzes the
production of colored anthocyanins from colorless leucoanthocyanidins. It is not
clear, however, whether it was the production of color per se that constituted
the original function of anthocyanins. Although color signaling, especially to
pollinators and fruit dispersal agents, is clearly a primary function of anthocyanins in
angiosperms, such signaling is rare if not absent in gymnosperms from which the
angiosperms arose.



182 M.D. RAUSHER

In gymnosperms and angiosperms, anthocyanins are typically sequestered in
vacuoles (see Chapter 5 for a detailed description of the vacuolar transport of
flavonoids). This requires two additional enzymes, one for the addition of sugar
moieties to the anthocyanidin skeleton to make the compound more soluble and one
to transfer the resulting anthocyanin across the vacuolar membrane. In angiosperms,
these two functions are accomplished, respectively, by enzymes such as UF3GT,
which glycosylates anthocyanidins, and glutathione-S-transferase (GST). The
former are derived from the large family of sugar transferases (e.g., UDP
glucosyltransferases) (Mackenzie et al., 1997). The latter has apparently been
derived independently at least twice in angiosperms from the large glutathione
transferase family (Alfenito et al., 1998).

As in the case of the first three flavonoid enzymes, it is not likely that ANS,
UFGT, and GST were recruited simultaneously. Once anthocyanidins began to be
produced, it is likely that nonspecific glycosyltrasferases provided sufficient activity
to convert them to anthocyanins. Similarly, nonspecific GSTs may have initially
allowed some degree of vacuolar sequestration. Indeed, experimental transformation
of anthocyanin-GST deficient maize kernels with GSTs not associated with
anthocyanin conjugation produced vacuolar accumulation of anthocyanins (Alfenito
et al.,, 1998). The efficiency of these functions then could have been improved
through gene duplication and specialization on anthocyanin substrates.

Two other classes of flavonoids may have made their appearance in the seed
plants. Except for the moss Bryum, isoflavonoids appear to be restricted to
gymnosperms and angiosperms (Dewick, 1988), suggesting two separate origins of
these compounds and the enzymes that produce them (see above). While
isoflavonoids are widely distributed throughout the seed plants, their occurrence is
sporadic (Figure 7.3). This taxonomic distribution may represent either multiple
origins of isoflavone synthase and related enzymes or a single origin with multiple
secondary losses of the ability to produce these compounds. These hypotheses can
be distinguished in principle by constructing a phylogeny of IFS and related
cytochrome P450 hydroxylases, as has been done for the origin of stilbene synthases
from chalcone synthases (see below). To date, however, only one /FS gene from a
plant outside the Fabaceae (legumes) has been characterized definitively, preventing
at present a phylogenetic reconstruction.

Aurones are the second class of compounds that appear to have originated at this
stage. They have never been found in ferns, fern allies (horsetails, lycopods, whisk
ferns), or in gymnosperms (Bohm, 1975; Markham, 1988). By contrast, they have
been found in at least seven orders of eudicots, where they typically occur as yellow
pigments in flowers and in sedges (Bohm, 1975). They also have been reported
from one species of bryophyte and one genus of liverworts (Markham, 1988),
though it is unclear whether these represent mistaken chemical identification or
independent origins. The gene coding the enzyme aureusidin synthase (AUS),
which catalyzes the conversion of naringenin chalcone into the aurone aureusidin,
recently has been cloned from Antirrhinum (Nakayama et al., 2000, 2001) and is
derived by duplication from a plant polyphenol oxidase gene. As with IFS, the
hypothesis of independent origins in angiosperms and bryophytes cannot be tested at
this point because AUS has not been cloned from any other species.
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2.2. Historic evolution of flavonoid gene regulation

Evolution of regulatory control of the flavonoid structural genes is poorly
understood, but there are some intriguing patterns. In most dicots that have been
examined, the core structural genes are coordinately regulated in two sets: a group of
“early” genes and a group of “late” genes. In Arabidopsis, for example, light
activation of flavonoid production first results in the production of transcripts of
CHS, CHI, F3H, and FLS. Somewhat later, DFR and ANS are activated (Kubasek et
al., 1992; Pelletier and Shirley, 1996; Pelletier et al., 1997). Moreover, activation of
the late genes requires the product of the T77G1 gene, whereas activation of the early
genes does not, indicating that these two sets of genes regulated in different fashion.
The patterns in Antirrhinum and Petunia are similar, although in Antirrhinum, F3H
belongs to the set of “late” genes (Martin et al., 1991)

It is intriguing that the “early” genes in Arabidopsis correspond to those that
evolved in early land plants (bryophytes and liverworts), while the “late” genes
evolved in ferns and seed plants. This correspondence may indicate that a system of
regulatory control over flavonoid production was established early in the assembly
of the flavonoid pathway and has remained intact for more than 100 million years.
Activation of this control system is induced by UV radiation (van Tunen et al., 1988;
Kubasek et al., 1992; Pelletier et al., 1997), exactly what would be expected if
flavonoids evolved originally to provide photoprotection as plants moved onto land.
Under this scenario, a second regulatory control system would have been added as
additional enzymes were incorporated into the flavonoid pathway, giving rise to the
coordinated control over the “late” genes. Since the products of these “late” genes
provide functions other than photoprotection, and since these products were needed
in other tissues, it is not surprising that a separate regulatory system evolved to
control them.

