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subcellular chemistry, to name but a few. His work has been reported in some 280 publica-
tions, including 18 invited chapters and two books, and has been recognized over the years
through awards such as the Chemical Society’s Easterfield Medal, Fellowship of the Royal
Society of New Zealand, a Ministerial Award for Excellence in Scientific Research, and the
1999 Pergamon Phytochemical Prize.







Preface

It is with great pleasure that we accepted the offer by CRC Press to assemble and edit this
compilation of reviews on flavonoids and their properties and functions for the present
volume. We considered the volume timely in that the last book of this general type, The
Flavonoids — Advances in Research Since 1986 (edited by Jeffrey B. Harborne), appeared over
a decade ago. Since then, advances in the flavonoid field have been nothing short of
spectacular. These advances are particularly evident in the contributed chapters that cover:
the discovery of a variety of new flavonoids; the application of advanced analytical tech-
niques; genetic manipulation of the flavonoid pathway; improved understanding of flavonoid
structures and physiological functions in plants and animals; and, perhaps most importantly,
the significance of flavonoids to human health.

Whilst the updating aspect of the chapters is seen as the prime contribution of this book,
an effort also has been made to include a summary of previous knowledge in the field to
enable the reader to place new advances in this context. Chapters 1 and 2 review the
application of contemporary isolation, quantification, and spectroscopic techniques in flavo-
noid analysis, while Chapter 3 is devoted to molecular biology and biotechnology of flavo-
noid biosynthesis. Individual chapters address the flavonoids in food (Chapter 4) and wine
(Chapter 5), and the impact of flavonoids and other phenolics on human health (Chapter 6
and, in part, Chapter 16). Chapter 8 reviews newly discovered flavonoid functions in plants,
while Chapter 9 is the first review of flavonoid—protein interactions. Chapters 10 to 17 discuss
the chemistry and distribution of the various flavonoid classes including new structures
reported during 1993 to 2004. A complete listing of all known flavonoids within the various
flavonoid classes are found in these later chapters and the Appendix, and to date a total of
above 8150 different flavonoids has been reported.

It is difficult to overstate the importance of recent advances in research on flavonoids, and
we are sure that the information contained within this book will prove to be invaluable to a
wide range of researchers, professionals, and advanced students in both the academic and
industrial sectors.

We are greatly indebted to our authors, and are delighted that so many of the world’s
leading researchers in a variety of flavonoid-related fields have been willing, so generously, to
share their knowledge and experience with others through their contribution to this volume.
We are also very grateful to Lindsey Hofmeister, Erika Dery, Jill Jurgensen, and Tanya
Gordon at Taylor and Francis, and Balaji Krishnasamy at SPI Publisher Services for their
support and interest throughout the preparation of this book.

Oyvind M. Andersen and Kenneth R. Markham

Historical Advances in the Flavonoid Field — A Personal Perspective

Having been associated with flavonoid research for the past 40 years, and having witnessed
the spellbinding changes that have taken place in the field during this time, it is too tempting
by far not to take this opportunity to document for future researchers a brief personal
perspective on developments in the flavonoid field over this period. I emphasize that this is



but a personal perspective on progress, and as such will surely exhibit some bias and
deficiencies. To the aggrieved I offer my apologies.

In the early 1960s, flavonoids were widely viewed as metabolic waste products that were
stored in the plant vacuole. Whilst there was interest at that time in their function as flower
colorants, and in their distribution between plant taxa, the earliest investigations of their
biosynthesis had just begun. In this respect it is informative to note that Tom Geissman’s 1962
compilation of reviews in The Chemistry of Flavonoid Compounds includes nothing at all on
biological function, and details only paper chromatography and absorption spectroscopy as
analytical tools. At this time too, information on flavonoid distribution within the plant
kingdom was still incomplete. For example, even as late as 1969 Bate-Smith wrote (in
Chemical Plant Taxonomy edited by T. Swain) that flavonoids are rarely found in any but
vascular plants. But within a few years of this statement, Markham, Porter, and others
reported the widespread presence of flavonoids in mosses and liverworts and even their
occurrence in an alga, Nitella hookeri. This, incidentally, remains the sole example of the
occurrence of flavonoids in algae. To date, flavonoids have been found in all major categories
of green plants except for the Anthocerotae.

By 1967 little had changed with regard to the application of physical techniques to
flavonoid structure determination, with NMR and GLC yet to make an impact on the
field. About this time, however, there was an upsurge in the application of flavonoid
distribution to the emerging field of chemotaxonomy. Leading these researches were groups
at the University of Texas at Austin (led by Tom Mabry, Ralph Alston, and Billy Turner) and
at the University of Reading (led by Jeffrey Harborne). Alston and Turner’s pioneering work
on the tracking of plant hybridization through flavonoid analyses is still quoted today, as also
is much of the anthocyanin structure and flavonoid distributional work detailed by Harborne
in his 1967 book, Comparative Biochemistry of the Flavonoids.

Rapid advances in the application of physical techniques to flavonoid structure analysis
began appearing in the literature in the mid- to late-1960s, and these were well documented in
a series of books beginning in 1970 with Mabry, Markham, and Thomas’ The Systematic
Identification of Flavonoids, which reviewed, for the first time, the considerable advances
made in the application of shift reagents in UV-visible absorption spectroscopy, the use of
GLC for sugar analyses, and the application of "H NMR spectroscopy to flavonoid structure
analysis. At this time, CCly-soluble TMS ether derivatives were widely used for NMR studies
in the absence of readily obtainable deuterated solvents. These same derivatives, together with
permethylated derivatives, were commonly also used to make flavonoid glycosides suffi-
ciently volatile for early applications of electron impact mass spectrometry to flavonoid
structure analysis (first summarized in the 1974 “Advances” book, The Flavonoids, Chapter
3). Contemporaneously, and detailed in the above volume, rapid advances were being
reported in the structure analysis of C-glycosides (Chopin and Brouillant, Chapter 12) and
in the biosynthesis of flavonoids (Hahlbrock and Grisebach, Chapter 16). A growing aware-
ness of the physiological, metabolic, and evolutionary value of flavonoids was also beginning
to emerge. Tony Swain, for example, was in the initial stages of formulating his innovative
interpretations of the evolution of flavonoids, and the part that their “chemoecology’ played
in the evolution of plants (e.g., see Chapter 20 in The Flavonoids, 1974).

The next major advance in flavonoid structural techniques was the application of *C
NMR spectroscopy. This has arguably had the greatest impact on flavonoid structure
analysis since the invention of paper chromatography around 1900. For the first time,
complete flavonoid structures, including flavonoid aglycones together with sugar types and
linkages, could be determined using a single technique. Admittedly, the development of
advanced two-dimensional techniques has further revolutionized structure analysis since the
earliest applications of this technique to flavonoids in the mid-1970s, and the appearance of



the first review article by Markham and Chari in 1982 (The Flavonoids — Advances in
Research, Chapter 2). Advances in technology have diminished the sample size required for
spectral analysis by more than 100 times for both '*C and "H NMR techniques. In the early
1960s, 100-mg samples were required for proton work and in the late 1970s the same sized
samples were required for carbon-13 studies.

Modern flavonoid researchers will also be aware of the impact that the more recently
developed mass spectrometry techniques such as FAB, MALDI-TOF, and electrospray have
had on the ability of researchers to elucidate complex flavonoid glycosidic structures through
the ready determination of accurate molecular weights and limited fragmentation patterns.
Similarly, the development of advanced methods of separation such as capillary electrophor-
esis, HPLC, and, latterly, HPLC-MS, has recently revolutionized the qualitative and quan-
titative analysis of flavonoid mixtures. Chemotaxonomic studies involving comparative
distributional data have accordingly been vastly facilitated. Techniques such as those referred
to above have enabled previously intractable flavonoid structural problems to be solved.
Particularly good examples of this are to be found amongst the many complex structures
currently being reported for “blue” flower pigments based on anthocyanins elaborated in an
often intricate manner with large numbers of sugars, acyl groups, other flavonoids, and
occasionally including metal ions.

Returning once again to the questions of function and uses, the old concept of flavonoids
being merely the by-products of cellular metabolism, which are simply compartmentalized in
solution in the cell vacuole, is well and truly past its use-by date. For a start, studies have
revealed that flavonoids are also commonly found on the outer surfaces of leaves and flowers,
albeit only the aglycone form. Additionally, flavonoids have been shown over the past few
years to be found in the cell wall, the cytoplasm, in oil bodies, and associated with the nucleus
and cell proteins, as well as in the vacuole. Even in the vacuole, flavonoids are not necessarily
found free in solution. For example, protein-bound flavonoids have been isolated from
lisianthus and other flowers in which a structurally specific binding has been identified (in
anthocyanic vacuolar inclusions). It is probable that flavonoid location and specific protein
binding properties will ultimately prove to relate directly to their function in plants.

Amongst the many functions now known to be performed by plant flavonoids are those of
UV protection, oxidant or free radical protection, modulation of enzymic activity, allelo-
pathy, insect attraction or repulsion, nectar guides, probing stimulants, viral, fungal, and
bacterial protection, nodulation in leguminous plants, pollen germination, etc., and it is likely
that this is only the tip of the iceberg. Flavonoids, it would seem, have been vital components
of plants, ever since their (purported) development at the time plant life emerged from the
aquatic environment, and needed protection from UV light in an atmosphere lacking today’s
protective ozone layer. The continued widespread accumulation of flavonoids by virtually all
land-based green plants lends support to this view.

Intriguingly, it is now possible to exert some precise control over plant flavonoid com-
position. Manipulation of the flavonoid biosynthetic pathway in plants via genetic engineer-
ing has progressed rapidly in recent years. This has been expedited by the extensive
information made available through the earlier studies of flavonoid biosynthesis pioneered
in the 1960s and 1970s (see above). Genetic manipulation of the flavonoid pathway in plants
has enormous potential to, for example, produce new flower colors, enhance the nutritional
value of crops, and improve crop protection from UV light, microorganisms, insects, and
browsing animals. Indeed, much of this work has been underway for some time and shows
great promise.

Plant flavonoids have been shown in recent years to be of vital significance to mankind as
well as to plants. They have been strongly implicated as active contributors to the health
benefits of beverages such as tea and wine, foods such as fruit and vegetables, and even,



recently, chocolate. The widely lauded “Mediterranean diet,”” for example, is thought to owe
much of its benefits to the presence of flavonoids in the food and beverages. In the early
1990s, Hertog published aspects of the “Zutphen Elderly Study,” and, in so doing, provided
for the first time a sound epidemiological correlation between high food flavonoid intake and
a lowering in the risk of coronary heart disease. This study also produced the first reliable
estimates of average daily flavonoid intake at around 23 mg, a figure much lower than the
1000 mg that had been proposed in the 1970s. The major sources of flavonoids (in the Dutch
population) were found to be tea, onions, and apples.

Other potential health benefits of dietary flavonoids are too numerous to mention here.
Suffice it to say that our understanding of the importance of flavonoids in the human diet is
continuing to advance rapidly. One suspects that much of the physiological activity associated
with flavonoids can be attributed to (i) their proven effectiveness as antioxidants and free
radical scavengers, (ii) to their metal complexing capabilities (a capability that drove early
advances in absorption spectroscopy and NMR studies), and (iii) to their ability to bind with
a high degree of specificity to proteins.

Because of the incredible advances that have taken place, my involvement in flavonoid
studies over the past 40 years has been exciting and stimulating. I feel privileged to have been
part of the discovery process. During this period flavonoids as a natural product group have
risen from relative obscurity (at least in the popular media) to such prominence that educated
people in the West are now not only aware of the name, but also aware of the publicized
health benefits associated with their consumption.

At an academic level too, although flavonoid structure elucidation is rapidly becoming a
mature science thanks to technological advances, studies of their bioavailability and physio-
logical activity in both animals and plants is likely to become the new frontier. Exciting
advances in the understanding of this physiological activity will undoubtedly lead to the more
widespread application of flavonoids in the improvement of human health and in crop
quality. A major influence, especially in the latter, is likely to be brought about through
skilful genetic manipulation of the flavonoid biosynthetic pathway. We await this progress
with eager anticipation.

Kenneth R. Markham
Industrial Research Ltd
Lower Hutt, New Zealand
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1 Separation and Quantification
of Flavonoids

Andrew Marston and Kurt Hostettmann
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1.1 INTRODUCTION

Essential to the study of flavonoids is having the means available for their separation
(analytical and preparative) and isolation. The importance of this aspect of flavonoid research
can be seen in the number of review articles that refer to their chromatography.' ¢ However,
the information is usually spread out over chapters in books or occurs in isolated sections
devoted to individual classes of these polyphenols.

This chapter, therefore, aims to present a brief unified summary of general techniques,
with reference to the different categories of structure: flavones and flavonols (and their
glycosides), isoflavones, flavanones, chalcones, anthocyanins, and proanthocyanidins.

In earlier times, thin-layer chromatography (TLC), polyamide chromatography, and
paper electrophoresis were the major separation techniques for phenolics. Of these methods,
TLC is still the workhorse of flavonoid analysis. It is used as a rapid, simple, and versatile
method for following polyphenolics in plant extracts and in fractionation work. However, the
majority of published work now refers to qualitative and quantitative applications of high-
performance liquid chromatography (HPLC) for analysis. Flavonoids can be separated,
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quantified, and identified in one operation by coupling HPLC to ultraviolet (UV), mass, or
nuclear magnetic resonance (NMR) detectors. Recently, the technique of capillary electro-
phoresis (CE) has been gaining attention.

One feature that is of immense benefit for flavonoid analysis is the presence of the phenyl
ring. This excellent chromophore is, of course, UV active and provides the reason why
flavonoids are so easy to detect. Their UV spectra are particularly informative, providing
considerable structural information that can distinguish the type of phenol and the oxidation
pattern.

A number of techniques have been used for the preparative separation of flavonoids.
These include HPLC, Diaion, Amberlite XAD-2 and XAD-7, and Fractogel TSK/Toyopearl
HW-40 resins, gel filtration on Sephadex, and centrifugal partition chromatography (CPC).’
The choice of methods and strategies varies from research group to research group and
depends often on the class of flavonoid studied.

1.2 EXTRACTION

Flavonoids (particularly glycosides) can be degraded by enzyme action when collected plant
material is fresh or nondried. It is thus advisable to use dry, lyophilized, or frozen samples.
When dry plant material is used, it is generally ground into a powder. For extraction, the
solvent is chosen as a function of the type of flavonoid required. Polarity is an important
consideration here. Less polar flavonoids (e.g., isoflavones, flavanones, methylated flavones,
and flavonols) are extracted with chloroform, dichloromethane, diethyl ether, or ethyl ace-
tate, while flavonoid glycosides and more polar aglycones are extracted with alcohols or
alcohol-water mixtures. Glycosides have increased water solubility and aqueous alcoholic
solutions are suitable. The bulk of extractions of flavonoid-containing material are still
performed by simple direct solvent extraction.

Powdered plant material can also be extracted in a Soxhlet apparatus, first with hexane,
for example, to remove lipids and then with ethyl acetate or ethanol to obtain phenolics. This
approach is not suitable for heat-sensitive compounds.

A convenient and frequently used procedure is sequential solvent extraction. A first step,
with dichloromethane, for example, will extract flavonoid aglycones and less polar material.
A subsequent step with an alcohol will extract flavonoid glycosides and polar constituents.

Certain flavanone and chalcone glycosides are difficult to dissolve in methanol, ethanol,
or alcohol-water mixtures. Flavanone solubility depends on the pH of water-containing
solutions.

Flavan-3-ols (catechins, proanthocyanidins, and condensed tannins) can often be
extracted directly with water. However, the composition of the extract does vary with the
solvent — whether water, methanol, ethanol, acetone, or ethyl acetate. For example, it is
claimed that methanol is the best solvent for catechins and 70% acetone for procyanidins.®

Anthocyanins are extracted with cold acidified methanol. The acid employed is usually
acetic acid (about 7%) or trifluoroacetic acid (TFA) (about 3%). The use of mineral acid can
lead to the loss of attached acyl groups.

Extraction is typically performed with magnetic stirring or shaking but other methods
have recently been introduced to increase the efficiency and speed of the extraction procedure.
The first of these is called pressurized liquid extraction (PLE). By this method, extraction is
accelerated by using high temperature and high pressure. There is enhanced diffusivity of the
solvent and, at the same time, there is the possibility of working under an inert atmosphere
and with protection from light. Commercially available instruments have extraction vessels
with volumes up to about 100 ml. In a study involving medicinal plants, solvent use was
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reduced by a factor of two.” The optimization of rutin and isoquercitrin recovery from older
(Sambucus nigra, Caprifoliaceae) flowers has been described. Application of PLE gave better
results than maceration — and shorter extraction times and smaller amounts of solvent were
required.'® PLE of grape seeds and skins from winemaking wastes proved to be an efficient
procedure for obtaining catechin and epicatechin with little decomposition, provided the
temperature was kept below 130°C."!

As its name suggests, supercritical fluid extraction (SFE) relies on the solubilizing proper-
ties of supercritical fluids. The lower viscosities and higher diffusion rates of supercritical fluids,
when compared with those of liquids, make them ideal for the extraction of diffusion-
controlled matrices, such as plant tissues. Advantages of the method are lower solvent con-
sumption, controllable selectivity, and less thermal or chemical degradation than methods such
as Soxhlet extraction. Numerous applications in the extraction of natural products have been
reported, with supercritical carbon dioxide being the most widely used extraction solvent.'*!?
However, to allow for the extraction of polar compounds such as flavonoids, polar solvents
(like methanol) have to be added as modifiers. There is consequently a substantial reduction
in selectivity. This explains why there are relatively few applications to polyphenols in the
literature. Even with pressures of up to 689 bar and 20% modifier (usually methanol) in
the extraction fluid, yields of polyphenolic compounds remain low, as shown for marigold
(Calendula officinalis, Asteraceae) and chamomile (Matricaria recutita, Asteraceae).'

Ultrasound-assisted extraction is a rapid technique that can also be used with mixtures of
immiscible solvents: hexane with methanol-water (9:1), for example, is a system used for the
Brazilian plant Lychnophora ericoides (Asteraceae). The hexane phase concentrated less polar
sesquiterpene lactones and hydrocarbons, while the aqueous alcohol phase concentrated
flavonoids and more polar sesquiterpene lactones.'?

Microwave-assisted extraction (MAE) has been described for the extraction of various
compounds from different matrices.'® It is a simple technique that can be completed in a few
minutes. Microwave energy is applied to the sample suspended in solvent, either in a closed
vessel or in an open cell. The latter allows larger amounts of sample to be extracted. A certain
degree of heating is involved.'’

1.3 PREPARATIVE SEPARATION

1.3.1 PRELIMINARY PURIFICATION

Once a suitably polar plant extract is obtained, a preliminary cleanup is advantageous. The
classical method of separating phenolics from plant extracts is to precipitate with lead acetate
or extract into alkali or carbonate, followed by acidification. The lead acetate procedure is
often unsatisfactory since some phenolics do not precipitate; other compounds may co-
precipitate and it is not always easy to remove the lead salts.

Alternatively, solvent partition or countercurrent techniques may be applied. In order to
obtain an isoflavonoid-rich fraction from Erythrina species (Leguminosae) for further puri-
fication work, an organic solvent extract was dissolved in 90% methanol and first partitioned
with hexane. The residual methanol part was adjusted with water to 30% and partitioned with
t-butyl methyl ether—hexane (9:1). This latter mixture was then chromatographed to obtain
pure compounds.'®

A short polyamide column, a Sephadex LH-20 column, or an ion exchange resin can be
used. Absorption of crude extracts onto Diaion HP-20 or Amberlite XAD-2 (or XAD-7)
columns, followed by elution with a methanol-water gradient, is an excellent way of prepar-
ing flavonoid-rich fractions.
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1.3.2 PREPARATIVE METHODS

One of the major problems with the preparative separation of flavonoids is their sparing
solubility in solvents employed in chromatography. Moreover, the flavonoids become less
soluble as their purification proceeds. Poor solubility in the mobile phase used for a chroma-
tographic separation can induce precipitation at the head of the column, leading to poor
resolution, decrease in solvent flow, or even blockage of the column.

Other complications can also arise. For example, in the separation of anthocyanins and
anthocyanin-rich fractions, it is advisable to avoid acetonitrile and formic acid — acetonitrile
is difficult to evaporate and there is a risk of ester formation with formic acid.

There is no single isolation strategy for the separation of flavonoids and one or many steps
may be necessary for their isolation. The choice of method depends on the polarity of the
compounds and the quantity of sample available. Most of the preparative methods available
are described in a volume by Hostettmann et al.’

Conventional open-column chromatography is still widely used because of its simplicity
and its value as an initial separation step. Preparative work on large quantities of flavonoids
from crude plant extracts is also possible. Support materials include polyamide, cellulose,
silica gel, Sephadex LH-20, and Sephadex G-10, G-25, and G-50. Sephadex LH-20 is recom-
mended for the separation of proanthocyanidins. For Sephadex gels, as well as size exclusion,
adsorption and partition mechanisms operate in the presence of organic solvents. Although
methanol and ethanol can be used as eluents for proanthocyanidins, acetone is better for
displacing the high molecular weight polyphenols. Slow flow rates are also recommended.
Open-column chromatography with certain supports (silica gel, polyamide) suffers from a
certain degree of irreversible adsorption of the solute on the column.

Modifications of the method (dry-column chromatography, vacuum liquid chromatog-
raphy, VLC, for example) are also of practical use for the rapid fractionation of plant extracts.
VLC with a polyamide support has been reported for the separation of flavonol glycosides.'’

Preparative TLC is a separation method that requires the least financial outlay and the
most basic equipment. It is normally employed for milligram quantities of sample, although
gram quantities are also handled if the mixture is not too complex. Preparative TLC in
conjunction with open-column chromatography remains a straightforward means of purify-
ing natural products, although variants of planar chromatography, such as centrifugal TLC,’
have found application in the separation of flavonoids.

Other combinations are, of course, possible, depending on the particular separation
problem. Combining gel filtration or liquid-liquid partition with liquid chromatography
(LC) is one solution. Inclusion of chromatography on polymeric supports’ can also provide
additional means of solving a difficult separation.

Several preparative pressure liquid chromatographic methods are available. These can be
classified according to the pressure employed for the separation:

* High-pressure (or high-performance) LC (>20 bar/300 psi)
* Medium-pressure LC (5 to 20 bar/75 to 300 psi)

* Low-pressure LC (<5 bar/75 psi)

* Flash chromatography (ca. 2 bar/30 psi)

1.3.2.1 High-Performance Liquid Chromatography

HPLC is becoming by far the most popular technique for the separation of flavonoids, both
on preparative and analytical scales. Improvements in instrumentation, packing materials,
and column technology are being introduced all the time, making the technique more and
more attractive.
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The difference between the analytical and preparative methodologies is that analytical
HPLC does not rely on the recovery of a sample, while preparative HPLC is a purification
process and aims at the isolation of a pure substance from a mixture.

Semipreparative HPLC separations (for 1 to 100 mg sample sizes) use columns of internal
diameter 8 to 20 mm, often packed with 10 wm (or smaller) particles. Large samples can be
separated by preparative (or even process-scale) installations but costs become correspond-
ingly higher.

Optimization can be performed on analytical HPLC columns before transposition to a
semipreparative scale.

The aim of this chapter is not a detailed description of the technique and instrumentation
but to show applications of HPLC in the preparative separation of flavonoids. Some repre-
sentative examples are given in Table 1.1. In a 1982 review of isolation techniques for
flavonoids,® preparative HPLC had at that time not been fully exploited. However, the
situation is now very different and 80% of all flavonoid isolations contain a HPLC step.
Approximately 95% of reported HPLC applications are on octadecylsilyl phases. Both
isocratic and gradient conditions are employed.

1.3.2.2 Medium-Pressure Liquid Chromatography

The term “medium-pressure liquid chromatography”” (MPLC) covers a wide range of column
diameters, different granulometry packing materials, different pressures, and a number of

TABLE 1.1

Preparative Separations of Flavonoids by HPLC

Sample Column Eluent Reference

Phenolics from Nucleosil 100-7Cg MeOH-H,O0, gradient 21
Picea abies 250 x 21 mm

Chalcones from LiChrosorb Diol MeOH-H,0, 55:45 20
Mpyrica serrata 7 pm, 250 x 16 mm

Nucleosil 100-7C;g MeOH-H,O0, 76:24
250 x 21 mm

Flavones from LiChrospher RP-18 CH;CN-H,0, 3:7 22
Tanacetum parthenium 250 x 25 mm

Flavone glycosides from LiChrosorb RP-18 CH;CN-H,0, 1:4 23
Lysionotus pauciflorus 250 x 10 mm

Flavonoid glucuronides from Spherisorb ODS-2 CH;CN-H,0-THF-HOAc, 24
Malva sylvestris S pm, 250 x 16 mm 205:718:62:15

Flavonol galloyl-glycosides from Hyperprep ODS CH;CN-H,0, gradient 25
Acacia confusa 250 x 10 mm

Flavanones from LiChrospher Diol Hexane-EtOAc, 7:3 26
Greigia sphacelata S pm, 250 x 4.6 mm

Prenylated flavonoids from Asahipack ODP-90 CH;CN-H-O0, 45:55 27
Anaxagorea luzonensis 10 pm, 300 x 28 mm

Prenylated isoflavonoids from wBondapak C;gl10 pm, MeOH-H,O0, isocratic 28
Erythrina vogelii 100 x 25 mm

Biflavones from LiChrospher RP-18 MeOH-H,0, 72:28 29
Cupressocyparis leylandii 7 pm, 250 x 10 mm

Anthocyanin glycosides Spherisorb ODS-2 MeOH-5% HCOOH 30

10 pm, 250 x 10 mm
Proanthocyanidins and flavans from Eurospher 80 RP-18 CH;CN-H,0 (40.1% TFA), 31

Prunus prostrata

7 pm, 250 x 16 mm

1:4, 3:17
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commercially available systems. In its simplest form, MPLC is a closed column (generally
glass) connected to a compressed air source or a reciprocating pump. It fulfills the require-
ment for a simple alternative method to open-column chromatography or flash chromatog-
raphy, with both higher resolution and shorter separation times. MPLC columns have a high
loading capacity — up to a 1:25 sample-to-packing-material ratio®> — and are ideal for the
separation of flavonoids.

In MPLC, the columns are generally filled by the user. Particle sizes of 25 to 200 wm are
usually advocated (15 to 25, 25 to 40, or 43 to 60 pm are the most common ranges) and either
slurry packing or dry packing is possible. Resolution is increased for a long column of small
internal diameter when compared with a shorter column of larger internal diameter (with the
same amount of stationary phase).” Choice of solvent systems can be efficiently performed
by TLC* or by analytical HPLC. Transposition to MPLC is straightforward and direct.*

Some applications of MPLC to the separation of flavonoids are shown in Table 1.2.

1.3.2.3 Centrifugal Partition Chromatography

Various countercurrent chromatographic techniques have been successfully employed for
the separation of flavonoids.” Countercurrent chromatography is a separation technique
that relies on the partition of a sample between two immiscible solvents, the relative propor-
tions of solute passing into each of the two phases determined by the partition coefficients of
the components of the solute. It is an all-liquid method that is characterized by the absence of a
solid support, and thus has the following advantages over other chromatographic techniques:

» No irreversible adsorption of the sample
* Quantitative recovery of the introduced sample
* Greatly reduced risk of sample denaturation

TABLE 1.2
Separation of Flavonoids by Medium-Pressure Liquid Chromatography
Sample Column Eluent Reference
Chalcones from Silica gel Hexane-TBME-CH,Cl,-EtOH, 36
Piper aduncum 800 x 36 mm 99:0.4:0.3:0.3
Flavonoids from RP-18 MeOH-H,0, 3:1 37
Sophora moorcroftiana 20 pm
Flavonol glycosides from RP-18 MeOH-H,O0, 35:65 38
Epilobium species 15-25 pm
460 x 26 mm
Dihydroflavonoid glycosides from Polyamide SC-6 Toluene-MeOH 39
Calluna vulgaris 460 x 26 mm
RP-18 MeOH-H,0
20-40 pm
460 x 15 mm
Prenylflavonoid glycosides from RP-8 MeOH-H,0, 2:3 40
Epimedium koreanum 460 x 26 mm
Prenylated isoflavonoids from RP-18 MeOH-H,O0, 58:42, 60:40 41
Erythrina vogelii 15-25 pm
500 x 40 mm
Biflavonoids from RP-18 MeOH-H,O0, 55:45 — 95:5 42
Wikstoemia indica 300 x 35 mm
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* Low solvent consumption
* Favorable economics

It is obvious, therefore, that such a technique is ideal for flavonoids, which often suffer from
problems of retention on solid supports such as silica gel and polyamide.

Countercurrent distribution, droplet countercurrent chromatography, and rotation locu-
lar countercurrent chromatography are now seldom used but CPC, also known as centrifugal
countercurrent chromatography, finds extensive application for the preparative separation of
flavonoids. In CPC, the liquid stationary phase is retained by centrifugal force instead of a
solid support (in column chromatography). Basically, two alternative designs of apparatus
are on the market**: (a) rotating coil instruments; (b) disk or cartridge instruments.

Although most CPC separations are on a preparative scale, analytical instruments do
exist.** However, these are mostly used to find suitable separation conditions for scale-up.

There are numerous examples of preparative separations of flavonoids’*’ and some are
listed in Table 1.3.

An example of the separation of flavonoid glycosides by CPC is shown in Figure 1.1. The
leaves of the African plant Tephrosia vogelii (Leguminosae) were first extracted with dichlor-
omethane and then with methanol. Methanol extract (500 mg) was injected in a mixture of the
two phases of the solvent system and elution of the three major glycosides was achieved
within 3 h.*®

The technique of CPC was also employed as a key step in the purification of 26 phenolic
compounds from the needles of Norway spruce (Picea abies, Pinaceae). An aqueous extract of
needles (5.45 g) was separated with the solvent system CHCl;-MeOH-i-PrOH-H,O (5:6:1:4),
initially with the lower phase as mobile phase and then subsequently switching to the upper
phase as mobile phase. Final purification of the constituent flavonol glycosides, stilbenes, and
catechins was by gel filtration and semipreparative HPLC.?

TABLE 1.3

Separation of Flavonoids by Centrifugal Partition Chromatography

Sample Solvent System Reference

Flavonoids from Hippophae rhamnoides CHCl;-MeOH-H,O0, 4:3:2 46

Flavonol glycosides from Vernonia galamensis ~ CHCl;-MeOH-n-BuOH-H,O0, 7:6:3:4 47

Flavonol glycosides from Picea abies CHCl3-MeOH-i-PrOH-H,0, 5:6:1:4 20

Flavonol glycosides from n-BuOH-EtOH-H-O0, 4:1.5:5 48

Polypodium decumanum CHCl3-MeOH-#-BuOH-H,0, 10:10:1:6

Flavone C-glycosides from Cecropia lyratiloba ~ CHCl;-MeOH-H,0, 46:25:29 49
EtOAc-n-BuOH-MeOH-H-0, 35:10:11:44

Biflavonoids from Garcinia kola n-Hexane-EtOAc-MeOH-H,0, 2:8:5:5 50

Isoflavones from Astragalus membranaceus EtOAc-EtOH-n-BuOH-H-0, 15:5:3:25 51
EtOAc-EtOH-H-O, 5:1:5

Isoflavones from Glycine max CHCl3-MeOH-H,0, 4:3:2 52
CHCIl;-MeOH-#-BuOH-H-O0, 8:6:1:4

Anthocyanidins from Ricciocarpos natans n-Hexane-EtOAc—n-BuOH-HOAc-HCI 1%, 2:1:3:1:5 53

Proanthocyanidins from EtOAc—n-PrOH-H,0, 35:2:2 54

Stryphnodendron adstringens
Proanthocyanidins from Cassipourea gummiflua n-Hexane-EtOAc-MeOH-H,0, 8:16:7:10 55
Anthocyanins from plants n-BuOH-TBME-CH;CN-H,0, 2:2:1:5 56

Polyphenols from tea n-Hexane-EtOAc-MeOH-H,O0, 3:10:3:10 57
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1R=-Ara
2R =-Glc
3 R =-GIc®-Rha

o )

FIGURE 1.1 Separation of flavonol glycosides from Tephrosia vogelii (Leguminosae) with a Quattro
CPC instrument. Solvent system, CHCl;-MeOH-EtOH-H,O (5:3:3:4); mobile phase, upper phase;
flow-rate, 3 ml/min; detection, 254 nm; sample, 500 mg MeOH extract. (From Sutherland, I.A.,
Brown, L., Forbes, S., Games, G., Hawes, D., Hostettmann, K., McKerrell, E.H., Marston, A.,
Wheatley, D., and Wood, P., J. Liq. Chrom. Relat. Technol., 21, 279, 1998. With permission.)

4 5
Time (h)

Four pure isoflavones were obtained from a crude soybean extract after CPC with the
solvent system CHCl;-MeOH-H,O (4:3:2) (Figure 1.2). The isoflavones were isolated in
amounts of 5 to 10 mg after the introduction of 150 mg of sample.*>

A combination of gel filtration, CPC, and semipreparative HPLC was reported for the
isolation of eight dimeric proanthocyanidins of general structure 1 from the stem bark of
Stryphnodendron adstringens (Leguminosae). The CPC step involved separation with the
upper layer of EtOAc—#—PrOH-H,O (35:2:2) as mobile phase.>*
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2 Ry=H, Ry=H, Ry=H (daidzein)

3 Ry=Glcg—Ac, Ry=H, R3;=0OH (acetylgenistin)
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FIGURE 1.2 Separation of a crude soybean extract with a multilayer CPC instrument. Solvent system,
CHCI;-MeOH-H,O (4:3:2); mobile phase, lower phase; flow rate, 2 ml/min; detection, 275 nm; sample,
150 mg. (From Yang, F., Ma, Y., and Ito, Y., J. Chromatogr., 928, 163, 2001. With permission.)

1.4 ANALYTICAL METHODS

A herbal product contains multiple constituents that might be responsible for its thera-
peutic effects. It is thus necessary to define as many of the constituents as possible in order
to understand and explain the bioactivity. The concept of “phytoequivalence” has been
introduced in Germany to ensure consistency of phytotherapeuticals.® According to this
concept, a chemical profile for a herbal product is constructed and compared with the
profile of a clinically proven reference product. Since many of these preparations contain
flavonoids, it is essential to have adequate analytical techniques at hand for this class of
natural product.

Knowledge of the flavonoid content of plant-based foods is paramount to understanding
their role in plant physiology and human health. Analytical methods are also important to
identify adulteration of beverages, for example. And flavonoids are indispensable markers for
chemotaxonomic purposes.

Various analytical methods exist for flavonoids. These range from TLC to CE. With the
introduction of hyphenated HPLC techniques, the analytical potential has been dramatically
extended. Gas chromatography (GC) is generally impractical, due to the low volatility of
many flavonoid compounds and the necessity of preparing derivatives. However, Schmidt
et al.®* have reported the separation of flavones, flavonols, flavanones, and chalcones (with
frequent substitution by methyl groups) by GC.

Quantification aspects are discussed under individual techniques.

1.4.1 SAMPLE PREPARATION

Sample preparation is included in sample handling®' and is rapidly becoming a science in
itself. The initial treatment of the sample is a critical step in chemical and biochemical
analyses; it is usually the slowest step in the analysis. In the case of food and plant samples,
the number and diversity of analytes is very high and efficient pretreatment is required to
obtain enriched phenolic fractions.
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Sample preparation methods should:®*

* Remove possible interferents (for either the separation or detection stages) from the
sample, thereby increasing the selectivity of the analytical method.

* Increase the concentration of the analyte and hence the sensitivity of the assay.

» Convert the analyte into a more suitable form for detection or separation (if needed).

* Provide robust and reproducible methods that are independent of variations in the
sample matrix.

The aim of sample preparation is that the components of interest should be extracted from
complex matrices with the least time and energy consumption but with highest efficiency and
reproducibility. Conditions should be mild enough to avoid oxidation, thermal degradation,
and other chemical and biochemical changes. Some procedures — CE, for example —
necessitate more rigorous sample pretreatment than others. On the other hand, TLC requires
an absolute minimum of sample preparation.

As well as typical sample preparation methods such as filtration and liquid-liquid extrac-
tion,®! newer developments are now extensively used. The first of these is solid-phase extrac-
tion (SPE). This is a rapid, economical, and sensitive technique that uses several different
types of cartridges and disks, with a variety of sorbents. Sample preparation and concentra-
tion can be achieved in a single step. Interfering sugars can be eluted with aqueous methanol
on reversed-phase columns prior to elution of flavonoids with methanol.

Among the numerous applications of SPE are separations of phenolic acids and flavo-
noids from wines and fruit juices. Sep-Pak C;g cartridges have been used for the fractionation
of flavonol glycosides and phenolic compounds from cranberry juice into neutral and acidic
parts before HPLC analysis.®> Antimutagenic flavonoids were identified in aqueous extracts
of dry spinach after removal of lipophilic compounds by SPE.®*

Anthocyanins were recovered from wine (after removal of ethanol) by elution from a C;g
cartridge with an aqueous eluent of low pH.®

Different extracts of Citrus were subjected to SPE on C,g cartridges to remove polar
components. The retained flavonoids (mainly flavanones) were eluted with methanol-
dimethyl sulfoxide, which enhanced solubility of hesperidin, diosmin, and diosmetin. Recov-
eries of eriocitrin, naringin, hesperidin, and tangeretin from spiked samples of mesocarp
tissue exceeded 96%. Flavones were relatively abundant in the leaves.®®

SFE has long been of industrial importance but has only recently been introduced on a
laboratory scale. Few applications have been reported for polyphenols but simpler phenolics
have been extracted by this method, albeit with addition of methanol to the supercritical
fluid."* Some potential may be found for online SFE, since very clean extracts (but at low
extraction efficiency for phenolic compounds) can be obtained.®’

Other innovations include PLE, MAE®® (see Section 1.3.1), and solid-phase microextrac-
tion (SPME). SPME is a sampling method applied to GC, HPLC, and CE. It is based on
adsorbent- or adsorbent-type fibers and lends itself well to miniaturization.®!

1.4.2 THIN-LAYER CHROMATOGRAPHY

Paper chromatography and paper electrophoresis were once extensively used for the analysis
of flavonoids,” but now the method of choice for simple and inexpensive analytical runs is
TLC. The advantages of this technique are well known: short separation times, amenability to
detection reagents, and the possibility of running several samples at the same time. TLC is
also ideally suited for the preliminary screening of plant extracts before HPLC analysis. An
excellent general text on TLC methodology has been written by Jork et al.®* A good
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discussion presented by Markham in one of the earlier volumes on flavonoids describes TLC
on silica gel and also two other supports, cellulose and polyamide (which now find less
application).”® In his chapter, solvent systems and spray reagents are described.

Many different solvent systems have been employed for the separation of flavonoids
using TLC. Table 1.4 shows a selection for different classes of these polyphenols. Some
solvent systems cited by Markham® are reproduced here because they still find application
in the separation of flavonoids. Highly methylated or acetylated flavones and flavonols
require nonpolar solvents such as chloroform—methanol (15:1). Widely distributed flavonoid
aglycones, such as apigenin, luteolin, and quercetin, can be separated in chloroform-
methanol (96:4) and similar polarity solvents. One system that is of widespread application
for flavonoid glycosides is ethyl acetate—formic acid—glacial acetic acid—water (100:11:11:26).
By the addition of ethyl methyl ketone (ethyl acetate—ethyl methyl ketone—formic acid—
glacial acetic acid—water, 50:30:7:3:10), rutin and vitexin-2”-O-rhamnoside can be separ-
ated.”! Careful choice of solvent system also allows separation of flavonoid glucosides
from their galactosidic analogs.”> This is especially important for the distinction of
C-glucosides from C-galactosides. As an illustration, 8-C-glucosylapigenin (vitexin) can be
separated from 8-C-galactosylapigenin with the solvent ethyl acetate—formic acid-water
(50:4:10).%

With regard to detection, brief exposure of the TLC plate to iodine vapor produces
yellow-brown spots against a white background. And, as stated by Markham,’® flavonoids
appear as dark spots against a fluorescent green background when observed in UV light
(254 nm) on plates containing a UV-fluorescent indicator (such as silica gel F»s4). In 365 nm
UV light, depending on the structural type, flavonoids show dark yellow, green, or blue
fluorescence, which is intensified and changed by the use of spray reagents. One of the most
important of these is the “natural products reagent,” which produces an intense fluorescence
under 365 nm UV light after spraying with a 1% solution of diphenylboric acid-B-ethylamino
ester (diphenylboryloxyethylamine) in methanol. Subsequent spraying with a 5% solution of
polyethylene glycol-4000 (PEG) in ethanol lowers the detection limit from 10 g (the average
TLC detection limit for flavonoids) to about 2.5 pg, intensifying the fluorescence behavior.
The colors observed in 365 nm UV light are as follows:

* Quercetin, myricetin, and their 3- and 7-O-glycosides: orange-yellow

» Kaempferol, isorhamnetin, and their 3- and 7-O-glycosides: yellow-green
* Luteolin and its 7-O-glycoside: orange

» Apigenin and its 7-O-glycoside: yellow-green

Further details about the use of the “natural products reagent’ can be found in an article by
Brasseur and Angenot.”?

Aqueous or methanolic ferric chloride is a general spray reagent for phenolic compounds
and gives a blue-black coloration with flavonoids. Similarly, Fast Blue Salt B forms blue or
blue-violet azo dyes.

For quantitative analyses, scanning of the TLC plate with a densitometer provides good
results. The flavonoids, both aglycones and glycosides, in Vaccinium myrtillus and V. vitis-
idaea (Ericaceae) were determined after TLC and densitometry at 254 nm.”* With suitable
spray reagents, detection limits of 20 ng can be achieved by densitometry.””