Although the regulatory genes that activate the “early” genes have not yet been
identified, circumstantial evidence points to the involvement of genes from the
MYB family of transcription factors. In particular, Moyano et al. (1996)
demonstrated that two MYB proteins from Antirrhinum flowers activate CHS and
CHI when expressed in yeast. Homologous MYB proteins also control expression
of “late” genes in angiosperms, although these require the coparticipation of bHLH
transcription factors (Mol et al., 1998) (see Chapter 4 for a description of the factors
involved in the transcriptional regulation of flavonoid genes).

The observation that biosynthetic genes that presumably evolved at different
times are regulated coordinately raises the question of how coordinate regulation
arose. Although we currently do not have the information needed to answer this
question, it is useful to speculate on how coordinate regulation may have evolved, if
for no other reason than to generate concrete hypotheses that can be tested
empirically.
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Figure 7.3 Distributions of isoflavonoids and flavonoids from the three main branches of the
flavonoid pathway in land plants. Pluses in the “Iso” column indicate orders for which

isoflavonoids have been reported. Pluses in the “I, II, and Il columns indicate presence of
flavonoids in the pelargonidin, cyanidin, and delplhinidin branches, respectively, of the

pathway. Minuses indicate putative absence. Hash marks on phylogeny indicate most

parsimonious locations of putative losses of flavonoids from the three branches. |, ||, and |||,

respectively, represent loss of pelargonidin, cyanidin, and delphinidin branches. Phylogeny

from Savolainen and Chase (2003). Data for taxonomic distribution of flavonoids are from

Markham (1988), Giannasi (1988), Niemann (1988), and Williams and Harborne (1988). A
more detailed analysis of distributions in plant families would reveal many more cases of

probable loss of function in one or more of the pathway branches.
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In this spirit, I offer the following model for the evolution of coordinate
regulation (Figure 7.4). Imagine a time very early in the evolution of land plants in
which chalcone synthase was the only flavonoid enzyme that had evolved.
Presumably it was regulated by a MYB transcription factor (MYBI in Figure 7.4).
When it became advantageous to incorporate another step into the pathway (e.g.,
flavonone-3-hydroxylase; this may have preceded the incorporation of CHI since the
reaction catalyzed by CHI can proceed without the enzyme, albeit more slowly), this
enzyme (F3H in Figure 7.4B) was derived via duplication from an oxoglutarate-
dependent oxygenase (OGDO), which presumably was already regulated by its own
transcription factor(s) (7F2 in Figure 7.4A). Because timing and spatial pattern of
expression controlled by MYBI and TF2 probably were dissimilar, natural selection
would probably have favored a more coordinated expression of CHS and F3H to
increase the efficiency at which dihydroflavonols were produced. This could be
accomplished easily by adding MYB1-protein binding sites to the promoter region
of F3H (Figure 7.4C). At this point, F3H would be activated by either MYBI or
TF2. Subsequently, selection also might favor the elimination of ¢/2-protein binding
sites, if activation of F3H by TF2 were deleterious (Figure 7.4D). This sequence of
events thus would establish coordinated regulation of CHS and F3H by MYBI.

In a similar manner, additional enzymes could be brought under the control of
MYBI as they evolved to produce novel flavonoids. In addition, the independent
coordinated regulation of “late” biosynthetic genes could be established in similar
fashion. In this case, the first enzyme, DFR, was derived by duplication from an
NADH-dependent reductase, which presumably was already regulated by its own
transcription factor(s), possibly a MYB protein (MYB2 in Figure 7.4E). Duplication
of the reductase, followed by divergence, created the DFR enzyme, which
presumably still was regulated by MYB2 (Figure 7.4F).

Efficient production of leucoanthocyanidins requires the coordinated expression
of DFR with the “early” genes. Because at this stage DFR is regulated
independently of the “early” genes, coordination is likely to be poor. Consequently,
selection would probably favor the evolution of a mechanism that would produce
increased coordination. One way of accomplishing this would involve duplication
of MYB2 to produce MYB2a, which could then evolve to activate DFR in a way that
was better coordinated with the “early” genes (Figure 7.4G). This would establish a
regulatory control system of DFR expression, to which then could be added
subsequent “late” enzymes (ANS, UF3GT) as they evolved, by the same mechanism
that established the coordinated regulation of the early enzymes.
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Figure 7.4 A model for the evolution of coordinated regulation. Arrows indicate regulatory
control of transcription factor (lower case) over a biosynthetic gene (upper case). (A-D) The
capture of regulatory control. (4) CHS and oxoglutarate-dependent oxygenase (OGDO)
controlled by separate transcription factors. (B) Duplication of OGDO and subsequent
divergence gives rise to F3H. (C) Change in cis-regulatory region of F3H brings it under
Jjoint control of MYBI and TF2. (D) Selection eliminates control of F3H by TF2. (E-H)
Establishment of novel control. (E) NADH-dependent reductase (NADH-R) controlled by
transcription factor MYB2. (F) Duplication of NADH-R and subsequent divergence gives rise
to DFR. (G) Duplication of MYB2 and divergence gives rise to MYB2a, which causes DFR
to be expressed with “early” genes in a more coordinated manner. (H) Selective elimination
of the control of MYB2 over DFR and of MYBa over NADH-R.
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While this scenario is hypothetical, it does make two very strong predictions: (1)
Coordination of expression within a set of biosynthetic genes should have been
brought about by evolutionary change in the promoter modules of the biosynthetic
genes themselves, rather than by change in transcription factors to “capture” control
over additional enzymes; and (2) the transcription factor(s) controlling “late” genes
should be more closely related to those controlling the expression of the NADH-
dependent reductase gene that gave rise to DFR than to the transcription factor
controlling the expression of the “early” genes (i.e., MYB2a should be more closely
related to MYB2 than to MYBI) (Figure 7.4).

Although evaluating the second prediction must await further characterization of
the actual transcription factors associated with the flavonoid pathway, some
evidence already supports prediction (1). For example, during the production of
anthocyanins in maize, both the “early” and “late” biosynthetic genes are
coordinately activated by a single MYB transcription factor, acting with a single
bHLH factor. Transient expression experiments indicate that the “late” genes were
brought under the control of the “early” transcription factor by changes in the cis-
regulatory regions of the “late” genes. In these experiments, transcription factors
from Petunia and maize were reciprocally bombarded into tissues of each of these
two species. The Petunia transcription factors used were those that activate the
“late” genes in Petunia. Both sets of factors activated the “early” genes in maize,
while neither set of factors activated the “early” genes in Petunia, demonstrating that
the difference between maize and Petunia in control over “early” genes is due to
changes in the promoter regions of those genes (Quattrocchio et al., 1993, 1998).

The hypothetical scenario described above assumes that control over “early”
genes by the same transcription factor that controls “late” genes is a derived
character in maize. This assumption is also testable. Currently, we have
information about control of “ecarly” and “late” genes during anthocyanin synthesis
in five taxa. In three of the taxa (Arabidopsis, Antirrhinum, and Petunia), the two
sets of genes are under separate control, while in maize and Ipomoea there is unified
control of both sets. The phylogenetic relationships among these taxa are shown in
Figure 7.5, along with the present character states. With this information, inferring
that the ancestral state was either separate or unified, control is equally
parsimonious, since in either case only two transitions are required to produce the
observed character states. It should be possible, however, to distinguish between
these possibilities when regulatory control is deciphered for additional taxa.
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Figure 7.5 Evolution of coordinate regulation of flavonoid biosynthetic genes. Character
states indicated by U or S. U: Anthocyanin regulator has unified control over “early” and
“late” genes. S: Control of “early” genes separate from control of “late” genes. A and B
show that a minimum of two character state changes (hash marks) whether the ancestral state
was S or U. Phylogeny from Savolainen and Chase (2003).

3. ISPHENOTYPIC EVOLUTION MEDIATED BY STRUCTURAL OR
REGULATORY GENES?

A central issue in evolutionary biology regards the nature of genes involved in
adaptive evolutionary change. Substantial evidence is accruing to indicate that
regulatory sequences, including both cis-regulatory regions as well as transcription
factors, play a major role in morphological evolution in plants and animals (King
and Wilson, 1975; Britten and Davidson, 1969, 1971; Dickinson, 1991; Doebley,
1993; Doebley and Lukens, 1998; Wray et al., 2003). By contrast, much
physiological adaptation clearly involves changes in structural genes (Watt, 1977,
1983; Hochachka and Somero, 1984; Crawford and Powers, 1989; Gillespie, 1991;
Yokoyama et al., 1993; Newcomb et al., 1997; Purrington and Bergelson, 1997). It
still is not clear, however, whether this apparent contrast represents a fundamental
difference in the genetic underpinnings of morphological and physiological
evolution or instead perhaps reflects the recent simultaneous burgeoning of interest
in gene regulation and in evolution of development. More generally, evolutionary
biology currently lacks a coherent framework for predicting whether any particular
type of trait is likely to evolve primarily by changes in structural genes or changes in
regulatory genes.

Investigations of the evolution of flower color are beginning to provide some
insight into these evolutionary issues. Flower color is a particularly appropriate trait
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for addressing these issues for several reasons: (1) the biochemical pathway that
produces anthocyanins, probably the most important floral pigments, is relatively
simple, and thus the connection between genotype and phenotype is straightforward
and easily interpreted; (2) both structural genes and regulatory genes of the pathway
have been extensively characterized in many different plants; (3) there is a
tremendous amount of naturally occurring variation in flower color, both within as
well as among species, that can be used to dissect the genetic factors responsible for
evolutionary change; and (4) much is understood about the ecological significance
of differences in flower color, which provides a context for interpreting evolutionary
change in this character.