Better resolution is obtained by chromatographing flavonoids on high-performance TLC
(HPTLC) plates. Silica gel 60F,s4, RP-18, or, less frequently, Diol HPTLC plates are used for
separation purposes. Methanol-water eluents are indicated for HPTLC on RP-18 chemically
bonded silica gel but some acid is generally added to avoid tailing. Polar glycosides require
eluents containing a high percentage of water. Special HPTLC plates have been designed for
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TABLE 1.4

Solvent Systems for Thin-Layer Chromatography of Flavonoids on

Silica Gel
Sample

Flavonoid aglycones

Flavonoid glycosides

Flavonoid glucuronides
Flavanone aglycones
Flavanone glycosides
Chalcones

Isoflavones

Isoflavone glycosides
Dihydroflavonols

Biflavonoids

Anthocyanidins and anthocyanins

Proanthocyanidins

Eluent

EtOAc-i-PrOH-H,0, 100:17:13
EtOAc-CHCl;, 60:40

CHCl3-MeOH, 96:4
Toluene-CHCl;-MeCOMe, 8:5:7
Toluene-HCOOEt-HCOOH, 5:4:1
Toluene-EtOAc-HCOOH, 10:4:1
Toluene-EtOAc-HCOOH, 58:33:9
Toluene-EtCOMe-HCOOH, 18:5:1
Toluene—dioxane-HOAc, 90:25:4
n-BuOH-HOACc-H,0, 65:15:25
n-BuOH-HOAc-H-0, 3:1:1
EtOAc-MeOH-H,0, 50:3:10
EtOAc-MeOH-HCOOH-H,0, 50:2:3:6
EtOAc-EtOH-HCOOH-H,O0, 100:11:11:26
EtOAc-HCOOH-H,O0, 9:1:1
EtOAc-HCOOH-H,O0, 6:1:1
EtOAc-HCOOH-H-0, 50:4:10
EtOAc-HCOOH-HOACc-H,0, 100:11:11:26
EtOAc-HCOOH-HOAc-H,0, 25:2:2:4
THF-toluene-HCOOH-H,O0, 16:8:2:1
CHCl3-MeCOMe-HCOOH, 50:33:17
CHCIl3-EtOAc-MeCOMe, 5:1:4
CHCIl;-MeOH-H-0, 65:45:12
CHCl3-MeOH-H-0, 40:10:1
MeCOMe-butanone-HCOOH, 10:7:1
MeOH-butanone-H,O, 8:1:1
EtOAc-Et,0-dioxane-HCOOH-H,O0, 30:50:15:3:2
EtOAc-EtCOMe-HCOOH-H-O0, 60:35:3:2
CH,Cl,-HOAc-H-O0, 2:1:1

CHCIl3-HOAc, 100:4
CHCIl;-MeOH-HOAC, 90:5:5
n-BuOH-HOAc-H,0, 4:1:5 (upper layer)
EtOAc-hexane, 1:1

CHCI3-MeOH, 92:8

CHCI3-MeOH, 3:1

n-BuOH-HOACc-H-O0, 4:1:5 (upper layer)
CHCl;-MeOH-HOAC, 7:1:1
CHCI3-MeCOMe-HCOOH, 75:16.5:8.5
Toluene-HCOOEt-HCOOH, 5:4:1
EtOAc-HCOOH-2 M HCI, 85:6:9
n-BuOH-HOAc-H-0, 4:1:2
EtCOMe-HCOOEt-HCOOH-H,O0, 4:3:1:2
EtOAc-butanone-HCOOH-H,O0, 6:3:1:1
EtOAc-MeOH-H-0, 79:11:10
EtOAc-HCOOH-HOACc-H,O0, 30:1.2:0.8:8




Separation and Quantification of Flavonoids 13

this purpose, since normal plates can only accommodate aqueous methanol mixtures with up
to about 40% water.

The European Pharmacopoeia stipulates TLC fingerprint analysis for the identification
of plant drugs. This can be used, for example, in the case of hawthorn extracts (Crataegus
monogyna and C. laevigata, Rosaceae), which contain flavone O-glycosides and flavone
C-glycosides or passion flower extracts (Passiflora incarnata, Passifloraceae), which contain
only flavone C-glycosides.

1.4.3 HiGH-PErRFORMANCE LIQUID CHROMATOGRAPHY

The method of choice for the qualitative and quantitative analysis of flavonoids is HPLC.
Since its introduction in the 1970s, HPLC has been used for all classes of flavonoids and
hundreds of applications have been published. Numerous reviews have also appeared, such as
those by Hostettmann and Hostettmann,® Merken and Beecher,”® He,”” and Cimpan and
Gocan.”

It is not the purpose of this chapter to go into the theory of HPLC, which is adequately
covered in other texts, but to describe the applications of the method. This section will
concentrate on analytical applications because semipreparative HPLC has been described in
Section 1.3.2. Analytical HPLC finds use in the quantitative determination of plant constitu-
ents, in the purity control of natural products, and in chemotaxonomic investigations.

For the analytical HPLC of a given subclass of flavonoids (flavones, flavonols,
isoflavones, anthocyanins, etc.), the stationary phase, solvent, and gradient have to be
optimized.

A very high proportion of separations are run on octadecylsilyl bonded (ODS, RP-18, or
C,s) phases. Some reported analyses use octasilyl bonded (RP-8 or Cg) phases but these
are becoming increasingly rare. Flavonoid glycosides are eluted before aglycones with these
phases, and flavonoids possessing more hydroxyl groups are eluted before the less substituted
analogs. As solvents for application, acetonitrile-water or methanol-water mixtures, with or
without small amounts of acid, are very common. These are compatible with gradients and
UV detection. Occasionally, other solvents such as tetrahydrofuran, isopropanol, or n-pro-
panol are used. Acid modifiers are necessary to suppress the ionization of phenolic hydroxyl
groups, giving sharper peaks with less tailing. A study has shown that there are large
differences in the effectiveness of C;g columns for the separation of flavonoid aglycones
and glycosides. While some columns give good results, others produce substantial band
broadening and peak asymmetry.”

Octadecylsilyl stationary phases with hydrophilic endcapping have been developed for
the separation of very polar analytes, which are not sufficiently retained on conventional
reversed-phase columns. Among numerous other applications, they have been demonstrated
to be suitable for the separation of flavonol and xanthone glycosides from mango (Mangifera
indica, Anacardiaceae) peels.®

Normal phases (unmodified silica gel) are rarely employed, except for the occasional
separation of weakly polar flavonoid aglycones, polymethoxylated flavones, flavanones, or
isoflavones. The polymethoxylated flavones present in citrus fruits can, for example, be
separated on silica gel columns. The big drawback is that solvent gradients cannot normally
be run with normal phases.

Flavone C-glycosides generally elute with shorter retention times than the corresponding
O-glycosides. Thus, vitexin (8-C-glucosylapigenin) elutes with a shorter retention time than
apigenin 7-O-glucoside. Furthermore, 8-C-glycosylflavones elute with shorter retention times
than the corresponding 6-C-glycosylflavones. Thus, apigenin 8-C-glucoside elutes earlier than
apigenin 6-C-glucoside.
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Flavanones elute before their corresponding flavones due to the effect of unsaturation
between positions 2 and 3.

Isoflavones, chiefly found in the Leguminosae (such as soy, Medicago sativa, and red
clover, Trifolium pratense) in the plant kingdom, are also successfully analyzed by HPLC on
C,s columns.”®

The anthocyanins exist in solution as various structural forms in equilibrium, depending
on the pH and temperature. In order to obtain reproducible results in HPLC, it is essential to
control the pH of the mobile phase and to work with thermostatically controlled columns.
For the best resolution, anthocyanin equilibria have to be displaced toward their flavylium
forms — peak tailing is thus minimized and peak sharpness improved. Flavylium cations are
colored and can be selectively detected in the visible region at about 520 nm, avoiding the
interference of other phenolics and flavonoids that may be present in the same extracts.
Typically, the pH of elution should be lower than 2. A comparison of reversed-phase columns
(C1s, Ci2, and phenyl-bonded) for the separation of 20 wine anthocyanins, including mono-
glucosides, diglucosides, and acylated derivatives was made by Berente et al.®' It was found
that the best results were obtained with a C;», 4 pm column, with acetonitrile-phosphate
buffer as mobile phase, at pH 1.6 and 50°C.

Applications of HPLC to the analysis of flavonoids in medicinal and other plants are
summarized by Cimpan and Gocan.”® From the methods listed, it is noteworthy that 90% of
the separations use C;g columns. The importance of flavonoids in foods (fruits, vegetables,
and grains) means that it is indispensable to have suitable means of determining their content.
The review by Merken and Beecher’® gives an excellent summary (including full details of
separation conditions) of applications of HPLC to the determination of flavones, flavonols,
flavanones, isoflavones, anthocyanidins, catechins, and their respective glycosides in foods.
Here again, virtually all separations are performed on RP-18 columns, with column lengths
between 100 and 300 mm and with internal diameters between 2 and 5 mm. Granulometries
vary from 3 to 10 pm, with most being 5 wm. Separation runs are generally up to 1 h in
duration. For aglycones and glycosides of isoflavones, certain reported separations of soy-
bean products (e.g., the work of Barnes et al.*?) have employed Cs packings, but these are
rare. Some applications are given in which two or more subclasses are analyzed simultan-
eously, such as flavanones, flavones, and flavonols in honey, and anthocyanins, catechins,
and flavonols in fruit and wines.

In general, though, there is not a single HPLC method that can solve all flavonoid
separation problems. However, Sakakibara et al.®® claim to have found a method capable
of quantifying every polyphenol in vegetables, fruits, and teas. For this purpose, they used a
Capcell pak C18 UG120 (250 x 4.6 mm, S-5, 5 pm) column at 35°C. Gradient elution at a
flow rate of 1 ml/min was performed over 95 min with solution A (50 mAM sodium phosphate
[pH 3.3] and 10% methanol) and solution B (70% methanol) as follows: initially 100% of
solution A; for the next 15 min, 70% A; for 30 min, 65% A; for 20 min, 60% A; for 5 min, 50%
A; and finally 100% B for 25 min. Vegetable material was extracted with 90% methanol
containing 0.5% acetic acid. A typical HPLC profile for 28 reference polyphenols is shown in
Figure 1.3. The method allowed the determination of aglycones separately from glycosides.
Information could also be obtained about simple polyphenols in the presence of more
complex polycyclic polyphenols. Quantitative determination was achieved for a total of 63
different food samples.

Within the domain of medicinal plants, preparations of Ginkgo biloba (Ginkgoaceae) are
the most widely sold phytomedicines, with sales of over US$ 1 billion in 1998.%* These
principally involve special extracts of the leaves. Flavonoids are, at least in part, responsible
for the beneficial effects of Ginkgo extracts. Generally, enriched ginkgo extracts for the
preparation of ginkgo products are standardized to contain 24% flavonoids and 6% terpene
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FIGURE 1.3 HPLC profile for 28 different polyphenols on a C;g column. Classes of compound are
shown in the upper part of the chromatogram. (From Sakakibara, H., Honda, Y., Nakagawa, S.,
Ashida, H., and Kanazawa, K., J. Agric. Food Chem., 51, 571, 2003. With permission.)

lactones and, therefore, the content of flavonoids and terpene lactones is one of the important
parameters to assess the quality of ginkgo products. Fingerprint analysis for the quality
control of Ginkgo preparations has shown that it is possible to separate six flavonoid
aglycones, 22 flavonoid glycosides, and five biflavonoids in one run (Figure 1.4). This was
achieved on a 100 x 4 mm Nucleosil 100-C;g 3 pwm column. In order to complete the run in
30 min, a ternary mobile phase was used, consisting of isopropanol-THF (25:65) (solvent A),
acetonitrile (B), and 0.5% orthophosphoric acid (solvent C). A three-pump system was
required to produce a complex elution gradient (1 ml/min, detection at 350 nm) starting
with 15.0% A, 1.5% B, 83.5% C and ending with 0% A, 78.0% B, 22% C.*°

As few flavonoid glycosides are commercially available for reference purposes, their direct
quantitative analysis is often impractical. It is thus common practice when investigating plant
extracts to hydrolyze the glycosides and identify and quantify the released aglycones. This
was the procedure adopted for the analysis of white onions (A/lium cepa, Liliaceae) and white
celery stalks (Apium graveolens, Apiaceae). Lyophilized plant material was extracted with
60% aqueous methanol and hydrolyzed with 1.2 M HCI before HPLC analysis on a Waters
Cig Symmetry 150 x 3.9 mm (5 pm) column. As the mobile phase, a gradient of 15 to 35%
acetonitrile in water adjusted to pH 2.5 with TFA was used. In nonhydrolyzed white onion
extract, two major, nonidentified, flavonoid glycoside peaks were present. When the extract
was hydrolyzed, these two peaks were replaced by a major peak corresponding to quercetin.
Kaempferol was used as internal standard. In the analysis of nonhydrolyzed celery extract
(isorhamnetin as internal standard), several peaks were observed. After hydrolysis the major
peaks were due to apigenin, luteolin, and an unknown component. Quantification of the
aglycones in fresh plant material was achieved by extrapolation. The limit of detection for
endogenous quercetin and other flavonoid aglycones was ca. 3 pg/g fresh mass.”
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FIGURE 1.4 HPLC fingerprint of a therapeutically used dry extract of Ginkgo biloba leaves. Top
chromatogram, pure reference flavonoids; bottom chromatogram, leaf extract. Identified flavonoids
are numbered 1 to 33. (From Hasler, A., Sticher, O., and Meier, B., J. Chromatogr., 605, 41, 1992. With
permission.)

1.4.4 HiGH-PeRFORMANCE LIQUID CHROMATOGRAPHY—ULTRAVIOLET SPECTROPHOTOMETRY

The most frequently used detection method for HPLC is UV spectrophotometry. Routine
detection in HPLC is typically based on measurement of UV absorption, or visible absorption
in the case of anthocyanins. No single wavelength is ideal for all classes of flavonoids since
they display absorbance maxima at distinctly different wavelengths. The most commonly
used wavelength for routine detection has been 280 nm, which represents a suitable com-
promise.

With the introduction of diode-array technology in the 1980s, a further dimension is now
possible because coupled LC-UV with diode array detection (DAD) allows the chromato-
graphic eluent to be scanned for UV-visible spectral data, which are stored and can later be
compared with a library for peak identification.®® This increases the power of HPLC analysis
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because with the information from the UV spectrum, it may be possible to identify the
compound subclass or perhaps even the compound itself. UV spectral data of 175 flavonoids
in several solvents can be found, for example, in a book by Mabry et al.! LC-UV with DAD
enables simultaneous recording of chromatograms at different wavelengths. This improves
the possibilities of quantification because detection can be performed at the wavelength
maximum of the compound in question. These are typically to be found’® at 270 and 330 to
365 nm for flavones and flavonols, at 290 nm for flavanones, at 236 or 260 nm for isoflavones,
at 340 to 360 nm for chalcones, at 280 nm for dihydrochalcones, at 502 or 520 nm for
anthocyanins, and at 210 or 280 nm for catechins.

Peak purity can also be determined. The spectra of eluting peaks obtained at the apex and
both inflexion points of the peak can be compared in order to obtain a measure of the purity
of the particular component of the sample.

LC-UV is valuable for the identification of isoflavones since their spectra differ in
absorption properties from most of the other flavonoids. They have a C2-C3 double bond,
with the B-ring at C3, which prevents conjugation of the phenyl group with the pyrone
carbonyl group. This reduces the contribution of the B-ring to the UV spectrum and results
in a peak of very low intensity in the 300 to 330 nm range (band I).

The analysis of catechins and proanthocyanidins by LC-UV presents certain problems. In
general, only monomers and oligomers up to tetramers can be separated and detected as
defined peaks. Polymeric forms, which may constitute the bulk of proanthocyanidins in many
plant materials, are not well resolved. They give place to a drift in the baseline and the
formation of characteristic humps in HPLC chromatograms. Furthermore, the spectral
characteristics of these compounds do not allow easy detection and identification. Flavan-
3-ols give absorption maxima at nonspecific wavelengths (270 to 290 nm) and they have lower
extinction coefficients than other accompanying phenolics. Their quantification is thus not
easy. The lack of reference proanthocyanidins implies that results have to be expressed with
respect to other reference substances, normally catechin or epicatechin. This causes concomi-
tant errors of quantification caused by the different extinctions shown by the individual
flavan-3-ols. For reverse-phase HPLC of proanthocyanidin oligomers, the percentage of
methanol or acetonitrile usually does not exceed 20%.

The coupling of HPLC with DAD allows online quantification of flavonoids in samples
analyzed. Justesen et al.¥” have quantified flavonols, flavones, and flavanones in fruits,
vegetables, and beverages in this fashion. The food material was extracted and then hydro-
lyzed to produce the corresponding flavonoid aglycones. These were analyzed on a Phenom-
enex C;g column (250 x 4.6 mm, 5 wm) using a mobile phase of methanol-water (30:70) with
1% formic acid (solvent A) and 100% methanol (solvent B). The gradient was 25 to 86% B in
50 min at a flow rate of 1 ml/min. UV spectra were recorded from 220 to 450 nm. For each
compound, peak areas were determined at the wavelength providing maximal UV absorb-
ance. Quantification was performed based on external standards. A mixture of standards of
known concentrations was analyzed in duplicate before and after the batch of samples. Peak
areas were used to calculate the hydrolyzed food sample flavonoid aglycone content. Method
validation indicated good day-to-day variability (reproducibility) and recoveries in the range
of 68 to 103%. There was low recovery of myricetin standard, presumably because of
degradation during hydrolysis. Detection by online mass spectrometry (MS) was also in-
cluded to check possible interferences between flavonoids eluting at similar retention times.

While identification of the peaks in a LC-UV chromatogram is possible by comparing
retention times and UV spectra with authentic samples or a databank, this might not be
possible for compounds with closely related structures, and wrong conclusions might
be drawn. It has been established that in order to complete the characterization of
phenolic compounds, reagents inducing a shift of the UV absorption maxima can be used.’
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A postcolumn derivatization procedure, based on this technique, is possible by adding
suitably modified shift reagents to the eluate leaving a HPLC column.®® Direct information
is provided about the flavonoid oxidation pattern and position of free phenolic hydroxyl
groups. In the analysis of Gentiana (Gentianaceae) extracts, best results were obtained on a
reversed-phase column with a methanol-water eluent at a pH of around 3.5, to avoid peak
tailing. Classical shift reagents were adapted in order to be compatible with these conditions:
sodium monohydrogenphosphate and potassium hydroxide were used as the weak and strong
bases, respectively, instead of sodium acetate and sodium methanolate. In order to form a
complex with the keto function, an aqueous solution of aluminum chloride was passed with
the eluate through a reaction coil at 60°C. The presence of ortho-hydroxyl groups was shown
with boric acid—sodium acetate. These shift reagents gave identical results to those obtained
with classical shift reagents. The small amount of material required (50 to 100 pg of crude
plant extract) in LC-UYV postcolumn derivatization allows the analysis of very rare and small
species, as well as single plant parts of herbarium samples.®®

To illustrate this approach, the online identification of flavonol glycosides in Epilobium
(Onagraceae) species will be described. Certain of these willow-herbs have important impli-
cations in the treatment of benign prostatic hyperplasia and knowledge of their flavonoid
content is an aid to their identification. The aerial parts of 13 different species were extracted
first with dichloromethane and then with methanol. The flavonoid-containing methanol
extracts were partitioned between n-butanol and water; the n-butanol fractions were then
analyzed on a Novapak C;g column (150 x 3.9 mm, 4 wm) with an acetonitrile-water
gradient. TFA was added to give a pH of 3. Photodiode-array detection allowed the online
recording of UV spectra (200 to 500 nm), all typical of flavonoids (Figure 1.5), except for
ellagic acid (X in Figure 1.6). The HPLC chromatogram for Epilobium angustifolium is shown

R, R Rs
] Rha H H
2 Ara H H
3 GlcA H H
: Rha OH H
. Ara OH H
: Gal OH H
7 Glc OH H
8 GIcA OH H
Gal6-galloyl OH H
9 OH OH
Rha
10 OH OH
12 Glc
13 Galb-galloyl OH OH

FIGURE 1.5 Flavonoid glycosides isolated from the aerial parts of Epilobium angustifolium.
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FIGURE 1.6 LC-UV chromatogram of a methanolic extract of the aerial parts of Epilobium angustifo-
lium enriched by n-BuOH-H,O partition. Column Novapak C;g (150 x 3.9 mm, 4 wm); step gradient of
CH;3;CN-H,O0 (containing 0.05% TFA): 0 min 10% CH3;CN, 4 min 12%, 12 min 12%, 16 min 18%, 30 min
25%; flow-rate 1 ml/min; chromatogram recorded at 350 nm. (From Ducrey, B., Wolfender, J.L.,
Marston, A., and Hostettmann, K., Phytochemistry, 38, 129, 1995. With permission.)

in Figure 1.6. Structure elucidation of flavonoid E was incomplete. In combination with shift
reagents added postcolumn, LC-UYV allowed determination of the hydroxylation pattern of
flavonols and the position of the sugars on the aglycones. Figure 1.7 shows the UV spectra
obtained online for 4 (quercitrin) after the addition of five different shift reagents. The shift of
11 nm of band II with weak base, 0.1 M Na,HPO,, was characteristic for a nonsubstituted 7-
hydroxyl group. A 15 nm shift with boric acid reagent was typical for ortho-dihydroxyl
groups on the B-ring. The shift of 42 nm of band I obtained for aluminum chloride without
neutralization of the eluate was specific for a 5-hydroxyl substituent. Addition of aluminum
chloride after neutralization gave a 56 nm shift of band I. This was due to a combination of an
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FIGURE 1.7. Online UV spectra of 4 obtained after postcolumn addition of different shift reagents.
(From Ducrey, B., Wolfender, J.L., Marston, A., and Hostettmann, K., Phytochemistry, 38, 129, 1995.
With permission.)
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ortho-dihydroxyl group (C-3" and C-4') and to complex formation with the C-4 keto function
and the 5-hydroxyl group. These data confirmed the aglycone to be quercetin. A similar
procedure was adopted for the identification of the other flavonol glycosides — showing the
presence of three different aglycones: kaempferol, quercetin, and myricetin. Thermospray
LC-MS provided additional information on the molecular weight of the flavonol glycosides
and their aglycones.®

1.4.5 HiGH-PErRFORMANCE LIQUID CHROMATOGRAPHY—MASS SPECTROMETRY

Coupled HPLC-MS is one of the most important techniques of the last decade of the 20th
century. The combination offers the possibility of taking advantage of chromatography as a
separation method and MS as an identification tool. The amazing number of applications and
the rapid drop in price (and size) of MS instruments has meant that the use of LC-MS is now
extremely widespread. MS is one of the most sensitive methods of molecular analysis. Due
to its high power of mass separation, very good selectivities can be obtained. However, the
coupling between HPLC and MS has not been straightforward since the normal operating
conditions of a mass spectrometer (high vacuum, high temperature, gas-phase operation, and
low flow rates) are diametrically opposed to those used in HPLC, namely liquid-phase
operation, high pressures, high flow rates, and relatively low temperatures.

In LC-MS, there are three general problems: the amount of column effluent that has to be
introduced in the MS vacuum system, the composition of the eluent, and the type of com-
pounds to be analyzed. Many interfaces have been developed in order to cope with these
factors.®” The interfaces must accomplish nebulization and vaporization of the liquid, ioniza-
tion of the sample, removal of excess solvent vapor, and extraction of the ions into the mass
analyzer. To date, no real universal interface has been constructed; each interface has charac-
teristics that are strongly dependent on the nature of the compounds for which they are used. In
LC-MS, the same rules that govern the ionization of pure compounds in the direct insertion
mode are roughly preserved. Most interfaces work with reversed-phase HPLC systems, with a
number of them suitable for the analysis of plant secondary metabolites. These include
thermospray (TSP), continuous-flow fast-atom bombardment (CF-FAB), and electrospray
(ES).”® They cover the ionization of relatively small nonpolar products (aglycones, MW 200) to
highly polar molecules (glycosides, MW 2000). Contrary to TSP or CF-FAB, where the source
is in the vacuum region of the mass spectrometer, in ES the ion source is at atmospheric
pressure. Atmospheric pressure ionization (API) has rendered LC-MS more sensitive and easy
to handle. An API interface or source consists of five parts: (a) the liquid introduction device or
spray probe; (b) the actual atmospheric pressure ion source region, where the ions are generated
by means of electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI),
or by other means; (¢) an ion sampling aperture; (d) an atmospheric pressure-to-vacuum
interface; (e) an ion optical system, where the ions are subsequently transported into the
mass analyser.®” ESI and APCI are soft ionization techniques that generate mainly molecular
ions for relatively small plant metabolites such as flavonoids.

Mass spectral data provide structural information on flavonoids and are used to deter-
mine molecular masses and to establish the distribution of substituents between the A- and
B-rings. A careful study of fragmentation patterns can also be of particular value in the
determination of the nature and site of attachment of the sugars in O- and C-glycosides. For
flavonoid aglycones and glycosides with a limited number of sugar units (not more than
three), TSP LC-MS analysis leads to a soft ionization, providing only intense [M + H]" ions
for the aglycones and weak [M + H]" ions of glycosides (mono- or disaccharide), together
with intense fragment ions due to the loss of the saccharide units, leading to the aglycone
moiety [A + H]".
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For example, the LC-UV-MS analysis of a methanol root extract of Gentianella cabrerae
(Gentianaceae) gave a peak in the HPLC chromatogram (Figure 1.8), which had a UV
spectrum characteristic of a xanthone (compound 2) and one which had a UV spectrum
typical for a flavonoid (compound 1). In the TSP mass spectrum, the latter exhibited a
protonated molecular ion [M+H]" at m/z 463 and fragments [M+H —90]" and
[M+H — 120]" at m/z 373 and 343, respectively, which were characteristic for the cleavage
of flavone C-glycosides. According to these data, 1 was most probably a flavone C-glycoside
substituted by three hydroxyl groups and one methoxyl group. Two isomeric flavones in the
Gentianaceae, isoscoparin and swertiajaponin, fit with such data.”!

In general, HPLC coupled with diode array and mass spectrometric detection provides an
efficient method of rapid identification of flavonoids in a mixture. This technique now finds
widespread application. By this means, 14 xanthone and flavonol glycosides were character-
ized online in a prepurified extract of mango (Mangifera indica, Anacardiaceae) peels, using
ESI MS.* LC-UV-MS profiles of several medicinal plant extracts, including red clover
(isoflavonoids), sour orange (flavanones), and astragalus (isoflavonoids and isoflavans),
have been described by He.”’

Both ES and TSP are soft ionization methods and do not typically produce many
fragments. This is useful in quantitative analysis or molecular mass determination but is of
little use in structure elucidation. In this case, collision-induced dissociation (CID) or colli-
sion-activated dissociation methods can be employed.’? Fragmentation is induced in one of
the high-pressure regions of the ion passageway from source to mass analyzer. Fragment ions
produced by CID are very efficiently transported into the mass analyzer, providing a simple
MS-MS method. With LC-MS, one analysis without CID and one with CID can be
performed to obtain fragments of all components. CID is carried out to enhance fragmenta-
tion of the analytes either at the ES source (in-source CID) or in conjunction with tandem
MS. In tandem MS, the first operation is to isolate a parent ion and the second is to determine
the mass-to-charge ratio of the product ions formed after CID of the parent ion. The sequence
of ion isolation and CID can be repeated many times in MS”. Tandem MS and in-source CID
give very similar product-ion mass spectra.

Since molecular weight information alone is insufficient for online structural determin-
ation of natural products, the fragmentation pathways of flavones and flavonols by fast-atom
bombardment CID MS-MS have been documented.”®

The CID MS-MS and MS" spectra of flavonoids have been systematically studied using
hybrid quadrupole time of flight (Q-TOF) and ion trap (IT) mass analyzers, under various
energy conditions, to generate fragment ions.”” These two instruments were chosen because
the CID process in beam and trap systems is not generated in the same way. The results
demonstrated that, if for hydroxylated flavonoids the CID MS-MS spectra generated on
both instruments were similar, for partially methoxylated derivatives, there were important
differences. This is a hindrance to the creation of MS-MS databases exchangeable between
instruments. Generally, fragments issued from C-ring cleavage were easier to observe on a Q-
TOF instrument, while losses of small molecules were favored in IT-MS. MS-MS recorded in
the positive ion mode were more informative than those obtained from negative ions. Online
accurate mass measurements of all MS-MS fragments were obtained on the Q-TOF instru-
ment, while the multiple-stage MS" capability of the IT was used to prove fragmentation
pathways. Molecular formulae with an accuracy of 1.8 ppm could be produced for isovitexin
on the Q-TOF instrument.”” It is worthy of note that high-resolution MS allows molecular
formulae of compounds to be assessed directly; these can then be cross-checked with spectral
libraries to provide identification of unknown components.

The application of tandem MS (LC-TSP MS-MS) can be illustrated for the online
characterization of flavonoids from Gentianella cabrerae. The LC-UV-MS of the methanol
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FIGURE 1.8 LC-UV-MS analysis of a methanolic extract of Gentianella cabrerae. The UV trace was
recorded at 254 nm and the UV spectra from 200 to 500 nm. The LC-TSP-MS trace was recorded from
250 to 1000 pm. HPLC: Column Novapak Cig (150 x 3.9 mm, 4 pm); gradient of CH3;CN-H,O
(containing 0.1% TFA) 5:95 — 65:35 in 50 min; flow-rate 1 ml/min; 0.5 M NH4OAc (0.2 ml/min)
postcolumn. TSP: positive ion mode; filament off; vaporiser 100°C; source 280°C. (From Hostettmann,
K., Wolfender, J.L., and Rodriguez, S., Planta Med., 63, 2, 1997. With permission.)
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FIGURE 1.9 Online LC-TSP MS-MS of swertiajaponin (1) from the methanol extract of Gentianella
cabrerae. The CID of the [M + H — 120]* ion at m/z 343 exhibited characteristic fragments for the
substitution of the B-ring and for the glycosylation at C-6. (From Hostettmann, K., Wolfender, J.L.,
and Rodriguez, S., Planta Med., 63, 2, 1997. With permission.)

o (|

extract indicated the presence of different flavonoid C-glycosides. LC-TSP MS data were
insufficient to determine if compound 1 (Figure 1.9) was isoscoparin or swertiajaponin, two
isomeric glycosides having a methoxyl group either at position C-3" or at C-7, respectively.
In order to complete structure determination, LC-TSP MS-MS of 1 was performed on the
intense [M 4+ H — 120]" ion (Figure 1.9). The experiment was run on a triple quadrupole
instrument, in which the first quadrupole was set in order to filter the ion [M +H — 120]*.
This ion was then selectively fragmented by CID with argon in the collision chamber (the
second quadrupole). Finally, the spectrum was recorded by scanning the third quadrupole. A
classic fragmentation of the aglycone moiety of the flavonoid gave an ion at m/z 137. This
fragment was indicative of a B-ring substituted with two hydroxyl groups, confirming the
localization of the methoxyl group of 1 on the A-ring. Ions at m/z 163 and 191 were specific
for flavone C-glycosides having their saccharide moiety at C-6. Thus, the flavonoid could be
identified as swertiajaponin.”!

In a study of the Guinean medicinal plant Dissotis rotundifolia (Melastomataceae) by
hyphenated HPLC techniques, online data showed the presence of isomeric pairs of C-
glycosylflavones in the alcoholic or hydroalcoholic extracts but these could not be distin-
guished either by TSP LC-MS or their UV spectra. Figure 1.10 shows the TSP LC-MS
analysis of a methanol extract of D. rotundifolia, with the corresponding UV spectra of the
four separated glycosides (1-4). However, tandem MS (TSP LC-MS-MS) provided a means
of differentiating the isomers. There were well-defined [M + H]* pseudomolecular ions and
[M +H —120]"* ion fragments for all four C-glycosylflavones but only isoorientin and iso-
vitexin, the 6C-isomers, gave daughter ions at m/z 177 and m/z 149 from the [M +H — 120]"
parent ion in the CID spectra (Figure 1.11) and hence could be distinguished from the 8C-
isomers. The ions at m/z 177 and m/z 149 are produced after a retro-Diels—Alder fragmenta-
tion, which only occurs for isoorientin and isovitexin (Figure 1.12). By performing two parent
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FIGURE 1.10 TSP LC-MS analysis of a methanol extract of Dissotis rotundifolia. Column Novapak C;g
(300 x 3.9 mm, 4 pm); CH;CN-H,O (14:86) (containing 0.05% TFA); flow rate 0.8 ml/min; detection
350 nm; RIC reconstructed ion current.

ion scan experiments with an isoorientin reference solution, it was possible to confirm that
m/z 177 and m/z 149 were daughter ions of m/z 329. This is a rapid and simple means
of distinguishing C-glycosylflavonoid isomers in plant extracts.”®

While typical flow rates for the HPLC analyses of flavonoids lie in the 1.0 to 1.5 ml/min
range, the introduction of short columns containing stationary phases with smaller pore sizes
(allowing narrower peaks to be obtained in shorter separation times) means that considerably
lower flow rates are the trend. Not only is there a decrease in solvent consumption but
coupling to mass spectrometers or NMR instruments is facilitated.

1.4.6 HiGH-PERFORMANCE LiQuID CHROMATOGRAPHY—NUCLEAR MAGNETIC RESONANCE

Careful and critical use of the hyphenated techniques LC-UV-MS and LC-MS-MS can
provide sufficient online information for the identification of small molecules such as flavo-
noids. However, in many cases, more data are required for an in-depth structural investiga-
tion and this can be supplied by the addition of an LC-NMR analytical capability (Figure
1.13). For practical purposes, LC-UV-MS and LC-UV-NMR are generally run as separate
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FIGURE 1.11 Online mass spectra of isoorientin (1) and orientin (2) in the TSP mode. The respective
TSP MS-MS (CID) analyses of the parent [M + H — 120]" (m/z 329) ions are also shown.

operations. The coupling of HPLC with NMR spectroscopy, introduced around 1978, is one
of the most powerful methods for the combined separation and structural elucidation of
unknown compounds in mixtures.”®"!*

At first, LC-NMR was little used because of its lack of sensitivity. However, recent
progress in pulse field gradients and solvent suppression, improvement in probe technology,
and the construction of high-field magnets have given a new impulse to the technique. While
HPLC-NMR coupling is relatively straightforward (the samples flow in a nonrotating 60 to
180 wl glass tube connected at both ends with HPLC tubing) compared to LC-MS, the main
problem of LC-NMR is the difficulty of observing analyte resonances in the presence of the
much larger resonances of the mobile phase. This problem is magnified under typical
reversed-phase HPLC operating conditions, where more than one protonated solvent is
used and where the resonances change frequencies during analysis in the gradient mode.
Furthermore, the continuous flow of sample in the detector coil complicates solvent suppres-
sion. These problems have now been overcome by the development of fast, reliable, and
powerful solvent suppression techniques, such as WET (water suppression enhanced through
T, effects),'”" which produce high-quality spectra in both on-flow and stopped-flow modes.
These techniques consist of a combination of pulsed-field gradients, shaped radiofrequency
pulses, shifted laminar pulses, and selective '*C decoupling, and are much faster than classical
presaturation techniques previously used in the field. Thus, for typical reversed-phase HPLC
analyses, nondeuterated solvents, such as methanol and acetonitrile, can be used, while water
is replaced by D,O.

The information provided by LC-NMR consists mainly of '"H NMR spectra or 'H-'H
correlation experiments. Access to '°C NMR is possible but is restricted only to a very limited
number of cases where the concentration of the LC peak of interest is high and '*C NMR
data can be deduced indirectly from inverse detection experiments. Due to the low natural
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abundance of the '*C isotope (1.1%), the sensitivity for direct measurement in the LC-NMR
mode is insufficient.

LC-NMR can be operated in two different modes: on-flow and stopped-flow. In the on-
flow mode, LC-NMR spectra are acquired continuously during the separation. The data are
processed as a two-dimensional (2D) NMR experiment. The main drawback is the inherent
low sensitivity. The detection limit with a 60 pl cell in a 500 MHz instrument for a compound
with a molecular weight around 400 amu is 20 pg. Thus, on-flow LC-NMR runs are mainly
restricted to the direct measurement of the main constituents of a crude extract and this is
often under overloaded HPLC conditions. Typically, 1 to 5 mg of crude plant extract will
have to be injected on-column.'%? In the stopped-flow mode, the flow of solvent after HPLC
separation is stopped for a certain length of time when the required peak reaches the NMR
flow cell. This makes it possible to acquire a large number of transients for a given LC peak
and improves the detection limit. In this mode, various 2D correlation experiments (COSY,
NOESY, HSQC, HMBC) are possible.

The combination of HPLC with online UV, MS, and NMR detection has proved to be a
very valuable tool for the analysis of natural products in extracts or mixtures.'°>!°* The field of
flavonoids is no exception. The LC-NMR information obtained comes from the "H NMR
spectra of selected peaks in the HPLC chromatogram. From LC-MS, A- or B-ring substitution
can be deduced from the fragmentation pattern but the exact location of the substituent cannot
be determined. However, for a flavonoid like apigenin, where only one hydroxyl group is
located on the B-ring, '"H NMR will give the substitution position because each of the three
possibilities of localization of the hydroxyl group will give a unique splitting pattern. Much
information can be derived about the nature and linkage positions of sugars. However, since
D,0 is present in the eluent, exchangeable signals are not observed in the NMR spectrum.

An example of the LC-NMR stop-flow procedure is provided in the analysis of polyphe-
nolics from the Chilean plant Gentiana ottonis (Gentianaceae).'® Preliminary LC-UV analysis
of a methanol extract of the roots showed the presence of several xanthones (2, 4, 6-8; Figure
1.14), aniridoid (1), and two compounds (3, 5) with UV spectra typical of flavonoids. TSP LC-
MS provided the molecular weights of the latter two compounds and gave fragments charac-
teristic for C-glycosides (losses of 90 and 120 amu). According to their UV spectra, 3 and 5
(MW 448 and 446) were, respectively, tri- and tetra-oxygenated flavone C-glycosides. In order
to obtain further information for characterization of the polyphenols in the extract, LC-NMR
was performed under the same conditions used for LC-UV-MS. However, water was replaced
by D,0 and the amount injected was increased to 0.4 mg, which did not cause a noticeable loss
in resolution. LC—"H NMR spectra were recorded for all the main peaks in the stop-flow mode
and the number of transients for a good signal-to-noise ratio varied between 128 and 2048. For
flavone C-glycoside 5 (MW 446), the LC—"H NMR spectrum (Figure 1.15) gave signals for six
aromatic protons (6 6.8 to 8.1), one methoxyl group (6 4.0), and the C-glycoside moiety (6 3.5
to 5.0). A pair of symmetric ortho-coupled protons (2H, § 7.06, J=28.3, H-3",5" and 2H, 6
8.00, J=38.3, H-2",6') was characteristic for a B-ring substituted at C-4’. The singlet at 6 6.8
was attributed to H-3. A singlet at § 6.9 was due to a proton either at position C-6 or C-8 on
the A-ring. Thus, LC-UV-MS and stop-flow LC-NMR were not sufficient to fully ascertain
the structure of 5. In order to ascertain the position of C-glycosylation, an LC-MS-MS
experiment was performed by choosing [M + H — 120]" as parent ion. This gave fragments at
m/z 191 and 163, characteristic for 6-C-glycosylated flavones (described earlier). The fragment
at m/z 121 indicated a monohydroxylated B-ring, confirming the methoxyl group to be on
the A-ring. This combination of data allowed identification of 5 as 5,4'-dihydroxy-7-methoxy-
6-C-glucosylflavone (swertisin).'**

If full metabolite profiling of a plant extract has to be performed, LC-NMR can be run in
the on-flow mode. In order to obtain adequate NMR spectra of all constituents, the amount
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FIGURE 1.14 Online LC-UV of a methanol extract of Gentiana ottonis, with protonated molecular ions
obtained for the main constituents by TSP LC-MS. Column Novapak C;g (150 x 3.9 mm, 4 pm);
gradient CH;CN-H,O (containing 0.05% TFA) 5:95 — 65:35 in 50 min; flow rate 0.8 ml/min. (From
Wolfender, J.-L., Ndjoko, K., and Hostettmann, K., in Methods in Polyphenol Analysis, Santos-Buelga,
C. and Williamson, G., Eds., Royal Society of Chemistry, Cambridge, 2003. With permission.)

of sample injected has to be increased — this produces overloading when compared with
normal analytical HPLC conditions but gives the possibility of testing for biological activity
(in conjunction with a microfractionation procedure). This was the approach adopted for the
investigation of new antifungal constituents from Erythrina vogelii (Leguminosae), a medi-
cinal plant of the Ivory Coast.'% In order to rapidly identify the active principles from the
antifungal dichloromethane extract of the roots, preliminary analysis by LC-UV and Q-TOF
LC-MS was performed. Approximately 12 major peaks were observed in the HPLC chro-
matogram and from UV, MS, and MS-MS online data, these were shown to be prenylated
isoflavones and isoflavanones. In order to obtain more information, on-flow LC-'"H NMR
was performed by injecting 10 mg of crude extract onto an 8§ mm C;g radial compression
column connected to the NMR instrument. At a low flow rate (0.1 ml/min), acquisition of ten
LC-NMR spectra was possible. Of these ten peaks, five were found by simultaneous HPLC
microfractionation to be associated with the antifungal activity of the extract. Interpretation
of all online data, with emphasis on LC-NMR, allowed the identification of eight flavonoids,
including a known isoflavone with antifungal activity and two putative new isoflavanones,
also with antifungal activity. This dereplication procedure allowed the targeted isolation of
the new antifungal compounds.'®”

Applications of LC-NMR for the online identification of flavonoids are still few and far
between, one reason probably being the high cost of the apparatus. However, several other
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FIGURE 1.15 Stop-flow LC-"H NMR spectrum of swertisin (5) from the methanol extract of the roots
of Gentiana ottonis, together with the TSP LC-MS (a) and TSP LC-MS-MS (b) spectra. The LC-MS—
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teristic daughter ions at m/z 121, 163, and 191 were observed, indicating the substitution on the A- and
B-ring of the C-glycosylflavone. (From Wolfender, J.-L., Ndjoko, K., and Hostettmann, K., in Methods
in Polyphenol Analysis, Santos-Buelga, C. and Williamson, G., Eds., Royal Society of Chemistry,

Cambridge, 2003. With permission.)
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examples do exist, in addition to those mentioned above. The technique has been successfully
applied to the analysis of Hypericum perforatum (Guttiferae). Online identification of querce-
tin, several of its glycosides, and the biflavonoid I5,I18-biapigenin in an extract was possible.'%

1.4.7 CAPILLARY ELECTROPHORESIS

CE is an analytical technique that provides high separation efficiency and short run times.
When compared to HPLC, however, CE generally exhibits much lower sensitivity, a tendency
to overload with samples, and less reproducible quantitative data. In contrast to HPLC,
method development is more time consuming in CE — involving investigation of types, pH
and concentrations of electrolytes, types and concentrations of surfactants and organic
modifiers, temperatures, and applied voltages. Several modes of CE are available: (a) capil-
lary zone electrophoresis (CZE), (b) micellar electrokinetic chromatography (MEKC), (c)
capillary gel electrophoresis (CGE), (d) capillary isoelectric focusing, (e) capillary isotacho-
phoresis, (f) capillary electrochromatography (CEC), and (g) nonaqueous CE. The simplest
and most versatile CE mode is CZE, in which the separation is based on differences in the
charge-to-mass ratio and analytes migrate into discrete zones at different velocities.'®” Anions
and cations are separated in CZE by electrophoretic migration and electro-osmotic flow
(EOF), while neutral species coelute with the EOF. In MEKC, surfactants are added to the
electrolyte to form micelles. During MEKC separations, nonpolar portions of neutral solutes
are incorporated into the micelles and migrate at the same velocity as the micelles, while the
polar portions are free and migrate at the EOF velocity.