Evolutionary transitions in flower color frequently accompany or are
accompanied by, changes in floral morphology that are believed to enhance the
efficiency of interactions with new pollinators. Indeed, this is such a widespread
phenomenon that “pollinator syndromes” have been recognized by plant
evolutionary biologists for decades (Faegri and van der Pijl, 1966). For example,
bee-pollinated flowers typically are blue-purple, have relatively short, broad tubes,
broad limbs that serve as landing platforms, small amounts of concentrated nectar,
and inserted anthers and stigmas. By contrast, hummingbird-pollinated flowers
typically have reddish flowers, long narrow tubes, small limbs, copious dilute nectar,
and exserted anthers and stigmas. Moth- and bat-pollinated flowers tend to be
white, fragrant, and open at night. Many evolutionary changes in flower color thus
seem to be adaptations associated with pollinator attraction.

Interestingly, many floral color transitions appear to be unidirectional. In the
genus Ipomoea, for example, ancestral flowers were blue-violet and adapted to bee
pollination. From this state, there have been numerous independent transitions to
red, white and yellow flowers, but no documented cases of a transition from these
colors back to blue-violet (Figure 7.6). Similarly, in the genus Penstemon there
have been many independent transitions from blue, bee-pollinated flowers to red,
hummingbird-pollinated flowers, without any evidence of the reverse transition
(Wilson et al., 2004).

A simple hypothesis for this pattern is that these evolutionary transitions result
from loss-of-function (LOF) mutations, for which reversions are unlikely. Several
cases of naturally occurring LOF mutations of this type are known. For example, in
the normally blue-flowered common morning glory, Ipomoea purpurea, red-
flowered variants result from inactivation of the enzyme F3’H caused by a
transpositional insertion into the F3’H gene that produces a premature stop codon
(Zufall and Rausher, 2003; Hoshino et al., 2003). In the same species, natural white-
flowered variants result from a similar transpositional inactivation of the enzyme
CHS (Habu et al., 1998; Coberly, 2003) and from a deletion and frameshift in the
coding region of a MYB transcription factor [pMYBI (Chang et al., 2005). In
Petunia axillaris, white flowers have evolved from purple ancestors. The primary
cause seems to have been a transposon-mediated deletion/frameshift in AN2,
encoding a MYB transcription factor homologous to [pMYB]I, although changes in
several anthocyanin structural genes also contribute to lack of pigmentation
(Quattrocchio et al. 1999). In the red-flowered, hummingbird-pollinated morning
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glory Ipomoea quamoclit, which has evolved from blue-flowered, bee-pollinated
ancestors, the transition from blue to red pigmentation is caused by production of
pelargonidin-based rather than cyanidin-based anthocyanins. This shift has resulted
from some combination of three different LOF mutations that block the cyanidin
branch of the pathway: an almost complete down-regulation of F3’H, a knockout of
F3’H function in planta, and a loss in the enzyme DFR of the ability to metabolize
dihydroquercetin (Zufall and Rausher, 2004). Finally, in the white-flowered /. alba
and I aquatica, expression of the structural genes CHS and DFR is markedly
reduced, though it is not known whether changes in other anthocyanin genes also
may contribute to lack of floral pigmentation in these species (Durbin et al., 2003).

The recognition that LOF mutations often may contribute to flower color
evolution suggests that there may be a relatively straightforward conceptual
framework for predicting and explaining whether flower color evolution is more
likely to involve structural or regulatory genes. Two extreme possibilities can be
envisioned, depending on the magnitude of deleterious pleiotropy associated with
LOF mutations. One possibility is that mutations in regulatory sequences incur
substantially lower levels of deleterious pleiotropy than mutations in structural
genes. Under this hypothesis, whenever selection favors a novel flower color,
regulatory mutations will have a higher net selection coefficient than structural gene
mutations, because they experience lower deleterious pleiotropy. If the magnitude
of pleiotropy is large enough, it is possible that only the regulatory mutations will
have a positive net selection coefficient, and thus contribute to flower color
evolution. Even if the magnitude of deleterious pleiotropy is not sufficient to
completely offset the flower color advantage in structural gene mutations, the net
selection coefficient will be smaller for those mutations than for mutations in
regulatory sequences. Because the probability that an advantageous mutation
actually will become fixed is roughly proportional to its selection coefficient (Hartl
and Clark, 1989), this means that it will still be more likely for flower color
evolution to be cause by changes in regulatory sequences.

The second extreme possibility is that when a new flower color becomes
advantageous, the associated fitness benefit dwarfs the fitness cost of pleiotropy in
any anthocyanin gene, structural or regulatory. Under this circumstance, selective
coefficients of LOF mutations will not differ substantially among genes and all will
have a roughly equal probability of fixation. Chance will predominate and
determine whether regulatory or structural gene mutations ultimately give rise to a
novel flower color.

3.1. How common is differential pleiotropy?

Substantial differences in the magnitude of deleterious pleiotropy between structural
and regulatory LOF mutations may be expected for several reasons. First,
anthocyanin structural genes often have broad expression domains (e.g., Durbin et
al., 2003). For example, all structural genes in Arabidopsis thaliana, except flavonol
synthase, are single-copy genes, and thus are expressed in all tissues that accumulate
anthocyanins (Winkel-Shirley, 2001). Moreover, the upstream genes are expressed
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in all tissues that accumulate any type of flavonoid. In other species, some structural
genes exist as small gene families (Koes et al., 1989; Durbin et al., 1995; Inagaki et
al., 1999). Nevertheless, in many cases, one member of the gene family appears to
be the primary copy expressed in most tissues (Koes et al., 1989; Inagaki et al.,
1999; Durbin et al., 2003). Because of this broad expression domain, a knockout of
a structural gene typically would be expected not only to produce altered flower
color but also reduce or eliminate production of some anthocyanins and other
flavonoids in many other tissues (Quattrocchio et al., 1993; Huits et al., 1994; van
Houwelingen et al., 1998). Because these compounds serve a variety of often-
crucial physiological and ecological functions in plants (Koes et al., 1994; Shirley,
1996), such a reduction is likely to substantially counteract any fitness advantages
associated with the production of altered flower color.

By contrast, LOF in anthocyanin regulatory sequences are expected a priori to
have fewer deleterious consequences for at least two reasons. First, anthocyanin
transcription factors often exist as multigene families, with each member of the
family having a restricted domain of expression (Ludwig and Wessler, 1990; Cone
et al., 1993; Quattrocchio et al., 1993; Huits et al., 1994). As a consequence,
knockouts of these genes can eliminate pigment production in flowers (or even in
parts of flowers), without affecting anthocyanin or general flavonoid production in
other tissues. Second, as is expected because of the general modularity of cis-
regulatory sequences, expression of anthocyanin genes is commonly regulated
independently in different tissues (Ludwig et al., 1990; Radicella et al., 1992;
Patterson et al., 1995). In particular, mutations in cis-regulatory regions can
differentially alter anthocyanin production in different tissues (e.g., Hansen et al.,
1996). These observations suggest that mutations in cis-regulatory regions can
greatly down-regulate anthocyanin production in flowers without necessarily
reducing flavonoid production in other tissues. Such tissue-specific structural gene
down-regulation is correlated with absence of floral pigmentation in several
Ipomoea species (Durbin et al. 2003). Although in this case it has not been directly
demonstrated that the changes in expression level are due to changes in cis-
regulation rather than alteration of a transcription factor, the former seems likely
because coordinate down-regulation of blocks of structural genes is not observed. In
the white-flowered /. alba, for instance, CHS is down-regulated but CHI is not. Our
own unpublished data indicate that only CHS and DFR among the seven core
structural genes are down-regulated in /. alba flowers. Similarly, in the red-flowered
L quamoclit, only F3'H is down-regulated; absence of F3’H results in the absence of
blue cyanidin-based pigments (Zufall and Rausher, 2003, 2004).

Experimental examination of the fitness consequences of anthocyanin structural
and regulatory gene LOF in Ipomoea purpurea supports the hypothesis that
structural gene mutants that produce white flowers experience substantially greater
negative pleiotropy than regulatory mutants. In natural populations of this species,
mutations at two different loci (4 and W) produce very similar white-flower
phenotypes (Ennos and Clegg, 1983; Epperson and Clegg, 1987).
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Figure 7.6 Unidirectional evolution of flower color in Ipomoea. Phylogeny and ancestral
state reconstruction based on Miller et al. (1999, 2004) and Zufall (2003). Boxes indicate
flower color. All species are in the genus Ipomoea. See Color Section for figure in colors.

At the 4 locus, white flowers result from a mutation in the structural gene CHS-
D (Habu et al., 1998; Coberly, 2003), the primary copy of chalcone synthase that is
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expressed in most plant tissues (Fukada-Tanaka et al., 1997; Durbin et al., 2003).
This mutation is caused by a transposon insertion into the sole intron that results in a
truncated transcript. By contrast, white flowers at the /¥ locus are a consequence of
an out-of-frame deletion that introduces a premature stop codon into IpMYBI
(Chang et al., 2005), which coordinately activates many of the anthocyanin
structural genes in 1. purpurea (Tiffin et al., 1998).

The direct effect of the white flowers produced by these two mutations on the
mating system, and thus the direct fitness effects of the white phenotype, are very
similar (Brown and Clegg, 1984; Rausher et al., 1983; Fehr and Rausher, 2004).
Pleiotropic effects differ substantially, however. Compared to “wild-type” plants
with blue flowers (44AWW genotype), white-flowered aa plants exhibit reduced
germination and early survival, increased susceptibility to insect herbivores and
fungal pathogens, and reduced seed set and pollination success at high (though
natural) temperatures (Coberly, 2003; Coberley and Rausher, 2003). By contrast,
white-flowered ww plants exhibit similar germination rates, viability, and seed set
compared to blue-flowered plants (Rausher and Fry, 1993; Mojonnier and Rausher,
1997) and show no differences in susceptibility to herbivores or pathogens
(Fineblum and Rausher, 1997). This difference in the magnitude of the deleterious
pleiotropy is not only consistent with the expectation of greater negative effects of
LOF mutations in structural genes, but may explain why the w allele is much more
common in natural populations than the a allele (Coberly and Rausher, 2003; Fehr
and Rausher, 2004).