Applications of CE for the analysis of phytochemicals have been well documente
CE is especially suitable for the separation of flavonoids as they are negatively charged at
higher pH values.'*®!''% Suntornsuk''® has reviewed quantitative aspects and method vali-
dation of CE for flavonoids. Compared with HPLC, CE can provide an alternative analytical
method when higher efficiency or higher resolution is required. For example, while TLC and
HPLC analyses of passion flower do not provide adequate separation of all identified
flavonoids, CE can fulfill the necessary requirements.''! Separations of Passiflora incarnata
(Passifloraceae) flavonoid glycosides were performed on a 50 wm internal diameter uncoated
fused-silica capillary with 25 mM sodium borate buffer with 20% methanol (pH 9.5). The
voltage was 30 kV and the temperature of the capillary maintained at 35°C. The CE
instrument was equipped with a diode array detector. Twelve glycosides were satisfactorily
separated within 13 min (Figure 1.16). For quantification, quercetin 3-O-arabinoside was
used as internal standard. Calibration curves for internal standardization were established.
The method was applied to the analysis of ten commercial samples of Passiflorae herba. They
showed similar flavonoid patterns but differed quantitatively in individual flavonoid glyco-
sides. Reproducibility was good, with a coefficient of variation (CV) of 2.83% for interday
precision and a mean CV of 1.26% for migration time.''!

Other applications include the online coupling of capillary isotachophoresis and CZE for
the quantitative determination of flavonoids in Hypericum perforatum (Guttiferae) leaves
and flowers. This method involved the concentration and preseparation of the flavonoid
fraction before introduction into the CZE capillary. The limit of detection for quercetin 3-O-
glycosides was 100 ng/ml.'"?

d.108,109

1.5 OUTLOOK

Preparative separations still present a challenge. There is no general, simple, straightforward
strategy for the isolation of natural products, even if certain compounds are readily accessible
by modern chromatographic techniques. Each particular separation problem has to be
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FIGURE 1.16 Electropherogram of a Passiflorae herba methanol extract. Capillary temperature 35°C;
voltage 30 kV; electrolyte buffer 25 mM sodium tetraborate containing 20% MeOH (pH 9.5); UV
detection at 275 nm; IS internal standard quercetin 3-O-arabinoside. (From Marchart, E., Krenn, L.,
and Kopp, B., Planta Med., 69, 452, 2003. With permission.)

considered on its own and a suitable procedure has to be developed. In this respect, the
flavonoids are no exception.

However, analytical separations of flavonoids are now routine. In quantitative measure-
ments, the amounts of the individual components within a particular class of constituent need
to be determined. Nowadays, this can easily be achieved through the use of GC, HPLC, and
hyphenated techniques.

In HPLC, microbore operation is becoming popular, especially for LC-MS applications,
because it allows smaller samples, faster separation times, and lower solvent consumption.

The trend is toward multiple hyphenation techniques like HPLC-UV-MS and HPLC-
UV-NMR. These have an enormous potential for the rapid investigation of plant extracts.'®
Multiple hyphenation in a single system provides a better means of identification of com-
pounds in a complex matrix.

Applications of LC-NMR are still scarce but the technique will become more widely used.
The main effort for efficient exploitation of LC-NMR needs to be made on the chromato-
graphic side, where strategies involving efficient preconcentration, high loading, stop-flow,
time slicing, or low flow procedures have to be developed. Microbore columns or capillary
separation methods, such as capillary LC-NMR, CE-NMR, and CEC-NMR, will find
increased application, one reason being that the low solvent consumption will allow the use
of fully deuterated solvents.

Other online HPLC techniques (such as LC-CD or LC-IR) are likely to be exploited. For
example, a mixture of diastereoisomeric biflavonoids from the African plant Gnidia involucrata
(Thymelaeaceae) could not be separated on a preparative scale by HPLC or crystallization.
However, their analytical separation on a C;g column was sufficient to run an online LC-CD
investigation and provide stereochemical information about the individual isomers.'"?
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2.1 INTRODUCTION

The purpose of this chapter is mainly to review the different spectroscopic techniques used for
flavonoid analysis during the last decade. A typical analysis involving spectroscopic techniques
embraces structural elucidation including determination of stereochemical attributes. How-
ever, it may also be aimed at tracing specific compounds and presenting quantitative aspects (see
Chapter 1), or revealing color depiction. More than 7000 structures in various flavonoid classes
have been reported in this book. Nearly half of them have been reported after 1993, which reflect
that continual improvements in methods and instrumentation used for separation and struc-
tural elucidation have made it easier to use smaller flavonoid quantities to achieve results at
increasing levels of precision. Recent attention regarding the variety of flavonoid structures
(Chapters 10-17) and their potential properties (Chapters 4-9) has highlighted the need for
understanding the physiological functions of individual flavonoids in plants and animals, and
their importance to human health. Deciphering biological functions, including pharmaceutical
functions, from structural flavonoid information is of increasing importance in our society.
From an analytical point of view, flavonoids may be grouped into various types
of monomeric aglycones, bi-, tri-, and oligo-flavonoids including proanthocyanidins,
C-alkylated flavonoids, flavonoids with different levels of O-methylation, and flavonoids
with one or more saccharide units, which may include various types of acyl substituents
(Chapters 10-17). The flavonoids under investigation may be part of complexes, may occur
in complex matrices, and some flavonoids like the anthocyanins may exist on a variety of
equilibrium forms. A successful characterization will thus follow a specific analytical route
designed for the type of flavonoids under investigation, and the sort of information that is
looked for. Without reference compounds the characterization of a novel compound will
normally require more spectroscopic data than in the determination of a flavonoid that has
been reported earlier. The amounts of flavonoids present in most plant tissues are relatively
small even though the visual impression is quite striking. Methods for the characterization
of individual flavonoids have traditionally reflected the lack of available material, and
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sensitive chromatographic and spectroscopic techniques have achieved prominence in
the characterization of flavonoids.' > Thus, the coupling of instruments performing chro-
matographic separations to those providing structural data (hyphenated methods), in
particular high-performance liquid chromatography (HPLC) coupled to a diode-array de-
tector, and a mass spectrometer or, more recently, a nuclear magnetic resonance (NMR)
instrument, has had an enormous impact on structural studies involving flavonoids (see also
Chapter 1).

Before a species is analyzed with respect to its flavonoid content, knowledge about earlier
reports on the chemistry and flavonoid distribution within the genus and related species
may be of value. The most exhaustive source for such information is Chemical Abstracts,
and excellent reviews on structures and distribution of flavanoids have been compiled
regularly.*!? Several reviews have recently addressed the general field of flavonoid analy-
sis.>! Among the earlier reviews in the field, we will particularly recommend consulting
Techniques of Flavonoid Identification by Markham® and Plant Phenolics by Harborne.’
References to review articles on specific spectroscopic techniques applied on flavonoids will
be cited under the various spectroscopic methods covered in this chapter. Spectroscopic
information of importance is also presented in several other chapters in this book.

In this chapter, examples of the usefulness and recent applications of the different
spectroscopic techniques applied on various flavonoids will be presented. Developments in
NMR instrumentation including higher fields, high-temperature superconducting probes,
low-temperature coils, better radiofrequency technology, as well as improvements of tech-
niques and computing power have made NMR spectroscopy (Section 2.2) the most important
tool for structural elucidation of flavonoids when these compounds are isolated in the
milligram scale. Special effort has been made in this chapter to present assigned 'H and '*C
chemical shifts characteristic for the various flavonoid classes (Table 2.1-Table 2.6), and we
present the first report of a 3D heteronuclear single-quantum coherence-total correlation
spectroscopy (HSQC-TOCSY) spectrum applied to a flavonoid (Figure 2.6). Advances in
mass spectrometry (MS) methodology have been shown to be extremely valuable for flavo-
noid analysis during the last two decades, especially the use of mild ionization techniques,
which have improved the possibility of recording molecular ions and suppressed the detection
limits by several orders of magnitude (Section 2.3). When flavonoid standards are not
available, detailed structural information can be obtained by resorting to cone voltage
fragmentation (by collision-induced dissociation (CID), tandem MS, etc.) and use of various
types of mass analyzers.

Although vibrational spectroscopy (Section 2.4), infrared (IR) spectroscopy and Raman
spectroscopy, is not routinely used in most flavonoids studies, the range of potential uses for
these methods have been extended considerably by the development of microspectrometers
with laser excitation, linked techniques, e.g., liquid chromatography (LC)-Fourier transform
IR (FTIR), and two-dimensional (2D) correlation IR. Near-IR (NIR) spectroscopy has been
shown to be an effective alternative method to conventional quantitative analysis of flavo-
noids in food, plant extracts, and pharmaceutical remedies. Absorption spectroscopy (ultra-
violet, UV, or UV-Vis) (Section 2.5) will normally form part of any particular flavonoid
analysis during the initial analytical stages; however, during the period of this review only
minor advances in methodology were reported. In the flavonoid field, absorption spectros-
copy provides most structural information about anthocyanins. Color measurements using
CIE (Commission Internationale de I’Eclairage) specifications applied to pure anthocyanins
and anthocyanins in plants and products derived thereof, determination of absolute config-
uration of flavonoid stereocenters by circular dichroism (CD) spectroscopy, and x-ray dif-
fraction studies on solid flavonoid structures have been treated separately in Sections 2.6-2.8,
respectively. Abbreviations are listed in Chapter 1.
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2.2 NMR SPECTROSCOPY

2.2.1 INTRODUCTION

NMR spectroscopy is an extremely powerful analytical technique for the determination of
flavonoid structures,”®>* but it is limited by poor sensitivity, slow throughput, and difficulties
in analysis of mixtures. Recent developments have, however, made NMR arguably the most
important tool for complete structure elucidation of flavonoids. Today, it is possible to make
complete assignments of all proton and carbon signals in NMR spectra of most flavonoids
isolated in the low milligram range. These assignments are based on chemical shifts (6) and
coupling constants (J) observed in 1D 'H and '*C NMR spectra combined with correlations
observed as crosspeaks in homo- and heteronuclear 2D NMR experiments. Other nuclei like
70 NMR spectroscopy has been used to study flavonoids only in a few cases. Natural
abundance '’O NMR spectra have been recorded for 11 methoxyflavones,* and 'O NMR
data for some 3-arylidenechromanones and flavanones have recently been discussed in terms
of mesomeric and steric substituent interactions.>> '’O NMR spectroscopy has also been used
to study the effect of sugar on anthocyanin degradation and water mobility in a roselle
anthocyanin model system.?

Advances in computing power have been an important factor for the success of more
advanced NMR techniques. Running many scans and accumulating data may enhance weak
signals since baseline noise, which is random, tends to cancel out. One of the main advantages
to be gained from signal averaging combined with the use of Fourier transform methods and
high-field superconducting magnets (up to 21 T) is the ability to routinely obtain *C NMR
spectra. This carbon isotope exists in low abundance (1.108%) compared to the essentially
100% abundance of "H. NMR sensitivity also depends on magnetogyric constants, which for
13C is only one-fourth of the value of "H. Thus, the sample amount required for *C NMR
spectra is about ten times that for 'H NMR spectra, and the number of scans is normally
much higher. Progress in NMR instrumentation has been considerable during the last decade,
and the recent development of cryogenic probe technology may further increase the signal-
to-noise ratio by a factor of 3 to 4, as compared to conventional probes, leading to a possible
reduction in experiment time of up to 16 or a reduction in required sample concentration by
a factor of up to 4.>” NMR instruments equipped with cryogenic probes have hitherto very
rarely been used in structural elucidation of flavonoids.?®

Excellent compilation of NMR data on individual flavonoids has previously been pre-
sented,”®*? and some useful reviews in this field have also been published recently.?*>*-°
Based on a database containing 700 '*C spectra of flavonoids obtained from the literature,
pattern recognition has been used to assemble compatible substructures according to related
spectra.! Some recent publications reporting flavonoid coupling constants include: NMR
studies on flavones after the incorporation of '*C at the carbonyl group, which allowed the
measurement of two- and three-bond carbon-carbon coupling constants, ranging from 1.4 to
3.5 Hz, and the measurement of two-, three-, and four-bond carbon-hydrogen coupling
constants, which ranged from 0.3 to 3.8 Hz;*> complete assignment of the 'H and '*C
NMR spectra of several flavones and their proton—proton and carbon-proton coupling
constants, including the extreme seven-bond long-range coupling between H-7 and H-3 in
6-hydroxyflavone (0.52 Hz) and flavone (0.27 Hz).**> Typical one-bond 'H-'*C coupling
constants of monosaccharides in anthocyanins have been observed within magnitudes of
125 and 175 Hz.**

Mainly during the last decade structural information regarding flavonoids associated with
other molecules has been reported. High-resolution 'H magic angle spinning (MAS) NMR
spectroscopy has been used to investigate the structural basis for the antioxidative effects of



Spectroscopic Techniques Applied to Flavonoids 41

five flavones and flavonols on the lipid molecules of cellular membranes.*> A structural model
of the solution complex between the flavonol kaempferol 7-neohesperidoside and a DNA
dodecamer containing the E. coli wild-type lac promoter sequence (TATGTT) was obtained
by simulated annealing for refinement based on distance constraints derived from nuclear
Overhauser enhancement spectroscopy (NOESY) spectra.®® The saturation transfer differ-
ence NMR technique has been used to investigate the binding of luteolin and its 7-O-B-D-
glucopyranoside to a multi-drug-resistance transporter protein,>’ and NMR (TOCSY and
NOESY spectra) has demonstrated molecular interaction of human salivary histatins with a
flavan-3-ol ester, epigallocatechin gallate.*® A review of NMR studies on the conformation of
polyflavanoids and their association with proteins has been reported by Hemingway et al.*

The use of NMR spectroscopy in the chemical analysis of food and pharmaceutical
products is very advantageous because it is nondestructive, selective, and capable of simul-
taneous detection of a great number of low-molecular-mass components in complex mixtures.
Conventional 1D and 2D NMR and high-resolution diffusion-ordered spectroscopy have
recently been used for the characterization of selected Port wine samples of different ages.*
NMR analysis of anthocyanins and amino acids has been used to differentiate wines accord-
ing to the vine variety, geographic origin, and year of production.*' Multivariate statistical
analysis of 2D NMR data of polyphenol extracts has been applied to differentiate grapevine
cultivars and clones,* and a "H NMR method has been utilized for quality control analyses
of Ginkgo constituents, including flavonols.*> A very interesting metabolomic approach
based on chemometric analysis of '"H NMR spectra of blood plasma has been used
to investigate metabolic changes following dietary intervention with soy isoflavones in
healthy premenopausal women under controlled environmental conditions.** With respect
to future in vivo studies, the production of '*C-labeled anthocyanins in cell cultures is
promising.*’

In this chapter, NMR solvents useful for flavonoid analysis are presented (Section 2.2.2),
followed by an overview of various NMR techniques, including improved 2D and 3D NMR
techniques with potential in structural elucidation of flavonoids (Section 2.2.3). The applica-
tion of solid-state NMR and the coupled technique LC-NMR as tools for flavonoid analysis
have been highlighted in separate sections (Sections 2.2.4 and 2.2.5). Tabulated compilations
of recently published NMR data (both chemical shifts and coupling constants) on flavonoids
belonging to various subclasses, including individually assigned data for rotameric flavone C-
glycoside conformers (Table 2.1 and Table 2.2), complete assignments of 'H and '*C chemical
shifts of various flavonoid glycosyl (Table 2.3 and Table 2.4) and acyl (Table 2.5 and Table
2.6) moieties, reveal the importance of NMR for flavonoid structure elucidations. The names
of the flavonoids listed in Table 2.1-Table 2.6 are collated in Table 2.7 and their structures are
shown in Figure 2.8-Figure 2.16.

2.2.2 NMR SOLVENTS

The most frequently used NMR solvents for flavonoid analyses are hexadeuterodimethylsulf-
oxide (DMSO-db) and tetradeuteromethanol (CD;0D). Anthocyanins require the addition of
an acid to ensure conversion to the flavylium form. For the analysis of relatively nonpolar
flavonoids, solvents such as hexadeuteroacetone (acetone-d6), deuterochloroform (CDCly),
carbontetrachloride (CCly), and pentadeuteropyridine have found some application. The
choice of NMR solvent may depend on the solubility of the analyte, the temperature of the
NMR experiments, solvent viscosity, and how easily the flavonoid can be recovered from
the solvent after analysis. In recent years, the problem of overlap of solvent signals with key
portions of the NMR spectrum has been reduced by solvent suppression and the application
of improved 2D and 3D NMR techniques.
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Most flavonoids in the milligram scale are dissolved relatively easily in DMSO-d6. The
solvent peak (39.6 ppm) and the residual solvent signal (2.49 ppm) are used as secondary
references for '>C and "H, respectively. DMSO is viscous at room temperature (m.p. 18°C),
and may be the solvent of choice for recording of optimum nuclear Overhauser effects
(NOEs) in 2D NOESY experiments at room temperatures.*® However, the relatively high
melting point (m.p. 18°C) makes low-temperature studies in this solvent impossible. Alterna-
tively, the low freezing point of CD3;0OD (m.p. —98°C) implies that low-temperature experi-
ments can be performed with this solvent. It is also easy to recover the flavonoid after NMR
analysis by evaporating the solvent (b.p. 65°C); however, in contrast to DMSO the relatively
low boiling point of CD;OD limits the possibilities of high-temperature experiments like
those performed to study the equilibrium of rotameric conformers of flavone C-glycosides.*’
The solubility of several types of flavonoids is more restricted in CD3;O0D than in DMSO;
however, CD;0D combined with various proportions (2 to 20%) of deuterotrifluoroacetic
acid, CF;COOD, is at present the most common NMR solvent used for anthocyanins.
However, the application of acidified NMR solvents may cause the exchange of exchangeable
protons such as the methylene protons of malonyl residues and the anthocyanidin H-6 and H-
8 with deuterium, thus also preventing the detection of '*C correlations of these signals in
heteronuclear correlation experiments.?® Other disadvantages with acidified solvents include
(1) flavonoid glycoside hydrolysis and (2) anthocyanins acylated with dicarboxylic acids may
be esterified by the NMR solvent during analysis.”> Recent NMR investigations and theor-
etical calculations have compared the effect of acetone-d6, DMSO-d6, and CDCIl; on the
conformations of 4',7-di-hydroxy-8-prenylflavan.*®

2.2.3 NMR EXPERIMENTS

The purpose of a standard '"H NMR experiment is to record chemical shifts, spin—spin
couplings, and integration data, thus providing information about the relative number of
hydrogen atoms. Applied to a flavonoid, this information may help in identifying the
aglycone and acyl groups, the number of monosaccharides, and the anomeric configuration
of the monosaccharides. However, for most flavonoids the information provided by a
standard '"H NMR experiment is insufficient for complete structural elucidation. Thus, '*C
NMR experiments (spin—-echo Fourier transform, SEFT, compensated attached proton test,
CAPT, etc.) combined with various 2D NMR experiments, especially those using gradient
techniques that imply increased sensitivity, have to be used for assignments of all 'H and '*C
NMR signals. For the NMR experiments described below, we recommend Braun et al.* for
descriptions of the pulse programs and important acquisition and processing parameters.
A protocol treating experimental details of modern NMR techniques for anthocyanin analy-
sis has recently been published.”?

Two-dimensional NMR spectra are mainly produced as contour maps. These maps may
be best imagined as looking down on a forest where all the trees (representing peaks in the
spectrum) have been chopped off at the same fixed height. Two-dimensional NMR spectra
are produced by homonuclear and heteronuclear experiments. Homonuclear 'H-"H correl-
ated NMR experiments like the double-quantum filtered COSY (‘H-'"H DQF-COSY) and
"H-'H TOCSY experiments generate NMR spectra in which "H chemical shifts along two
axes are correlated with each other. Values on the diagonal in these spectra correspond to
chemical shifts that would have been shown in a 1D '"H NMR experiment. It is the off-
diagonal ““spots,” called crosspeaks, which present information that is new. These crosspeaks
arise from coupling interactions between different 'H nuclei. A crosspeak observed above the
diagonal will normally also be found below the diagonal, thus producing a nearly symmetrical
spectrum. The 1D "H NMR spectra may be placed as projections along the top and left parts
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of the 2D NMR spectra. '"H-"H NOESY (Figure 2.3) and rotating frame Overhaiiser effect
spectroscopy ("H-'"H ROESY) (Figure 2.4) experiments are other examples of homonuclear
NMR experiments. Heteronuclear NMR experiments are represented by 'H-'*C HSQC
(Figure 2.1) and heteronuclear multiple bond correlation (‘"H-'*C HMBC) (Figure 2.2)
experiments. The '*C NMR spectrum (or '*C projection) is displayed along one axis and
the "H NMR spectrum (or 'H projection) along the other. The 'H-'*C correlations are shown
as crosspeaks in the spectrum. Contrary to homonuclear NMR experiments, there exists no
diagonal and only one crosspeak is present for each correlation.

2.2.3.1 COSY and TOCSY

Two-dimensional "H-"H COSY (correlation spectroscopy) experiments allow determination
of the protons that are spin-spin coupled, and the spectrum shows couplings between
neighboring protons CJam, 2T, and *“Jyp) revealed as crosspeaks in the spectrum. The
"H-"H DQF-COSY experiment is a modification of the standard "H-'"H COSY experiment.
The main advantage of the DQF technique is that noncoupled proton signals are eliminated.
The DQF technique eliminates the strong solvent signal and the often very strong H,O signal
associated therewith, which may overlap with flavonoid sugar signals. The DQF-COSY
experiment is routinely used in flavonoid analysis to assign all the sugar protons. The use
of a “sequential walk” approach may provide information on the relative positions of
individual proton signals along a spin system.

The 2D homonuclear '"H-'"H TOCSY (Total Correlation SpectroscopY) experiment
identifies protons belonging to the same spin system. As long as successive protons are
coupled with coupling constants larger than 5 Hz, magnetization is transferred successively
over up to five or six bonds. The presence of heteroatoms, such as oxygen, usually disrupts
TOCSY transfer. Since each sugar ring contains a discrete spin system separated by oxygen,
this experiment is especially useful for assignments of overlapped flavonoid sugar protons in
the 1D "H NMR spectrum. It must be understood that the crosspeak intensity is not an
indicator of the distance between the protons involved, and that all expected correlations may
not appear in a TOCSY spectrum. To avoid this latter problem it may be helpful to record a
second spectrum with another mixing time.

Most of the sugar proton signals found in flavonoids occurs in the narrow spectral region
of 4.5 to 3.0 ppm. Thus, for complex flavonoids containing several sugar units, extensive
overlap occurs in this part of the spectrum. '"H-'H sugar coupling constants for such
compounds can, however, be accessible by using the selective 1D TOCSY experiment, also
known as the HOHAHA (homonuclear Hartman-Hahn) experiment. In the 1D TOCSY
experiment, the resonances of one proton are selected and the signal formed is transferred in
a stepwise process to all protons that are J-coupled to this proton. Instead of crosspeaks,
magnetization transfer is seen as increased multiplet intensity. Thus, this 1D TOCSY spec-
trum looks like a normal 'H NMR spectrum including only the protons that belong to the
same spin system as the chosen proton.

TOCSY experiments have together with other NMR experiments been used for the struc-
tural elucidation of flavonols from, for instance, the Indian spice Mammea longifolia,” from
Erythrina abyssinica,”* red onion,>* Polygonum viscosum,”® Morina nepalensis var. alba,’*
Centaurium spicatum,> Pisum sativum (cv Solara) shoots,>® leaves of Canthium dicoccum,’’
pericarps of Sophora japonica,’® flavonol and chalcone glycosides from Bidens andicola,” a new
flavonol glycoside and a new pterocarpan glucoside from Ononis vaginalis,*® and a flavone and
three iridoids from Stachys spinosa.®’ TOCSY experiments have also been used for structural
elucidation of anthocyanins produced in petals of genetically transformed lisianthus,®* from
blue berries of Vaccinium padifolium,®® and flowers of Ipomoea asarifolia,’*% etc.
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2.2.3.2 'H-">C Heteronuclear NMR Experiments

The HSQC experiment is a 2D one that correlates '*C nuclei with 'H nuclei within a molecule
by means of the one-bond coupling between them (Figure 2.1). In HSQC, the 'H magnetiza-
tion is directly detected and the '*C magnetization is indirectly detected, unlike the HETCOR
experiment, in which '"H magnetization is indirectly detected (F;) and converted to '*C
magnetization, which is directly detected (F,). There are several advantages in the manner
in which magnetization is detected in the HSQC experiment, including increased sensitivity
(<1.0 mg flavonoid sample is sufficient) and the ability to see long-range interactions between
13C and 'H nuclei using a variant called HMBC (heteronuclear multiple bond correlation).
After the assignment of proton signals by a combination of 'H-'H COSY and 'H-'H
TOCSY experiments, the one-bond 'H-'3C correlations observed in the HSQC spectrum
allow the assignment of the corresponding '*C signals. HSQC spectra have been recorded
routinely for a variety of flavonoids during the last decade. A gradient-assisted heteronuclear
multiple quantum correlation (GRASP-HMQC) optimized for the detection of 'Jcy; (147 Hz)
and a long-range version thereof (GRASP-HMQC-LR) optimized for the detection of scalar
coupling **Jey (8, 5, or 3Hz) used for the structural elucidation of an acylated flavonol
glycoside®® are alternatives to the HSQC and HMBC experiments.

The HMBC correlates proton nuclei with carbon nuclei that are separated by more
than one bond (Figure 2.2). The experiment is normally optimized for *Jcy and
2Jeu couplings; however, the intensity of the crosspeaks generated by this experiment
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FIGURE 2.1 'H-"3C heteronuclear single-quantum coherence spectrum of 3-carboxypyranocyanidin
3-glucoside, showing one-bond 'H-'3C correlation crosspeaks. The 1D 'H NMR spectrum is included
as a projection in the proton dimension.'”®
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FIGURE 2.2 '"H-">C heteronuclear multiple bond correlation spectrum of 8-methoxykaempferol
3-0-(6"-malonyl-B-glucopyranoside) (in CD3;0D) showing multiple bond correlations important for
determination of linkages between subunits and assignments of aglycone '>C resonances, respectively.
Horizontal arrows indicate carbon assignments, while vertical arrows show proton assignments.'”®

may sometimes be unexpected; some 'Jey couplings may occur as symmetrical doublets,
while in rare cases crosspeaks caused by "”>Jcy couplings may be observed. In the aromatic
region of the spectra some 2Jcy couplings may be too small to be detected as crosspeaks.

Major applications of the HMBC experiment related to flavonoids include the assignment
of resonances of nonprotonated carbon nuclei of the aglycone and potential acyl group(s)
(Figure 2.2). Since long-range correlation of protonated carbon resonances also occurs with
carbon nuclei that are separated by nonprotonated carbons or other heteronuclei like oxygen,
the experiment is often used to determine the linkage points of the flavonoid building blocks
(aglycone, sugar unit[s] and acyl moieties). The HMBC experiment has been successfully used
for '"H and >C NMR assignments and structural elucidations of a range of flavonoids
including green tea flavonoids,®” four new types of chalcone dimers isolated from Myracro-
druon urundeuva,®® diprenylated chalcones from the twigs of Dorstenia barteri var. subtrian-
gularis,%® flavonol and chalcone glycosides from Bidens andicola,”® two unusual macrocyclic
flavonols,’® rare diastereoisomeric flavonolignans,’’ three epicatechin glucuronides isolated
from plasma and urine after oral ingestion of epicatechin,’* proanthocyanidin dimers,”> "> a
symmetrical glycosylated methylene bisflavonoid Blutaparon portulacoides,’® several perace-
tylated proanthocyanidin trimers,””’® some flavones”** and isoflavones,®' 3-deoxyantho-
cyaniréz,82 many anthocyanins,®***%7 some anthocyanin—flavonol complexes from flowers of
chive,®® etc.
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The 'H and '*C NMR spectra of flavones and aurones are rather similar.?*' However,
these flavonoid subgroups may be distinguished by the long-range correlations found in their
HMBC spectra.® The '"H and '*C NMR data of the (E) and (Z) isomeric pair of 4,6,3 4
tetramethoxyaurone are included in Table 2.1 and Table 2.2. Gradient-enhanced (ge) HSQC
and ge-HMBC studies of the flavonols quercetin and kaempferol and the flavone luteolin
have been used to demonstrate that the strong intramolecular hydrogen bond of the —CO(4)
and —OH(5) moieties persists over a wide range of aqueous solvent mixtures.”® The use of
reference deconvolution to suppress #; noise due to imperfections in spectrometer reproduci-
bility has been described with particular emphasis on the use of HMBC applied on the
proanthocyanidin, ent-epiafzelechin(4a — 8;2a0 — O — 7)-epicatechin.”’

2.2.3.3 Improved Versions of the HMBC Experiment

One-bond correlations observed in the HMBC spectrum may, in some cases, provide useful
structural information. On the other hand, incomplete suppression of the 'Jcy correlations
due to poor low-pass filter quality, which is often the case in the gradient-selected (gs) HMBC
experiment, may complicate the spectrum considerably. Another problem associated with the
gs-HMBC experiment is that the experiment may not be adjusted in a uniform manner to the
wide range of multiple bond coupling constants (ranging from 1 to 25 Hz) of the compound.
Thus, crosspeaks vital for the structural elucidation may be weak or totally absent from the
spectrum.”” To overcome these problems, improved HMBC experiments including 3D
HMBC, in which the third dimension is used to scan the whole range of "Jcy coupling
constants,” and the 2D experiments ACCORD-HMBC,”* IMPEACH-MBC,” and CIGAR-
HMBC,”® have been developed. Only the last of these has been applied to flavonoids.”’
Recently, a 2/,>J-HMBC experiment has been developed that allowed differentiation between
2Jcn and 2Jcy correlations.”>%®

2.2.3.4 Nuclear Overhauser Enhancement Spectroscopy

Protons that are close to each other in space may be observed as crosspeaks in a NOESY
spectrum (Figure 2.3). Thus, the NOESY experiment proves to be a more sensitive alternative
technique to HMBC for the determination of some linkages within a flavonoid. For instance,
when sugars are attached to the 5 and 3" hydroxyls of the aglycone, the anomeric protons
show crosspeaks to H-6 and H-2', respectively, while the anomeric proton of a sugar attached
to the 7 position will exhibit crosspeaks to both H-6 and H-8. NOESY spectra have been used
for unequivocal assignments of methoxyl group resonances and observation of restricted
rotation of the B-ring of 2'-methoxyflavones,” and for the structural elucidation of two
unusual macrocyclic flavonols.”” Crosspeaks observed in a NOESY spectrum may reveal
both intra- and intermolecular distances between flavonoid protons.'® This type of informa-
tion has been used for depiction of association mechanisms involving anthocyanins,°~1%4
and to show that some synthesized 8-C-glucosylflavones in DMSO-d6 adopted conforma-
tions in which the H-2" and H-4" protons in the glucose moiety were oriented toward the B-
ring in the flavone structure.'® Based on NMR data and molecular dynamic simulations, a
folded conformation was elucidated for the flavonol kaempferol 3-O-(2"(6"’-p-coumaroylglu-
cosyl)-rhamnoside) in solution, implying a hydrophobic interaction between the aromatic
nuclei of the aglycone and the acyl group.'

The NOESY experiment has also been very useful for revealing the presence of rotational
conformers of dimeric flavonoids and flavone C-glycosides (Figure 2.3).'°7'% Strong ex-
change crosspeaks between equivalent protons of each conformer revealed the rotational
equilibriums. This NOE phenomenon was first noted by Hatano et al.''® in two conformers
of procyanidin dimers.!'® The volume of the NOESY crosspeaks is related to the distance
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FIGURE 2.3 Expanded region of a NOESY spectrum of kaempferol §-C-(2”-(4""-acetylrhamnosyl)-
glucoside) recorded in CD;0OD showing the exchange crosspeaks between equivalent protons of two
rotameric conformers (denoted as A and B) due to rotational equilibrium. Arrows labeled by 1 to 6 show
the exchange crosspeaks between each pair of the equivalent protons of H-2',6'A/H-2',6'B;
H-1""A/H-1""B; H-1"A/H-1"B; H-3""A/H-3""B; H-5""A/H-5"B; and H-6""A/H-6"'B, respectively. The
relative proportions of A and B were 1.00:0.58 when dissolved in CD;0OD.!”®

between the nuclei, and 3D distance information can be estimated based on the integration of
the volume of the crosspeaks. Here, crosspeaks corresponding to two protons with a known
distance are used as references for the calculation of distance. Thus, intermolecular associ-
ation of two anthocyanin molecules'®' and a structural model of the solution complex
between a flavonol and a DNA dodecamer have been evidenced by NOESY NMR experi-
ments and distance geometry calculations.

2.2.3.5 Rotating Frame Overhauser Effect Spectroscopy

Similar to the "H-'"H NOESY experiment, the "H-"H ROESY experiment is useful for the
determination of signals arising from protons that are close in space but not necessarily
connected by chemical bonds. A ROESY spectrum yields through-space correlations via the
rotating frame (also called rotational nuclear) Overhauser Effect (ROE). When one multiplet
is irradiated, the intensities of multiplets arising from nearby nuclei are affected. The ROESY
experiment (Figure 2.4) is especially useful for cases where the NOESY signals are weak
because they are near the transition between negative and positive, which may be the case for
flavonoids with masses of 800 to 2000 amu. The ROESY crosspeaks are negative; however,
the ROESY (and NOESY) experiment may also yield crosspeaks arising from chemical
exchange. These exchange peaks are always positive.

The ROESY experiment has together with other NMR experiments been used for struc-
tural elucidation of several new flavonoids including a pentaflavonoid, ochnachalcone,
isolated from the stem bark of Ochna calodendron,''! some flavones,”®*° some isoflavones
from soybeans,''? some flavonols from red onion,>* a flavonol glycoside and a pterocarpan
glucoside from Ononis vaginalis,*® a dimeric proanthocyanidin,''® some triacylated anthocya-
nins from Ajuga reptans flowers and cell cultures,® a rare anthocyanin from blue flowers of
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FIGURE 2.4 Expanded region of the "H-"H ROESY spectrum of cyanidin 3,4'-diglucoside, recorded in
CD3;0D-CF;COOD (95:5, v/v) showing through-space correlations, which are important for determin-
ation of the linkages between the aglycone and the sugar units. Projections of the 1D '"H NMR spectrum
are included in both dimensions.>?

Nymphaéa caerulea,'** for seven natural anthocyanins stabilizing a DNA triplex,'!” etc.
Sequential analysis of the oligosaccharide structures of the flavonol tamarixetin-7-O-rutino-
side has been performed by 1D multistep-relayed COSY-ROESY experiments.''® Selective
excitation was performed by Gaussian-shaped soft pulses.

The ROESY experiment has often been used for revealing stereochemical aspects. The
relative stereochemistry of two new biflavonoids isolated from the leaves of Calycopteris
floribunda was deduced through NOE and ROESY experiments, comparative CD experi-
ments, and optical rotation evaluations.''” A ROESY experiment was needed to confirm the
H-2, H-3-trans relationship of the C- and F-rings of a procyanidin trimer, since these protons
showed some rather unexpected coupling constants.”” The experiment has recently been used
in the room-temperature conformational analysis of a biflavanoid and a polyhydroxylated
flavanone-chromone isolated from Cratoxylum neriifolium."'® Both compounds showed rota-
meric behavior due to the presence of a single bond between the highly substituted flavanone
and flavanonol parts and the flavanone and chromone parts, respectively. Transverse-
ROESY experiments in conjunction with theoretical (MM2) calculations have been used to
support the proposal that the two rotamers of spinosin, a flavone C-glycoside, interchanged
via rotation about the C6-C1” bond.'" The structure of B-cyclodextrin (8-CD) inclusion
complexes of naringin, naringin dihydrochalcone, and the aglycone of naringin dihydrochal-
cones has been determined from 2D ROESY and 1D ROE experiments.'*® A quenched
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molecular dynamics (QMD)-ROSY study of a series of semibiosynthetically monoacylated
anthocyanins produced in tissue cultures of Daucus carota has recently led to the identifica-
tion of families of conformers of these flexible molecules that are of interest in work toward
determining the mechanism for stabilization of color among these compounds in solution.'*!

2.2.3.6 Two- and Three-Dimensional HSQC-TOCSY, HSQC-NOESY, HSQC-ROESY,
HMQC-NOESY, HMQC-ROESY

In recent years, several new 2D and 3D NMR techniques with significant potential in
structural elucidation of flavonoids have been evolved.'*? Taking advantage of the excellent
resolution in the '*C dimension, interpretable NOESY, ROESY, or TOCSY data can be
achieved from spectral regions with considerable overlap in the ordinary 2D NOESY,
ROESY, or TOCSY spectra, respectively. The '*C chemical shift values of the individual
monosaccharides in polyglycosylated flavonoids can, for instance, be identified and assigned
by the 2D and 3D HSQC-TOCSY experiments due to the fact that each anomeric proton
exhibits crosspeaks to all '>C resonances in the same spin system. The 2D HSQC-TOCSY,
HSQC-NOESY, HSQC-ROESY, HMQC-NOESY, and HMQC-ROESY experiments are
relatively sensitive, being only slightly less sensitive than the corresponding 2D HSQC
and HMQC experiments, respectively. Despite their potential, as far as we know only 2D
HSQC-TOCSY''#!23:124 has among these techniques, been applied in the structural elucida-
tion of flavonoids. The sugar region of the 2D 'H-'°C gs-HSQC-TOCSY spectrum of
malvidin 3-0-(6"-O-a-rhamnopyranosyl-B-glucopyranoside)-5-O-B-glucopyranoside, show-
ing crosspeaks of most of the sugar signals, is presented in Figure 2.5. Here, we present
the first report of a 3D HSQC-TOCSY spectrum applied to a flavonoid (Figure 2.6). The
spectrum of an anthocyanin, pelargonidin 3-(6"-(4""-E-p-coumaroyl-a-rhamnosyl)-B-gluco-
side)-5-B-glucoside, is recorded in CD;OD-CF;COOD (95:5; v/v). To visualize the potential
of this experiment, a 2D plane derived from the 3D HSQC-TOCSY spectrum shows the
"H-'3C HSQC spectrum of all signals exhibiting TOCSY correlations to the 3-glucosyl
anomeric proton, i.e., a 'H-">C HSQC spectrum representing no more than the correlations
of the 3-glucosyl unit.

2.2.4 SoLip-StaTE NMR

Solid-state NMR is a fast and nondestructive method for identification of flavonoids in the
solid state, provided that a sufficient amount of the sample is available (ca. 10 mg or more).'*>
The development of high-resolution '"H MAS NMR spectroscopy has had a substantial
impact on the ability of researchers to analyze intact tissues. Rapid spinning of the sample
relative to the applied magnetic field serves to reduce line broadening. Thus, it is possible to
obtain very high quality NMR spectra of whole tissue samples with no sample pretreatment.
Geometric data on solids, including determination of hydrogen positions, are usually
obtained by x-ray analysis of crystals. However, according to the Cambridge Structural
Database, x-ray data are available only for a limited number of flavonoids, most probably
due to difficulties with growing single flavonoid crystals. Solid-state '*C NMR data of
powder samples have been used to characterize the solid-state conformation of the flavones
chrysin, apigenin, luteolin, and acacetin, the flavanones naringenin and hesperetin, and the
flavonols galangin, kaempferol, quercetin, and myricetin (Figure 2.7).'>!?° Based on cross-
polarization magic angle spinning (CP-MAS) solid-state '*C NMR spectra, it was found that
the locked conformations of the OH and OCHj; groups in the solids resulted in increased
shielding of carbon atoms adjacent to C—-OH or C-OCHj; hydrogens, thus enabling the
determination of the orientations of these groups. The C5-OH (and C3-OH) hydroxyl



50 Flavonoids: Chemistry, Biochemistry, and Applications

ppm
60
ce" »~w
65
Ce"—»g
70+ . Ccd' >a@
754 Cc2" >0 c2">5 e
C5! o " sty o
oo |FF0 Gz0 : OR-00 DB =B 7 =
85 PP 1 1= sV
v
S T 1 ] =
” m [\ ‘J v
95 H£ T H£ 74+  {l=<c4
T T
1.3 1.1 ppm
100
1" - o P, oy < 1V o0 o P "B efln, e

T T T T T T T T T T T T
58 56 54 52 50 48 46 44 42 40 38 36 3.4 ppm

FIGURE 2.5 Region of the 2D "H-"*C gs-HSQC-TOCSY spectrum of malvidin 3-0-(6"-O-a-rhamno-
pyranosyl-B-glucopyranoside)-5-O-B-glucopyranoside showing crosspeaks of most of the sugar signals.
In this spectrum, each proton/carbon correlation shows crosspeaks to all '"H and '>C resonances
belonging to the same spin system. The expanded region (boxed) reveals the correlation between
H-6" and the carbons of the terminal rhamnose unit.'”®

pointed toward oxygen in the carbonyl group, forming intramolecular hydrogen bonds.
Considerations of the C2" and C6’ carbon shielding suggested that the flavonol B-ring was
not coplanar with the benzopyran fragment in kaempferol, acacetin, and myricetin. More
recently, assignments of '*C CP-MAS NMR spectra of green and black tea, respectively,
based on model compound spectra and literature data on various compounds including
flavonoids, have made it possible to differentiate between commercial samples of these tea
types.'?” Solid-state '*C NMR and x-ray studies have also been applied on the complexes
between the isoflavone genistein and various amines.'*®

2.2.5 LiQuib CHROMATOGRAPHY-NMR

The coupling of chromatographic techniques such as HPLC with NMR, LC-NMR can,
in principle, provide the molecular structures of compounds in mixtures (extracts) in just
one online experiment. The use of LC-NMR in the flavonoid field has been reviewed by
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FIGURE 2.6 (a) 3D HSQC-TOCSY spectrum of pelargonidin 3-(6"-(4""'- E-p-coumaroyl-a-rhamnosyl)-
B-glucoside)-5-B-glucoside recorded in CD;0OD-CF;COOD (95:5; v/v) at 298 K. (b) 2D plane derived
from the 3D HSQC-TOCSY spectrum showing the '"H-'*C HSQC spectrum of all signals exhibiting
TOCSY correlations to the 3-glucosyl anomeric proton, i.e., the signals belonging to the 3-glucosyl unit.>**
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FIGURE 2.7 "*C CP/MAS NMR spectra of the flavonol kaempferol (top) and the flavone luteolin
(bottom). (Reprinted from Wawer, I. and Zielinska, A., Magn. Reson. Chem., 39, 374, 2001. Copyright
2001 John Wiley & Sons, Ltd. With permission.)

Wolfender et al.,'*'*? and this coupled technique is treated more comprehensively in
Chapter 1. The LC-NMR technique is by nature rather insensitive; however, high-field
magnets and recent improvements in solvent suppression, pulse field gradients, and probe
technology have made it possible to achieve useful results on various flavonoid struc-
tures.?® 137141 The detection limit with a 60 ul cell in a 500 MHz instrument for a compound
with a molecular weight of around 400 amu may typically be around 20 p.g, and the information
provided is hitherto mainly based on "H NMR spectra or 'H-'H correlation experiments.
However, a more recent system seems to be promising, affording increased sensitivity and thus
shorter NMR acquisition time compared to conventional LC-NMR systems:*® After LC
separation of flavonoids in Greek oregano using ordinary nondeuterated solvents, solid-
phase extraction was used for peak storage prior to the NMR analysis, and fully deuterated
solvents were then used for flushing the trapped compounds into the NMR probe. Thus, the
application of expensive deuterated solvents during HPLC separation and solvent suppression
during NMR analysis are no longer necessary. Increased sensitivity was achieved using a newly
developed cryogenic flow probe. Combining the data from the UV, MS, and NMR spectra, the
flavonoids taxifolin, aromadendrin, eriodictyol, naringenin, and apigenin were identified.

2.2.6 NMR DATA oN FLavoNOID CLASSES

Assigned 'H and '*C chemical shifts characteristic for the various flavonoid classes are shown
in Table 2.1-Table to 2.6. The names of the flavonoids listed in Table 2.1-Table 2.6 are given
in Table 2.7. The structures of the flavonoids listed in Table 2.1-Table 2.7 are shown in Figure
2.8-Figure 2.16.
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TABLE 2.4

3C NMR Spectral Data of Glycosyl Moieties of Flavonoid Glycosides Recorded in Various

Solvents*

Glycosyl Moiety

Glucosides
3-0-B-glc (D)
3-(6"-mal-glc) (M)
7-0-B-glc (D)
4'-0-B-glc (D)
4'-0-B-glc (M)
6-C-B-glc (D)
6-C-B-glc (M)
8-C-B-glc’ (D)

8-C-B-glct (M)
8-C-(2"-(4""-ac-rha)-gle)' (M)

3-0-B-glc (M/TS)
3-0-(6"-mal-glc) (M/T5)

3-glc (M/T5)

3-(6"-rha-glc) (M/TS)
3-(6'-rha-gle)-5-glc (M/T5)
3-(6"-rha-glc)-5-gle (M/T5)
5-0-B-glc (M/TS5)
5-0-(6"-ac-B-glc) (D/T10)
7-0-B-(3"-glc-6"-mal-glc) (M/TS)
3,4'-di-O-B-glc (M/T5)

Galactosides

3-0-B-gal (D)
3-0-B-(6"-O-rha-gal) (M)
3-0-B-gal (M/T5)
3-0-(6"-ac-gal) (M/T5)
3'-(2"-gall-6"-ac-gal) (M/T5)

Glucuronide
7-0-B-glu (M)

Rhamnosides

3-0-a-rha (M)
3-0-a-(2"-ac-rha) (M)
8-C-(2"-(4""-ac-rha)-glc)’ (M)

3-rha (M/TS)
3-(6"-rha-glc) (M/TS)
3-(6"-rha-glc)-5-glc (M/TS)

Xylosides
3-0-B-xyl (D)
3'-0-a-xyl (D)

Chemical Shift (ppm)

C-1

100.69
104.36
99.73
101.56
103.42
73.12
75.28
73.45
74.35
75.36
76.28
73.77
75.30
103.72
103.62
105.59
103.53
102.59
102.75
102.7
101.3
95.3
102.3

102.00
105.98
104.63
104.06
101.69

102.3

103.64
100.36
101.15
101.19
101.99
102.19
102.21

102.5
97.5

C-2

74.19
75.61
73.15
73.55
74.82
70.27
72.60
70.89
71.09
72.85
72.68
76.09
76.29
74.79
74.65
75.39
74.69
74.74
74.74
74.6

73.1

74.9

74.5

71.38
73.14
72.16
71.89
72.67

74.3

71.90
73.39
72.09
71.80
71.40
71.87
71.93

74.3
69.5

C-3

76.49
77.83
76.50
76.49
77.54
79.02
80.12
78.70
78.72
80.33
79.84
81.80
81.45
78.14
77.92
71.57
78.02
78.34
77.89
78.1

75.8

87.3

77.8

73.30
75.08
74.87
74.60
71.96

77.1

72.15
70.49
70.02

72.30
72.44
72.28

71.0
71.3

c-4

70.19
71.15
69.83
69.88
71.32
70.70
71.79
70.25
70.60
72.30
71.29
72.51
71.50
71.08
71.33
71.44
71.22
71.47
70.75
71.2

70.1

71.2

71.1

68.11
70.18
70.14
70.31
70.24

72.9

73.37
73.50
75.16

73.28
73.92
73.86

70.2
65.1

C-5

77.76
75.53
77.83
77.19
78.36
81.65
82.62
81.74
81.93
82.93
82.62
82.99
83.00
78.717
75.94
78.91
77.44
77.74
78.67
78.6

74.4

75.0

78.3

75.99
75.28
71.80
75.15
75.34

76.4

72.07
72.11
67.27
67.03
72.21
69.77
69.77

66.9
61.7

C-6

61.46
64.89
60.79
61.04
62.44
61.57
62.86
61.27
61.35
63.23
63.51
63.13
62.45
62.36
65.45
62.80
67.79
67.51
62.08
62.6

63.6

65.4

62.4

60.33
67.32
62.35
65.20
65.13

173.0

17.67
17.70
17.84
17.95
18.04
17.87
17.94

Ref.

52
109
52
52
52
109
109
109

109

109

170
168
176
168
174
174
170
219
170
170

109
109
171
171
114

72

152
152
109

223
168
174

210
210

continued
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TABLE 2.4
3C NMR Spectral Data of Glycosyl Moieties of Flavonoid Glycosides Recorded in Various
Solvents* — continued

Chemical Shift (ppm)

Glycosyl Moiety C-1 C-2 C3 C-4 C-5 C-6 Ref.
3'-0-B-xyl (M) 104.95 74.65 77.41 71.04 67.10 151
(2"-xyl-glc) (C + 1 drop D) 102.6 71.8 71.2 67.5 62.8 211
8-C-(2"-gle-B-xyl) (M) 76.04 81.34 77.04 70.17 72.10 145
Arabinosides

3'-0-a-ara-furanoside (A + D,0) 108.0 80.8 79.4 90.1 63.2 212
3-O-a-ara (P) 104.5 72.8 74.1 68.2 66.4 163
t-a-ara (D) 103.1 70.6 72.6 67.5 65.1 213
3-O-a-ara (D) 102.3 71.7 72.6 66.9 65.2 210
3-O-a-ara-furanoside (D) 108.6 83.0 77.6 86.8 61.6 210
Other sugars

t-0-B-(6"-ac-all) (D) 102.5 71.4 70.7 66.8 71.5 63.5 142
6-C-B-boivinoside (M) 67.3 31.5 69.6 71.3 72.5 17.7 237
6-C-B-D-olioside (D) 217
6-C-chinovoside (D) 218
6-C-fucoside (D) 73.4 68.6 75.0 71.6 73.9 17.0 238

Notes: all, allopyranose; ara, arabinopyranose; gal, galactopyranose; glc, glucopyranose; glu, glucuronic acid; rha,
rhamnopyranose; xyl, xylopyranose; ac, acetyl; mal, malonyl; t, terminal.

*A, acetone-d6; C, CDCls; M, CD;0D; M/T5, CD;0D-CF;COOD 95:5; D, DMSO-d6; D/T10, DMSO-d6-
CF;COOD 90:10; T, CF;COOD; P, pyridine-d5.

fRotamers: Top — chemical shift values of major rotamer. The parts in bold indicate the monosaccharide involved.

2.3 MASS SPECTROMETRY

Modern mass spectrometric techniques are very well suited for the analysis of flavonoids
isolated from plants and foodstuffs and in their in vivo metabolite forms (Table 2.8). Progress
during the last two decades has made MS the most sensitive method for molecular analysis
of flavonoids. MS has the potential to yield information on the exact molecular mass, as well
as on the structure and quantity of compounds with the nature and within the mass range of
flavonoids. Furthermore, due to the high power of mass separation, very good selectivities
can also be obtained.

The purpose of the MS techniques is to detect charged molecular ions and fragments
separated according to their molecular masses. Most flavonoid glycosides are polar, non-
volatile, and often thermally labile. Conventional MS ionization methods like electron impact
(EI) and chemical ionization (CI) have not been suitable for MS analyses of these compounds
because they require the flavonoid to be in the gas phase for ionization. To increase volatility,
derivatization of the flavonoids may be performed. However, derivatization often leads to
difficulties with respect to interpretation of the fragmentation patterns. Analysis of flavonoid
glycosides without derivatization became possible with the introduction of desorption ion-
ization techniques. Field desorption, which was the first technique employed for the direct
analysis of polar flavonoid glycosides, has provided molecular mass data and little structural
information.”*” The technique has, however, been described as “notorious for the transient
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TABLE 2.6

Typical '>*C NMR Chemical Shift Values of Acyl Moieties of Acylated Flavonoid Glycosides
Recorded in DMSO-d6 (D) or CD;0D (M) with Various Proportions of CF;COOD (T) or
Acetone (A)

1 2 3 4 5 6 o B C=0 Ref.
Acetyl (M/T10) 172.9 20.7 167
Malonyl (M/T10) 168.5 41.9 170.5 167
Oxalyl 169.95* 168.53* 233
Dioxalyl (M/T5) 158.1 172.4 172.4 174.8 234
Malyl (M/T1) 174.4 40.0 69.8 171.5 227
4-OH-2- 167.1 137.8 35.8 60.3 128 188

Methylenebutanoyl

Tartaryl (D/T10) 171.7 74.2 69.7 167.9 228
p-OH-Benzoyl (D/T10)  120.4 131.3 1153 162.0 1153 131.3 1653 235
Galloyl (M/T5) 120.83  110.48 14633 140.14 146.33 110.48 168.11 171
E-Cinnamoyl (A) 135.7 129.2 129.9 131.0 1299 1292 119.6 1451 166.3 190

E-p-Coumaroyl (M/T17) 1250  130.1 1158 159.8 1158  130.1 1155 1448 1662 65

Z-p-Coumaroyl (D/T10) 127.0 1333 1155 1595 1155 1333 1158 1439 1689 173

E-Caffeoyl (M/T17) 1275 1156 1446 1472 1159 1206 1142 1462 1663 65

E-3,5-di-OH-Cinnamoyl  127.6  122.8  146.6  139.0 1466 1228 1151 1468 1689 65
(M/T17)

E-Feruloyl (D/T10) 1256 1117 1480 1495 1157 123.1 1141 1456 166.7 231
(55.8)

E-Sinapoyl (M/T5) 125.80 106.51 14892 139.44 14892 106.51 115.00 146.94 168.42 232
(56.56) (56.56)

Notes: A, acetone-d6; M, CD;0D; M/T1, CD;0D-CF;COOD 99:1; M/T5, CD;0OD-CF;COOD 95:5; M/T10,
CD;0D-CF;COOD 90:10; M/T17, CD;0OD-CF5COOD 5:1; D, DMSO-d6; D/T10, DMSO-d6-CF;COOD 90:10;
T, CF;COO0D; '3C chemical shift values of OMe and Me groups are given in brackets.

nature of the spectra,”>*’ and drawbacks related to the preparation of the MS samples have

restricted application of this technique. Another method, desorption chemical ionization
(DCI), provides rapid heating of the analyte and overcomes the problem of thermal decom-
position inherent in conventional CI. The combined use of positive- and negative-ion DCI-
MS has been shown to be an alternative approach for the structural characterization of
flavonoid glycosides;**' however, this method has been applied infrequently to flavonoid
analysis in recent years.?**?** Plasma desorption mass spectrometry (PD-MS) is another MS
method used for flavonoid analysis; however, its application has in recent years been limited
to some papers on anthocyanins including deoxyanthocyanidins.?**%*® Fast atom bombard-
ment (FAB) MS is still popular for flavonoid analysis (Section 2.3.1.2). In this technique, the
flavonoid is solubilized in a nonvolatile polar matrix and deposited on a copper target, which
is bombarded with fast neutral energized particles such as xenon or argon and thereby
inducing the desorption and ionization.

In parallel with these developments, other techniques have been introduced that were
especially applicable to the combination of liquid chromatography with MS. The most
interesting, from the point of view of structural studies of flavonoid glycosides, are thermo-
spray (TSP) and atmospheric pressure ionization (API) methods, which include electrospray
ionization (ESI) and atmospheric pressure chemical ionization (APCI). TSP was the first
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TABLE 2.7
Compounds Included in the NMR Tables. Individual Pigment Structures Are Shown in
Figure 2.8-Figure 2.16
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. 6-OH-Luteolin 4'-methyl ether-7-(2"-a-rhamnoside-6""-acetyl-B-glucoside)
. 6-OH-Luteolin 7-(6"-(E)-caffeoyl)-B-glucoside
. Isoscutellarein 7-(2"-(6""-acetyl)-B-allosyl)-B-glucoside

. Isoscutellarein 4'-methyl ether-7-(2"-(6""-acetyl)-B-allosyl)-B-glucoside

. Apigenin 4'-(2"-(2""-feruloyl-glucuronyl)-glucuronide)

. Apigenin 7-glucuronide-4'-(2"-(2"'-feruloyl-glucuronyl)-glucuronide)

. Apigenin 7-glucuronyl-4'-(2"-(2"'- E-p-coumaroyl-glucuronyl)-glucuronide)
. Luteolin 3'-B-glucoside-4'-(2"-a-rhamnosyl-B-glucoside)

. Luteolin 3',4'-di-B-glucoside
. 5,7,4-tri-OH-3'-OMe-Flavone 8-C-(2"-0-B-glucosyl-B-xyloside)

. 5,7-di-OH-3’-OMe-4'-Acetoxyflavone 8-C-(2"-O-B-glucosyl-B-xyloside)
. Iso-orientin 3'-methyl ether

. 8-C-p-OH-Benzoyl-isovitexin 4'-glucoside
. Apigenin 8-C-(2"-(4""-acetyl-rhamnosyl)-glucoside)
. Spinosin

. 6""-Feruloyl-spinosin

. Isoscoparin 7-glucoside

. Carlinoside

. Kaempferol 3-(6"-a-arabinosyl-glucoside)
. Kaempferol 3-(6"-a-arabinosyl-glucoside)-7-glucoside

. Kaempferol 3-(2”-rhamnosyl-6"-malonyl-glucoside)

. Kaempferol 3-glucoside-7-(2"-(6""-p-coumaroyl-glucosyl)-glucoside)
. 8-OMe-Kaempferol 3-(6"-malonyl-glucoside)

. Quercetin

. Quercetin 4'-glucoside

. Quercetin 3'-xyloside

. Myricetin 3-(2"-acetyl-rhamnoside)

. Quercetin 3.4'-diglucoside

. Isorhamnetin 3-rutinoside

. Quercetin 3,7,4'-triglucoside

. Isorhamnetin 3,7-diglucoside

. Myricetin 3-(2”-rhamnosyl-glucoside)

. Myricetin 3'-(6"-p-coumaroyl-glucoside)

. Myricetin 7-(6"-galloyl-glucoside)

. Laricitrin 3-a-arabinofuranoside

. Laricitrin 3-glucoside

. Syringetin 3-(5"-glucosyl-a-arabinofuranoside)

. Syringetin 3-(6"-acetyl-glucoside)

. Syringetin 3-robinobioside

. Syringetin 6-C-glucoside

. 6,3'-di-OH-4,4'-di-OMe-5-Me-Aurone

. 46,3 ,4'-tetra-OMe-Aurone (Z-form)

. 4,6,3 4'-tetra-OMe-Aurone (E-form)

. 6,3 4-tri-OH-4-OMe-5-Me-Aurone

. Maesopsin

. Maesopsin 6-O-glucoside (two diastereoisomers)
. Licoagroaurone

continued
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TABLE 2.7
Compounds Included in the NMR Tables. Individual Pigment Structures Are Shown in
Figure 2.8-Figure 2.16 — continued

48. 3'-formyl-4',6'-di-OH-2"-OMe-5-Me-Chalcone

49. Chalcononaringenin 2’',4'-diglucoside

50. 2',4'-diOH-4'-OMe-6'-glucoside Dihydrochalcone

51. 2'-OH-3',4,6'-tri-OMe-Dihydrochalcone

52. Pelargonidin 3-glucoside-5-(6'""-acetyl-glucoside)

53. Pelargonidin 3-(6"-feruloyl-glucoside)-5-(6""-malonyl-glucoside)
54. Cyanidin 3-(6"-malonyl-glucoside)

55. Cyanidin 3-rutinoside

56. Cyanidin 3-(2”,3"-digalloyl-glucoside)

57. Cyanidin 3,4'-diglucoside

58. Delphinidin 3-(6"-acetyl-galactoside)

59. Delphinidin 3'-(2"-galloyl-6"-acetyl-galactoside)

60. Peonidin 3-rutinoside

61. Petunidin 3,7-diglucoside

62. Petunidin 3-(6”-E-p-coumaroyl-glucoside)-5-(6""-malonyl-glucoside)
63. Malvidin 3-(6"-E-p-coumaroyl-glucoside)-5-glucoside

64. Malvidin 3-(6"-Z-p-coumaroyl-glucoside)-5-glucoside

65. Malvidin 3-rutinoside-5-glucoside

66. Malvidin 3-(6"-(4""-malonyl-rhamnosyl)-glucoside)-5-(6"’"-malonyl-glucoside)
67. Apigeninidin 5-glucoside

68. Luteolinidin 5-glucoside

69. CarboxypyranoPelargonidin 3-glucoside

70. CarboxypyranoCyanidin 3-glucoside

71. CarboxypyranoCyanidin 3-(6"-malonyl-glucoside)

72. CarboxypyranoMalvidin 3-glucoside

73. Judaicin 7-(6"-acetyl-glucoside)

74. Tectorigenin 4'-(6"-glucosyl-glucoside)

75. 7-OH-6'-OMe-3',4"-methylenedioxyisoflavone 7-glucoside
76. Irisjaponin A

77. Irisjaponin B

78. Junipegenin B

79. Matteucinol 7-(6"-apiofuranosyl-p-glucoside)

80. Hesperitin 7-(2"-galactosyl-6"-rhamnosyl-glucoside)

81. Persicogenin 5,3'-di-OH-7,4'-di-OMe-flavanone

82. Naringenin 7-glucoside

83. Naringenin 7-(6"-galloyl-glucoside)

84. Taxifolin 4'-glucoside

85. Aromadendrin 7-glucoside

86. Ampelopsin 7-glucoside

87. 2"-Accallunin

88. 2R,3R-trans-aromadendrin 7-(6"-(4"-OH-2""-methylenebutanoyl)-glucoside)
89. (2R,3S5)-(+)-3',5-di-OH-4',7-di-OMe-Dihydroflavonol
90. 3-Desoxycallunin

91. Catechin 3-(6"-cinnamoyl-glucoside)

92. Catechin 3-(2"-cinnamoyl-glucoside)

93. Catechin 3-(2",6"-dicinnamoyl-glucoside)

94. Anadanthoside

1
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TABLE 2.7
Compounds Included in the NMR Tables. Individual Pigment Structures Are Shown in
Figure 2.8-Figure 2.16 — continued

95. Cajanin

96. Indicanine C

97. 6-(1,1-di-Me-allyl)-7,4'-di-OH-Flavan

98. 3-(4-hydroxyphenyl)-5-methoxy-6-(3,3-dimethylallyl)-2”,2"”-dimethylchromene-(5",6":8,7)-3-(propyl-2-one)-
4H-1-benzo-2,3-Dihydropyran-2.,4-dione

99. Maackianin 3-(6”-malonyl-glucoside)

100. 3,4:8,9-Dimethylenedioxy-pterocarpan

101. Usararotenoid C

102. 12a-Epimillettosin

103. (+)-Usararotenoid-B

104. [Catechin 3-glucoside-(4a — 8)-catechin 3-(2"”-cinnamoyl-glucoside)]

105. [Catechin 3-glucoside-(4a — 8)-epicatechin 3-(6"-cinnamoyl-glucoside)]

106. Amentoflavone

107. Aulacomnium-biaureusidin

108. Cupressuflavone 7,7"-dimethyl ether

109. 4,4,6-tri-O-methyl-2-deoxymaesopsin-(2 — 7)-2,4,4’,6-tetra-O-Methylmaesopsin

110. Catechin-(4a — 8)-pelargonidin 3-glucoside

111. 2/,2".2""-tri-OH-4',4"'-di-OMe-4-O-5""-bichalcone (Rhuschalcone 1)

112. Puerarin (Daidzein 8-C-glucoside)

113. Calycosin

114. Isoneorautenol

115. Erybraedin A

method to combine true LC-MS compatibility with the ability to determine nonvolatile
thermally labile compounds. The method has, for instance, enabled the analysis of mixtures
of polar flavonoid glycosides,>*”-**® and allowed the detection of monomeric flavan-3-ols and
dimeric proanthocyanidins.?*® However, the application of this technique has some limita-
tions related to the thermal stability of the compounds studied. This is connected to the high
temperature in the TSP ion source, which is necessary for the efficient ionization of the
molecules to be analyzed. In addition, the efficiency of ion production varies widely with
compound type, and the flow rate and temperature of the inlet tube must be optimized for
each type of compound. LC-TSP-MS has provided for the characterization of catechins and
flavonoids from their CID spectra of the quasimolecular ion.*® In this study, flavonoids
exhibited three types of ring cleavage in the pyran ring, and the differentiation among
flavanone, flavone, and flavonol was possible. LC-TSP-MS has also been applied for the
detection and identification of a wide range of other flavonoids (see Section 1.4.5). The
technique has, however, been gradually phased out by ESI and APCI, which in recent years
seem to be the most useful ionization techniques for the characterization of flavonoids (see
Sections 1.4.5, 2.3.1.4, 2.3.2.2, 2.3.3, and 2.3.4). These also include matrix-assisted laser
desorption ionization (MALDI) MS coupled with a time-of flight (TOF) mass analyzer,
which is another soft ionization technique that allows the analysis of small quantities of
flavonoids (see Sections 2.3.1.3, 2.3.3, and 2.3.4). The major advantages of most of the soft
ionization techniques are that they include those of minute sample sizes, and the possibility of
coupling MS with different chromatographic techniques, e.g., gas chromatography (GC-
MS), capillary electrophoresis (CE-MS), and, in particular, liquid chromatography (LC-MS)
(see Sections 1.4.5 and 2.3.2.2).
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5) R'=H, R2 = OMe
6) R'=glu, R2 = OMe
7) R'=glu,R2=H
OH o

(8) R'=glc, R2 =rha
(9) R'=glc,R2=H

(13)
FIGURE 2.8 Structures of compounds 1-14. See Table 2.7 for names.
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malonyl

(22) R=cou OH OH

(24) R'=H,R?=H,R®=H @7
(25) R'=H, R2=H, R®=glc

(28) R'=glc, R?=H, R®=glc

(29) R'=glc, R? = glc, R® = glc

FIGURE 2.9 Structures of compounds 15-29. See Table 2.7 for names.
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OH

(35) R'=H,R2=H
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OH
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FIGURE 2.10 Structures of compounds 30-38. See Table 2.7 for names.
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(45) R=H
(46) R=glc

OCH; O .

HO OH OH
OH

H;CO (52)

(51)
FIGURE 2.11 Structures of compounds 39-52. See Table 2.7 for names.
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FIGURE 2.12 Structures of compounds 53-64. See Table 2.7 for names.
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FIGURE 2.13 Structures of compounds 65-80. See Table 2.7 for names.
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FIGURE 2.14 Structures of compounds 81-94. See Table 2.7 for names.
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FIGURE 2.15 Structures of compounds 95-106. See Table 2.7 for names.
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o O O OCH, OH
=

FIGURE 2.16 Structures of compounds 107-115. See Table 2.7 for names.
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0.2)(1

P
0.2A2

FIGURE 2.17 Ion nomenclature used for flavonoid glycosides (illustrated for apigenin 7-O-rutinoside).
(Reprinted from Cuyckens, F. and Claeys, M., J. Mass Spectrom., 39, 1, 2004. Copyright 2004 John
Wiley & Sons, Ltd. With permission.)

In addition to giving accurate molecular masses of molecular ions, fragmentation patterns
revealed by some MS methods may provide (a) structural information about the nature of the
aglycone and substituents (sugars, acyl groups, etc.), (b) interglycosidic linkages and aglycone
substitution positions, and (c) even some stereochemical information (Figure 2.17). The
amount of structural information obtained for flavonoids from a mass spectrum depends
on the ionization method used. The highest energy transfer occurs during EI of flavonoid
aglycones, and in these cases fragmentation of molecular ions is normally seen. When soft
ionization methods like ESI and APCI are applied on flavonoids in LC-MS and CE-MS
systems, fragmentation of the flavonoids is not commonly seen in the spectra. However, the
use of collision-induced dissociation tandem mass spectrometry (CID-MS-MS) allows detec-
tion of fragment ions.*>! During CID-MS-MS analysis precursor ions extracted in the first
analyzer collide with atoms of an inert gas in the collision cell. The ionized fragments created
are separated in the second analyzer. In another recent achievement, the fragment ions
created can be further studied using an additional MS” stage in a multistage tandem MS
instrument with an ion trap (IT) analyzer (see Section 2.3.1.5).

At present, MS spectra alone rarely provide sufficient information for complete structural
elucidation of novel complex flavonoids. Normally, MS techniques give little information
about the configuration of the glycosidic linkage, and are reckoned not to be capable of
distinguishing between diasteromeric sugar units. However, both FAB and ESI in combin-
ation with CID have recently been used for direct stereochemical assignment of hexose and
pentose residues in acetylated flavonoid O-glycosides. The differentiation between a glucose
residue and a galactose residue was, for instance, made by employing the [m/z 127]/[m/z 109]
peak intensity ratios and the relative abundance of a fragment ion at m/z 271.%%> Combined
with data obtained by other spectroscopic techniques (especially NMR and UV), MS has
proved to be an invaluable tool for the identification of novel flavonoids.

Exact mass measurement at high resolution is an important tool along with other spec-
troscopic methods to help confirm the structure of novel flavonoids. It is used as structural
proof when elemental analysis is not possible, e.g., when studying minor components. When
EI-MS can be used, 1 to 10 pmol samples are required for one measurement; however, when
FAB-MS is used, 0.1 to 1 nmol is normally required. The use of ESI on a double focusing
mass spectrometers and MALDI-TOF-MS requires smaller amounts of sample, and subpi-
comole amounts of flavonoids may be adequate.

MS techniques applied to flavonoids have been covered by several recent reviews. An
excellent paper by Cuyckens and Claeys*® covers sample preparation, LC-MS analysis, and
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tandem mass spectrometric procedures for the characterization of flavonoid aglycones,
O-glycosides, C-glycosides, and acylated glycosides in a tutorial manner. Various aglycone
fragmentation patterns obtained under EI conditions can be designated according to the
nomenclature proposed by Ma et al.?** Similarly, ions formed from flavonoid glycosides
can be denoted according to the nomenclature introduced by Domon and Costello
(Figure 2.17).%°° The different mass spectrometric techniques applied for the analysis of
flavonoid glycosides have been reviewed by Stobiecki.>>® The MS analysis of anthocyanidins
and derived pigments, catechins and proanthocyanidins, and flavonols and flavonol glucur-
onide conjugates has recently been illustrated with case studies.”>’ Mass spectrometric
methods for the determination of flavonoids in biological samples have been reviewed by
Prasain et al.,”>® and excellent reviews on tandem mass spectral approaches to the structural
characterization of flavonoids have recently been reported.>>**%* Several general reviews
covering studies on flavonoids have included MS analysis applied to flavonoids,!%-13%-261:262
and important applications of the various MS techniques are covered in other chapters of
this book.

The consecutive introduction and success of FAB, MALDI, APCI, ESI, new mass
analyzers, as well as exciting coupled MS techniques, which progressively have drawn the
main attention of mass spectroscopists for analysis of flavonoids in recent years, are described
in more detail in the following sections. Some representative applications of these techniques
for flavonoid analysis are presented in Table 2.9-Table 2.11.

2.3.1 MS INSTRUMENTATION AND TECHNIQUES

The three major parts of a mass spectrometer are the device for the introduction of the sample
into the ionization chamber where the ionization takes place, the mass analyzer where the ions
are separated according to their mass-to-charge ratios, and the detector, which can measure
the quantity of negative or positive ions. The ionization methods used for flavonoid analysis
can be classified as gas-phase methods including EI and CI, desorption methods including
FAB and MALDI, and spray methods including ESI and APCI (Table 2.8). The different
types of mass analyzers are double focusing magnetic sectors instruments, quadrupole mass
filters (Q), quadrupole ion traps (Q-IT), TOF analyzers, and Fourier-transform ion-cyclotron
resonance (FT-ICR).

2.3.1.1 Electron Impact and Chemical lonization

The first conventional mode of MS involves EI ionization, in which the neutral flavonoid is
impacted in the gas phase with an electron beam of 70 to 100 eV. Resulting mass spectra of
the flavonoid aglycones are characterized by molecular ion peaks (M*), and fragment ions
from both the A and B rings. The use of a reactant gas in the ionization chamber, CI,
normally results in the production of a more abundant molecular ion and simpler fragmen-
tation patterns. General information about mass spectra of flavonoids recorded by these
methods has been published by several authors.>!'*>°26 More specific mass spectra analyses
of 39 polymethoxylated flavones have been obtained by GC-MS.?** In addition to the
common fragmentation behavior of flavones under EI, such as retro-Diels—Alder reactions,
which give characteristic fragments from the phenyl group of the flavone skeleton, new
fragmentation pathways have been identified and proposed.”**

EI and CI are normally unsuitable for most flavonoid glycosides because of their polarity
and thermolability. Preparation of permethylated or trimethylsilylated derivatives may over-
come this problem. However, derivatization often produces mixtures of partially derivatized
compounds and may involve rearrangements,>***> and usually only weak molecular ion
signals is observed when permethylated compounds are studied under EI conditions.



LN
==}

Spectroscopic Techniques Applied to Flavonoids

(JOL-O-ISH 8°9) sanbruyoa) (SIN-SIA) SN Wopue] Ul SALIdS Ul Pasn dxe s1azATeur om ], “(LI-ISH ‘AOL-ISH ‘AOL-TATVIN 38°9) son[eA z/us I11ay) 0) SUIPIOIIE WY}
1108 03 pasn (1] ‘4OL ¢'39) 1ozATeue ssew 2y} Aq pue ([DdV ‘ISH TATVIN ‘9VA 39) suor a3 Suronpoid 201nos uonezmuor oy} Aq pajeudisop A[jensn are sonbruyosy SN -sa70N

1Sy Jo A,
den uoy sjodnipen()

Q0UBUOSAT UOIIO[OAD

-UOI POULIOJSUBI)

-1o1no g 1ySiyj Jo swr],
den uoy sjodnipen()

90UBUOSAI
UOII0[9A0-UOT PAUWLIOJSUBI]
-191Mo,J 1Y3IJ Jo oL,
sanbruyod) uonezuor pasynd
qim 9[qnedwod st jer))
JozA[eu® ssew B saImboyy

ojodnipend)

s1azAjeuy ssep
pajernossy Ajuowwo)

spoylow SW-SIA i d[quedwo) “(sjoworway)
ys1y oq Aewr ANANISUAS 'sa10ads rejod-ssof
SurzATeue 10J [SH ULY) 2AT}OJJJ 210U ST [DJV UI
uonezruor oseyd-sesd oy [, e (00 01 dn a3uer sse]N
spoylouw SIN-SIN yim sjquedwo)) “srenualod sud|
20kJIoIUI Ay} JUI[OIIUOS AQ UOT)BIUAWTRIJ JO 0UISq®
10 2oudsaxd [onuos ue) “(s[owosrd 0} S[OWOIWIY)
SIWI] UOTI9)3P JUS[[I0XA 0} SPBI] PunoIIyoeq
[eoTwIayd MO AI9A “spunodwod pagreyo
Aldnmu SuizATeue 10J potyjour }sog ‘o3uel ssew YSIH
NOOYIP SIN-SIN
*SJUBUIUIRIUOD 0] QATIISUISUT
A[9ATIB[QI ST SISA[RUR JY ], "AOBINOOR SSBW
pue 1omod Fura[osar 1ay3y moqe JOL
UOTIORI)XD PAAR[P UT SJUAWAOIAIP JUDY
‘spoyjowr A130ww01309ds ssew 194310 10
se 31y se J0u A[[euLiou st (9%,10°0 03 1°0)
AorINOO® SSBIN (SS9 10 sajowroord)
MO[ A19A Junoure ddweg -o3uel ssew Y3y
JUIsqQ® U)JO SUOI JB[NOJOJA "A)ANISUIS
MO[ A[2ATIR[OY ID ‘T Ul paurelqo se Jwes
AU} SI SSBW 9} JO AoBINOJR 9y ] "SUIydjew
yead Aq suop Ajensn aIe SJUIWAINSLIW
ssewr 10exg "B (000L 03 dn aguer ssepy

sane|ndIIed

20In0s [DJV Y} 0IUI IdZINQAU PIjeay
& y3nouy) sassed uonnjos oy} Se JUIA[OS A}
WOy I9Jsuer} 931BYD AQ POWLIO] dIB SUOT
‘uordar ainssaxd ouydsowe ay) ur AAeue
1]} 9ZIUOT 0} Pasn SI 2FILYISIP BUOIOD B

IOV UI ‘IS 10 PAsn 1ey} 0} 0VJIUI Te[iuilg

paonpoad Ajjensn are

suol pagreyo A[dnnA pPaleA[osIp oIe SUOL

yorym woJj syoidop pmbiy pagreys wioj o3
93e10A YSIY 1B P[AY J[PaAU B WOI] pakeIds

st uonnjos o[dwes Y[, UL A[PANR[RI

pue ‘rejod ‘ojqnjos aq jsnw djdwes oy ],

UOTJBAIIOR [BUOISI[[0D Aq 10 ‘Opowu

.ABOOp 20IN0s)sod,, & ur paurejqo oq ued
UONBWIOJUI [BINJONIIS dWIOS "9)A[eUR d} JO
uoneziuol pue uonezriodea Ul SNSaI Jey)
ewseld soonpoid pue osind 19se] 9y woiy
A310U9 91} $qIOSqE XLIJBW Y ], ‘ISUI[oARM
JI0se[ Y3 e sqrosqe ey} aroydoworyo

® Sy 1Y) XLIJBW © JO SS90X0 Uk SUIUILIu0d

UOIIN[OS B UI POAJOSSIP SI PIOUOAR[J O],

XLIJeW Ay} Wwoij syyead surejuod usijo
wnoads oy, -o)ATeUE oY) WO SjUdwIely
PUB SUOT JB[NOJ[OW $QIOSIP BY) WLdq
woje JSeJ B Y)m paprequioq st ojdwes oy,

"XII)ew pInbi| & Ul POA[OSSIP ST PIOUOAR[J YL

uoIjezIuUO| JO SUBI

SIN-dD
10 SIN-D'T 10 uonoafur

M0[] (IDdV) uoneziuor

[eorwayd damssaid ouydsowny

SIN-AD 10
SIN-O'T 10 uonoafur moff

(1SA) uonezruor Aeidsonodq

SIW-OT Yim dquedwod
AJISE0 JON "UOTIONPOIIUT MO[J
-snonunuod 10 3qoid uornasur

PN (IATVIA) uoneziuor
uondI0sop IOSE] PAISISSE XLITBJA!

SIN-OT 10
9qold uonasur 10211

(gv4) yudwprequioq woje 1seq

uononpoauj 3jdweg
/924n0g uoljeziuoj

SasA[euy pPIOUOAR|{ 10} SIBIA JUIDIY Ul PAsM SPOYIRW (SW) A13dwoi}dadg ssepy uowwo)

8¢ 314Vl




86 Flavonoids: Chemistry, Biochemistry, and Applications

2.3.1.2 Fast Atom Bombardment

FAB-MS (Table 2.8) has been widely used for the characterization of flavonoids solubilized in
a variety of matrices, and normally involve the use of xenon or argon atoms for bombard-
ment (Table 2.9). The matrix signals may complicate interpretation of the spectra. Neverthe-
less, when combined with CID of positive ions and tandem mass spectrometric techniques,
FAB-MS can provide information on the aglycone moiety, the carbohydrate sequence, and

TABLE 2.9
Selected Papers in Mass Spectrometry Applied to Flavonoid Analysis with Fast Atom
Bombardment lonization

Analytes Sample lonization Mode Matrix Ref.
Anthocyanins Pure compounds FAB (+) a 273
Anthocyanins Pure compounds FAB (+) m-Nitrobenzyl alcohol 84
Anthocyanins Malva silvestris, FAB (+) Glycerol 274
purified extract
Anthocyanin-flavanol dimers Pure compounds FAB (+) 275
Pyranoanthocyanins Pure compounds FAB (+) Glycerol 276
Anthocyanins, flavanols Red wine FAB (+) Glycerol 277

Flavonols, proanthocyanindins
Chalcones, flavanones,

Flavonols Pure compounds FAB (+) Glycerol 163
Flavanones Pure compounds FAB (+) 1 N HCl-glycerol 278
Flavones Pure compounds FAB (-) Triethanolamine 279
Flavones Pure compounds FAB (+) Nitrobenzyl alcohol 280
Flavone C-glycosides Pure compounds FAB (+) 1 N HCl-glycerol 281
Flavone C-glycosides Pure compounds FAB (+) Glycerol and 145
m-nitrobenzyl alcohol

Flavone C-glycosides Pure compounds FAB (+) Glycerol 282
Flavone O-glycoside,

Flavonols Pure compounds FAB (+) Glycerol 252
Flavones, flavonols Pure compounds FAB (+) Glycerol 254
Flavonols Pure compounds FAB (-) 2-Hydroxyethyl disulfide 283
Flavonols Pure compound FAB (+) Nitrobenzene 284
Flavonols Alkaline-earth FAB (+) m-Nitrobenzyl alcohol 285

metal complexes

Flavonols Pure compounds FAB (+) m-Nitrobenzyl alcohol 286
Flavonols Pure compounds FAB (+) Lactic acid 287
Flavonols Pure compounds FAB (+) Thioglycerol + Nal 288
Flavonols Pure compounds FAB (+) Lactic acid 289
Flavonol sulfates Pure compounds FAB (+) 290
Flavonoids Pure compounds FAB (-) Glycerol-thioglycerol 291
Flavonoids Pure compounds FAB (+) m-Nitrobenzyl alcohol 292
Isoflavenes Pure compounds FAB (+) m-Nitrobenzyl alcohol 293
Isoflavone phosphates Pure compounds FAB (-) p-Nitrobenzyl alcohol 294
Isoflavonoids, triflavonoids Pure compounds FAB (+) 295
Proanthocyanidins Rat metabolites FAB (-) 296

“Dissolved in methanol and formic acid with subsequent addition of a 1:1 mixture of dithioerythritol and
dithiothreitol.
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the glycosylation position of glycosides,”*® 2’ and even stereochemical assignment of hexose

and pentose residues in flavonoid O-glycosides.?>> An MS method based on the combined use
of FAB and CID tandem MS has been used for the analysis of the fragmentation behavior
of protonated 3-methoxyflavones.”®® It was shown that several diagnostic ions allowed
unambiguous localization of the functional groups in the A and B rings, and isomeric
3-methoxyflavones could be differentiated using this methodology. The principles of the
technique together with the processes involved in ion formation, the effect of the liquid
matrix, and the optimization of FAB conditions for flavonoids have been described in several
studies.”’®?’> The value of FAB-MS in flavonoid analysis is demonstrated by some recent
applications using both positive- and negative-ion modes (Table 2.9).

2.3.1.3 Matrix-Assisted Laser Desorption lonization

MALDI-MS is considered a sensitive and powerful tool for the analysis of nonvolatile
molecules (Table 2.8). It has greatly expanded the use of MS toward large molecules, and
has revealed itself to be a powerful method for the characterization of both monomeric
flavonoids as well as proanthocyanidins (Table 2.10). With this technique, fragmentation of
the analyte molecules upon laser irradiation can be substantially reduced by embedding them
in a light-absorbing matrix. As a result, intact analyte molecules are desorbed and ionized
along with the matrix, and can be analyzed in a mass spectrometer. This soft ionization
technique is mostly combined with TOF mass analyzers. A crucial factor that influences the
quality of MALDI-TOF mass spectra is the crystallization of the analyte during sample
preparation and the behavior of the matrix during laser irradiation. MALDI-MS can measure
the mass of almost any molecule (masses up to 10° Da). The analysis can be performed in the
linear or reflectron mode. Mass accuracy (0.1 to 0.01%) is not as high as for other MS
methods; however, the analysis is relatively insensitive to contaminants. The amount of
sample needed is very low (picomoles or less), and may involve only 1 to 2 pl of sample
solution.”” The technique is fast to handle, often taking less than a minute for the actual
analysis after sample preparation. The use of the MALDI technique has helped in obtaining
vital information in many recent flavonoid analyses (Table 2.10).

Recent developments in delayed extraction TOF allow higher resolving power and mass
accuracy, and this method in the reflector mode has been used for accurate measurement of
the mass of several compounds including two prenylated flavonoids.””® However, the per-
formance of the MALDI-TOF instrument was not better than those of the FAB and FT-ICR
MS instruments, and insufficient to give acceptable accuracy for literature reporting.