Whether this pattern of differential pleiotropy holds in general remains to be
explored. Numerous examples of pleiotropic effects of both anthocyanin structural
and regulatory gene mutations have been documented (e.g., Coe et al., 1981; Mo
et al., 1992; Van der Meer et al. 1992; Li et al., 1993), but the relative magnitude of
pleiotropy is seldom assessed in the same species in fitness units under natural
conditions, so it is unclear whether the fitness effects of negative pleiotropy tend to
be higher in structural genes. Nor is it clear whether floral color adaptation is
accomplished more frequently through modification of regulatory genes than of
structural genes. Only a handful of attempts have been made to discern the genetic
changes responsible for evolutionary change in flower color (Quattrocchio et al.,
1999; Zufall and Rausher, 2004; Durbin et al., 2003), and even in these cases it is
unclear whether redundant LOF changes in genes not examined might contribute
substantially to the observed change in floral hue.

4. EVOLUTIONARY RATE VARIATION AMONG ANTHOCYANIN GENES

Variation in evolutionary rates among proteins is ubiquitous (Li, 1997). Rates of
amino acid substitution vary over several orders of magnitude. Some proteins, such
as histones, have undergone essentially no amino acid substitutions over hundreds of
millions of years. By contrast, the Drosophila gene OdsH has undergone 10 amino
acid replacements in approximately 1 million years (Ting et al., 1998). Two
explanations have commonly been proposed to account for this variation: variation
in selective constraint and variation in the frequency of advantageous substitutions.
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At the extremes, these explanations are probably correct. Histones interact directly
with DNA and other histones in the formation of the nucleosome. Because most
amino acids in histone molecules participate in these interactions, it is likely that the
optimal amino acid configuration was achieved early in the history of life and that
there have been few subsequent replacements because virtually any amino acid
substitution would disrupt function. In other words, selective constraint is almost
complete in these proteins. In the case of OdsH, repeated episodes of advantageous
substitutions are indicated by the very high Ka/Ks ratio.

For the large majority of proteins that do not exhibit such extremely high or low
substitution rates, however, the causes of rate variation are less clear. Although
population genetic tools that would permit a determination of the relative importance
of variation in constraint and variation in positive selection have been available for
nearly a decade, they seldom have been applied to addressing the causes of rate
variation. Recently, however, application of these techniques to substitution patterns
in anthocyanin pathway genes has begun to illuminate the causes of rate variation
among these genes. In addition, they have begun to suggest that the rate at which
particular genes evolve may in part be determined by the position and role that their
protein products in the anthocyanin biochemical pathway.

4.1. Rate variation among structural genes

Rausher et al. (1999) quantified rates of amino acid substitution in six core
anthocyanin structural genes (CHS, CHI, F3H, DFR, ANS, and UF3GT) by
comparing maize sequences to Antirrhinum and Ipomoea sequences. They found
more than a fivefold difference in the nonsynonymous substitution rate between the
most rapidly evolving gene (UF3GT) and the most slowly evolving gene (CHS).
Because of the broad taxonomic comparison in this study, substitutions at
synonymous sites were saturated, and it thus was not possible to distinguish between
alternative explanations for rate variation.

In a subsequent taxonomically more restricted study, Lu and Rausher (2003)
quantified both synonymous and nonsynonymous substitution rates in CHS, ANS,
and UF3GT by examining six species within the genus Jpomoea. As in the previous
study, CHS exhibited the lowest amino acid substitution rate, UF3GT the highest,
and ANS an intermediate rate. Differences in the underlying mutation rates were
ruled out as a cause of this variation because the gene with the lowest non-
synonymous substitution rate had the highest synonymous substitution rate. In
addition, codon-based analyses of Ka/Ks ratios (Yang et al., 2000) revealed very
little evidence that positive selection had caused extensive amino acid substitution in
any of the three genes: no positively selected sites were detected for either CHS or
UF3GT, and only two positively selected sites (out of 349) were detected for ANS.
Together, these results suggest that variation in evolutionary rates among
anthocyanin structural genes is most likely due to a variation in selective constraint.
This inference must be viewed as tentative, however, because the analyses used to
detect positive selection can be very conservative and can fail to detect selection if
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advantageous substitutions are scattered throughout the gene rather than being
concentrated in certain sites.

A striking pattern that emerged from the Rausher et al. (1999) and Lu and
Rausher (2003) analyses of rate variation is that downstream enzymes evolve faster
than upstream enzymes. This pattern implies that genes corresponding to the
downstream enzymes are under lower selective constraint than upstream genes.
Although this pattern could be due simply to chance, there is another intriguing
explanation: the position of an enzyme in the pathway determines in part the degree
of selective constraint it experiences.