The MALDI-MS technique has been extended with the so-called postsource decay
method (PSD) by Spengler and coworkers.?”® This technique, which allows the determination
of the fragment ions formed from the decomposition of the precursor ions of high internal
energy, has been used to study the fragmentation and the fragmentation mechanisms of the
flavonol glycoside rutin cationized with different alkali metal ions.** The technique permits
the selection of a precursor molecule in a distinct mass window and the subsequent analysis of
its fragments. The precursor ions passing the mass window can spontaneously fragment on
their way to the detector due to the application of higher laser energies. All ions with lower
and higher masses are deflected by the electrostatic device. The PSD-MALDI mass spectra of
the cationized rutin molecules showed, depending on the cation, different fragmentation
patterns with respect to both quality and quantity of the fragment ions formed.** For a
more specific sequential elucidation of individual proanthocyanidin chains, MALDI-TOF-
MS has been extended to PSD fragmentation.>*! Recently, Keki et al.*®> have used PSD-
MALDI MS-MS to deal with the fragmentation and the fragmentation mechanisms of
peracetylated isoflavone glycosides cationized with proton and various metal ions. In a very
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TABLE 2.10

Papers on Matrix-Assisted Laser Desorption lonization Mass Spectrometry with Time of
Flight Mass Analyzer Applied to Flavonoid Analysis

Analyte

Proanthocyanidins

Proanthocyanidins

Proanthocyanidins

Proanthocyanidins
Proanthocyanidins

Proanthocyanidins
Proanthocyanidins

Proanthocyanidins

Proanthocyanidins

Proanthocyanidins
Proanthocyanidins

Proanthocyanidins
Theaflavins,
thearubigins
Flavonol
Anthocyanins,

3-deoxyanthocyanidins

Anthocyanins
Anthocyanins
Isoflavonoids
Flavonols
Flavonols
Flavonols

Sample

American cranberry (Vaccinium macrocarpon)
fruit

Mimosa (Acacia mearnsii) bark tannin,
Quebracho (Schinopsois balansae)
wood tannin

American cranberry (Vaccinium macrocarpon)
concentrate juice powder

Ruby Red sorghum (Sorghum bicolor) grain

Apple (Malus pumila)

Coffee pulp (Arabica variety)
Grape seed

Leaves or needles of willow (Salix alba),
spruce (Picea abies), beech (Fagus sylvatica),
lime (Tilia cordata)

Grape seed

Grape berries (variety Gamay)

Grapes (seeds, skins and stems), Quebracho
(Schinopsis balansae) heartwood

Grape seed

Black tea

Rutin
Sorghum (Sorghum bicolor) plant tissue

Highbush blueberries (Vaccinium corymbosum)
Red wines, fruit juices

Soybeans, tofu, isoflavone supplements
Yellow onion, green tea

Almond (Prunus dulcis) seedcoat

Almond (Prunus amygdalus) seedcoat

lonization
Mode

(0

Linear (4)

Reflectron (+)

Reflectron (+)
Reflectron (+)
Linear (1)
Linear
Reflectron (+)
Linear (+)
linear (+)

Reflectron (+)
Linear (+)
+)
Reflectron (+)

Reflectron (+)
Linear (+)

Reflectron (+)
Linear (+)

Linear (+)
Linear (+)
Linear (+)
Linear (+)
Linear (+)
Linear (+)

Matrix

DHB

DHB

IAA
TIAA

IAA/Ag"
DHB
IAA

DHB,
dithranol,
TIAA

DHB, IAA

DHB
DHB

DHB
DHB,
CHCA
DHB
CHCA

THAP
THAP
THAP, DHB
THAP, IAA
THAP
THAP

Ref.

304

305

306

307

308
309
310

301

311

312
313

314
303

300
315

316
317
318
319
320
321

Notes: CHCA, a-cyano-4-hydroxycinnamic acid; DHB, 2,5-dihydroxybenzoic acid; IAA, trans-3-indoleacrylic acid;
THAP, 2,4,6-trihydroxyacetophenone monohydrate.

interesting paper, the structures of theaflavins (TFs) and thearubigins (TRs) from black tea
have been revealed by the use of delayed pulsed ion extraction of ions generated via MALDI-
TOF-MS.*» Spectra of standard TFs showed not only pseudomolecular ions but also ions
resulting from fragmentation.

2.3.1.4 Electrospray lonization and Atmospheric Pressure Chemical lonization

ESI-MS (Table 2.8) was introduced by Yamashita and Fenn in 1984,3*? and this invention
was recognized by The Royal Swedish Academy of Sciences with the award of The Nobel
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Prize in Chemistry for 2002 partly to John B. Fenn for his pioneering work in ESI-MS. The
mechanism of the transformation of ions in solution to ions in the gas phase prior to their
mass analysis in a mass spectrometer together with instrumentation and applications of ESI
have been reviewed by Cole.**

ESI is at present the most common technique used to analyze polar and nonvolatile
flavonoids (from anthocyanins to condensed tannins), mainly because of the ease with which
it can ionize polar and nonvolatile compounds (Table 2.11). The technique permits the detection
of the molecular ion, either as a protonated molecule, [M + H] ", adduct, [M + Na]*, or as a
deprotonated molecule, [M — H] ™, and causes only moderate fragmentation of the molecule as
occurs with other higher-energy types of ionization techniques. MS with ESIionization has been
used for analysis of flavan-3-ols in plant extracts and in plasma samples with results achieving
levels of detection of 20 ng.>** Furthermore, this technique provides structural information for
highly polymerized compounds from the interpretation of the fragmentation profiles and from
the level of charge the formed ions, which can either be monocharged or appear with multiple
charges.** There exists a very useful review on the principles, signal acquisition, and interpret-
ation of proanthocyanidin spectra obtained by ESI-MS.*?¢ In a recent study, Oliveira et al.>*’
described the use of ESI-MS, in combination with CID and tandem MS, for the structural
characterization of anthocyanidins and anthocyanins.*?” This technique has also been used in a
fragmentation study of an flavone triglycoside, kaempferol-3-O-robinoside-7-O-rhamno-
side,*® and for high mass resolution studies of a isoflavone glycoside, genistein-7-O-gluco-
side.** The ability of ES to work with liquid sample introduction techniques has made it one of
the most important detectors for HPLC and capillary zone electrophoresis (Section 2.3.2).

The APCI source (Table 2.8) has been used for the analysis of various flavonoids,
especially flavonols, flavones, flavanones, and chalcones (Table 2.11). APCI is based on
gaseous-phase ionization, and is most suitable for compounds that are partially volatile and
have a medium polarity. Thus, the application of APCI with respect to analysis of condensed
tannins and anthocyanins is more limited.”>” Compared with ESI, APCI produces more
fragment ions in the spectrum due to the harsher vaporization and ionization processes.
More information about ESI and APCI can be found in Section 1.4.5.

2.3.1.5 Tandem (MS-MS) and Multiple (MS") Mass Spectrometry

In order to obtain fragmentation of ions produced by, for instance, ESI or APCI, these ions
are accelerated inside the mass spectrometer so as to collide with molecules of the bath gas,
usually helium.'* Such CID of ions can be performed on all the ions emerging from the
source, but this produces mixed CID spectra when more than one compound enters the
source at the same time, as frequently occurs in LC-MS. To obtain pure CID spectra, the ion
of interest (the precursor ion) needs to be isolated. Initially, the quadrupole mass filter was the
ideal instrument to do this since its radiofrequency voltage can be set at a given value to only
allow the selected precursor ion to pass through. This ion can then be accelerated into the
bath gas in a collision cell (also of quadrupole design) and the products can be recorded using
a third quadrupole operated in normal scanning mode. Therefore, MS-MS in space requires
three quadrupoles.'’

Different MS-MS experiments of product ion scan, precursor ion scan, and neutral loss
scan modes of selected flavonoids can be carried out in order to confirm the structure of
flavonoids previously detected by the full-scan mode. In the product ion scan experiments,
MS-MS product ions can be produced by CID of selected precursor ions in the collision cell
of the triple-quadrupole mass spectrometer (Q2) and mass analyzed using the second analyzer
of the instrument (Q3). However, in the precursor ion scan experiments, Q1 scans over all
possible precursors of the selected ion in Q3 of the triple quadrupole. Finally, in neutral loss
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scan experiments, both quadrupoles scan for a pair of ions that differ by a characteristic mass
difference (neutral mass). The ESI-MS-MS experiments of product ion scan, neutral loss
scan, and precursor ion scan modes have, for instance, enabled structural determination of
the acylated flavonoid-O-glycosides and methoxylated flavonoids occurring in Tagetes max-
ima.** In another example, MS-MS with positive CI has been applied successfully to
problems involving trace analysis of citrus flavanones and metabolite identification.*' Posi-
tive CI-MS-MS was compared to EI-MS-MS and found to be more advantageous in
searching for the common daughter ion for flavanones (m/z 153) in complex matrixes.

The two main methods for investigation of flavonoids using MS methods are direct
infusion using a syringe, and flow injection either with or without chromatographic separ-
ation.”® The first method allows a long and thorough sample investigation, including the
acquisition of data for several consecutive fragmentation steps (MS” experiments). This
method, which is used for structure characterization, requires a relatively large amount of
purified flavonoid as the sample is normally infused with a flow rate of about 3 to 10 wl/min.
Flow injections allow only a short investigation time for each signal, which may be too short
for MS-MS experiments. However, the Q-IT has the potential to perform MS-MS in time
within one analyzer.'*” Ions of a given mass-to-charge ratio can be isolated within a Q-IT and
then excited such that they collide with bath gas and the resulting product ions are trapped
and scanned out to the detector. Indeed, rather than being scanned out, the cycle of ion
isolation and fragmentation can be repeated a number of times to achieve multistage MS
(MS"). The development of new, more powerful mass spectrometers has thus allowed one to
obtain MS-MS spectra corresponding to the fragmentation of the molecular ion previously
isolated in the ionization chamber in a selective way, and, moreover, to obtain MS" spectra up
to n=10,%7 which facilitates possibilities with respect to structural elucidation of unknown
compounds. The application of ESI-MS” in the analysis of the noncovalent complexes of
cyclodextrins with quercetin 3-rutinoside (rutin) and quercetin has provided information
about binding stoichiometry, as well as the relative stabilities and binding sites of the
cyclodextrin—rutin complexes studied.**? The diagnostic fragmentation pattern suggested
that the specific inclusion complexes between rutin and the cyclodextrins could be confirmed
by ESI-MS-MS alone without the need for solution-phase studies. The number of papers
including MS-MS for flavonoid analysis has increased considerably in recent years, and some
excellent reviews on tandem mass spectral approaches to the structural characterization of
flavonoids have been reported.*>*>°° Some references to other applications of MS-MS and
MS" techniques are found elsewhere in this section.

2.3.1.6 Mass Analyzers

Quadrupole mass filters, Qs, which are still widely used for flavonoid analysis, isolate ions of
a selected m/z ratio. ¥ 3¢ They are mainly able to perform low-resolution mass analyses,
and have a limited mass-to-charge range, typically up to m/z 4000, which, however, is
appropriate for most flavonoid analyses. The ESI interfaces are most often used in combin-
ation with quadrupoles; on the other hand, in LC-ESI-MS, the quadrupole detector can be
replaced by an IT or a TOF detector. In a Q-IT, ions are trapped in a cavity formed by three
electrodes and are ejected through them by application of potentials, as a function of mi/z
values. The IT has the advantage that it can carry out sequential fragmentation first of the
parent molecular ion and then of the daughter ions. Thus, it provides MS" spectra by
successive fragmentation of selected ions. The uses of IT analyzers has been described in
several excellent papers. 33334336340

The TOF analyzer separates ions by virtue of their different flight times over a known
distance, depending on their m/z value ?%:301305:307.311.315.316.318.321.333.341.342 1t qypplies
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accurate mass determination, and has theoretically an unlimited mass range. Hybrid instru-
ments take advantage of easy creation and isolation of molecular ions of flavonoids.
The quadrupole orthogonal time-of-flight (Q-TOF) mass spectrometer is related to triple-
quadrupole instruments. Ions are generated with ESI or MALDI, selected in the first
quadrupole, and fragmented by collision with argon gas, and the fragments accelerated
orthogonally and injected into a TOF analyzer. The advantage of the TOF detector is its
higher sensitivity and better mass accuracy (at least 20 ppm) than the quadrupole detector in a
triple-quadrupole instrument.

FT-ICR mass spectrometers take advantage of ion-cyclotron resonance to select and
detect ions. This analyzer can be used with both EST and MALDI interfaces. Their particular
advantages are their sensitivity, extreme mass resolution, and mass accuracy. The latter
allows for the determination of the empirical formulae of compounds under 1000 Da.
As far as we know, this analyzer has not been applied to flavonoids.

2.3.2 CourLeD TECHNIQUES INVOLVING MASS SPECTROMETRY

Complex plant extracts and biological fluids often require very effective and sensitive separ-
ation techniques to allow the identification of the various flavonoids in the samples. The
coupling of instruments performing chromatographic separations, particularly HPLC, to
those providing mass structural data has in recent years had an enormous impact in flavonoid
chemistry. These coupled techniques are, above all, adept at targeted analyses; i.c., determin-
ing whether a specific component is present in a plant extract or a biological fluid. They are,
for instance, ideally suited to studies in systematic phytochemistry in which the occurrences
of, e.g., specific flavonoids are surveyed in taxonomic groups.'*® In this section, recent papers
on high-performance LC-MS, GC-MS, and CE-MS applied in the flavonoid field are
considered. The usefulness of LC-MS has been thoroughly covered in other chapters of
this book (e.g., Sections 1.4.5 and 5.2).

2.3.2.1 Gas Chromatography Coupled to Mass Spectrometry

GC-MS is established as a routine technique for the analysis of flavonoid aglycones and is
carried out with either EI or CI sources (see Section 2.3.1.1). Because of limited volatility,
analysis of flavonoid glycosides by GC-MS has not generally found favor; however, im-
provements in GC column technology have increased the range of flavonoids amenable to
GC-MS as underivatized compounds. Schmidt et al.*** analyzed 49 flavones, flavonols,
flavanones, and chalcones without derivatization by GC and GC-MS (EI mode) using an
OV-1 capillary column.**® Recently, lipophilic and thermolabile flavonoids in various plant
extracts have been characterized directly by high-temperature high-resolution GC with cold
on-column injection coupled with MS.3#434

Employing chemical derivatization to increase volatility may extend the range of flavo-
noids that can be analyzed by GC-MS. However, derivatization may lead to the formation of
more than one derivative from a single flavonoid. Frequently used derivatization methods are
to silylate or methylate the hydroxyl groups of flavonoids. An in-vial simple and fast method
for the combined methylation and extraction of phenolic acids and flavonoids in various
plant extracts, followed by direct determination with GC-MS, includes the use of phase-
transfer catalysis.>*® Another GC-MS method has been developed for the determination of
some flavonoid aglycones and phenolic acids in human plasma.**’ The procedure involved
extraction with ethyl acetate, followed by the derivatization with N,O-bis(trimethylsilyl)tri-
fluoroacetamide + trimethylchlorosilane reagent. The trimethylsilyl derivatives formed were
separated and quantified using GC-MS (EI). The average recovery was 79.3%, and the
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method may be used in different matrices such as serum, urine, and tissues. An isotope
dilution GC-MS method has been used for the identification and quantitative determination
of unconjugated lignans and isoflavonoids in human feces.>*® Following the formation of
trimethylsilyl ethers, the samples were analyzed by combined capillary column GC-MS in the
single-ion monitoring (SIM) mode, including corrections for all losses during the procedure
using the deuterated internal standards.

2.3.2.2 High-Performance Liquid Chromatography Coupled to Mass Spectrometry

During the last decade, research efforts in the field of LC-MS have changed considerably.
Technological problems in interfacing appear to be solved, and a number of interfaces have
been found suitable for the analysis of flavonoids. These include TSP, continuous-flow fast-
atom bombardment (CF-FAB), ESI, and APCI. LC-MS is frequently used to determine the
occurrence of previously identified compounds or to target the isolation of new compounds
(Table 2.11). LC-MS is rarely used for complete structural characterization, but it provides
the molecular mass of the different constituents in a sample. Then, further structural charac-
terization can be performed by LC-MS-MS and MS-MS analysis. In recent years, the
combination of HPLC coupled simultaneously to a diode-array (UV-Vis) detector and to a
mass spectrometer equipped with an ESI or APCI source has been the method of choice for the
determination of flavonoid masses. Applications of LC-MS (and LC-MS-MYS) in flavonoid
analysis has recently been described in several excellent reviews, '30:139-236.:257.326.336.349-353 5
the usefulness of these techniques have also been thoroughly covered in other chapters of this
book (e.g., Chapters 1 and 5).

Selected papers on flavonoid analyses by LC coupled to positive- or negative-mode
APCI or ESI are listed in Table 2.11. These two techniques are based on API, and their
operational principle is that the column effluent from the LC is nebulized into an atmos-
pheric-pressure ion-source region. Nebulization is performed pneumatically in a heated
nebulizer (APCI), by means of the action of a strong electrical field (ESI), or by a combin-
ation of both. The ions produced from the evaporating droplets are, together with solvent
vapor and nitrogen, sampled in an ion-sampling aperture by supersonically expanding into
this low-pressure region before transportation to the mass analyzer. The mobile phase used
contains easily ionized components (e.g., trifluoroacetic acid), from which a charge may be
transferred to the flavonoid, [M + H]". Both sodium [M + 23]" and potassium [M + 39]"
adducts may be seen in these spectra. Depending on the energy of the ion source, sugar
moieties may fragment off the flavonoid. Mobile-phase flow in API interfaces may differ
from nanoliters (nanoelectrospray) to milliliter per minute. The temperature control of the
APCI desolvation process is far less critical than in TSP-MS. In this way, a wide range of
flavonoids may be analyzed under the same conditions maintained at the APCI interface. In
many cases, splitting of the eluate from the LC column is necessary in order to decrease the
volume of solution entering the API source.

2.3.2.3 Capillary Electrophoresis Coupled to Mass Spectrometry

The first detection of ionic species in aqueous solutions by capillary zone electrophoresis
combined with ESI-MS was applied with a quadrupole mass spectrometer.*** For the analysis
of charged molecules, the high voltage applied to the electrospray needle is ideal in creating
both the electrospray effect and closing the CE circuit. For uncharged molecules, though, the
modified CE technique of capillary electrokinetic chromatography is necessary to achieve
separation, which may create incompatibilities with ES.**

The CE-MS combination may provide valuable, structure-selective information about
flavonoids in plant extracts; however, this coupled technique has hitherto found only very
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TABLE 2.11
Selected Papers on LC-MS with Atmospheric Pressure lonization Applied
to Flavonoid Analysis
Mass
Analytes Sample LC Eluent lonization Mode Analyzer Ref.
Anthocyanins Solanum stenotomum ACN-H,O0, 0.1% TFA ESI (+) Q 354
tubers
Anthocyanins Raspberry fruits ACN-H,0, 1% FA APCI (+) Q 335
Anthocyanins Boysenberries MeOH-H,0, 5% FA ESI (+) Q 355
Anthocyanins Grape juices ACN-H,0, 10% AA ESI (+) IT 356
Anthocyanins Port wines ACN-H,0, 0.1% TFA ESI (+) Q 357
Anthocyanins Purple corn ACN-H-0, 0.1% TFA ESI (+) Q 358
Flavones Chamomile ACN-H,O0, 0.1% TFA ESI (+) QqQ 359
Flavonols Tomatoes ACN-H,0, 1% FA APCI (-) Q 360
Isoflavones Genista tinctoria ACN-H,0, 0.1% AA ESI (-) Q 361
and flavones
Isoflavones Soy foods ACN-H,0, 0.1% TFA APCI (+) QqQ 362
or 0.1% AA and IS (1)
Isoflavones Trifolium pretense ACN-H,0, 0.2% AA ESI (+) Q 363
Isoflavones Trifolium pretense MeOH-10 mM ammonium APCI (1) ITand Q 364
formate buffer, pH 4.0
Oligomeric Grape skins FA-H,0-ACN ESI (+) QqQ 365
anthocyanins
Flavonoid Pure compounds MeOH-H,O0, 0.1% FA ESI (-) IT 339
aglycones
C-Glycosidic Pure compounds ACN-H,0, 0.5% AA APCI (1) IT and 334
flavonoids and ESI (+) Q-TOF
O- and C-Glycosidic ~ Sechium edule ACN-H,0, 0.05% AA ESI (-) ITand Q 366
flavonoids
Flavonoids Onion, blossom, and ACN-H,0, 20 mM TFA ESI (+) IT 367
St. John’s wort
Flavonoids Pure compounds MeOH-H,0 or ACN-H,O0, IS (+), QqQ 368
0.1-0.4% FA or 10 mM AAc APPI (+),
or 0.1% AH, 0.05% TFA and APCI (&)
Flavonoids Apples MeOH-H,0, 5% FA ESI (+) Q 369
Flavonoids Azima tetracantha ACN-H,O-THF, 0.1% TFA ESI (+) QqQ 370
Flavonoids Oroxylum seeds ACN-H,0, 0.2% FA ESI (+) ITand Q 371
Flavonoids Tomatoes ACN-H,O-THF, 0.1% TFA ESI (+) QqQ 372
Flavonoids Cocoa ACN-H,0, 0.1% FA ESI (-) QqQ 373
Flavonoids Rooibos tea ACN-H,0, 0.1% AA ESI (+) Q 374
Flavonoids Blood plasma ACN-H,0, 2% AA ESI (1) QqQ 375
and urine
Flavonoids Citrus ACN-H,O-ammonium acetate ESI (+) Q 376
Flavonoids Barley ACN-H,0-MeOH, 1% AA APCI (+) Q 377
Flavonoids Fresh herbs MeOH-H,0, 1% FA APCI (-) Q 378
Flavonoids Red clover ACN-H,0, 0.25% AA ESI (+) Q 379
Flavonoids Wood pulp, MeOH-H,O0, 0.5% AA ESI (+) QqQ 380
waste water
Flavonoids Urine MeOH-ACN-H,O0, 0.5% FA APCI (-) Q 381
Phenolic compounds  Soy, onions ACN-H,0, 10% FA ESI (-) Q 382
Phenolic compounds Olives MeOH-H,O0, 1% AA ESI (+) QqQ 383

Notes: AA, acetic acid; AAc, ammonium acetate; ACN, acetonitrile; AH, ammonium hydroxide; FA, formic acid;
MeOH, methanol; TFA, trifluoroacetic acid; THF, Tetrahydrofuran; APCI, atmospheric pressure chemical
ionization; APPI, atmospheric pressure photoionization; ESI, electrospray ionization; IS, ion spray; IT, ion trap;
Q, single quadrupole; QqQ, triple quadrupole; TOF, time of flight.
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limited use in flavonoid analysis. Various isoflavones have been separated on an
uncoated fused-SiO, CE column (110 cm x 75 mm 1.d.) using 25 mM NH4OAc buffer and
UV and ESI-MS detection.*®® The ESI-MS allowed recognition of the molecular masses of
the isoflavones, as well as the presence of various functional groups according to observed
losses from the [M — H] ™ ion during CID by adjusting some MS parameters. Recently, a
similar CE method has been established for the analysis of a flavonoid mixture obtained from
plant extracts.*®’ This method used a fused-silica capillary and a buffer system consisting of
40 mM NH4OAc, 15% MeCN (pH 9.5). After validation of the CE method in combination
with a quadrupole mass spectrometer (with an electrospray interface and 0.1% triethylamine
in 2-propanol-water [80:20 v/v] as sheath liquid in the negative-ion mode), MS detection
showed sensitivity for hesperetin and naringenin similar to that of UV detection (0.4 to 0.6
mg/l). Employing external calibration allowed the reliable quantification of naringenin in a
phytomedicine containing five different herbal drugs.

2.3.3 STRUCTURAL INFORMATION

The application of MS in structural elucidations of flavonoids has increased dramatically
with recent developments related to soft ionization techniques, mass analyzers, and coupled
MS techniques (see Sections 2.3.1 and 2.3.2). Based on relatively small flavonoid quantities,
reports have provided the molecular mass in addition to structural information about the
flavonoid skeleton,?7%:23%333:339.340.388-392 olycone attachment points of glycosidic res-
idues,*? the types of carbohydrates present,”***® and the types of interglycosidic link-
ages.262:340:390.391 The exact location of acyl groups in the glycosidic residue is, however,
difficult to define on the basis of MS data. The numerous papers on structural information
about flavonoids, predominently focus on the use of CID in triple quadruple or ion trap mass
spectrometers, which allows generation and analysis of accurate daughter fragments, and on
the usefulness of MALDI-MS. The reader will also find references to many other important
papers in the field other than in Sections 2.3.3 and 2.3.4.

A considerable amount of information has been accumulated during the review period
with respect to fragmentation studies of flavonoid aglycones and their glycosides using
jonization techniques such as EI and CID (Figure 2.17).>>®> Tandem mass spectrometry with
soft ionization methods such as FAB, ESI, and APCI have been used for the structural
characterization of a variety of flavonoids, and both deprotonation?3?-340-378:380.393-396 nq
protonation?3%-234:340:380.390.397 1 4 des combined with CID have been used (Table 2.9-Table
2.13). Due to their acidic nature, flavonoids usually give higher ion abundances upon
deprotonation in the negative ESI mode than via protonation in the positive mode.

Fragmentation pathways of protonated and deprotonated molecules of C-glycosidic
flavonoids obtained with CID tandem MS techniques have enabled important structural
information to be obtained about different substitution patterns of sugars in this class of
compounds.?®®33*392 Eragment ions formed by the loss of water were more pronounced for
6-C-glycosyl flavonoids than for the corresponding 8-C-glycosyl flavonoids, due to the
hydrogen bonds existing between the 2”-hydroxyl of the 6-C-sugar unit and either the 5- or
7-hydroxyl of the aglycone (Figure 2.18). Differentiation between O-glycosides, C-glycosides,
and O,C-diglycosides have been achieved by examining the fragmentation patterns in their
first-order positive-ion spectra or low-energy CID spectra (Figure 2.17).>>® Diagnostic frag-
mentation patterns of flavonoids have also been reported based on a metal complexation
mode in conjunction with CID.****%?7492 EI.MS of solutions containing a flavonoid, a
transition metal salt, and an auxiliary ligand has resulted in differentiation between flavonoid
isomers, as well as determination of the position of glycosylation. The CID patterns can be
“tuned” by changing the auxiliary ligand;*’' however, little is known about the specific
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LC-APCI-MS or LC-ES-MS
Positive/negative ion mode

0,2 X+, E1+/0,2X7’ E17 Y0+/Y07
C-glycoside l O-glycoside
i +_g IT-MS2: 50% [M-H]~ _w
(M-HI™ Q-TOF-MS—MS: 20 eV l
EiEx
E;*, Ex*: main ions
Yes No
No | Yes
‘ ‘ 6-Cisomer 8-Cisomer
6-C isomer 8-C isomer
l IT-MS3: 50% i
02X+ 4 qroFMs-Ms: 30ev | 02X

: !

02X*—CH,0» 02X*-CHO
02X*-CHO No 1.3A* type of ions
02X*-H,0

1.3A*type of ions (*)

:

6-C isomer 8-Cisomer

(*) Observed especially on Q-TOF

FIGURE 2.18 Identification of the 6-C and 8-C isomers of mono-C-glycosylflavones, respectively, based
on diagnostic fragment ions observed in low-energy collision-induced dissociation tandem MS spectra.
(Reprinted from Waridel, P. et al., J. Chromatogr. A, 926, 29, 2001. Copyright 2001 Elsevier Science
B.V. With permission.)

structures of the metal complexes. Common auxiliary ligands used include 2,2"-bipyridine and
4,7-diphenyl-1,10-phenanthroline.

Many studies have dealt with the analysis of acylated flavonoid glycosides. MS analyses
have mainly been used to obtain molecular mass information, but structure-specific informa-
tion about the acyl group can be provided by neutral losses that are characteristic of the acyl
group or the acylated glycosyl residue.>® Characteristic acyl-related product ions can be
observed in the [M + H]" and [M + Na]" low-energy CID spectra and radical acid-related
product ions at high-energy CID conditions, which provide information on the presence and
identity of the acyl group and its position on the flavonoid backbone structure.*’?

MALDI-TOF-MS has been used to identify and quantify other anthocyanins in
foods.>'7*** When the anthocyanin content of highbush blueberries at different stages of
anthocyanin formation were analyzed by both HPLC and MALDI-TOF-MS, it was found
that both techniques provided comparable quantitative anthocyanin profiles.*!” While HPLC
could distinguish anthocyanin isomers, MALDI-TOF-MS proved to be more rapid. MALDI-
TOF-MS has also been used to identify the isoflavones in soy samples.*!® In a comparison of
several matrices, 2',4',6'-trihydroxyacetophenone (THAP) and 2,5-dihydroxybenzoic acid
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were found most suitable. Isoflavones were predominantly ionized in a protonated form with
a very small amount of sodium or potassium adduct ions. Fragmentation occurred only
through loss of glycosidic residues. The same authors have used the technique to identify
flavonol glycosides in yellow onion bulbs and green tea.’' THAP was chosen as the best
matrix because it worked for crude sample extracts and ionized flavonol glycosides in both
positive and negative modes. In the positive mode, multiple ion forms were observed for
flavonol glycosides, including [M + H]*, [M + Na]*, [M + K]*, and [M — H + Na + K], with
further fragmentation through loss of glycosidic residues. The negative mode for all flavonol
glycosides resulted in [M — H]™ ion formation without detectable fragmentation. MALDI-
TOF-MS has been used for structural elucidation of some flavones,*”> and a symmetrical
glycosylated methylene bisflavonoid.*®

Although proanthocyanidins are present as the second most abundant class of natural
phenolic compounds after lignin,*” relatively few MS studies appear in the literature before
1993, due to the structural complexity of these compounds. During the review period
considerable progress has been achieved through studies of proanthocyanidins in various
foods and beverages.>***731% Using tandem MS coupled to reversed-phase HPLC (RP-
HPLC), the proanthocyanidins of cocoa (Theobroma cacao) (Table 2.12),*”* green tea (Cam-
ellia sinensis),**® and wine*” were identified. The negative-ion mode was found to be more
sensitive and selective in the studies of proanthocyanidins than the positive-ion mode.*"’
Using LC-ESI-MS-MS analysis in the negative-ion mode, several new heterogeneous B-type
proanthocyanidins containing (epi)afzelechin as subunits, including tetramers and pentamers,
were identified in extracts of pinto beans, plums, and cinnamon (Table 2.13).*'° In MALDI
analyses of Ruby Red sorghum,**” deionization of the proanthocyanidin fractions with the
Dowex 50 x 8400 cation-exchange resin and subsequent addition of cesium trifluoroacetate
('¥3Cs) allowed the detection of exclusively [M + Cs]" ions in the spectra.

MALDI-TOF-MS has been used to characterize the molecular masses of condensed
tannins with varying degrees of polymerization in unripe apples.**® The technique has
provided evidence for a catechin pentadecamer using trans-3-indoleacrylic acid as matrix in
the presence of silver ion. Even in the absence of silver ion, the dodecamer and undecamer
were observed in the positive- and negative-ion modes, respectively. The technique has also
been employed to determine molecular sizes of oligomeric proanthocyanidins in coffee
pulp,’® and to characterize the polygalloyl polyflavan-3-ols (PGPF) in grape seed ex-
tracts.’'**!!" Masses corresponding to a series of PGPF units inclusive of nonamers were
observed in the positive-ion reflectron mode, while masses of PGPF inclusive of undecamers
were observed in the positive-ion linear mode, providing the first known evidence of PGPF of
this size.>'” In another study, the MALDI-TOF mass spectra of the condensed tannins of
leaves and needles from willow (Salix alba), spruce (Picea abies), beech (Fagus sylvatica), and
lime (Tilia cordata) in dihydroxybenzoic acid as matrix have shown signals of polymers of up
to undecamers.*’! Supporting observations from NMR spectroscopy, the mass spectra of the
willow, and lime leaf condensed tannins were identified as polymers with mainly procyanidin
units, while the polymers of the spruce needle and beech leaves exhibit varying procyanidin—
prodelphinidin ratios.

Because of their complex nature, a complete characterization of grape proanthocyanidins
has so far eluded analytical chemists despite the effort devoted to it. A reliable method for
total proanthocyanidin quantification and for supplying information regarding the molecular
weight distribution of the most complex proanthocyanidins is still lacking. However, the
potential role of the MALDI-TOF-MS technique for proanthocyanidin differentiation and as
a quantification tool is promising.??>-30¢-311-313411 11 3 recent paper, an offline coupling of
size-exclusion chromatography and MALDI has been carried out to measure differences
between polystyrenes and procyanidins.>'* Polystyrenes are used as standards because no
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TABLE 2.13

Liquid Chromatography-Electrospray lonization Mass Spectrometric Characteristics
(IM — H]™ and Product lons) of Selected Proanthocyanidin Tetramers and Pentamers
from Pinto Beans, Plums, and Cinnamon, Respectively

Procyanidin Connection Sequence [M=H]" Product lons
(Epi)Afz—(Epi)Afz—(Epi)Cat—(Epi)Cat 11213 849.0, 831.1, 577.2, 543.1
(Epi)Afz—(Epi)Cat—(Epi)Afz—(Epi)Cat 1121.2 849.0, 831.1, 561.1
(Epi)Afz—(Epi)Cat—(Epi)Cat—(Epi)Cat 11373 865.3, 577.2, 559.0
(Epi)Cat—(Epi)Afz—(Epi)Cat—(Epi)Cat 1137.3 849.3, 847.3, 577.2, 559.1
(Epi)Afz—(Epi)Afz—(Epi)Cat—(Epi)Cat—(Epi)Cat 1409.3 1119.3, 865.0, 831.1, 577.1
(Epi)Afz—(Epi)Cat—(Epi)Cat—(Epi)Cat—(Epi)Cat 1425.3 1153.3, 1135.7, 865.1, 577.1
(Epi)Cat—(Epi)Cat—A—(Epi)Cat-A—(Epi)Cat 1149.3 861.4
(Epi)Cat—(Epi)Cat—(Epi)Cat-A—(Epi)Cat 1151.2 863.5, 575.1
(Epi)Cat—(Epi)Cat—(Epi)Cat—(Epi)Cat-A—(Epi)Cat 1439.3 1151.3, 863.4, 575.2
(Epi)Afz—(Epi)Cat-A—(Epi)Cat—(Epi)Cat 1135.2 863.2, 847.2, 573.0
(Epi)Cat-A—(Epi)Cat-A—(Epi)Cat—(Epi)Cat 1149.3 859.2
(Epi)Cat—(Epi)Cat-A—(Epi)Cat—(Epi)Cat 1151.2 863.4, 861.2, 573.2
(Epi)Cat-A—(Epi)Cat—(Epi)Cat(Epi)Cat 1151.2 861.3, 573.1
(Epi)Cat-A—(Epi)Cat-A—(Epi)Cat—(Epi)Cat—(Epi)Cat 14374 11474, 859.5
(Epi)Cat—(Epi)Cat—(Epi)Cat-A—(Epi)Cat—(Epi)Cat 1439.4 1151.2, 1149.4, 863.2, 575.1, 573.1
(Epi)Cat—(Epi)Cat-A—(Epi)Cat(Epi)Cat—(Epi)Cat 1439.4 1151.3, 1149.4, 861.5, 577.2, 575.2, 573.1

Notes: The chirality of C-3 on the flavan-3-ols cannot be differentiated by MS. (Epi)afzelechin represents either
afzelechin or epiafzelechin. Afz, afzelechin; Cat, catechin; A, A-type binding between the flavanol units, i.e., flavanols
doubly linked by an additional ether bond between C-2 and O-7 in addition to the C4-C8 (or more rarely C4-C6)
bond.

Source: From Gu, L. et al., J. Mass Spectrom., 38, 1272, 2003. Copyright 2003 John Wiley & Sons, Ltd.

With permission.

commercial procyanidin standards are available. Between 1000 and 8000 Da, there was good
correlation between the MALDI and PS calibration curves. In this range, the PS calibration
was correct and enabled true mass determination.

2.3.4 QuANTITATIVE CONSIDERATIONS

Recently, a method has been developed for faster evaluation of the total flavonoid content in
plants and foodstuffs.>*! A TOF instrument has been used to acquire an m/z range of 220 to
700 with a generic gradient HPLC run, detecting both positive negative ions in alternating
spectral acquisitions, and producing exact mass data during the whole run by using a Lock-
Spray ESI source. Traditionally, most of the quantitative LC-MS methods utilize linear
quadrupole or ion trap mass spectrometers, due to their good linear dynamic range. However,
if a large number of compounds with different molecular weights is to be detected simultan-
eously in an LC-MS experiment using quadrupole instruments, the demand for scanning over
the wide mass range decreases the sensitivity. On the other hand, if SIM is used to increase the
sensitivity, the chromatographic resolution may become a problem. In view of the above
considerations together with the moderately poor ionization efficiency of the flavonoids,
higher detection limits with LC-MS than with LC-UV methods are usually observed.
When using a TOF instrument, the necessity to compromise between sensitivity and chroma-
tographic resolution was considerably reduced when data were acquired over a wide range
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of m/z ratios. The compounds were quantified using quercetin, quercitrin, rutin, and kur-
omanine as external standards and dextromethorphan as an internal standard. The detection
limits ranged from 0.01 to 0.04 mg/ml, while the quantification ranges obtained were 0.2 to
10 mg/ml for anthocyanins and 0.2 to 4 mg/ml for the other flavonoids.**!

The analytical performance of four modes of LC-MS, multiple MS (MS"), and tandem
MS operation (APCI and ESI with positive and negative ionizations) has been compared for
two mass spectrometers, a triple-quadrupole and an ion-trap instrument.>*® With 15 flavo-
noids as test compounds, the use of APCI in the negative-ion mode gave the best response,
with the signal intensities and the mass-spectral characteristics not differing significantly
between the two instruments. Under optimum conditions, full-scan limits of detection of
0.1 to 30 mg/l were achieved in the negative APCI mode. The main fragmentations observed
in the MS" spectra on the ion trap, or the tandem MS spectra on the triple quadrupole, were
generally the same. The advantage of the former approach was the added possibility to
ascertain precursor—product ion relations. The best results were obtained when methanol-
ammonium formate (pH 4.0) was used as LC eluent.**® In another comparison based on five
flavones or flavonols, the effect of nine different eluent compositions on the ionization
efficiency has been studied using ion spray (IS), APCI, and atmospheric pressure photoioni-
zation (APPI) in positive- and negative-ion modes.*®® It was shown that the eluent compos-
ition had a major effect on the ionization efficiency, and the optimal ionization conditions
were achieved in positive-ion IS and APCI using 0.4% formic acid (pH 2.3) as a buffer, and in
negative-ion IS and APCI using ammonium acetate buffer adjusted to pH 4.0. For APPI
work, the eluent of choice appeared to be a mixture of organic solvent and 5 mM aqueous
ammonium acetate. The limits of detection (LODs) were determined in scan mode, and it was
shown that negative-ion IS with an eluent system consisting of acidic ammonium acetate
buffer provided the best conditions for detection of flavonoids in MS mode, their LODs
ranging between 0.8 and 13 wM for an injection volume of 20 wl.>**

A rather sensitive RP-HPLC method combined with UV (270 nm) and ESI-MS detection
has been established for the determination of flavonoids and other phenolic compounds in
various biological matrices.*** LODs based on UV data of flavonoids in onion and soybean
were 6 to 42 pmol injected, which corresponded with analyte concentrations of 0.08 to 0.63 mg/
1. It has also been reported that 12 dietary flavonoid glycosides and aglycones in human urine
have been identified and quantified by LC-MS using MeOH-ACN-formic acid as eluent, and
APCI in negative mode.*®' Calibration graphs were prepared for urine, and good linearity
was achieved over a dynamic range of 2.5 to 1000 ng/ml. Selected ion monitoring offered
a considerable gain in selectivity as well as sensitivity, and LODs were determined to be 0.25
to 2.5 ng/ml.**! Wogonin metabolites (flavones) have been identified in rat plasma with an
LC-ESI/IT method in multistage full-scan mode.*'* On basis of this a sensitive LC—triple-
quadrupole MS method using APCI in the selected reaction monitoring mode has been used to
determine the concentration of wogonin and its major metabolite in rat plasma. The method
had a lower limit of quantification of 0.25 ng/ml for wogonin, and has been successfully applied
to a preclinical pharmacokinetic study after an oral administration of 5 mg/kg wogonin to rats.
The quantitative method was validated with respect to linearity, precision, and accuracy.

Based on an in-vial derivatization method, the mass spectra of methylated flavonoids and
other phenolics have been obtained via EI-MS at 70 eV.*® Detection was performed in the
selective ion monitoring mode and peaks were identified and quantified using target ions. The
detection limits ranged between 2 and 40 ng/ml, whereas the limits of quantitation fall in the
range of 5 to 118 ng/ml, with flavonoids accounting for the lowest sensitivity due to their
multiple reaction behavior.

Probably most important for plant extract analyses, MALDI-MS is remarkably tolerant
of impurities making the direct analysis of crude extracts possible. Through its capability for
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analyzing very small quantities of these compounds in unpurified samples, MALDI provides
a sensitive means for the detection of flavonoid pigments in plant tissues. By analyzing a
mixture of 3-deoxyanthocyanidins using MALDI-MS, sensitivities to the level of 15 pmol/pl
have been attained for 3-deoxyanthocyanidins present in crude extracts from sorghum plant
tissue, and as low as 5 pmol/ul for pure samples containing the anthocyanidin, pelargonidin,
and the anthocyanin, malvin.*!®

2.4 VIBRATIONAL SPECTROSCOPY (IR AND RAMAN)

Two different types of spectroscopic techniques are most frequently used to view the funda-
mental modes of molecular vibrations, namely mid-IR spectroscopy and Raman spectros-
copy.*!? The first method measures the absorption, transmission, or reflection of IR radiation
with wavelengths in the range of 2.5 to 25 pwm. The Raman method irradiates the sample
with radiation of much shorter wavelengths and measures the fraction of scattered radiation
for which the energy of the photon has changed. The vibrational spectra may serve as
fingerprints of structure, composition, interactions, and dynamics. The reciprocal of wave-
length, wavenumber (cm™'), is commonly used to characterize the energy in the field of
vibrational spectroscopy.

Systematic vibrational spectroscopy studies on flavonoids have occurred since the early
1950s, and most of them have been limited to a discussion on the hydroxyl and carbonyl
absorption frequencies.*'* However, with the technical advances of the last two decades, the
application of vibrational spectroscopy has become much more relevant in the field of
flavonoid analysis.*'>*'® The implementation of FTIR spectroscopy has significantly en-
hanced the sensitivity, and Raman spectroscopy has benefited from the availability of
holographic notch filters, which efficiently suppress the strong signal from elastically scat-
tered (Rayleigh) radiation while maintaining the Raman-shifted intensity with minimal
attenuation. Furthermore, high-powered NIR semiconductor lasers and sensitive charge-
coupled devices have replaced inconvenient gas lasers and light-detection technologies.
Ordinary Raman spectroscopy has drawbacks in that it requires high compound concentra-
tions, and the recorded spectrum will correspond to all molecules present in the sample. In
resonance Raman spectroscopy, this is overcome through the use of laser light with a
frequency corresponding to the absorption maximum of the compound to be characterized.
Finally, the increase in the computing power of standard computers has facilitated more
sophisticated data evaluation of both IR and Raman spectra.

The following sections describe the applications of IR, Raman, and NIR spectroscopic
techniques applied to the field of flavonoids in recent years.

2.4.1 IR AND RAMAN SpecTROSCOPIC TECHNIQUES IN STUDIES OF FLAVONOID STRUCTURES

IR and Raman spectroscopic techniques have been extensively used by Merlin, Cornard, and
their coworkers to achieve structural information about flavonoid geometry.*'”#** These
investigations have usually been accompanied by UV-Vis spectroscopic and x-ray crystallo-
graphic analysis, as well as quantum chemical calculations. The main focus has been on the
effects of position and nature of substituent (hydroxyl or methoxyl groups) on the molecular
structure, including investigations of the dihedral angle between the phenyl ring and the
chromone part of the molecule. The vibrational spectra of various simple flavonoids in solid
state have been compared with those obtained in solutions, and differences between the solid-
state spectra and solution-state spectra were explained by the possibility of the formation of
intramolecular hydrogen bonds present in the solid state and under specific solution condi-
tions, or formation of intermolecular hydrogen bonds with the solvent (CH;OH). The Raman
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spectra were preferred in most of these studies because they were considerably less complex
than the corresponding IR spectra. The structures of a variety of flavonoid—aluminum ion
complexes, including the complexes of aluminum(III) with 3-hydroxyflavone,**' 5-hydroxy-
flavone,*** 3',4'-dihydroxyflavone,*** quercetin,*** and quercetin 3-glucoside,**> have also
been examined by this research group. The influence of pH and AI*" concentration on the
complex formation was considered, and molecular conformations of both the free and
complexed flavonoids were proposed. Recently, these flavonoids have been used as model
compounds for the study of the behavior of humic substances toward Al(IIl) complex-
ation.*?® Other complexes between flavonoids and metal ions investigated by IR spectroscopy
include an alumina—(+)-catechin solution system,**” and some prepared organotin(IV) com-
plexes with the flavonoid glycosides, rutin, hesperidin, and 2',4’,3-trihydroxy-5',4-dimethox-
ychalcone 4-rutinoside, and with the aglycones, quercetin, morin, hesperitin, and some
flavones.**® The FTIR spectra of these latter complexes were consistent with the presence
of Sn—O (phenol or carbohydrate) vibrations in the compounds, and the structures of the
complexes were measured by Mdssbauer spectroscopy.

FTIR spectroscopy has been used for the reexamination of the carbonyl stretching
frequency of some simple hydroxyflavones in argon and methanol-argon matrices,** and
IR spectra have been recorded for some simple flavonoids including sulfonic acid deriva-
tives.**® The Raman spectra of six common anthocyanidins and some of their glycosylated
derivatives in acidic aqueous solutions have been compared.**' Despite great similarity
between these spectra, the anthocyanin substitution pattern could easily be recognized and
the effect of glycosylation was clearly visible; 5-glycosylation seemed to cause a greater
perturbation in the vibrational properties than that of 3-glycosylation. A more recent
Raman spectroscopy study of the structure of anthocyanins in aqueous solutions as a
function of temperature has also been presented.**

Among the new vibrational spectroscopic techniques applied to flavonoids, the hydro-
philic extracts of Scots pinewood and two model compounds, the flavone chrysin and the
stilbene pinosylvin, have been characterized using UV resonance Raman spectroscopy.**>
Pinosylvin and chrysin were resonance enhanced by UV excitation. Both compounds showed
very intense UV Raman bands due to alkene and aromatic structures at 1649 to 1635 cm™!
and 1605 to 1600 cm ™', respectively. In addition, aromatic and unsaturated structures of
pinosylvin and chrysin showed bands at 1582 and 1549 cm™', respectively. A very useful
multichannel spectrometer with microprobe and laser excitation either in the near-UV or
visible range has been used for flavonoid analysis.*'> It combines high-detection sensitivity
with rapid recording of spectra. The instrument is designed to record fluorescence emission or
Raman scattering spectra of samples examined in the microscope. The study of anthocyanins
in Zebrina pendula leaves has illustrated the possibility of recording absorption, fluorescence,
and Raman spectra from the same living cell.*”

The frequencies of many vibrational normal modes do not depend only on the molecular
structure. IR studies of 5-methyl-7-methoxy-isoflavone in 20 different organic solvents have
been used to examine the solvent—solute interactions and to correlate solvent properties with
the IR band shift.*** It was found that no linear relationship existed between the wavenumber
of the C=0 stretching band and the Kirkwood-Bauer—-Magat solvent parameters. However,
good correlations were observed between the wavenumbers of the C=0 stretching band and
the solvent acceptor number, and even better correlations between the wavenumbers of the
C=0 stretching band and the linear solvation energy relationships. A new chemistry model
within density functional theory (called CHIH-DFT) has recently been used to predict the IR
and UV-Vis spectra of quercetin.**> The predicted spectra were in good agreement with the
previously reported experimental UV and IR spectra, and assignments of the principal peaks
have been achieved.
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2.4.2 IR AND RAMAN SpecTROSCOPIC TECHNIQUES IN STUDIES OF COMPLEXES INVOLVING
FLAvoNOIDS

In recent years, IR and Raman spectroscopic techniques have been applied for the charac-
terization of flavonoid-containing systems with rather complex composition. A rapid analyt-
ical method involving attenuated total reflection (ATR) mid-IR spectroscopy and UV-Vis
spectroscopy, combined with multivariate data analysis, has been applied for the discrimin-
ation of Austrian red wines.**® By analyzing phenolic extracts (obtained by C18 solid-phase
extractions followed by elution with acidified methanol) of the various wines by mid-IR
spectroscopy, almost complete discrimination of all samples was achieved. Furthermore, it
was possible to establish class models for five different wine cultivars and to classify the test
samples correctly. In another study, the Raman spectrum of Artocarpus heterophyllus heart-
wood has shown to exhibit two characteristic bands at 1247 and 745 cm~'.**” Based on
Raman measurements of pure flavones and related compounds, it was predicted that the
Raman band at 1247 cm ™' was attributed to flavonoid-type compounds. In this case, no
vibrational band corresponding to the characteristic Raman bands was observed by diffuse
reflectance IR spectroscopy.*’’ By using solid-state FTIR and Raman spectroscopies an
inclusion complex between 2',6'-dimethoxyflavone and formic acid has been identified.**®
The broad and intense IR absorption observed in the range 3400 to 1900 cm ', assigned to
the hydrogen-bonded OH-group stretching vibration, exhibited the characteristic ABC struc-
ture of strong hydrogen-bonded complexes in good agreement with previous x-ray data
showing that cis-formic acid was strongly hydrogen bonded to 2’,6'-dimethoxyflavone. The
inclusion complex was quite unstable, and the IR spectrum clearly showed that formic acid
disappeared after a period of a few months. The formation of some B-cyclodextrin inclusion
complexes involving various flavanones has been investigated by FTIR and other methods.**’
Changes in the characteristic IR bands of pure substances confirmed the existence of B-
cyclodextrin—flavanon complexes as new compounds with different spectroscopic bands.

In an interesting application, the interaction of polyphenols with proline-rich proteins was
studied using an automated flow injection system with FTIR detection to gain insight into
chemical aspects related to astringency.*'® Agarose beads carrying the proline-rich protein
were placed in the IR flow cell in such a way that the beads were probed by the IR beam. By
using an automated flow system, the samples were flushed over the proteins in a highly
reproducible manner. Simultaneously, any retardation due to polyphenol-protein inter-
actions taking place inside the flow cell was monitored by IR spectroscopy.*'® Recent data
obtained by FTIR experiments, fluorescence spectroscopy, CD experiments, and molecular
modeling have suggested that the flavone scutellarein can strongly bind to the human serum
albumin.**

2.4.3 Two-DIMENsIONAL IR ANALYSIS

The introduction of generalized 2D correlation IR spectroscopy, 2D-IR, by Noda*! has
extended markedly the potential of using vibrational spectroscopy for flavonoid analysis.
Analyses have been performed using ordinary FTIR spectrometers, and the coordinates of
the two dimensions in these spectra both use frequency or wavenumber as units (Figure 2.19).
Peaks in 2D-IR spectra might show the sensitivity for each IR band or each functional group
and the correlation between the functional groups, even the order of the influence when the
system is subjected to a given perturbation.**! 2D-IR spectroscopy can simplify complex
spectra consisting of many overlapping bands and enhance spectral resolution by spreading
peaks along the second dimension, thus enabling extraction of information that cannot be
obtained straightforwardly from 1D spectra. The method has hitherto not been applied to
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FIGURE 2.19 2D IR correlation spectra of the flavonoid-containing Chinese medicine “Quing Kai
Ling.” (a) Synchronous IR spectrum; (b) asynchronous IR spectrum. In analogy to the corresponding
1D IR spectra, the units of the axis in both these 2D spectra are given in cm~'. (Reprinted from Zuo, L.
et al., J. Pharm. Biomed. Appl., 30, 1491, 2003. Copyright 2003 Elsevier Science B.V. With permission.)

pure flavonoids; however, the traditional Chinese medicine “Qing Kai Ling” injection after
deterioration has been distinguished from the original formulation using FTIR and 2D-IR
(Figure 2.19).**? It has been very difficult to distinguish IR spectra of injections before and
after deterioration by using the conventional 1D approach. However, higher spectral reso-
lution and more structural information provided by 2D-IR analyses have made this differ-
entiation possible. According to the 2D correlation analysis, the band at 1611 cm ™' in the
conventional IR spectra, in fact, consisted of the overlap of three bands at 1572, 1667, and
1729 em™!, which were assigned, respectively, to the alkaloids, flavone derivatives, and
carbonyl compounds in the injection.***

2.4.4 CouprLep TECHNIQUES INVOLVING VIBRATIONAL SPECTROSCOPY

Trimethylsilyl derivatives of ten hydroxy- and methoxyhydroxyflavonoids have been studied
by the GC-FTIR technique.*** The correlation found between retention and gas-phase IR
data was used in structural identification of compounds having very similar chromatographic
behavior. The shift of the carbonyl frequency gave information on the presence of substitu-
tion. Some hydroxy- and methoxy-substituted flavones have been studied following carbon
dioxide supercritical fluid chromatography on polymethylsiloxane capillary columns using
flame ionization and FTIR detection.***

The HPLC-FTIR technique has recently been used to identify six catechins and two
methyl-xanthines present in green tea extracts.**> A reversed-phase separation of the com-
pounds was performed on a C-18 column equilibrated at 30°C using an isocratic mobile phase
of acetonitrile-0.1% formic acid (15:85), prior to introduction to the deposition interface
linked to the FTIR detector. The solvent was evaporated at 130°C and spectra were collected
every 6 sec during the run. Two distinct designs for HPLC-FTIR interfaces have been
developed: flow cells and solvent elimination systems. Flow cell systems acquired spectra
of the eluent in the solvent matrix through IR transparent, nonhydroscopic windows. The
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spectrum of the solvent was then subtracted from the sample spectrum, with the result being
the spectrum of the analyte of interest. Solvent elimination systems nebulized the HPLC
eluent and removed the solvent before depositing the dried solutes onto an IR transparent
surface. Due to the strong IR absorption of water and other solvent, solvent elimination
systems are generally more sensitive than flow cell arrangements. Acid washing the drift tube
was recognized as being essential to obtain reproducible catechin depositions.**’

2.4.5 NEAR-INFRARED SPECTROSCOPY

NIR spectroscopy involves the measurement of wavelengths (800 nm to 2.5 wm) and intensity
of the absorption of NIR light by a sample. This light span is energetic enough to excite
overtones and combinations of molecular vibrations to higher energy levels. Several recent
studies emphasize the potential of NIRS as a nondestructive and effective alternative method
to conventional quantitative analysis of food, plant extracts, pharmaceutical remedies, etc. In
one application, Huck et al.**® have reported the use of NIR for quantitative analysis of the
water content, ethanol, and the flavone 3',4,5'-trimethoxyflavone in Primulae veris Flos
extracts. First, a calibration set using a reference method was established, e.g., HPLC for
quantification of the flavone. The values obtained were correlated by the use of special
software (NIRCal) to analyze the NIR spectral data. This calibration set could then be
used to quantify other new samples without the need for HPLC. An NIR reflectance
spectroscopy technique has been developed for the prediction of procyanidins in cocoa
beans (Theobroma cacao),**’ for the estimation of the nasunin (anthocyanin) content in the
skin of eggplant,**® to predict the content of the dihydrochalcone aspalathin in unfermented
rooibos,** condensed tannins concentrations in Lotus uliginosus,*° tannins and total phe-
nolics content in forage legumes,*! and for the simultaneous determination of alkaloids and
phenolic substances including flavonoids in green tea.*>> NIRS has been used for the predic-
tion of resistance in sugarcane to stalk borer Eldana saccharina.*>® NIR spectra of 60
sugarcane clones varying in resistance to E. saccharina indicated that chlorogenates and
flavonoids might be involved in the interaction between the insect and sugarcane. NIRS
has also been used to estimate plant pigment content (anthocyanins, carotenoids, chloro-
phylls) in higher plant leaves.*** A rapid quantitative NIRS method was established for the
determination of the constituents, including the biflavone I3,118-biapigenin, in St. John’s wort
extracts,* and for simultaneous determination of total flavones and total lactones in Ginkgo
extracts.*® Recent developments of multichannel dispersive Raman microprobes using NIR
excitation beyond 1000 nm and linear array detectors offering good sensitivity in the NIR
region of the spectrum between 1000 and 1600 nm have been applied to various samples
including flavone.**’

2.5 ULTRAVIOLET-VISIBLE ABSORPTION SPECTROSCOPY

The application of standardized UV (or UV-Vis) spectroscopy has for years been used in
analyses of flavonoids. These polyphenolic compounds reveal two characteristic UV absorp-
tion bands with maxima in the 240 to 285 and 300 to 550 nm range. The various flavonoid
classes can be recognized by their UV spectra,” and UV-spectral characteristics of individual
flavonoids including the effects of the number of aglycone hydroxyl groups, glycosidic
substitution pattern, and nature of aromatic acyl groups have been reviewed in several
excellent books.'**°

Today, the major use of UV-Vis spectroscopy applied to flavonoids is in quantitative
analyses, and the value of this method for some structural analyses is diminishing compared
to the level of information gained by other modern spectroscopic techniques like NMR and



Spectroscopic Techniques Applied to Flavonoids 105

MS. This section will rather briefly concentrate on some of the more recent applications of
UV absorption spectroscopy in the flavonoid field. It will mainly cover online UV absorption
spectroscopy in chromatography (Section 2.5.1). Because of the current importance of UV-
Vis in the study of anthocyanins, some more UV-Vis spectral details have been included
related to this pigment group (Section 2.5.2). Section 2.5.3 indicates the recent use of this
technique in studies of flavonoids interacting with other compounds.

2.5.1  ONLINE UV ABSORPTION SPECTROSCOPY IN CHROMATOGRAPHY

The combination of HPLC equipped with a UV-Vis DAD (see Section 1.4.4) has for the two
last decades been the standard method for the detection of flavonoids in mixtures. This type
of detector allows the simultaneous recording of chromatograms at different wavelengths.
The HPLC-DAD (alternatively called LC-UV) method has, during the period of this review,
been used for isolation, identification, screening, measurement of peak purity, or quantitative
determinations of flavonoids in numerous studies, and there exist several excellent recent
reviews in the field.** %! In the absence of standards, the method offers spectral information
about individual flavonoids by recording UV-Vis spectra wherein each peak is revealed in the
chromatogram. However, during elution the mobile-phase composition may vary consider-
ably, and the various LC methods may involve different solvents and solvent compositions.
There may, for instance, be a 15 nm shift toward shorter wavelengths when water is substi-
tuted for methanol. Thus, the resulting spectra of the same flavonoid may be obtained
in different solvents, aggravating precise identification based on agreement with literature
data obtained on pure flavonoids in a standardized solvent. When it comes to alternative
quantitative methods, various catechins have been separated with gradient RP-HPLC and
quantified by UV (270 nm) and fluorescence (280/310 nm, excitation/emission) detection
in series.**®> The combination of HPLC with online UV, MS, and NMR detection in LC—
UV-MS™ (Sections 1.4.5 and 2.3.2.2) and LC-UV-NMR (Sections 1.4.6 and 2.2.5) has
proved to be a very valuable tool for the analysis of natural products especially in extracts
or mixtures.

The use of UV shift reagents such as AlICl; (5% in methanol)-HCI1 (20% aqueous),
NaOMe (2.5% in methanol), and NaOAc (3 mg)-H3BO; has proven to be very useful as
guidelines for substitution patterns of many flavonoids; however, the use of these reagents has
mainly been applicable for purified flavonoids.!? By adding suitably modified shift reagents
to the eluate leaving a HPLC column, similar shifts of the UV absorption maxima of
flavonoids in the eluate have been induced.*®® Recently, Wolfender and his collaborators
have introduced UV shift reagents by postcolumn addition in hyphenated LC-UV-MS
analysis of flavonoid-containing crude extracts (Figure 2.20)."3"141464 The shifts observed
were interpreted according to the rules previously established for the analysis of pure poly-
phenols,” and permitted the localization of the position of the hydroxyl groups on most of the
compounds detected in the crude extracts that were analyzed. A screening method that
allowed the determination of the flavonoid composition of plant and food extracts has been
based on double online detection, first at 280 nm and then at 640 nm, after derivatization with
p-dimethylaminocinnamaldehyde (1% in 1.5 M sulfuric acid in methanol).**> The colored
adducts showed maximum absorption between 632 and 640 nm, thus preventing the interfer-
ence of other colored compounds in the same extracts.

2.5.2 UV-Vis ABSORPTION SPECTROSCOPY ON ANTHOCYANINS

The UV-Vis spectral data on anthocyanins (typically measured in methanol containing 0.01%
HCI) give important information about the nature of the aglycone and aromatic acyl
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FIGURE 2.20 Complementary UV-DAD and shifted UV-DAD spectra with postcolumn addition of
shift reagents of an isoflavanone (a) and an isoflavone (b) recorded online. The weak base NaOAc and
acidic AlCl3, respectively, were used as shift reagents. The shifted UV spectra are superimposed on the
original spectra for each compound. The observed shifts provide information about the flavonoid
substitution in accordance to the rules established for pure compounds. (Modified from Wolfender,
J.-L., Ndjoko, K., and Hostettmann, K., J. Chromatogr. A, 1000, 437, 2003. Copyright 2003 Elsevier
Science B.V. With permission.)

groups.*®46® Anthocyanins with 4'-O-glycosylation have recently been identified,'”® and now
UV-Vis spectral data for anthocyanins having glycosyl moieties connected to all the hydroxyl
positions have been reported.

Some diagnostic information about the glycosidic substitution pattern may thus be
revealed: anthocyanins with sugar unit(s) on the B-ring connected to the 3'-, 4'-, or
S’-hydroxyls seem to have their visible A, at shorter wavelengths (4 to 14 nm) than the
corresponding anthocyanin 3-glycosides. A hypsochromic shift (12 nm) was observed for A .«
in the UV-Vis spectrum of cyanidin 3,4’-O-diglucoside, compared to the corresponding
value of cyanidin 3-O-glucoside.!”® Also, Amax in the spectra of the 3,7-O-diglucoside, 3,7,3'-
O-triglucoside, and 3,7,3",5'-O-tetraglucoside of delphinidin have been observed at 537, 525,
and 521 nm, respectively.**”*® Anthocyanin 5-O- and 7-O-glucosides seem to exhibit their
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Amax at slightly longer wavelengths (5 to 9 nm) than the corresponding anthocyanin 3-O-glyco-
sides; however, no similar effect on A, has been observed for anthocyanin 3,5-O-diglycosides
and anthocyanin 3,7-O-diglycosides. It is well known that absorption spectra of pelargonidin
3-O-glycosides show higher absorbances at wavelengths around 440 nm than found in the
corresponding spectra of the other common anthocyanidin 3-O-glycosides. Similarly with the
spectra of pelargonidin 3-O-glycosides, a shoulder has been observed around 440 nm in the
UV-Vis spectra of cyanidin and delphinidin derivatives with O-glycosyl moieties on their B-
rings."'*!7" The relationship between color and substitution patterns in anthocyanidins has
been investigated with the aim of developing quantitative structure—color models; and experi-
mental data for the lowest UV transition in 20 substituted anthocyanidins have been
reviewed.*®® While hypsochromic effects from hydroxyl and methoxyl moieties at positions 6
and 8 were reported, it is interesting to note that a C-glycosyl moiety in the 8-position has the
opposite effect producing a more bluish color.*”®

The anthocyanins change their forms and colors depending on pH, concentration, copig-
mentation, and metal ions. Various inter- and intramolecular association mechanisms may be
involved. Many of the studies in the field of anthocyanin and flower color, which were
covered excellently by Brouillard and Dangles,*”' involve UV-Vis absorption spectroscopy.
The presence of acylation with cinnamic acids can be deduced by the appearance of a peak or
shoulder in the 310 to 330 nm region, while this peak is not observed in the case of benzoic
acids, which have their maximum absorption between 270 to 290 nm. The A, . (acyl)—
A)max(visible) ratio may be a measure of the number of aromatic acids present in the
anthocyanin.*®® In the literature, there exist many recent examples on how aromatic acyl
substituents of anthocyanins have caused bathochromic shifts in the UV-Vis spectra due to
intra- or intermolecular ‘w7 stacking with the anthocyanidins.*’**”* In these cases, either
cinnamoyl moieties or polyacylation with benzoic acids are involved. However, no significant
bathochromic effects are observed on A\« for cyanidin 3-(2"-galloylglucoside) and cyanidin
3-(2”,3"-digalloylglucoside), indicating the absence of intramolecular copigmentation for
these pigments.'® Dangles et al.*’® have indeed reported that two sugars are necessary as
spacers to allow folding of the acyl moiety leading to higher chromophore integrity. During
the review period several covalent complexes between anthocyanins and other flavonoids
have been identified 58226477479 Significant bathochromic shifts of A, (12 to 20 nm) in
spectra of these complexes may reveal intramolecular ‘“m—’ stacking of the anthocyanidin
with the flavone or flavonol moiety.

Absorption spectra have also been used in the reexamination of pH-dependent color and
structural transformations in aqueous solutions of some nonacylated anthocyanins and
synthetic flavylium salts.**® In a recent study, the UV-Vis spectra of flower extracts of
Hibiscus rosasinensis have been measured between 240 and 748 nm at pH values ranging
from 1.1 to 13.0.**' Deconvolution of these spectra using the parallel factor analysis
(PARAFAC) model permitted the study of anthocyanin systems without isolation and
purification of the individual species (Figure 2.21). The model allowed identification of
seven anthocyanin equilibrium forms, namely the flavylium cation, carbinol, quinoidal
base, and E- and Z-chalcone and their ionized forms, as well as their relative concentrations
as a function of pH. The spectral profiles recovered were in agreement with previous models
of equilibrium forms reported in literature, based on studies of pure pigments.

Pigment stability measurements of anthocyanin-containing extracts and pure pigments is
another application area of UV-Vis spectroscopy.**>*% Color and stability studies of the
3-glucosides of the six common anthocyanidins and petunidin 3-[6-(4-(p-coumaryl)rhamno-
syl)glucoside]-5-glucoside in aqueous solutions, during several months of storage, have
revealed large variation between the pigments in particular at slightly acidic to slightly
alkaline pH values. 3456
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FIGURE 2.21 Spectral profiles recovered by the PARAFAC model at different pH values based on the
deconvolution of UV-Vis absorption spectra, featuring the various anthocyanin secondary monomeric
forms. (Reprinted from Levi, M.A.B. et al., Talanta, 62,299, 2004. Copyright 2004 Elsevier Science B.V.
With permission.)

Useful for quantification of anthocyanins, the molar absorption coefficients of several
anthocyanins have been reviewed.*****® However, these compilations reveal lack of uniform-
ity between the reported values, most probably due to the unavailability of pure anthocyanins
in sufficient quantities to allow reliable weighing under optimal conditions, and the lack of
standardization of anthocyanin solvent used for measurements.

2.5.3 UV-=Vis ABSORPTION SPECTROSCOPY INVOLVING FLAVONOIDS IN COMPLEXES

In a recent paper, the interaction of various simple flavonoids with an anionic surfactant,
sodium dodecyl sulfate (SDS) in aqueous solution, has been studied through absorption
spectroscopy as a function of the concentration of the surfactant above and below the critical
micelle concentration.*® The approximate number of additive molecules (flavonoids) incorp-
orated per micelle was estimated at a particular concentration of SDS. Incorporation of
flavonoids in micelles shifted the UV absorption bands toward higher wavelengths, and the
bathochromic shifts also depended upon the nature of the surfactant head group.

UV-Vis linear dichroism and (mid-)IR ATR IR analysis have been used to explain the
possible association between DNA and the flavonols quercetin, rutin (quercetin-3-rutino-
side), and morin (3,5,7,2".4'-pentahydroxyflavone) in solution.**® These nucleophilic flavo-
noids were shown to bind DNA by intercalation with an interaction having similar nature
and geometry; however, under comparable conditions, quercetin exhibited a greater number
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of intercalated chromophores. The sugar part of rutin, which was arranged out of the inter-
calation site, did not seem to represent any steric hindrance for the interaction with DNA. This
is in accordance with the findings of Nerdal et al.,*® who determined the detailed structure of
the complex between the flavonol kaempferol 7-O-neohesperidoside and a DNA dodecamer
containing the E. coli wild-type lac promoter sequence (TATGTT) using 2D NOESY NMR.
DNA, which is a target for free radicals and reactive electrophilic groups, may thus be
protected by the potential close relationship with flavonols and similar compounds.

The petals of a number of flowers contain similar intensely colored intravacuolar bodies
referred to as anthocyanic vacuolar inclusions (AVIs), and the presence of AVIs has been
shown to have a major influence on the color of flowers by enhancing both intensity and
blueness.*! In these studies, the anthocyanin—flavonol ratios in clarified extracts of blue-gray
carnation have been determined by absorption spectroscopy. The levels of anthocyanin and
flavonols were calculated from the absorption at 508 and 350 nm, respectively, using molar
extinction coefficients of 36,000 and 15,000, respectively. Absorbance or reflectance spectra of
inner and outer petal zones of purple lisianthus, measured with an integrating sphere con-
nected to a spectroradiometer, indicated a distinct bluing of color in the AVI-rich inner petal.
This bluing was evidenced by enhanced absorbance in the longer wavelength bands at 625 nm.
Thus, in the outer petal, absorbance at 625 nm was 79% of the intensity of the 545 and 575 nm
peaks whilst in the inner petal it was 95%. Reflectance and transmittance were determined at
2 nm intervals over the 400 to 1100 nm waveband.*’! Flowers of the rose cultivar Rhapsody in
Blue display unusual colors, changing as they age, from a vivid red-purple to a lighter and
duller purple.*** Unexpectedly, the chemical basis of these colors is among the simplest,
featuring cyanidin 3,5-diglucoside as the sole pigment and quercetin and kaempferol glyco-
sides as copigments at a relatively low copigment—pigment ratio (about 3:1), which usually
produces magenta or red shades in roses. It has been revealed that the color shift to bluer
shades was coupled with the progressive accumulation of cyanidin 3,5-diglucoside into AVIs,
the occurrence of which increased as the petals grew older. In these studies, spectral reflect-
ance curves between 380 and 780 nm were recorded on circular petal areas (6 mm diameter)
by a spectrocolorimeter. Each color was then numerically specified in the CIELAB scale (see
Section 2.6). Spectroscopic measurements of live petals were based on transmission curves
between 380 and 780 nm recorded using a spectrophotometer on petals fixed on a glass
microscope slide (I mm thickness), while spectroscopic curves of portions of individual
epidermal cells were recorded between 400 and 700 nm at a 2.5 nm interval (bandwidth
10 nm) using a single-beam microphotometer with a continuous interferential filter.**?

2.6 COLOR MEASUREMENTS USING COMMISSION INTERNATIONALE
DE L’ECLAIRAGE SPECIFICATIONS

Color is a complex phenomenon, and in the evaluation of color the sample must be illumin-
ated. In the light-sample interaction different physical phenomena are observed: transmis-
sion, absorption, scattering, refraction, etc. One way of describing sample color is to use
numerical terms, which can be converted to CIE (Commission Internationale de I’Eclairage)
color specifications. Using the CIELAB system, the principal attributes of sample colors are
lightness (L*), saturation (C*), and hue (h,;) (Figure 2.22). L* considers color as a source of
reflected light ranging from black (L*=0) to white (L*=100). C* describes the chroma,
which correlates to the degree of gray tone of the color. The higher the C* value, the more
saturated a color is. A very high L* value (approximately 95 or more) combined with very low
C* (approximately 4 or less) corresponds to a virtually achromatic stimulus (i.e., white). The
third parameter, namely /,;,, defines the tonality that we normally identify with the name of a
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FIGURE 2.22 The three-dimensional CIELAB colour system. Left: /,;, (hue) describing the tonality of
the color, where 0° corresponds to red, 90° corresponds to yellow, + 180° corresponds to green, and 270°
(or —90°) corresponds to blue, C* represents the chroma (or saturation), where 0 is a gray tone, while
100 is a pure hue. Right: the lightness (L*) goes from black (0) to white (100).

color (where 0° corresponds to red color, 90° corresponds to yellow, 180° [or —180°] corres-
ponds to green, and 270° [or —90°] corresponds to blue). From this model, it is easy to predict
that, for instance, 45° corresponds to orange, whereas 315° (or —45°) corresponds to purple.
Furthermore, determinations of colors also depend on the illuminant (e.g., D65) and observer
conditions (e.g., 10°) under which the colors have been measured.**#°® During the review
period, color measurements using the CIE system have been performed on anthocyanin-
containing samples such as intact plant parts and products derived thereof, including red
wines and fruit juices, as well as on pure anthocyanins. These analyses have included stability
studies, factors influencing colors, and quantitative analyses. The effects of copigmentation
on the color of anthocyanins have been extensively studied by Gonnet using the CIELAB
parameters.495*497

2.6.1 CoLORIMETRIC STUDIES ON PURE ANTHOCYANINS

While most colorimetric analyses involving flavonoids have been performed on samples
containing anthocyanins in mixtures with other compounds, some studies have been aimed
at color analyses on pure pigments. First of all, it is obvious that the color characteristics of
individual anthocyanins strongly depend on the anthocyanin concentration (Table 2.14). At
pH values below 3.5, when the examined anthocyanins occur mainly in their flavylium forms,
the hues of the same anthocyanin increase and the L* values decrease considerably with
increasing concentration. However, a remarkable effect was observed at high concentrations
of cyanidin 3,5-diglucoside in buffer solutions at pH 2.5: the red color of the solution at 10>
M (hyy, 358.4°) shifted to an orange hue (/. 48.3°) at 107> M and then back toward more
reddish colors (4, 29.4°) at even higher concentrations (5 x 1073 M), although the Ayis.max
values of all these solutions remained at similar values (510 to 511 nm).**> Decreasing L*
values caused by increasing pigment concentration were also observed at pH values 3.5, 4.5,
and 5.5; however, the pattern for the hue variation varied at these pH values,*> most
probably due to different impact of the various equilibrium forms.

The 3-glucosides of delphinidin, cyanidin, petunidin, peonidin, and malvidin, isolated
from red grape skins, have been subjected to colorimetric analysis in model solutions imitat-
ing wine in the pH range 1.5 to 7.0.*°® It was revealed that both increasing number of O-
substituents and degree of methoxylation on the B-ring of anthocyanidins led to a color shift
toward more purple hues at pH 1.5 (Table 2.14).*’® The chroma of these pigments decreased
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TABLE 2.14
Influence of Concentration, pH, and Solvent on Colors of Pure Anthocyanins Using CIELAB
Parameters®

Anthocyaninb pH¢ Conc. (mM) L* C* hay Ref.
Pg 0.1% HCIM 0.0154 87.1 22.1 357.3 488
Pg 3-glc 0.1% HCIM 0.0176 88.1 20.2 17.6 488
Pg 3-(2-glcgle)-5-glc 0.1% HCIM 0.0185 91.8 13.5 15.5 488
Pg 3-(2-glcglc)-5-gle 0.1% HCIM 0.0298 78.4 39.2 53.4 488
Pg 3-(2-glcglc)-5-glc + cou 0.1% HCIM 0.0173 85.3 30.3 16.4 488
Pg 3-(2-glcgle)-5-gle + fer 0.1% HCIM 0.0276 82.8 36.5 19.5 488
Pg 3-(2-glcglc)-5-glc 4 cou + mal 0.1% HCIM 0.0246 83.4 354 18.3 488
Pg 3-(2-glcglc)-5-glc + fer + mal 0.1% HCIM 0.0270 82.6 37.0 20.5 488
Pg 3-(6-rhaglc)-5-glc + cou 0.1% HCIM 0.0194 87.2 25.7 11.0 488
Pg BpH 1.0 0.0154 90.0 16.7 22.7 488
Pg 3-glc BpH 1.0 0.0176 90.3 17.6 44.0 488
Pg 3-(2-glcgle)-5-gle BpH 1.0 0.0185 90.0 20.3 41.0 488
Pg 3-(2-glcgle)-5-gle BpH 1.0 0.0298 81.8 56.0 53.5 488
Pg 3-(2-glcglc)-5-glc + cou BpH 1.0 0.0173 86.4 26.8 233 488
Pg 3-(2-glcglc)-5-glc + fer BpH 1.0 0.0276 83.4 33.7 24.1 488
Pg 3-(2-glcglc)-5-glc + cou + mal BpH 1.0 0.0246 86.8 25.9 21.7 488
Pg 3-(2-glcglc)-5-glc + fer + mal BpH 1.0 0.0270 83.1 339 22.1 488
Pg 3-(6-rhaglc)-5-glc + cou BpH 1.0 0.0194 87.3 24.8 23.1 488
Pg 3-glc BpH 1.1 0.10 76.6 86.9 58.7 175
5-CarboxypyranoPg 3-glc BpH 1.1 0.10 87.5 48.7 61.1 175
Cy 3-glc BpH 1.1 0.05 81.1 459 20.8 232
Cy 3-glc BpH 1.1 0.15 63.7 81.9 424 232
Cy 3-(2-glcgle)-5-gle BpH 1.1 0.05 81.5 46.7 12.8 232
Cy 3-(2-glcgle)-5-gle BpH 1.1 0.15 69.5 78.6 38.0 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 1.1 0.05 66.0 69.5 —14.8 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 1.1 0.15 56.7 79.6 -9.7 232
Dp 3-glc BpH 1.5 0.10 63.85 73.66 21.48 498
Cy 3-glc BpH 1.5 0.10 70.4 69.0 29.5 498
Pt 3-glc BpH 1.5 0.10 63.2 68.4 16.1 498
Pn 3-glc BpH 1.5 0.10 73.2 61.1 24.5 498
Mv 3-glc BpH 1.5 0.10 67.9 66.3 9.9 498
Cy 3,5-diglc BpH 2.5 0.01 96.3 8.67 358.4 495
Cy 3,5-diglc BpH 2.5 0.025 92.7 17.89 1.4 495
Cy 3,5-diglc BpH 2.5 0.05 87.5 30.99 4.8 495
Cy 3,5-diglc BpH 2.5 0.10 80.0 47.87 11.0 495
Cy 3,5-diglc BpH 2.5 0.25 69.2 69.69 26.9 495
Cy 3,5-diglc BpH 2.5 0.50 60.1 90.0 41.2 495
Cy 3,5-diglc BpH 2.5 1.0 438.3 106.86 438.3 495
Cy 3,5-diglc BpH 2.5 25 31.7 85.26 39.7 495
Cy 3,5-diglc BpH 2.5 5.0 16.6 57.89 29.4 495
Cy 3-glc BpH 3.0 0.05 82.3 40.5 5.7 232
Cy 3-glc BpH 3.0 0.15 63.0 70.2 25.6 232
Cy 3-(2-glcglc)-5-glc BpH 3.0 0.05 90.5 23.1 -2.8 232
Cy 3-(2-glcgle)-5-gle BpH 3.0 0.15 76.9 52.9 44 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 3.0 0.05 66.5 67.9 —17.4 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 3.0 0.15 48.1 80.6 -5.2 232

continied
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TABLE 2.14
Influence of Concentration, pH, and Solvent on Colors of Pure Anthocyanins Using CIELAB
Parameters® — continued

Anthocyaninb pH® Conc. (mM) L* C* hay Ref.
Dp 3-glc BpH 3.5 0.10 88.2 20.6 -53 498
Cy 3-glc BpH 3.5 0.10 88.2 22.9 8.1 498
Pt 3-glc BpH 3.5 0.10 90.2 16.6 —4.0 498
Pn 3-glc BpH 3.5 0.10 92.1 13.9 7.5 498
My 3-glc BpH 3.5 0.10 93.3 11.8 —6.9 498
Cy 3,5-diglc BpH 3.5 0.01 98.8 1.23 1.4 495
Cy 3,5-diglc BpH 3.5 0.025 97.9 3.25 1.3 495
Cy 3,5-diglc BpH 3.5 0.05 96.5 6.49 1.0 495
Cy 3,5-diglc BpH 3.5 0.10 93.9 12.54 1.5 495
Cy 3,5-diglc BpH 3.5 0.25 86.8 27.99 2.9 495
Cy 3,5-diglc BpH 3.5 0.50 76.8 46.95 5.9 495
Cy 3,5-diglc BpH 3.5 1.0 62.1 66.25 17.7 495
Cy 3,5-diglc BpH 3.5 2.5 42.2 87.89 38.2 495
Cy 3,5-diglc BpH 3.5 5.0 24.5 71.91 35.8 495
Cy 3-glc BpH 4.1 0.05 89.5 22.1 -2.5 232
Cy 3-glc BpH 4.1 0.15 69.6 49.8 5.0 232
Cy 3-(2-glegle)-5-gle BpH 4.1 0.05 96.5 6.3 ~6.3 232
Cy 3-(2-glcgle)-5-gle BpH 4.1 0.15 89.4 20.9 -8.0 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 4.1 0.05 72.5 50.5 —25.8 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 4.1 0.15 50.3 79.0 —-22.2 232
Cy 3,5-diglc BpH 4.5 0.01 99.0 0.33 16.8 495
Cy 3,5-diglc BpH 4.5 0.025 98.9 0.65 14.7 495
Cy 3,5-diglc BpH 4.5 0.05 98.4 1.33 9.4 495
Cy 3,5-diglc BpH 4.5 0.10 97.4 2.70 5.9 495
Cy 3,5-diglc BpH 4.5 0.25 94.7 7.03 3.1 495
Cy 3,5-diglc BpH 4.5 0.50 89.7 14.28 2.3 495
Cy 3,5-diglc BpH 4.5 1.0 79.9 28.73 0.5 495
Cy 3,5-diglc BpH 4.5 2.5 58.8 54.10 3.4 495
Cy 3,5-diglc BpH 4.5 5.0 35.9 67.79 17.2 495
Cy 3-gle BpH 5.1 0.05 94.9 5.0 —16.8 232
Cy 3-glc BpH 5.1 0.15 65.5 22.6 —50.0 232
Cy 3-(2-glegle)-5-gle BpH 5.1 0.05 98.2 L5 ~1.1 232
Cy 3-(2-glcgle)-5-glc BpH 5.1 0.15 94.5 6.1 —13.6 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 5.1 0.05 82.7 24.7 —44.3 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 5.1 0.15 52.5 65.4 —412 232
Cy 3,5-diglc BpH 5.5 0.01 99.4 0.19 26.8 495
Cy 3,5-diglc BpH 5.5 0.025 99.1 0.45 22.9 495
Cy 3,5-diglc BpH 5.5 0.05 98.7 0.98 23.1 495
Cy 3,5-diglc BpH 5.5 0.10 97.6 2.11 24.1 495
Cy 3,5-diglc BpH 5.5 0.25 94.6 5.39 22.5 495
Cy 3,5-diglc BpH 5.5 0.50 90.3 10.41 12.1 495
Cy 3,5-diglc BpH 5.5 1.0 80.6 20.97 7.9 495
Cy 3,5-diglc BpH 5.5 2.5 57.2 45.79 9.1 495
Cy 3,5-diglc BpH 5.5 5.0 31.6 62.39 16.9 495
Cy 3-glc BpH 6.0 0.05 82.6 15.4 -21.2 232

Cy 3-glc BpH 6.0 0.15 39.9 32.5 —47.1 232
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TABLE 2.14
Influence of Concentration, pH, and Solvent on Colors of Pure Anthocyanins Using CIELAB
Parameters® — continued

Anthocyaninb pH¢ Conc. (mM) L* C* ha, Ref.
Cy 3-(2-glcgle)-5-gle BpH 6.0 0.05 96.6 4.0 —26.0 232
Cy 3-(2-glcgle)-5-gle BpH 6.0 0.15 89.2 13.1 —28.9 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 6.0 0.05 72.1 38.1 —49.9 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 6.0 0.15 354 75.8 —43.0 232
Cy 3-glc BpH 6.6 0.05 75.8 15.2 —17.1 232
Cy 3-glc BpH 6.6 0.15 33.5 27.7 -50.7 232
Cy 3-(2-glcgle)-5-gle BpH 6.6 0.05 80.7 25.9 —46.8 232
Cy 3-(2-glcgle)-5-gle BpH 6.6 0.15 49.9 64.7 —42.3 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 6.6 0.05 76.0 29.4 —63.3 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 6.6 0.15 423 64.4 —58.2 232
Cy 3-glc BpH 6.8 0.05 75.2 13.6 —14.8 232
Cy 3-glc BpH 6.8 0.15 353 22.9 —46.8 232
Cy 3-(2-glcgle)-5-glc BpH 6.8 0.05 73.2 34.7 —53.7 232
Cy 3-(2-glcgle)-5-gle BpH 6.8 0.15 36.9 75.7 —46.3 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 6.8 0.05 75.3 28.4 —75.4 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 6.8 0.15 33.8 57.8 —67.4 232
Pg 3-glc BpH 6.9 0.10 58.0 43.09 37.3 175
5-Carboxypyranopg 3-glc BpH 6.9 0.10 81.2 37.5 34.8 175
Cy 3-glc BpH 6.9 0.05 74.3 12.2 —13.8 232
Cy 3-glc BpH 6.9 0.15 333 223 —50.0 232
Cy 3-(2-glcgle)-5-gle BpH 6.9 0.05 69.3 38.3 —62.6 232
Cy 3-(2-glcglc)-5-gle BpH 6.9 0.15 31.3 74.6 —51.5 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 6.9 0.05 72.2 31.2 —88.5 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 6.9 0.15 41.8 59.7 —72.1 232
Cy 3-glc BpH 7.2 0.05 73.7 11.6 —15.8 232
Cy 3-glc BpH 7.2 0.15 322 21.9 —47.0 232
Cy 3-(2-glcgle)-5-gle BpH 7.2 0.05 65.4 42.2 —70.2 232
Cy 3-(2-glcgle)-5-gle BpH 7.2 0.15 29.1 73.4 —56.1 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 7.2 0.05 69.3 34.7 -97.7 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 7.2 0.15 53.6 48.9 —87.7 232
Cy 3-glc BpH 7.3 0.05 72.5 11.8 —24.2 232
Cy 3-glc BpH 7.3 0.15 31.1 24.0 —39.7 232
Cy 3-(2-glcgle)-5-gle BpH 7.3 0.05 64.4 432 -77.8 232
Cy 3-(2-glcgle)-5-glc BpH 7.3 0.15 27.6 71.5 —59.8 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 7.3 0.05 63.2 414 —100.4 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 7.3 0.15 57.3 46.6 -97.4 232
Cy 3-glc BpH 8.0 0.05 74.8 21.5 23.9 232
Cy 3-glc BpH 8.0 0.15 38.7 47.2 24.1 232
Cy 3-(2-glcgle)-5-gle BpH 8.0 0.05 67.1 52.8 —40.9 232
Cy 3-(2-glcgle)-5-gle BpH 8.0 0.15 35.6 81.2 —34.2 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 8.0 0.05 57.8 43.4 —87.5 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 8.0 0.15 28.2 56.1 —77.4 232
Cy 3-glc BpH 8.9 0.05 75.0 21.2 27.9 232
Cy 3-glc BpH 8.9 0.15 38.7 46.9 26.9 232
Cy 3-(2-glcgle)-5-gle BpH 8.9 0.05 67.3 49.1 —43.8 232

Cy 3-(2-glcgle)-5-glc BpH 8.9 0.15 35.1 71.7 —34.8 232
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TABLE 2.14
Influence of Concentration, pH, and Solvent on Colors of Pure Anthocyanins Using CIELAB
Parameters® — continued

Anthocyaninb pH® Conc. (mM) L* C* h.y Ref.
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 8.9 0.05 56.3 35.0 —66.5 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 8.9 0.15 22.7 38.8 -79.4 232
Cy 3-glc BpH 9.9 0.05 73.2 16.1 17.6 232
Cy 3-gle BpH 9.9 0.15 39.3 40.6 234 232
Cy 3-(2-glcgle)-5-gle BpH 9.9 0.05 80.6 17.2 —61.2 232
Cy 3-(2-glcgle)-5-gle BpH 9.9 0.15 52.3 332.5 —46.9 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 9.9 0.05 55.3 20.2 —70.6 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 9.9 0.15 19.6 24.3 —73.9 232
Cy 3-glc BpH 10.5 0.05 62.0 28.5 —62.8 232
Cy 3-gle BpH 10.5 0.15 243 49.7 —53.6 232
Cy 3-(2-glcglc)-5-glc BpH 10.5 0.05 83.3 14.4 —155.5 232
Cy 3-(2-glcgle)-5-gle BpH 10.5 0.15 55.5 35.6 —171.4 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 10.5 0.05 57.2 47.2 —155.4 232
Cy 3-(2-(2-singlc)-6-singlc)-5-glc BpH 10.5 0.15 27.6 423 —153.0 232

#Some of the values need to be regarded as transient because some pigments degrade fast at some pH values.
This is especially profound for nonacylated pigments in weak acid and neutral solutions.

ng, pelargonidin; Cy, cyanidin; Dp, delphinidin; Pn, peonidin; Pt, petunidin; Mv, malvidin; glc, glucose; gal,
galactose; xyl, xylose; rha, rhamnose; cou, p-coumaric acid; fer, ferulic acid; sin, sinapic acid; mal, malonic.

with methoxylation of the hydroxyl groups on the B-ring. Changes in lightness (L*) corre-
sponding to color loss and a color shift toward purple/blue were observed when increasing the
pH toward 7.