Upstream anthocyanin pathway enzymes also are required for the production of
other flavonoid compounds, whereas downstream enzymes are not (Figure 7.1).
Slightly deleterious mutations in upstream genes that reduce catalytic efficiency are
thus likely to reduce flavonoid production in addition to anthocyanin production. By
contrast, a similar mutation in a downstream gene potentially will affect only
anthocyanin production. In other words, equivalent mutations are likely to have
greater deleterious pleiotropy in upstream enzymes. This greater pleiotropy is in
turn likely to increase the magnitude of the selection coefficient associated with the
mutation, making it less likely that the mutation will be fixed by genetic drift. This
scenario thus envisions that at evolutionary equilibrium most nonsynonymous
substitutions represent chance fixation of slightly deleterious mutations and that the
rate of such fixation is higher in downstream enzymes. While this hypothesis is
consistent with observed patterns of rate variation, there is currently very little direct
evidence supporting it.

4.2. Rapid evolution of regulatory genes

Because of their role in controlling developmental processes, it has been
hypothesized that plant transcription factors may play a central role in the evolution
of plant morphology (Doebley, 1993; Doebley and Lukens, 1998; Purugganan,
1998). An intriguing observation that is in accordance with this hypothesis is that
plant transcription factors often evolve at elevated rates compared to the structural
genes they regulate (Purugganan et al., 1995; Purugganan, 1998; Barrier et al., 2001;
Remington and Purugganan, 2002; Dias et al., 2003), a pattern that also appears to
hold for anthocyanin gene transcription factors (Purugganan and Wessler, 1994;
Rausher et al. 1999). Usually, this elevated rate of nonsynonymous substitutions is
concentrated in certain protein domains, while other domains (e.g., DNA-binding
domains) are highly constrained. In the rapidly evolving domains, Ka/Ks ratios
often approach 1. Moreover, high rates of insertion/deletion often are found in these
rapidly evolving domains (Dias et al., 2003; Chang et al., 2005; Shavorskaya and
Lagercrantz, unpublished manuscript). As is the case for the rapid evolution of
structural genes, this rapid rate of evolution can be explained in two ways: by greatly
relaxed selective constraint or by substantially enhanced, repeated positive selection.
Confirmation of the latter explanation would constitute support for the importance of
transcription factors in morphological evolution.
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Analysis of substitution patterns in the [pMYBI anthocyanin transcription factor
in [pomoea does not provide such support (Chang et al., 2005). This gene, which is
a member of the R2ZR3-MYB family of transcription factors, can be divided into two
domains: an approximately 350 bp encoding the DNA-binding domain and an
approximately 550 bp encoding the non-DNA-binding domain region. While the
binding domain is believed to function in both DNA sequence recognition and
binding to partner bHLH transcription factors (Goff et al., 1992; Williams and
Grotewold, 1997; Sainz et al., 1997; Grotewold et al., 2000), little is known about
the function of the variable region other than that it contains a transcription
activation domain (Goff et al., 1991).

As expected, the DNA binding domain of this gene is highly conserved,
exhibiting a relatively low Ka/Ks ratio of 0.235. The nonbinding domain, on the
other hand, exhibits a Ka/Ks ratio of approximately 0.75. A series of independent
analyses indicate that approximately 25% of the amino acid sites in the nonbinding
domain are very highly conserved, while the remaining sites are evolving effectively
neutrally. At these sites, Ka/Ks = 1, the proportions of radical and conservative
amino acid substitutions do not differ from neutral expectations, and neither inter-
specific nor intraspecific patterns of variation reveal any evidence that positive
selection has contributed to the elevated replacement rate. It thus appears that the
rapid evolution of this transcription factor is caused by greatly reduced selective
constraints. Interestingly, the highly conserved sites are scattered randomly through
the non-DNA-binding domain region, suggesting that the domain as a whole serves
one or more crucial functions. Moreover, these conserved sites contain a
disproportionate number of negatively charged, acidic amino acids. These
observations suggest that the known function of transcriptional activation may be the
primary function of nonbinding domain. The important functional feature of
transcription activation domains of eukaryotic transcription factors appear to consist
of negatively charged amino acids aligned along the same edge or face of alpha
helices or other secondary structures, while the composition and three-dimensional
structure of the remainder of the domain appears to be largely irrelevant (Ptashne,
1988). One thus would expect to see strong conservation at sites where acidic amino
acids are present, as well as at sites that maintain the proper orientation of those sites
but little constraint on other sites, a pattern that is consistent with what is observed
in [IpMYB1.

The absence of detectable positive selection in [pMYBI is consistent with results
of other investigations of selection on rapidly evolving plant transcription factors.
Remmington and Purugganan (2002) failed to detect positive selection on growth-
regulating transcription factors in Hawaiian Silverswords, and Shavorskaya and
Lagercrantz (unpublished results) similarly detected no positive selection on Coll in
the Brassicaceae. Although it is dangerous to generalize from a small number of
investigations, current evidence suggests that rapidly evolving domains of plant
transcription factors do not contribute to adaptive phenotypic evolution.