In a comparative analysis of pelargonidin and several pelargonidin glycosides with dif-
ferent glycosylation and acylation patterns dissolved in MeOH-HCI (99.9:0.1, v/v) and
aqueous buffer solution (pH 1.0), hyperchromic effects leading to higher chroma, as well as
lower hue values (more reddish colors), were observed for all pelargonidin derivatives when
dissolved in acidified methanolic solutions (Table 2.14).*®® The glycosylation pattern, the
nature of the glycosyl substituents, as well as aromatic acylation showed significant impact on
the colors of the solution. 3-Glycosylated pigments showed lower hues than the correspond-
ing 3,5-diglycosylated pigments. The presence of cinnamoyl moieties lowered the hue value
and increased the chroma, compared to similar nonacylated pigments. Contrary to this,
aliphatic acylation with malonic acid had little effects on chroma and lightness, and these
pigments exhibited lesser difference between the hue values obtained in aqueous and metha-
nolic solutions, respectively.*®® Similarly, the color properties of several cyanidin-based
anthocyanins, all containing a 3-glycosyl residue with different overall substitution patterns,
have been analyzed in various solutions with pH ranging from 0.45 to 6.00.*”° Compared with
cyanidin 3-glycosides without acylation, both acylation with cinnamic acids and glycosidic
substitution at the 5-position shifted color tonalities (hue) toward purple. A small increase in
color strength through acylation was also confirmed; however, it was proved that slightly
different acyl moieties also affected color appearance.

An important conclusion from the colorimetric analysis of newly discovered pyra-
noanthocyanins is that each of them seems to retain the original color over the whole pH region
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1 to 7, which implies that they, in contrast to analogous common anthocyanins, remain in the
flavyllium cationic equilibrium form to a significant extent even up to pH 7.17>%%0-%1 The
pyruvic acid pyrano-anthocyanin adducts adopt a more yellowish color than the correspond-
ing pigments lacking the extra ring.'”>>% In contrast to this, pyrano-anthocyanins formed
from the reaction between cinnamic acids and anthocyanins achieved a more bluish color.”"

Studies of color and color stability of some anthocyanins, representing the structural
variation of the common pigments isolated from many fruits and vegetables, have been
performed at various pH values covering the pH region 1.0 to 10.5 and at two different
concentrations (Table 2.14).”*> The hue angle shift toward bluish tones in freshly made
samples of anthocyanins with 5-glucosidic substitution was amplified with aromatic acylation
throughout the entire pH range except at pH 10.5. Of potential interest for weakly acidic food
products, one of the pigments involved, namely cyanidin 3-(2"-(2"’-sinapoylglucosyl)-6"-
sinapoylglucoside)-5-glucoside, maintained nearly the same h,,, C*, and L* values during
the whole period (98 days), in contrast to similar anthocyanins lacking the aromatic acyl
moieties.

2.6.2 ANTHOCYANIN-BASED CoLORS OF PLANTS AND PRODUCTS DERIVED THEREFROM

Colorimetric measurements have been applied to various analyses of red wines and model
wine solutions.’**%>%7 Accurate definitions of the wines have been achieved by the L*
(lightness) and a* (redness) values, while the representation of AL* against AC* revealed the
color differences between various wines.’” The color stability of wine and model wine
solutions toward storage time and bleaching by sulfur dioxide has been extensively studied
by Bakker et al.,’*>°°*%7 while the color stability of a range of anthocyanin-containing
extracts, including fruit juices, has been the subject of other colorimetric studies.”®®>'> It
has, for instance, been shown that black carrot anthocyanins are applicable as food colorants
in the acidic to weakly acidic pH region.>'®

Colorimetric analyses performed in the reflection mode have been used to determine
colors of various flowers***>17>2! a5 well as the colors and color development of fruits and
berries.”' >33 In an interesting study, the “cyclamen” red (or pink) colors of some
carnation cultivars have been found to be based on the macrocyclic anthocyanin, pelargoni-
din 3,5-diglucoside (6”,6"'-malyl diester).”** The CIELAB coordinates revealed that these
flowers showed similar colors as some rose cultivars, which, however, were mainly based on a
very different pigment, cyanidin 3,5-diglucoside.

2.7 CIRCULAR DICHROISM SPECTROSCOPY

When polarized light is passed through a substance containing chiral molecules, the direction
of polarization can be changed. This phenomenon is called optical activity. Optical activity of
flavonoids is basically measured by two spectroscopic methods, optical rotation and dichro-
ism. The first method observes a sample’s effect on the velocities of right and left polarized
light beams. Dichroism is defined as the differential absorption of radiation polarized in the
two directions as a function of frequency. When applied to plane polarized light, it is called
linear dichroism (LD) and for circularly polarized light, circular dichroism, CD. CD spec-
troscopy has during the last few decades been the most commonly used spectroscopic
technique for extracting stereochemical information about flavonoids. CD measurements
are simpler to perform than optical rotation measurements because they require only the
detection of intensity variations, whereas rotation experiments require measurements of very
small changes in electron polarization. Another benefit with CD spectroscopy is that this
method, unlike optical rotation, is confined to the narrow absorption band of each chromo-
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phore involved. Thus, it is easier to determine the contribution of individual chromophores,
information vital to structural analysis. Derivatization of phenolic functionalities of flavo-

noids may also influence the sign of the optical rotation.

2.7.1 DETERMINATION OF ABSOLUTE FLAVONOID CONFIGURATION

The utilization of CD spectroscopy in the field of flavonoids has been reviewed by Lévai®>?
and Slade et al.>*® The value of the method has primarily been related to establishing the
absolute configuration of flavonoids and proanthocyanidins with stereogenic centers (chiral
molecules), including the configuration of flavanones, dihydroflavonols, flavanols, flavans,
isoflavans, isoflavanones, pterocarpans, neoflavonoids, 4-arylflavan-3-ols, proanthocyani-
dins, various classes of biflavonoids, and auronols.!?”!17-3355%5 Thege determinations have
mainly been based on the sign of the observed CD bands (Figure 2.23) compared to reference
compounds with defined stereochemistry. In general, Cotton effects observed in the 240 to
360 nm spectral region are similar for analogous flavonoid structures with the same config-
uration and independent of the substituents. Although optically active biflavonoids have been
known since 1968, the first determination of the absolute configuration of optically pure

biflavonoids was performed in 1995 (Figure 2.23),>*” on the basis of CD spectroscopy and
single-crystal x-ray crystallography.
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FIGURE 2.23 CD spectra of optically pure 8,8”-biflavones 5,5"-dihydroxy-4,4",7,7"-tetramethoxy-8,8"-
biflavone (1; R = H), its camphorsulphonate derivative (6; R = camphorsulphonate), and its dimethyl
derivative, namely 5,5”-dihydroxy-4,4"",7,7",5,5"-hexamethoxy-8,8"-biflavone (5; R = Me) (¢ 8§ png/ml,
ethanol). These biflavones are optically active due to the atropisomerism of the biflavone moiety. The
dashed lines refer to (+)-1, (+)-5, and (4)-6. The solid lines refer to (—)-1, (—)-5, and (—)-6. Cotton
effects observed in the 240 to 360 nm spectral region are similar for the 8,8”-biflavones with the same
configuration and independent on the substituents. (Reprinted from Zhang, F.J., Lin, G.Q., and Huang,
Q.C., J. Org. Chem., 60, 6427, 1995. Copyright 1995 American Chemical Society. With permission.)
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During the review period, the benefits of coupled HPLC-CD as an analytical tool have
been demonstrated in the flavonoid field. Based on HPLC-CD analysis, Antus et al.>*
determined the absolute configuration of several cis-pterocarpans with different substitution
patterns. Using HPLC with a chiral stationary-phase column, coupled to a CD instrument,
the separation of the C-2 diastereomers of naringin from Citrus juice and determination of
their stereochemistry have also been achieved.>*’ In another interesting report, the absolute
configuration of two new 3,8"-biflavonoid diastereomers from roots of Gnidia involucrata
have been determined by online LC-CD measurements, which also implied revision of the
absolute configurations of some known biflavanones.>*®

2.7.2 CIRCULAR DICHROISM IN STUDIES OF MOLECULAR FLAVONOID INTERACTION

The term chirality has a broader sense than involving just enantiomers and diastereoisomers.
Chirality may arise from spatial isomerism resulting from the lack of free rotation around
single or double bonds (chiral axis). Dichroism spectra have thus been valuable tools by
providing conformational-related information about molecular shape, size, and electronic
properties, binding parameters in molecular complexes, and the orientation of the chromo-
phores.®® CD spectroscopy has, for instance, been used to gain insight into molecular
association properties of anthocyanins involving aromatic stacking.>>*>>! More recent appli-
cations of dichroism spectroscopy have been related to evaluation of the interaction between
the flavonol rutin with cyclodextrins,’> interactions of the flavonoids quercetin, morin, rutin,
and naringin with DNA,*%337556 and studies of complexes between quercetin and human
serum albumin, the most abundant carrier protein in blood.>*” In this last case, it was revealed
that when quercetin was bound to the asymmetric albumin environment, at least three
induced CD bands appeared in the spectra. The induced CD bands were then utilized for
calculation of the association constant and to probe the ligand binding site.

2.8 X-RAY CRYSTALLOGRAPHY

X-ray crystallography is the most accurate method for structural elucidation of flavonoids in
the solid state. The method can only be applied to crystallized compounds, which has limited
the number of flavonoid crystal structures reported.

2.8.1  X-RAy STuDIES ON FLAVONOID STRUCTURES

During the period of this review, the structure of several flavonoid aglycones including
flavanonols,>*®% a flavanone,>*® a prenylated chalcone,’® flavones,*'8420:361:362 the deso-
xyanthocyanidin carajurin,”® and the conformation of the biflavonoid sciadopitysin in the
solid state>®* have been determined by x-ray analysis. The constitution and configuration of
procyanidin B1 was proved by the x-ray analysis of its decaacetyl derivative.>®> The structures
of two flavones, two biflavonoids, and two flavanones have recently been investigated by
single-crystal x-ray analysis.’®® Crystallization of the two biflavonoids as their methanol and
pyridine solvates, respectively, highlighted the role of the solvent molecules in stabilizing
a crystal lattice. Intermolecular ‘“m—m’ interactions were observed in the crystal structures of
the flavones and biflavonoids with centroid—centroid distances ranging from 3.70 to 3.81 A
and displacement angles ranging from 2.7 to 9.9°, but there was no ‘m—’ interaction in
the flavanones.>®® The flavonol mikanin-3-O-sulfate, in the form of its potassium salt, has
been isolated from Mikania micrantha.>®" The crystal structures of the 1:1 complex of
potassium mikanin-3-O-sulfate (m-3-s) with methanol showed that the potassium ions in
K(m-3-s)CH;OH were bridged by O5, O7, and O8 to form a chain of face-sharing KOS
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coordination polyhedra, from which the aglycone units were outstretched to form a polymeric
molecular column. Adjacent molecular columns were linked by ‘m—m’ stacking between
parallel, intercalating aglycon units to form layers, which were further interconnected into a
3D supramolecular assembly.>®’

Recent literature reports on the crystal structures of flavonoid glycosides are scarce;
however, the x-ray structures of the flavonol quercetin 3-methyl ether 3'-glucoside®®® and
the flavone 6-hydroxyluteolin 7-rhamnoside®® have been reported. For the latter compound,
crystals of the hepta-O-acetyl derivative were used. Cartormin, a rare semi-quinone chalcone
sharing a pyrrole ring C-glycoside, has been isolated from Carthamus tinctorius, and its
structure was established from various spectral data and a single-crystal x-ray analysis.’”
Quercetin is known as a potent, competitive inhibitor of lipoxygenase LOX. Structural
analysis has revealed that quercetin entrapped within this enzyme underwent degradation,
and the resulting compound was identified by x-ray analysis as 3,4-dihydroxybenzoic acid
positioned near the iron site.>”!

The molecular structures of various synthesized flavonoid derivatives have been examined
by x-ray crystallography in recent years,”’> >’ including a 3-methyl-substituted flavylium salt
with photochromic properties®’® and some phosphorylated flavones.>”’

2.8.2 X-RAy Stupies oN CoMPLEXES INVOLVING FLAVONOIDS

Flavocommelin is a flavonoid component of the blue pigment commelin, which has been
isolated from the petals of Commelina communis. Commelin is composed of six molecules
each of the anthocyanin malonylawobanin and flavocommelin, and two atoms of magne-
sium.’”® The crystal structure of the octaacetate derivative of flavocommelin has been
determined by x-ray diffraction.’” In the crystal, the molecules were arranged parallel to
each other according to the periodicity of the crystal lattice. However, intermolecular stacking
of the flavanone skeletons was not observed, which suggested that the hydrophilicity of the
glucose moieties was one of the important factors governing the self-association. X-ray
diffraction data collected at low temperature (130 K), using synchrotron radiation, have
recently been used for determination of crystal architecture and conformational properties
of the inclusion complex, neohesperidin dihydrochalcone—B-cyclodextrin.”® The complex
was characterized by one aromatic part of neohesperidin dihydrochalcone deeply inserted
into the hydrophobic cavity of B-cyclodextrin through the primary OH rim. The formation of
other B-cyclodextrin inclusion complexes involving various flavanones,*° as well as the
inclusion behavior of both 2-hydroxypropyl B-cyclodextrin and B-cyclodextrin in solution
and solid-state toward quercetin,®®' have also been subjected to x-ray diffractometric
analysis. Genistein and its amine complexes with morpholine and piperazine have been
studied in the solid and liquid states by x-ray crystallography and '>C and "N NMR
spectroscopy.'?®
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3.1 THE SCOPE OF THE REVIEW

Flavonoid biosynthesis is probably the best characterized of all the secondary metabolic
pathways. Therefore, this chapter cannot hope to cover all the available information in detail
as well as address recent results. Since 1994, tremendous progress has been made in the
identification and analysis of genes or cDNAs for flavonoid biosynthetic enzymes and
regulatory factors, in the analysis of enzyme structure and function, and the targeted ma-
nipulation of flavonoid production in transgenic plants. Thus, while a general overview of the
biosynthetic pathway is presented in this chapter, the focus is on these recent advances. For
further information on the biochemistry and classical genetics of flavonoids, the reader is
referred to previous reviews as appropriate. In particular, the biochemistry and genetics of
flavonoids were covered in detail in two editions of “The Flavonoids,”!™ and these excellent
chapters are used as general references for much of the earlier literature. Also, Bohm*
provides an extensive review of flavonoid biosynthesis, including the biochemistry of enzyme
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steps for which no cDNA clones are yet available. There are also several recent reviews on
individual families of enzymes, such as the acyltransferases, to which reference is given.
Furthermore, much biochemical information is available on the Internet, in particular the
IUBMB (http://www.chem.gqmw.ac.uk/iubmb/enzyme) and BRENDA (http://www.bren-
da.uni-koeln.de) databases. The EC numbers listed in Table 3.1 can be used to locate
appropriate entries. Previous reviews in “The Flavonoids™ have featured listings of genetic
mutants affecting flavonoid biosynthesis for the classical model species. Much recent progress
has been made with Arabidopsis thaliana (thale cress), and a listing of defined loci affecting
flavonoid biosynthesis in this species is included in this chapter.

The advent of functional genomics has made it possible to analyze how genes or enzymes
fit as part of larger families. Within the flavonoid pathway, important biosynthetic gene
families include various transferases (for acyl, glycosyl, or methyl groups), reductases, and
those for oxidative reactions — membrane-bound cytochrome P450-dependent mono-oxyge-
nases (P450s) and soluble nonheme dioxygenases. Furthermore, the regulatory factors are
also typically members of large gene families. Rather than present molecular phylogenies or a
discussion of flavonoid gene evolution here, the reader is referred to other publications.
In particular, Tanner’ presents recent molecular phylogenies for most of the flavonoid
biosynthetic enzymes, and additional references are given for those gene families not included
in that review.

3.2 OVERVIEW OF FLAVONOID BIOSYNTHESIS

The flavonoid pathway is part of the larger phenylpropanoid pathway, which produces a
range of other secondary metabolites, such as phenolic acids, lignins, lignans, and stilbenes.
The key flavonoid precursors are phenylalanine, obtained via the shikimate and arogenate
pathways, and malonyl-CoA, derived from citrate produced by the TCA cycle. Most flavo-
noid biosynthetic enzymes characterized to date are thought to operate in enzyme complexes
located in the cytosol. Flavonoid end products are transported to various subcellular or
extracellular locations, with those flavonoids involved in pigmentation generally being trans-
ported into the vacuole.

There are many branches to the flavonoid biosynthetic pathways, with the best charac-
terized being those leading to the colored anthocyanins and proanthocyanidins (PAs) and the
generally colorless flavones, flavonols, and isoflavonoids. Genes or cDNAs have now been
identified for all the core steps leading to anthocyanin, flavone, and flavonol formation, as
well as many steps of the isoflavonoid branch, allowing extensive analysis of the encoded
enzymes (Table 3.1). In addition, several DNA sequences are available for the modification
enzymes that produce the variety of structures known within each class of compound.

Significant recent advances in our understanding of flavonoid biosynthesis include char-
acterization of the formation of anthocyanidin 3-O-glucoside from leucoanthocyanidin,
clarification of PA monomer formation, progress toward elucidating aurone and 3-deoxy-
flavonoid formation, the molecular characterization of several genes encoding enzymes that
modify the flavonoid core structures, analysis of enzyme function, the determination of
enzyme structures by x-ray crystallography and homology modeling, and the identification
of several different groups of transcription factors regulating anthocyanin and PA biosyn-
thesis. Data are also starting to emerge on the subcellular organization of the biosynthetic
enzymes within the cytosol (and the role this may play in metabolic channeling), and
transport mechanisms for the flavonoids within the cell. However, there are still major
areas where data are lacking. Tertiary structures are available for only a few of the biosyn-
thetic enzymes, little is known about the turnover or degradation of flavonoids, and details
of post-transcriptional regulatory mechanisms are limited. Furthermore, the range of genes
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FIGURE 3.1 Base structures of a chalcone (A), an aurone (B), the main anthocyanidins (C), an
isoflavonoid (D), and a pterocarpan (E). The lettering of the carbon rings is shown, as well as the
numbering of the key carbons. Note that the numbering is different for each type of compound. For the
majority of flavonoid types the numbering is as for the anthocyanidins, and for the cinnamic acids it is as
for the chalcones. R;, R,, and R; substitutions determine the various common anthocyanidins. The
common 3-hydroxyanthocyanidins (R; =OH) are pelargonidin (R; and R, =H), cyanidin (R;=0H
and R, = H), delphinidin (R; and R, = OH), peonidin (R; = OCHj; and R, = H), petunidin (R; = OCH3
and R,=0H), and malvidin (R; and R,=0OCHj3;). The rare 3-deoxyanthocyanidins (R3=H) are
apigeninidin (R; and R, =H), luteolinidin (R; = OH and R, =H), and tricetinidin (R; and R, =OH).

encoding secondary modification enzymes that have been characterized is still limited com-
pared to the great array of known flavonoid structures. Nor have cDNAs or genes been
published for some of the enzymes carrying out hydroxylation of the core flavonoid structure,
such as at the C-8 and C-2’ positions.

The key enzymes involved in the formation of the hydroxycinnamic acids (HCAs) from
phenylalanine and malonyl-CoA are now discussed in detail, while later sections address the
branches of the flavonoid pathway leading to anthocyanins, aurones, flavones, flavonols,
PAs, and isoflavonoids. This is followed by brief reviews of the regulation of flavonoid
biosynthesis and the use of flavonoid genes in plant biotechnology. To assist the reader,
Figure 3.1 presents the carbon numbering for the various flavonoid types discussed.

3.3 BIOSYNTHESIS OF FLAVONOID PRECURSORS

The first flavonoids, the chalcones, are formed from HCA-CoA esters, usually 4-coumaroyl-
CoA (Figure 3.2), in three sequential reactions involving the ‘“extender” molecule
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FIGURE 3.2 General phenylpropanoid and flavonoid biosynthetic pathways. The B-ring hydroxylation
steps are not shown. For formation of anthocyanins from leucoanthocyanidins two routes are repre-
sented: a simplified scheme via the anthocyanidin (pelargonidin) and the likely in vivo route via the
pseudobase. Enzyme abbreviations are defined in the text and in Table 3.1.
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malonyl-CoA. In a few species, caffeoyl-CoA and feruloyl-CoA may also be used as sub-
strates for chalcone formation.

4-Coumaroyl-CoA is produced from the amino acid phenylalanine by what has been
termed the general phenylpropanoid pathway, through three enzymatic conversions catalyzed
by phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-coumarate:
CoA ligase (4CL). Malonyl-CoA is formed from acetyl-CoA by acetyl-CoA carboxylase
(ACCQ) (Figure 3.2). Acetyl-CoA may be produced in mitochondria, plastids, peroxisomes,
and the cytosol by a variety of routes. It is the cytosolic acetyl-CoA that is used for flavonoid
biosynthesis, and it is produced by the multiple subunit enzyme ATP-citrate lyase that
converts citrate, ATP, and Co-A to acetyl-CoA, oxaloacetate, ADP, and inorganic phos-
phate.®

Many other compounds are involved in flavonoid biosynthesis in some species, for
example, as donors for methylation or aromatic or aliphatic acylation. For intact plants,
these are generally accepted to be available in the cell for the reaction to proceed if the
appropriate modification activity is present.

3.3.1  AceryL-CoA CARBOXYLASE

ACC (also termed the acetyl-CoA:carbon-dioxide ligase [ADP-forming]) catalyzes the ATP-
dependent carboxylation of acetyl-CoA, with Mg®" as a cofactor, to form malonyl-CoA.
ACC activity is found in both the plastid, where a heteromeric enzyme supports fatty acid
biosynthesis, and the cytoplasm, in which a homodimeric enzyme of around 250 kDa supplies
malonyl-CoA for the synthesis of a range of compounds that includes the flavonoids.” Full-
length cDNAs for the plant cytoplasmic isoenzyme were first identified from Medicago sativa
(alfalfa) using a probe from the human protein disulfide isomerase,® and from A. thaliana
using polymerase chain reaction (PCR) with degenerate oligonucleotide sequences based on
nonplant ACC sequences.” Sufficient amino acid similarity was found to the rate ACC to
enable a full protein line-up and identification of putative binding sites for ATP, acetyl-CoA,
and carboxybiotin. Sequences from several species are now available, and studies on the
regulation of the gene are well advanced. ACC activity is induced in response to stimuli that
increase flavonoid biosynthesis, such as ultraviolet (UV) light and fungal elicitors.

3.3.2  PHENYLALANINE AMMONIA LYASE

PAL is one of the best-characterized enzymes of plant secondary metabolism. It converts L-
phenylalanine into trans-cinnamate (E-cinnamate) by the trans-elimination of ammonia and
the pro-3S proton (see Ref. 4 for a full reaction discussion). The enzyme, which requires no
cofactor, is a tetramer of 310-340kDa.> A ¢cDNA for PAL was first isolated from Petrose-
linum crispum (parsley),'® and others have subsequently been isolated from numerous species.
Often PAL is produced from a multigene family and is present in a variety of isoenzyme
forms.

Enzymatic preparations for PAL from monocotyledonous species (monocots) can show a
similar activity against tyrosine (tyrosine ammonia lyase, TAL), and TAL enzymatic prepa-
rations also show PAL activity. That a single enzyme may account for the observed co-
occurring TAL and PAL activities was confirmed by Résler et al,'' who showed the
recombinant Zea mays (maize) PAL converted tyrosine to 4-coumarate directly, thus remov-
ing the requirement for the usual 4-hydroxylation step in phenylpropanoid biosynthesis.

Considerable progress has been made with elucidating the functional aspects of the PAL
protein, assisted by the availability of the crystal structure for histidine ammonia lyase
(HAL), which catalyzes a reaction similar to that of PAL, the conversion of L-histidine to
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E-urocanic acid. Rother et al.'? used the HAL structure to generate a homology-based model
of PAL and to identify specific amino acids to target in PAL that may have an equivalent role
in the active site and reaction mechanism. The same group has proposed a reaction mechan-
ism involving electrophilic attack at the phenyl ring by a prosthetic group.'® K., values in the
order of 0.1 mM have been reported for recombinant PAL proteins.'? PAL activity in vivo
appears to be modulated by signals generated by the levels of cinnamic acid, altering both
gene transcription and enzyme activity (reviewed in Ref. 14).

3.3.3 CINNAMATE 4-HYDROXYLASE

C4H catalyzes the hydroxylation of trans-cinnamate to trams-4-coumarate in the initial
oxygenation step of phenylpropanoid biosynthesis, which introduces the 4'-hydroxyl that is
common to most flavonoids. The isolation of a cDNA for C4H was first reported from
Helianthus tuberosus (Jerusalem artichoke), M. sativa, and Vigna radiata (mung bean), based
on purification and amino acid sequencing of the protein'>'® or similarity to other members
of the same enzyme superfamily.'” Genes or cDNAs for C4H have subsequently been cloned
from many species, with Hiibner et al.'® listing over ten species and Gravot et al.'® noting 41
different C4H cDNAs in public databases.

Based on the amino acid sequences, two classes of C4H have been described for some
species, with around 60% sequence similarity between the groups. The first sequence for the
class II type was reported from Phaseolus vulgaris (French bean),”° but they have also been
found in other species (see, e.g., Ref. 21). The two C4H types differ at both terminal domains
and in three internal domains, and it has been suggested that one type may be involved in
stress responses and the other in vascular differentiation.?*!

Enzyme characteristics have been examined for recombinant C4H proteins from several
species, including those from P. crispum, P. vulgaris, Ammi majus, H. tuberosus, and Ruta
graveolens.'® ?* Similar K,, values toward cinnamate (2 to 10 wM) are reported, and consis-
tently high substrate specificity (although the V.., values vary between studies). Only 4-
coumarate is found as the in vitro product, with no detectable 2- or 3-coumarate production.”?

C4H was one of the first plant enzymes of the P450 enzyme superfamily (EC 1.14.13.X) to
be characterized at the encoding DNA sequence level. Several members of this family are
involved in flavonoid biosynthesis, and it is worth mentioning some of the general features of
this remarkable group of enzymes. P450s are heme-dependent mixed function mono-oxyge-
nases that require O, and NADPH for activity. All those involved in flavonoid biosynthesis
that have been characterized to date are A-type P450s localized in the microsomal fraction.
P450s of plants require a second enzyme system as an additional redox partner for the transfer
of electrons from NADPH to oxygen via the heme iron. This is typically the flavoprotein
NADPH-P450 reductase, but sometimes NADH-dependent Cyt bs reductase is used in
conjunction with Cyt bs. Plant P450s are typically 50 to 60 kDa in size, and C4H is usually
around 60 kDa. The general characteristics of P450s of plants are reviewed in more detail in
several articles (such as in Refs. 23, 24).

P450s are grouped according to molecular phylogeny (rather than function) into families
(>40% amino acid positional identity), which for plants are given a number from CYP71 to
CYP99 then CYP701 onwards, and subfamilies (>55% amino acid identity) designated by a
letter. Thus, C4H is in subfamily A of family 73 and termed CYP73A. Individual genes, either
from different loci in a species or from different species, may then be numbered; e.g., the
flavonoid 3',5'-hydroxylase (F3',5H) cDNAs for the Hf1 and Hf2 loci of Petunia hybrida
were named CYP75A1 and CYP75A3, and that from Eustoma grandiflorum (lisianthus)
CYP75A5. Sequences from the same species with >97% identities are assumed to be allelic
variants unless otherwise demonstrated.
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P450 amino acid sequences contain several well-conserved regions, such as the heme
binding domain (generally FxxGxxxCxG) and the proline rich region (PPxP) that forms a
hinge between the membrane anchored N terminal and the rest of the protein. Rupasinghe
et al.® have modeled the structure of C4H and three other A. thaliana P450s involved in
phenylpropanoid biosynthesis, based on the amino acid sequences and crystal structures of
other P450s. In addition to C4H these were the flavonoid 3'-hydroxylase (F3'H) and two
enzymes involved in the monolignol pathway. The analysis showed that, despite low amino
acid sequence identities in some cases, the enzymes displayed significant conservation in terms
of structure and substrate recognition.

Linear furanocoumarins (psoralens) inhibit P450s as mechanism-based inactivators (sui-
cide inhibitors). Thus, species that produce psoralens may have evolved C4H enzymes with
enhanced tolerance to these compounds.'®!” Recombinant C4H from the psoralen-producing
species R. graveolens showed markedly slower inhibition kinetics with psoralens, and possibly
biologically significant tolerance, compared to C4H from a species that does not produce the
compounds (H. tuberosus)."

3.3.4 4-CouMARATE:COA LIGASE

4CL activates the HCAs for entry into the later branches of phenylpropanoid biosynthesis
through formation of the corresponding CoA thiol esters. 4-Coumarate, the product of C4H,
is key for flavonoid biosynthesis, but 4CL will commonly accept other HCAs as substrates.
Generally, 4-coumarate and caffeate are the preferred substrates, followed by ferulate and
5-hydroxyferulate, with low activity against cinnamate and none with sinapate. However,
different isoenzymes have been identified that exhibit distinct substrate specificities, including
within the same species. These include isoforms with a variant substrate-binding pocket that
will accept sinapate,”®? those that will not accept ferulate,”® and isoforms that differ in their
ability to accept 5-hydroxyferulate.” It is thought that the different isoenzymes may have
distinct roles in metabolic channeling in flavonoid or lignin biosynthesis (see, e.g., Refs. 26,
30). Supporting an important role for the variant isoforms is the observation that 4CL is
encoded by gene families in all species examined to date.*’ The evolution of the 4CL gene
family of plants is discussed extensively in Refs. 27, 31.

The formation of the HCA-CoA esters proceeds through a two-step reaction, with Mg>"
as a cofactor. In the first step, 4-coumarate and ATP form a coumaroyl-adenylate intermedi-
ate, with the simultaneous release of pyrophosphate. In the second step, the coumaroyl group
is transferred to the sulfhydryl group of CoA, with the release of AMP. The reaction
mechanism of 4CL is discussed in detail in Pietrowska-Borek et al.,** including the newly
discovered ability of recombinant A. thaliana 4CL2 (At4CL2) to synthesize mono- and di-
adenosine polyphosphates. Based on the presence of a highly conserved peptide motif, 4CL
has been placed in the adenylate-forming superfamily that also includes acetyl-CoA synthe-
tases, long-chain fatty acyl-CoA synthetases, luciferases, and peptide synthetases.”>3!%3 4CL
contains amino acid motifs conserved either among the superfamily or just among 4CL
sequences. Mutagenesis, domain swapping, and homology modeling analyses have
shown the functional importance of some of these regions and identified amino acids impor-
tant in the specificity shown toward the different substrates.®3*3° This information has
been used to modify the At4CL2 isoform to accept ferulate and sinapate,*** and to
change the substrate specificities of the Glycine max (soybean) Gm4CL2 and Gm4CL3
isoforms.>

The route to formation of flavonoids lacking 4'-hydroxylation of the B-ring has not been
elucidated. However, one possible route is the direct use of cinnamate as a substrate by
4CL. Activity on cinnamate has been shown at low levels for some of the recombinant 4CL
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proteins, and a separate cinnamoyl:CoA ligase with specific activity on cinnamate and not 4-
coumarate has been characterized in some species.*® Data with regard to subsequent enzymes
accepting the alternative substrates are limited, but cinnamoyl-CoA is used by recombinant
chalcone synthase (CHS) from several species, as well as CHS-like enzymes such as pinosylvin
synthase (EC 2.3.1.146) (see, e.g., Refs. 37, 38). Indeed, the recombinant CHS from Cassia
alata (ringworm bush) can use a wide range of substrates to make various products, including
4-deoxychalcones.*® However, definitive evidence showing this route to 4’-deoxyflavonoids in
vivo, from plant studies for example, has not been published.

3.3.5 MobiricaTioN oF HyproxycINNAMIC AcID-COA ESTERS

4-Coumaroyl-CoA is the major substrate for entry into flavonoid biosynthesis through the
action of CHS. However, some CHS enzymes may also use caffeoyl-CoA or feruloyl-CoA;>
and various HCA-CoA esters are used by the aromatic acyltransferases that modify
the flavonoid glycosides. Although it might be expected that caffeoyl-CoA would be formed
by direct 3-hydroxylation of 4-coumaroyl-CoA, and feruloyl-CoA by subsequent 3-O-
methylation, varying biosynthetic routes may exist.>** In particular, recombinant
CYP98A3 of A. thaliana, which encodes an enzyme that can add a hydroxyl at the C-3
position of 4-cinnamate derivatives, shows no activity toward 4-coumaroyl-CoA, and only
low-level activity toward 4-coumarate, the preferred substrates being the 5-O-shikimate and
5-O-quinate esters.*'** However, analysis of the corresponding mutant ref8 supports an
in vivo role for CYP98A3 in phenylpropanoid 3-hydroxylation. Similarly, the ferulate
5-hydroxylase (FSH, CYP84Al of A. thaliana) shows greater preference toward coniferalde-
hyde and coniferyl alcohol than ferulate or feruloyl-CoA. In addition, O-methylation can
occur both on caffeoyl-CoA and 5-hydroxyferuloyl-CoA and their respective aldehyde forms.
Thus, a metabolic grid seems to prevail generally for the reactions on the HCAs, particularly
with respect to formation of the monolignols. Some of the downstream flavonoid biosynthesis
enzymes have been studied for acceptance of O-methylated substrates, in particular CHS (see
Section 3.4.1), and some of the oxidoreductases (see Section 3.4.5).

3.4 FORMATION OF ANTHOCYANINS

The flavonoid pathway starts with the formation of the C5 backbone by CHS. Chalcones are
then generally directly or indirectly converted to a range of other flavonoids in a pathway of
intersecting branches, with intermediate compounds being involved in the formation of more
than one type of end product (Figure 3.2). This section discusses the genes and enzymes
involved in the formation of the simplest common anthocyanins, 3-hydroxyanthocyanidin 3-
O-glycosides, which require a minimum of five enzymatic steps subsequent to the formation
of chalcone (Figure 3.2).

3.4.1 CHALCONE SYNTHASE

CHS carries out a series of sequential decarboxylation and condensation reactions, using 4-
courmaroyl-CoA (in most species) and three molecules of malonyl-CoA, to produce a poly-
ketide intermediate that then undergoes cyclization and aromatization reactions that form the
A-ring and the resultant chalcone structure. The chalcone formed from 4-courmaroyl-CoA 1is
naringenin chalcone. However, enzyme preparations and recombinant CHS proteins from
some species have been shown to accept other HCA-CoA esters as substrates, such as
cinnamoyl-CoA (see, e.g., Ref. 37). In particular, the Hordeum vulgare (barley) CHS?2
cDNA encodes a CHS protein that converts feruloyl-CoA and caffeoyl-CoA at the highest
rate, and cinnamoyl-CoA and 4-courmaroyl-CoA at lower rates.*®
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The key role of CHS in flavonoid biosynthesis has made it a focus of research for many
years, and it is now very well characterized. The isolation of a cDNA for CHS represented the
first gene cloned for a flavonoid enzyme.*** CHS sequences, and a series of CHS-like
sequences, have now been characterized from many species, and Austin and Noel*® have
identified close to 650 CHS-like sequences in public databases.

Native CHS is a homodimer with subunits of 40 to 44 kDa. The structure of the protein
produced from the CHS2 cDNA of M. sativa has been determined and the residues of the
active site defined.*” It belongs to the polyketide synthase (PKS) group of enzymes that occur
in bacteria, fungi, and plants, and is a type III PKS. All the reactions are carried out at a
single active site without the need for cofactors.*”*°

PKSs are characterized by their ability to catalyze the formation of polyketide chains from
the sequential condensation of acetate units from malonate thioesters. In plants they produce
a range of natural products with varied in vivo and pharmacological properties. PKSs of
particular note include acridone synthase, bibenzyl synthase, 2-pyrone synthase, and stilbene
synthase (STS).*® STS forms resveratrol, a plant defense compound of much interest with
regard to human health. STS shares high sequence identity with CHS, and is considered to
have evolved from CHS more than once.>® Knowledge of the molecular structure of the CHS-
like enzymes has allowed direct engineering of CHS and STS to alter their catalytic activities,
including the number of condensations carried out (reviewed in Refs. 46, 51, 52). These
reviews also present extensive, and superbly illustrated, discussions of CHS enzyme structure
and reaction mechanism.

3.4.2 CHALCONE ISOMERASE

In a reaction that establishes the flavonoid heterocyclic C-ring, chalcone isomerase (CHI)
catalyzes the stereospecific isomerization of chalcones to their corresponding (2.5)-flavanones,
via an acid base catalysis mechanism.>*>* Almost 40 years ago, the first flavonoid enzyme to
be described was CHI (in the adopted hometown of the authors of this chapter).’® Since then
CHI has been analyzed in great detail, and surprisingly, it shows little similarity to other
known protein sequences,>* although CHI-like sequences have recently been reported from
plants and other organisms.>®

CHI has a deduced molecular weight (MW) of 27 to 29 kDa, although possible in vivo
modifications have been reported.’’” Two types of CHI have been identified, the more
common CHI-I type, which can use only 6-hydroxychalcone substrates, and the CHI-II
type, which can catalyze isomerization of both 6'-hydroxy- and 6'-deoxychalcones. CHI-II
is prevalent in legumes, although sequence analysis and recent transgenic results®® suggest the
activity also occurs in nonlegumes. Sequences from different species for the same type of CHI
show amino acid identities of >70%, while between type I and type II identities of about 50%
are found. Genes for both types of CHI occur as a cluster in Lotus japonicus,” and the
presence of tandem gene copies suggests an origin for CHI-II by gene duplication and
divergence from CHI-1.

The structure of the recombinant M. sativa CHI-II protein has been determined to 1.85 A
resolution. The progress of the reaction in the reactive site cleft has been elucidated, and a full
reaction sequence proposed.>?>* However, the basis for the specificities toward 6'-hydroxy-
and 6’-deoxychalcones was not resolved, although potentially key amino acid residues were
identified.

With 6’-hydroxychalcones, such as naringenin chalcone, the isomerization reaction can
readily occur nonenzymically to form racemic (2R,2S) flavanone. This occurs easily in vitro
and has been reported to occur in vivo to the extent that moderate levels of anthocyanin can
be formed.® However, 6'-deoxychalcones are stable under physiological conditions, due to an
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intramolecular hydrogen bond between the 2'-hydroxyl and the carbonyl group, and CHI-II
is required to convert them to flavanones. CHI accelerates ring closure to a 10’-fold acceler-
ation over the spontaneous reaction rate, but with significantly slower kinetics for the 6'-
deoxychalcones than 6’-hydroxychalcones; and ensures formation of the biosynthetically
required (2S)-flavanones.’*>*% The requirement for CHI for significant flavonoid biosyn-
thesis in some plants is well illustrated by the acyanic phenotype of the transparent testa5 (tt5)
CHI mutation of A. thaliana, and the increased levels of flavonols in CaMV35S:CHI
transgenic plants of Lycopersicon esculentum (tomato).®'

3.4.3 FLavANONE 33-HYDROXYLASE

(2S)-Flavanones are converted stereospecifically to the respective (2R,3 R)-dihydroflavonols
(DHFs) by flavanone 3B-hydroxylase. Stereospecificity for (2S)-flavanones has been con-
firmed by analysis of the recombinant protein.®> Flavanone 3B-hydroxylase is commonly
abbreviated to F3H, which is what has been used in this chapter, but FHT is also used in the
literature, which agrees with the nomenclature for phenylpropanoid biosynthesis proposed in
Heller and Forkmann.?

F3H is a soluble nonheme dioxygenase dependent on Fe’", O,, and 2-oxoglutarate
(20G), and thus belongs to the family of 20G-dependent dioxygenases (20GDs). 20GDs
have been characterized from mammalian, microbial, and plant sources, and they all use four
electrons generated from oxoglutarate decarboxylation to split di-oxygen and create reactive
enzyme-iron species. The protein family is well represented in flavonoid biosynthesis, as can
be seen from Table 3.1, and this will be discussed later. Further details on the 20GD family
are given in Refs. 62, 63.