The results of two recent investigations of DNA-binding domain evolutionary
diversification in members of the R2ZR3-MYB transcription factor family (Jia et al.,
2003, 2004), which includes several anthocyanin regulatory genes, may at first seem
difficult to reconcile with this conclusion (but see Dias et al., 2003). In both cases,



THE EVOLUTION OF FLAVONOIDS AND THEIR GENES 197

positive selection was demonstrated to be responsible for DNA-binding domain
substitutions. However, these investigations examined the divergence of paralogs
within the same species. This divergence presumably occurred early in the
evolutionary history of the gene family, when different paralogs were acquiring
different regulatory functions. By contrast, the three studies referred to in the
previous paragraph all examined evolutionary divergence of orthologous copies.
During the divergence of these orthologs, a common function for the binding
domains (e.g., activation of anthocyanin structural genes, in the case of [pMYBI) has
been maintained. One thus would not expect to see major functional divergence and
thus substantial positive selection in the binding domains of these genes, and one
does not.

One of the most remarkable aspects of rapidly evolving anthocyanin gene
transcription factors is that function is highly conserved. Ectopic expression of C/
(a MYB gene) and R (a bHLH gene) from maize elicits anthocyanin production in
Petunia, Arabidopsis, and Nicotiana (all dicots) (Lloyd et al., 1992; Quattrocchio et
al., 1993), despite the common ancestors of maize and these species having lived
approximately 100—125 million years ago (Savolainen and Chase, 2003). This
common function has been maintained despite, in some cases, the absence of
recognizable homology in the rapidly evolving non-DNA-binding domains.

Explaining how an essentially neutrally evolving region at the same time can
maintain its function over long periods of evolutionary time is a challenging
evolutionary mystery. One possibility, alluded above, is that for some regions the
only functional requirement is the presence of certain types of amino acid (e.g.,
acidic). Another possibility is that only the three-dimensional configuration, rather
than the specific amino acid composition, of the region is of primary importance to
function (e.g., in mediating contact between transcription factors). If this hypothesis
is correct, then function may be quite tolerant to virtually any individual amino acid
substitution at most sites, although at any one time there may be a minority of sites
that are crucial for maintaining configuration, and thus at least over a relatively short
evolutionary period, are under severe constraint, as seen in [pMYBI. Over longer
time periods, however, turnover may be possible at constrained sites also if, for
example, substitutions at other previously unconstrained sites relieve constraint by
introducing new foci for stabilization of the three-dimensional configuration.

Although, as suggested above, much flower color evolution appears to involve
loss-of-function mutations in the anthocyanin pathway, it also is clear that this
pathway has contributed frequently to the evolution of novel characters. Arguably,
the most important process yielding new function is gene duplication followed by
the evolution of novel function in one of the duplicated copies
(neofunctionalization). Evolutionary analyses of flavonoid gene families suggests
that this process has repeatedly given rise to novel classes of secondary compounds
in plants.
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5. GENE DUPLICATION AND THE EVOLUTION OF NOVEL FUNCTION

5.1. Duplication and divergence in chalcone synthase

A striking example of the evolution of new function is provided by stilbene
synthases (Tropf et al., 1994). Stilbene phytoalexins are produced sporadically
throughout the plant kingdom as defenses against fungal pathogens (Figure 7.7).
The backbone of these compounds is synthesized by the enzyme stilbene synthase.

Stilbene synthases exhibit moderate to high amino acid sequence similarity to
chalcone synthases and catalyze a similar condensation reaction. Using a
phylogenetic analysis of chalcone and stilbene synthases, Tropf et al. (1994) showed
that stilbene synthases have been derived independently several times from chalcone
synthase, presumably following CHS duplication. They also demonstrated, using
site-directed mutagenesis and in vitro enzyme assays, that modification of only three
or four amino acids in chalcone synthase is needed to produce stilbene synthase
activity.

Duplication and divergence of chalcone synthases apparently has produced a
variety of other novel enzymes. For example, the common morning glory, Ipomoea
purpurea, contains a six-member gene family exhibiting sequence similarity to
chalcone synthases from other plants. Five of these copies appear to produce
functional enzymes, while the sixth copy is apparently a pseudogene (Clegg and
Durbin, 2003). Of the five functional copies, CHS-D is the primary transcript in
most tissues, including flowers (Fukada-Tanaka et al., 1997; Durbin et al., 2003).
This copy, along with CHS-E, has been shown to be capable of catalyzing the
canonical chalcone synthase reaction: condensation of 4-coumaroyl-CoA and
malonyl-CoA to form naringenin chalcone, the first step of the flavonoid pathway
(Clegg and Durbin, 2003). By contrast, three of the copies, CHS-A, -B, and -C, are
not able to catalyze this reaction, suggesting that they have evolved alternate as yet
unknown functions. This suggestion is supported by the observation of an
accelerated nonsynonymous substitution rate in the lineage leading to these copies
(Durbin et al., 1995; Rausher et al., 1999), as well as the demonstration that at least
some of the substitutions on this b