A cDNA for F3H was first isolated from Antirrhinum majus (snapdragon),®* and since
then genes and cDNAs have been isolated from over a dozen other species.”®> The native
protein is a monomer of 41 to 42kDa, although proteolysis during purification gave values
of 34 to 39kDa in early studies of the enzyme. Using sequence comparison and analysis of
recombinant proteins good progress has been made in elucidating the tertiary structure of the
enzyme, the nature of the active site, and the binding of 20G and Fe®". Britsch et al.®
identified 14 amino acids strictly conserved among F3H sequences from several species,
including histidines with a putative role in Fe*" binding. Mutation analysis of recombinant
P. hybrida F3H showed that His220, Asp222, and His278 are indeed involved in Fe*" binding
in the active site, and that Arg288 and Ser290 are required for 20G binding.°®®” Full
characterization awaits determination of the crystal structure for the enzyme.

3.4.4 DiHYDROFLAVONOL 4-REDUCTASE

Dihydroflavonol 4-reductase (DFR) catalyzes the stereospecific conversion of (2R,3R)-trans-
DHFs to the respective (2R,3S,4S)-flavan-2,3-trans-3,4-cis-diols (leucoanthocyanidins)
through a NADPH-dependent reduction at the 4-carbonyl. DNA sequences for DFR were
first identified from A. majus and Z. mays,**® and the identity of the Z. mays sequence
confirmed by in vitro transcription and translation of the cDNA and assay of the resultant
protein.”” DNA sequences have now been cloned from many species, with the size of the
predicted protein averaging about 38 kDa. Stereospecificity to (2R,3R)-dihydroquercetin
(DHQ) has been shown for some recombinant DFR proteins.”!

DFR belongs to the single-domain-reductase/epimerase/dehydrogenase (RED) protein
family, which has also been termed the short chain dehydrogenase/reductase (SDR) super-
family. This contains other flavonoid biosynthetic enzymes, in particular the anthocyanidin
reductase (ANR), leucoanthocyanidin reductase (LAR), isoflavone reductase (IFR), and

vestitone reductase (VR), as well as mammalian, bacterial, and other plant enzymes.”>”*
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The preference shown by DFR toward the three common DHFs varies markedly between
species, with some enzymes showing little or no activity against dihydrokaempferol (DHK)
and others showing preference toward dihydromyricetin (DHM). In particular, DFR in
Cymbidium hybrida (cymbidium orchids), L. esculentum, Petunia, and Vaccinium macrocarpon
(cranberry) cannot efficiently reduce DHK,*’*7° so that pelargonidin-based anthocyanins
rarely accumulate in these species. However, DFR enzymes of many species accept all three
DHFs, and DHM can be used by Dendranthema (chrysanthemum), Dahlia variabilis, Dian-
thus caryophyllus (carnation), Matthiola, and Nicotiana (tobacco) flowers even though del-
phinidin derivatives do not naturally occur in these ornamentals.*’®

Some species contain a closely related enzyme activity to DFR that can act on flavanones,
termed the flavanone 4-reductase (FNR), which may represent a variant DFR form. This is
discussed in more detail in Section 3.4.7. 5-Deoxyleucoanthocyanidin compounds are known
to occur in legumes, and analysis of two recombinant DFR proteins (MtDFR1 and
MtDFR?2) from Medicago truncatula (barrel medic) has found activity on the 5-deoxyDHF
substrates fustin and dihydrorobinetin.”' Indeed, fustin was the preferred substrate of both
recombinant enzymes. MtDFR1 and MtDFR2 showed distinct enzyme characteristics, and
overexpression of MtDFR1 but not MtDFR2 promoted anthocyanin biosynthesis in flowers
of N. tabacum.

Substrate specificity between DHK, DHQ, and DHM appears, based on chimeric DFR
proteins formed using the P. hybrida and Gerbera hybrida sequences, to locate to a 26 amino
acid region that may be the binding pocket for the B-ring, and as little as one amino acid
change in this region can alter the specificity of the enzyme.”?

3.4.5 ANTHOCYANIDIN SYNTHASE

The role of anthocyanidin synthase (ANS) in the biosynthetic pathway is to catalyze reduc-
tion of the leucoanthocyanidins to the corresponding anthocyanidins. However, in vivo it is
anthocyanidins in pseudobase form that are formed, as is described below. In this chapter, use
of anthocyanidin should be taken to include the pseudobase form. Furthermore, although the
name ANS is commonly used, the enzyme is also referred to in the literature as leucoantho-
cyanidin dioxygenase (LDOX), reflecting the reaction type.

Much of the information on ANS has come not from studies on enzyme extracts but from
analysis of DNA sequences and recombinant proteins. Sequences for the ANS were first
isolated using transposon generated mutant lines of 4. majus and Z. mays.®*’” They encoded
proteins of 40 to 41 kDa that were found to have similarity to 20GDs, during a study on a
nonflavonoid enzyme.”® This sequence-based identification was confirmed by the in vitro
assay of the recombinant Perilla frutescens protein,”” and subsequent assays on recombinant
ANS from a range of species that confirmed the requirement for Fe**, 20G, and ascor-
bate.®*#! Sequence comparisons show that ANS is more closely related to flavonol synthase
(FLS), another 20GD, than to F3H.

From extensive analysis of recombinant proteins, and the crystal structure of A4. thaliana
protein, detailed reaction mechanisms have been proposed.®*®> The ANS reaction likely
proceeds via stereospecific hydroxylation of the leucoanthocyanidin (flavan-3,4-cis-diol) at
the C-3 to give a flavan-3,3,4-triol, which spontaneously 2,3-dehydrates and isomerizes to 2-
flaven-3,4-diol, which then spontaneously isomerizes to a thermodynamically more stable
anthocyanidin pseudobase, 3-flaven-2,3-diol (Figure 3.2). The formation of 3-flaven-2,3-diol
via the 2-flaven-3,4-diol was previously hypothesized by Heller and Forkmann.? The reaction
sequence, and the subsequent formation of the anthocyanidin 3-O-glycoside, does not require
activity of a separate dehydratase, which was once postulated. Recombinant ANS and
uridine diphosphate (UDP)-glucose:flavonoid 3-O-glucosyltransferase (F3GT, sometimes
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abbreviated in the literature as UF3GT, UFGT, or 3GT) are sufficient for the formation of
cyanidin 3-O-glucoside from leucocyanidin, at least under mildly acid conditions, that are to
be expected in a vacuole.®

Turnbull et al.*'%3% ysed a range of substrates to study recombinant A. thaliana ANS
activity. Trans-DHQ, a potential substrate that would occur in vivo, was converted to
quercetin in a reaction equivalent to that of the FLS. Incubation with the physiological
substrate (2R,3S,4S)-3,4-cis-leucocyanidin resulted in the formation of cis-DHQ, trans-
DHQ, quercetin, and cyanidin, with cyanidin being a minor product. The acceptance of
multiple substrates and generation of a variety of products fits with the proposed 3-hydro-
xylation mechanism of ANS and the suggested relatively large active site cavity.®> The
overlapping in vitro activities of 20GDs of flavonoid biosynthesis are discussed further in
Sections 3.6 and 3.14.

Some of the 20GDs of flavonoid biosynthesis (F3H, FNSI, FLS, and ANS) have been
studied for acceptance of O-methylated substrates.®” Substrates methylated at the 3'-hydroxyl
were accepted, while methylation at the 4'- or 7-hydroxyls reduced activities to varying
degrees. Multiple methylation or methylation at other positions prevented acceptance of
the substrate.

For 3-deoxyanthocyanin biosynthesis the 3-hydroxyl is, of course, lacking from the ANS
substrates (e.g., apiforol). Whether a specific ANS is thus involved in 3-deoxyanthocyanin
biosynthesis is not clear. However, it has been postulated that the reaction may still proceed
through 3-hydroxylation, and initial results suggest recombinant ANS from species that do
not produce 3-deoxyanthocyanins may still use apiforol as a substrate to produce apigenini-
din (results of J-I. Nakajima and K. Saito of Chiba University, Japan, with the authors’
coworkers in New Zealand).

3.4.6 FORMATION OF ANTHOCYANIDIN 3-O-GLYCOSIDE

The anthocyanidin pseudobases are thought to be too unstable to accumulate in the cell, and
are converted to the stable anthocyanins in what might be regarded as the final essential
biosynthetic step, O-glycosylation. In the majority of plants, the initial reaction is the transfer
of a glucose residue from the energy-rich nucleotide sugar (UDP-glucose) to the 3-hydroxyl of
the proposed pseudobase by F3GT. As mentioned in Section 3.4.5, the action of ANS and
F3GT has been demonstrated to be sufficient to convert the leucoanthocyanidins to colored
anthocyanins (in an acidic environment).®*® Although the addition of glucose at the 3-hy-
droxyl is the most common initial activity, 3-O-galactosylation is the first reaction in some
species. No cDNAs for anthocyanidin 3-O-galactosyltransferases have been published, al-
though such sequences have been lodged with the GenBank database (accession BAD06514).
3-0O-Glycosylation is often only the first of multiple sugar additions, either at other positions
of the anthocyanin core structure (both A- and B-rings) or on to previously added sugars, and
other glycosylations are discussed in Section 3.4.9.1.

Commonly, the F3GT is designated a flavonoid GT, as enzyme preparations from several
species,” the recombinant Forsythia x intermedia and P. hybrida enzymes,*** and the
A. majus cDNA expressed in vivo,”® can conjugate both anthocyanidin and flavonol sub-
strates with high efficiency. However, F3GTs of some species, such as Gentiana trifolia and
Vitis vinifera (grape),”'®® may specifically or primarily act on anthocyanidin substrate,
and should be termed UDP-glucose:anthocyanidin 3-O-glucosyltransferases (A3GTs) in
reflection of this. Indeed, within the EC system separate classifications are given for A3GT
(EC 2.4.1.115) and UDP-glucose:flavonol 3-O-glucosyltransferase (EC 2.4.1.91).

The F3GT is part of the UDPG-glycosyltransferase (UGT) family, which is family 1 of the
glycosyltransferase superfamily (EC 2.4.1.X).°**° UGTs have a central role in detoxifying or
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regulating the bioactivities of a wide range of endogenous and exogenous low molecular
weight compounds in both plants and mammals. In plants, they are generally monomeric,
soluble enzymes of 50 to 60kDa catalyzing O-glycoside formation, although cases of
C-glycoside formation are known. Affinity for the sugar acceptor is usually high and that
for the sugar donor typically lower. Conserved amino acids occur across the UGT family, in
particular several histidine residues, and significantly conserved regions are illustrated in
the alignment of the Plant Secondary Product Glycosyltransferase motif (PSPG-box) of 44
sequences in Ref. 95. The PSPG-box is thought to be common to UGTs involved in plant
secondary metabolism, and may define a monophyletic group of genes. A nomenclature
system for the UGTs has been suggested, similar to that for P450s, with groups of plant
origin sharing >45% amino acid sequence identity numbered 71 to 100, subgroups with >60%
identity given a letter, and the individual gene a number; e.g., the F3GT of G. trifolia is named
UGT78BI1 under this system (for details, see Refs. 95, 96). In general, the catalytic mechanism
of UGTs is not well characterized, and no crystal structure of a plant enzyme has been
published.

There are few reports of specific F3GT mutations, and none giving a phenotype in petal
tissue, perhaps reflecting common redundancy in UGT activity. However, the first reported
cloning of a plant UGT DNA sequence was based on the F3GT bronzel (bzI) mutation of
Z. mays, in which glycosylation does not occur and a brown pigment is formed in the kernels
by the condensation of the anthocyanidins in the cytosol.*

3.4.7 FORMATION OF 3-DEOXYANTHOCYANIN

The biosynthesis of 3-deoxyanthocyanins has only been studied in any detail for two grass
species, Z. mays and Sorghum bicolor, and one member of the Gesneriaceae, S. cardinalis. It is
thought that 3-deoxyanthocyanin biosynthesis occurs through the activity of FNR, so that
flavan-4-ols are formed. The flavan-4-ols are then converted to anthocyanins through the
action of ANS and a A5GT. The evidence to date is that, in addition to FNR activity,
3-deoxyanthocyanin biosynthesis also requires a marked reduction in the potentially com-
petitive F3H activity.

FNR is most likely a variant form of DFR that has dual DFR/FNR activity. The
recombinant DFR enzymes of Malus domestica (apple), Pyrus communis (pear), and
Z. mays, all species that can produce 3-deoxyflavonoids under some circumstances, show
both DFR and FNR activity.””*® In all three cases, DHFs were preferred as substrates over
flavanones, supporting the need for a mechanism promoting flavanone production, i.e., a
reduction in F3H activity. Enzymology studies for 3-deoxyanthocyanin-producing flower
silks of Z. mays also show FNR activity occurs with only low levels of F3H activity.”® The
FNR was initially characterized in detail from the flowers of the Gesneriads S. cardinalis and
Columnea hybrida, in which 3-deoxyanthocyanins are found in great excess to 3-hydro-
xyanthocyanins.® Recent studies on the recombinant S. cardinalis FNR show that this also
has both DFR and FNR activity.”’

Gene expression studies in relation to 3-deoxyflavonoid biosynthesis are limited to
S. cardinalis, S. bicolor, and Z. mays, but all are in general agreement with the proposed
biosynthetic mechanism. In petals of S. cardinalis transcript abundance is very high for the
FNR and very low for F3H, with that for ANS intermediate between the two.”> A similar
pattern is found for phlobaphene production in Z. mays kernels, but without expression of
ANS (see Section 3.15.3). In S. bicolor a similar pattern of DFR/FNR and ANS expression
coincident with low F3H transcript levels is seen during production of 3-deoxyflavonoids in
response to fungal inoculation,'® although it has been suggested that some biosynthetic
variations occur.'*!
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The 3-deoxyanthocyanidins are initially glucosylated at the 5-hydroxyl. Clones for UDP-
glucose:anthocyanin 5-O-glucosyltransferases (ASGT) have been isolated from a range of
species.*®1°2 However, all of these were found to require, at a minimum, prior 3-O-glucosyla-
tion of the substrate (see Section 3.4.9.1). This suggests that for 3-deoxyanthocyanin forma-
tion a specific ASGT may have evolved to accept the aglycone.

3.4.8 FiavoNnoiD 3'-HyDroOXYLASE AND FLAVONOID 3',5'-HYDROXYLASE

In a few species, the B-ring hydroxylation pattern is thought to be fully or partially deter-
mined through the HCA-CoA ester used by CHS (see Section 3.4.1). However, most com-
monly hydroxylation at the C-3" and C-5 positions is determined at the C;s level by the
activity of two P450s, the F3'H and F3',5H. Genes and cDNAs for both enzymes, sometimes
informally referred to as the red and blue genes because of their impact on flower color, were
first cloned and characterized from Petunia'® 1% and subsequently from several other species
(listed in Ref. 5). Based on sequence analysis, the F3'H and F3',5'H proteins are 56 to 58 kDa
in size.

The F3'H recombinant proteins of A. thaliana, P. hybrida, and P. frutescens accept
flavanones, flavones, and DHFs as substrates,'®> %7 as do enzyme preparations from plant
tissues.” Indeed, recombinant P. frutescens F3'H showed a similar K, (about 20 p.M) for
naringenin, apigenin, and DHK.'"” The A. thaliana F3'H amino acid sequence has been used
to generate a model of the enzyme and examine the active site architecture and substrate
recognition, as discussed in Section 3.3.3.%° Recombinant F3',5'H also accepts a range of
substrates to carry out stepwise 3'- and 5'-hydroxylation, in particular converting naringenin
or eriodictyol to pentahydroxyflavanone, DHK or DHQ to DHM, apigenin or luteolin to
tricetin, and kaempferol or quercetin to myricetin.”!*!%%1%8:10% Recombinant F3',5H from
P. hybrida and Catharanthus roseus (Madagascar periwinkle) showed greatest activity with
naringenin (K, 7 wM) and apigenin, and decreasing activity against kaempferol and DHQ,
with a preference for the 4-hydroxylated substrates over the 3'4-hydroxylated ones.'**!?
F3',5H has been shown to be able to use the alternative electron donor Cyt bs, based on
analysis of a knockout line of P. hybrida for the Cytbs gene (difF), which showed it is required
for full activity of F3',5'H but not F3'H in flowers."''

3.4.9 ANTHOCYANIN MODIFICATION ENZYMES

Knowledge of the genetics and molecular biology of the genes encoding the enzymes that
carry out modifications of the core anthocyanin structure has advanced greatly in recent
years, based on research involving a wide variety of plant species. Of the classic model species,
anthocyanin modification enzymes have been studied in detail only for P. hybrida, regarding
the production of methylated and acylated anthocyanidin 3,5-O-glycosides. However, 99
UGT-like sequences have been identified in the genome of A. thaliana, and the research
currently underway to characterize them by transgenic approaches and expression in vitro
may identify other flavonoid GTs.”®

3.4.9.1 Anthocyanin Glycosyltransferases

Glycosylation at the 3-hydroxyl, or for 3-deoxyanthocyanidins at the 5-hydroxyl, has been
discussed earlier as part of the core anthocyanin biosynthetic pathway. In this section,
molecular data on the genes encoding enzymes that carry out subsequent glycosylations is
reviewed. A great variety of anthocyanin glycosides occur, but at the time of the review by
Heller and Forkmann? only a few anthocyanin GTs had been characterized biochemically,
and DNA sequences were only available for the F3GT. Since then genes or cDNAs have been
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isolated for the UDP-rhamnose:anthocyanidin 3-O-glucoside O-rhamnosyltransferase (A3RT)
from P. hybrida,'""""'* A5GTs, %192 and a UDP-glucose:anthocyanin 3'-O-glucosyltransferase
(A3GT).'?

The recombinant ASGT from P. hybrida accepts only delphinidin 3-O-(4-coumaroyl)-
rutinoside, consistent with the prior biochemical data.®® In contrast, the recombinant A5GTs
from P. frutescens and Verbena hybrida accept a range of 3-O-glycosides and acyl-glycosides,
although prior 3-O-glycosylation is required.'> Phylogenetic alignment of UGT sequences
with proven functionality shows that the A3GT and ASGT sequences form two distinct
groups, with the A3RT falling well separated from either group.®®!''* The separation of the
A3RT is due to a distinctive PSPG-box, for the binding of UDP-rhamnose rather than UDP-
glucose.

3.4.9.2 Anthocyanin Methyltransferases

There is a wide range of methylated flavonoids that is formed through the action of members
of the S-adenosyl-L-methionine (SAM)-dependent methyltransferase (MT) family (EC
2.1.1.X). This large family includes enzymes targeting O, C, N, and S atoms in the methyl
acceptor molecule. Those characterized to date for flavonoid biosynthesis are generally class
II O-MTs (OMTs), which do not require Mg>" and have MWs typically of 38 to 43kDa,
although one of the smaller MW class I Mg®"-dependent OMT types has also been
reported.'’® Although C-methylated flavonoids are known, there are no reports on the
characterization of the enzymes. Excellent reviews of the plant OMT family are available
in Refs. 116 and 117, which include presentations of molecular phylogenies, as does the
review of Schréder et al.®” Structural information on plant OMTs has been gathered from
amino acid sequence analysis and the crystal structures for various animal OMTs and
one plant OMT, whose crystal structure was solved to a 1.8 A resolution.!®
Significant conserved regions include motifs for SAM (LExGxGxG) and Mg*" binding
(KGTVL).'"

The well-characterized anthocyanin-related OMTs are those acting at the 3'- and 5'-
hydroxyls, encoded by the genes Mtl, Mt2, MfI, and Mf2 in P. hybrida." Anthocyanins
with methylation at the 5- or 7-hydroxyls are also known. The isolation of cDNAs for
anthocyanin OMTs has been reported only in the patent literature to date (International
Patent Application W0O03/062428), although some cDNAs were mentioned in brief in
Ref. 119. The patent describes P. hybrida, Fuchsia, Plumbago, and Torenia cDNAs encoding
OMTs that act on the 3'- or 3',5"-hydroxyls. The recombinant proteins act on delphinidin 3-O-
glucoside or delphinidin 3-O-rutinoside to produce the 3'- or 3',5'-O-methylated derivatives.
Interestingly, the sequences are closer to those of class I OMTs than class II.

3.4.9.3 Anthocyanin Acyltransferases

Anthocyanin acyltransferases (AATs) catalyze transfer of either aromatic or aliphatic acyl
groups from a CoA-donor molecule to hydroxyl residues of anthocyanin sugar moieties; and
are part of the general group of acyltransferase enzymes (EC 2.3.1.X). A wide range of
activities have been characterized, including enzymes using acetyl-CoA, caffeoyl-CoA, 4-cou-
maroyl-CoA, malonyl-CoA, and succinyl-CoA. Nakayama et al.'? list six aromatic and 14
aliphatic AATs, and others, such as those of Dendranthema x morifolium, have been
reported since. Following the publication of the first AAT cDNA in 1998,'?! cDNA
clones for two aromatic and six aliphatic AATs have been characterized at the molecular
level (Table 3.1). Examples of reactions carried out by these enzymes are shown in
Figure 3.3.
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FIGURE 3.3 Examples of aliphatic and aromatic acylation of anthocyanins, as carried out by the
malonyl-CoA:anthocyanidin 3-O-glucoside-6"-O-malonyltransferase (Dv3MaT from D. variabilis),
malonyl-CoA:anthocyanidin 3-O-glucoside-3",6"-O-dimalonyltransferase (Dm3MaT?2 from D. Xmor-
ifolium), and hydroxycinnamoyl-CoA:anthocyanin 5-O-glucoside-6"'-O-hydroxycinnamoyltransferase
(Gt5AT from G. triflora).

Aromatic AAT cDNAs have been isolated from G. triflora'*" and P. frutescens.'* The
recombinant G. triflora protein (Gt5AT) can use either caffeoyl-CoA or 4-coumaroyl-CoA
to introduce the HCA group to the glucose at the C-5 position of anthocyanidin 3,5-di-O-
glucoside. Although specificity is shown with regard to the anthocyanin glycosylation and
acylation pattern, the enzyme can accept pelargonidin, cyanidin, or delphinidin derivatives.
That the number of hydroxyl groups on the B-ring does not affect reactivity is typical of
AATs studied to date. The P. frutescens recombinant product (Pf3AT) was identified
as a hydroxycinnamoyl-CoA:anthocyanidin 3-O-glucoside-6"-O-hydroxycinnamoyltransfer-
ase, utilizing cyanidin 3-O-glucoside and cyanidin 3,5-di-O-glucoside (the putative substrates
in vivo) as well as other anthocyanins. K, values of 6 to 227 and 113 to 777 wM have been
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reported for various anthocyanin substrates for the Pf3AT and Gt5AT, respectively, and 24
to 190 wM toward the HCA-CoA esters for a range of aromatic AATs.'?° The isolation and
analysis of aromatic AAT cDNAs from additional species, including P. hybrida and Lavan-
dula angustifolia, has been reported in the patent literature (International Patent Application
W096/25500).

Of the aliphatic AAT cDNAs characterized, three encode malonyl-CoA:anthocyanidin 3-
O-glucoside-6"-O-malonyltransferases (A3SMT) from D. variabilis, Senecio cruentus (ciner-
aria), and D. x morifolium."*>'* The D. variabilis and S. cruentus recombinant proteins
(Dv3MaT and Sc3MaT) accept pelargonidin-, cyanidin-, or delphinidin 3-O-glucosides, but
do not use anthocyanidin diglycosides. The D. x morifolium recombinant protein
(Dm3MaTl1) also does not accept diglycosides as substrates, but will use a wide range of
flavonoid monoglucosides, including anthocyanidin 3-O-glucosides and quercetin 3-O-gluco-
side. With regard to acyl donors, Dm3MaT1 has highest activity with malonyl-CoA but also
shows significant activity with succinyl-CoA. Other acyl-CoA compounds are either accepted
weakly or not at all. K, values of 19 to 57 pM toward malonyl-CoA have been reported for
the aliphatic AATs.'*°

Other aliphatic AAT cDNAs characterized include ones encoding a malonyl-CoA:antho-
cyanin 5-O-glucoside-6"'-O-malonyltransferase (Ss5MaT) from Salvia splendens (scarlet sage)
and a malonyl-CoA:anthocyanidin 3-O-glucoside-3",6"-O-dimalonyltransferase (Dm3MaT?2)
from D. x morifolium."*>*'*® Ss5MaT shows high specificity, accepting only “bisdemalonyl-
salvianin” (a pelargonidin 3,5-di-O-glucoside derivative), the endogenous substrate. Recom-
binant Dm3MaT2 produced two products from cyanidin 3-O-glucoside, cyanidin 3-O-(6"-O-
malonylglucoside) and cyanidin 3-0-(3",6"”-O-dimalonylglucoside), suggesting it carries out
sequential acylations at the glucose 6”- and 3”-hydroxyl groups. Both Dm3MaT2 and
SsSMaT show strong preference for malonyl-CoA as the acyl donor, but Ss5MaT also
shows significant usage of succinyl-CoA.

All AATs characterized to date are monomers of approximately 50 to 52 kDa in size, and
are members of the large versatile acyltransferase (VAT or VPAT) family of enzymes (also
known as the BAHD superfamily) involved in many primary and secondary metabolite
pathways of plants and fungi.'**'?” Nakayama et al.'** present detailed sequence compar-
isons among AATs and a molecular phylogeny for the VAT family. The three A3MT amino
acid sequences share >70% amino acid identity. However, although the other AATSs, both
aliphatic and aromatic, show significant amino acid sequence identity, it is at a relatively low
level. For example, Dm3MaT1 has 40% identity to Ss5MaT1, 38% to Gt5AT, and 37% to
Pf3AT. Of three significant amino acid motifs identified for VATs, Motifs 1 (HxxxD) and 3
(DFGWQ) are thought to be key for catalytic activity, while Motif 2 (YxGNC) might relate
to recognition of the anthocyanin, as it is present only in AATs to date. The putative reaction
mechanism and the possible role of conserved amino acids, based principally on mutagenesis
of recombinant Ss5MaT1, are discussed in detail in Refs. 120, 126, 128. No three-dimensional
structure has been published for a member of the VAT family.

The evidence suggests that AATs characterized to date are likely to be localized to the
cytosol, with their deduced amino acid sequences lacking known vacuolar targeting se-
quences. However, it cannot be ruled out that some flavonoid ATs occur in the vacuole.
Some serine carboxypeptidase-like (SCPL) enzymes, which use 1-O-acylglucosides as acyl
group donors and catalyze acylation reactions in plant secondary metabolism, are located in
the vacuole, e.g., sinapoylglucose:malate sinapoyltransferase.'?*"!** It has previously been
proposed that anthocyanin malonylation may occur in the vacuole, and that an SCPL-like
activity is involved in the acylation of cyanidin O-glycosides in Daucus carota (wild carrot)
(discussed in Ref. 131).
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3.5 FORMATION OF PROANTHOCYANIDINS AND PHLOBAPHENES

The PAs, or condensed tannins, are polymers synthesized from flavan-3-ol monomer units.
The phlobaphenes are 3-deoxy-PAs formed from flavan-4-ol monomers. The biosynthesis
of both types of PAs follows the biosynthetic route of anthocyanins from chalcones through
to the branch points to flavan-3-ol and flavan-4-ol formation. In this section, the specific
enzymes forming the monomers are discussed, along with a discussion on the polymerization
process. Although the chemistry of tannins is described in detail elsewhere in this book, it is
useful to briefly mention the nature of the monomer subunit types and the polymer forms.

Although many variant polymer forms have been reported, the most common ones consist
of linear C-4 to C-8 linkages, with the linking bond at the C-4 being trans with respect to the
3-hydroxyl. The subunits are usually flavan-3-ol epimers for the 3-hydroxyl, being either 2,3-
trans or 2,3-cis, with the latter being prefixed with “epi.”” Most commonly these are (2R,3.5)-
trans or (2R,3R)-cis, although 2S-enantisomers do occur, being indicated by the “ent” prefix.
Intermediates in the flavonoid pathway up to and including leucoanthocyanidins are 2,3-trans
in stereochemistry. Flavan-3-ols may be formed by two biosynthetic routes, from either
leucoanthocyanidins or anthocyanidins (Figure 3.4). The 2,3-trans-flavan-3-ols are produced
from the leucoanthocyanidins by LAR, while the 2,3-cis-flavan-3-ols are produced from the
anthocyanidins by ANR.

The common subunits are those with 3',4’-dihydroxylation of the B-ring (catechin and,
most commonly, epicatechin) or 3',4',5'-trihydroxylation (gallocatechin and epigallocate-
chin). Monohydroxylation of the B-ring (at C-4"), producing the subunits of propelargonidin,
is rare, as is the occurrence of subunits with hydroxyl patterns on the A- and C-rings varying
from the common one of 3,5,7-hydroxylation. As the subunits for PA biosynthesis are formed
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FIGURE 3.4 Biosynthetic route to proanthocyanidins from leucoanthocyanidins. The product of
the ANS is given in the flavylium cation form. Enzyme abbreviations are defined in the text and in
Table 3.1.
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later in the pathway than flavanones, the hydroxylation status of the B-ring of the flavan-
3-ols is likely to be determined by the action of the F3'H and F3',5'H on the precursors.

3.5.1 LEUCOANTHOCYANIDIN REDUCTASE

LAR removes the 4-hydroxyl from leucoanthocyanidins to produce the corresponding 2,3-
trans-flavan-3-ols, e.g., catechin from leucocyanidin.>!'3? Despite early biochemical charac-
terization, it is only recently that a LAR cDNA was isolated and the encoded activity
characterized in detail. Tanner et al.'*® purified LAR to homogeneity from Desmodium
uncinatum (silverleaf desmodium), and used a partial amino acid sequence to isolate a
LAR cDNA. The cDNA was expressed in E. coli, N. tabacum, and Trifolium repens (white
clover), with the transgenic plants showing significantly higher levels of LAR activity than
nontransformed plants.

LAR of D. uncinatum is a NAPDH-dependent reductase with closest similarity to IFR
(a reductase involved in isoflavonoid biosynthesis), and like IFR, DFR, and VR (another
isoflavonoid reductase), LAR belongs to the RED protein family. It shares several conserved
amino acid sequence motifs with other RED proteins, but has a C terminal extension of
approximately 65 amino acids of unknown function. The protein is a monomer with a
predicted MW of 42.7kDa. The preferred substrate is 3,4-cis-leucocyanidin, although 3,4-
cis-leucodelphinidin and 3,4-cis-leucopelargonidin are also accepted. Although 2,3-cis-3,4-
trans-leucoanthocyanidins have not been shown to exist as substrates in vivo, if LAR accepted
them it would raise the possibility of a route to the 2,3-cis-flavan-3-ols in addition to the route
through ANR. The difficulty in synthesizing 2,3-cis-3,4-trans-leucoanthocyanidins in vitro has
prevented a definitive test of LAR activity on these substrates. However, product inhibition is
about 100 times greater with catechin than epicatechin, supporting ANR as the main route.
There appears to be no LAR sequence or enzyme activity in 4. thaliana, consistent with the
lack of catechin derivatives in that species.'**

3.5.2 ANTHOCYANIDIN REDUCTASE

ANR converts anthocyanidins (presumably the pseudobase forms) to the corresponding 2,3-
cis-flavan-3-ols, e.g., cyanidin to epicatechin. For many years little information was available
on the formation of 2,3-cis-flavan-3-ols. However, the solution emerged from studies on the
banyuls mutant of A. thaliana, which displays precocious accumulation of anthocyanins in the
seed coat endothelium.'*® Initially thought to represent an anthocyanin regulatory gene, it
was found that the locus encoded a DFR-like protein of 38 kDa, and as banyuls mutant plants
also lack accumulation of PAs in the seed coat endothelium, it was suggested that the gene
might encode LAR."*® However, recombinant BANYULS from A. thaliana and M. trunca-
tula did not show LAR activity, but rather reduced pelargonidin, cyanidin, and delphinidin to
the corresponding 2,3-cis-flavan-3-ols.'*” Low-level production of ent-epiafzelechin, ent-epi-
catechin, and ent-epigallocatechin was also seen, although these were suspected to be artifacts
of the analysis generated by chemical epimerization.'*®

Like LAR, ANR is a member of the RED protein family. Full details of the protein
structure and reaction mechanism are yet to be published. However, Xie et al.!*® compared
the A. thaliana (AtANR) and M. truncatula (MtANR) ANR amino acid sequences and
recombinant protein activities, and made suggestions on the possible reaction series. The
two recombinant proteins showed significantly different kinetic properties, substrate specifi-
cities, and cofactor requirements. Although AtANR and MtANR share only 60% sequence
identity, some well-conserved domains are evident, in particular the Rossmann dinucleotide-
binding domain (GxxGxxG) near the N-termini. However, two amino acid variations did
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occur in this domain, and this may account for the ability of MtANR to use either NADH or
NAPDH, while AtANR will use only NAPDH. Both reduce pelargonidin, cyanidin, and
delphinidin, with MtANR preferring cyanidin > pelargonidin > delphinidin and AtANR
showing the reverse preference. With regard to in vivo activities, the low level of PAs (6% of
wild-type levels) in the F3'H mutant of A. thaliana (tt7) suggests that AtANR, or other PA
biosynthetic enzymes of A. thaliana, have a limited activity against pelargonidin.'**

The ANR reaction involves a double reduction at the C-2 and C-3 of the anthocyanidin,
allowing the inversion of C-3 stereochemistry. Xie et al.!*® postulate four possible reaction
mechanisms, proceeding via either flav-3-en-ol or flav-2-en-ol intermediates. The proposed
reaction mechanisms are based on anthocyanidins (the flavylium cation forms) as the starting
molecules; however, as the authors acknowledge, other forms of the anthocyanidin may exist
in vivo. In particular, the 3-flaven-2,3-diol pseudobase is thought to be the more likely in vivo
product of the ANS.

3.5.3 PROANTHOCYANIDIN POLYMERIZATION

Nonenzymatic studies of polymerization in vitro suggest that it starts by the attack of the C-4
of an electrophilic leucoanthocyanidin on the C-8 of the nucleophilic flavan-3-ol initiating
subunit to form the initial dimer (the chemistry of the polymerization is reviewed in Refs. 4, 5,
132). Polymerization then continues by addition of leucoanthocyanidin extension subunits in
the same C4-C8 route. This suggests that the great majority of the substrate for polymeriza-
tion in planta may not need to pass through either the LAR or ANR biosynthetic steps.
However, in most cases, the extension units are 2,3-cis, and leucoanthocyanins are 2,3-trans.
Thus, it may not be leucoanthocyanidins that are the extension units in planta, but leu-
coanthocyanidin derivatives. Thus, intermediates proposed for polymerization include react-
ive (2R,3S) compounds derived from leucoanthocyanidins, such as quinone methide and
carbocation products. Another, perhaps more likely, source for the common 2,3-cis extension
units is intermediates of the ANS and ANR biosynthetic route, possibly also as quinone
methide and carbocation products. Indeed, the tannin-deficient seed4 (tds4) mutant of A.
thaliana, which is for the ANS gene, accumulates unidentified possible PA intermediate
compounds in the developing seed.'*® These seem to fail to be transported into the vacuole
as usual and accumulate in the cytoplasm, triggering the formation of multiple small vacu-
oles. These studies and those of Grotewold et al.'"*® on Z. mays cell lines suggest that the final
steps of PA biosynthesis may be linked to developmental changes in the cell structure. Any
enzymatic polymerization process would need to evolve a mechanism for avoidance of
inhibitory protein—PA interactions. A membrane-bound biosynthetic complex associated
directly with the accumulation of the polymers in the vacuole might achieve this.

The recent molecular characterization of the LAR and ANR has been a major advance in
the understanding of PA biosynthesis. However, it is still not known whether the polymer-
ization of PAs occurs spontaneously in all tissues or is enzyme catalyzed in some or all cases.
Flavan-3-ols and leucoanthocyanidins will polymerize spontaneously in vitro (reviewed in
Ref. 5), and no activities responsible for the formation of PA polymers have been described.
Differences in PA composition and polymer length do occur between different tissues and
during tissue development, and variations from the C4-C8 linkage pattern also occur.
However, these variations are not necessarily evidence of an enzymatic mechanism of poly-
merization, as changes in the availability or reactivity of initiating and extension units might
also generate such differences. Nevertheless, a nonenzymatic polymerization process seems
unlikely, given that PAs occur in some species with specific arrangements of catechin and
epicatechin units. Perhaps the best evidence for biosynthetic steps after LAR and ANR are
the mutant lines that have been identified that prevent PA accumulation and appear to occur
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after monomer formation. At least four PA mutations of H. vulgare (ant25, ant26, ant27, and
ant28) appear to act after LAR, with evidence for ant26 encoding a polymerization en-
zyme."*! In A. thaliana, TDSI, TDS2, TDS3 TDS5, and TDS6 act after Banyuls,"*® and
T79, TT10, TT11, TT13, and TT14 act after TT12, which encodes a vacuolar transporter for
PAs.'* Although some of the 7DS mutants may be allelic to the 77 mutants, this still
indicates a number of genetic steps postmonomer formation, which may include polymeriza-
tion enzymes, regulatory factors, transport activities, and dirigent proteins that control
stereospecificity of polymerization.

One other line of evidence supporting enzymatic polymerization comes from recent
studies overexpressing ANR in transgenic plants. N. tabacum ANR transgenics are reported
to have increased levels of at least four compounds that react with the PA stain dimethyla-
minocinnamaldehyde (DMACA) but no PA polymers, supporting the requirement for fur-
ther enzymatic steps.>!* However, lack of PA polymers may also be due to conditions in the
transgenic tissues studied being unsuitable for spontaneous polymerization. Also, Xie et al.'*’
reported results differing to these, as they found PA polymer-like DMACA staining com-
pounds in leaves or petals of 4. thaliana or N. tabacum CaMV35S:ANR transgenics, respect-
ively, although it has been commented that more extensive analysis than what was presented
is often required to confirm the PA polymer status.'>

3.6 FORMATION OF FLAVONES AND FLAVONOLS

A desaturation reaction forming a double bond between C-2 and C-3 of the C-ring is involved
in the formation of both flavones and flavonols, and the respective substrates involved, (25)-
flavanones and (2R,3R)-DHFs, differ only in the presence or absence of the 3-hydroxyl
(Figure 3.2).

Two distinct FNS activities have been characterized that convert flavanones to flavones.
In most plants FNS is a P450 enzyme (FNSII), but species in the Apiaceae have been found
to contain the 20GD FNSI. FNSII cDNAs were first isolated from G. hybrida, based on a
differential display technique focusing on the conserved P450 heme-binding site,'** and from
A. majus and T. fournieri using another P450 cDNA as a probe.'** Isolation of a cDNA for
FNSI was first reported from P. crispum.'*> Although FNSI and FLS catalyze the equivalent
2,3-desaturation reaction, it is thought that FNSI is most likely to have evolved from the F3H
in the Apiaceae.

Flavonols are formed from DHFs by the FLS. A cDNA for FLS was first isolated from P.
hybrida using degenerate PCR primers for conserved 20GD sequences,'*® and indeed all FLS
cDNAs identified to date encode 20GD enzymes. However, the Torenia FNSII shows FLS
activity, raising the suggestion that, analogous to flavone formation, there are two types of
FLS.'* The recombinant Citrus unshiu (Satsuma mandarin) FLS had K, values of 45 and
272 wM for DHK and DHQ, respectively.

A similar reaction mechanism has been proposed for F3H, ANS, FLS, and FNSI, involving
cis-hydroxylation at C-3 followed by dehydration, with (2R,35)-cis-DHFs as possible inter-
mediates.®’3* Akashi et al."** have suggested that the FNSII reaction likewise involves a C-2
hydroxylation step followed by dehydration. However, the studies of Martens et al.'4*!4>147
suggest direct 2,3-desaturation of flavanones by FNSI and FNSII, as previously proposed from
biochemical studies of FNSL'*® A comparison of 59 20GD amino acid sequences, including
those for ANS, F3H, and FLS, identified three regions of high similarity and eight absolutely
conserved amino acids.®® These include residues with proposed functions in Fe** and 20G
binding, and two others of unknown function that are required for enzyme activity.®>¢’

Recent studies of members of the flavonoid 20GD family show overlapping substrate
and product selectivities in vitro. For example, the C. unshiu FLS has been termed a bifunctional
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enzyme, as the recombinant protein has both FLS and F3H activity.® Two groupings of
flavonoid 20GDs have been proposed, FLS/ANS and F3H/FNSI, with the former having
wider substrate selectivity than the latter.®*8"'47 The overlapping activities are discussed
further in Section 3.14.

3.7 FLAVONE AND FLAVONOL MODIFICATION ENZYMES

Flavones and flavonols are the substrates for a range of modification reactions, including
glycosylation, methylation, acylation, and sulfation. To date, genes and cDNAs have been
cloned that represent activities specific to flavones or flavonols for all of these modifications
except acylation. There are also several cDNAs isolated, the encoded proteins of which
accept a range of flavonoid, and even nonflavonoid, substrates. However, in vitro activities
of recombinant proteins may not reflect their in vivo role. Factors such as the abundance
of the protein (temporally or spatially) in relation to the potential substrate, and the involve-
ment of metabolic channeling (see also Section 3.14), affect in vivo activity. However,
in various transgenic experiments endogenous flavonoid GTs have been shown to accept
substrates that are not normally present in the recipient species, such as 6’-deoxychalcones
and isoflavonoids,'* "' supporting broad substrate acceptance of some modification
enzymes.

3.7.1 FLAVONE AND FLAVONOL GLYCOSYLTRANSFERASES

Clones have now been isolated for several types of UGT with O-glycosylation activity on
flavones and flavonols. The recombinant proteins show wide substrate acceptance, including
some that will accept both flavonoids and some of the biosynthetically unrelated betalain
pigments. In general, the UGTs characterized in flavonoid biosynthesis show high regiospe-
cificity but broad substrate acceptance, although there are exceptions.

A number of cDNAs encoding UGT activities against the 7-hydroxyl have been identified.
NtGT2 from N. tabacum showed activity against several types of phenolic compounds.'>
Despite having closest sequence identity with ASGT sequences, no significant activity with
anthocyanins was found but it catalyzed the transfer of glucose to the 7-hydroxyl of flavonols,
with a K, of 6.5uM for the aglycone kaempferol. The recombinant protein from the
UGT73C6 gene of A. thaliana also transfers glucose to the 7-hydroxyl of a range of flavonols
and flavones, as well as the 6-hydroxyl of the unnatural 6-hydroxyflavone substrate. How-
ever, its in vivo activity is likely as a UDP-Glc:flavonol-3-O-glycoside-7-O-glucosyltransfer-
ase.'>® The recombinant Allium cepa (onion) UGT73G1 protein also showed wide
regiospecificity, adding glucose to the 3-, 7-, and 4'-hydroxyls of a wide range of flavonoids,
including chalcones, flavanones, flavones, flavonols, and isoflavones, producing both mono-
and diglucosides.!> The lack of triglucoside products suggests UGT73G1 accepts only
aglycone or monoglucoside substrates. Recombinant protein from a UGT cDNA from the
Chinese medicinal herb Scutellaria baicalensis also showed activity toward the 7-hydroxyl of
flavonoids, among other substrates.'>> In contrast to these activities, recombinant protein
from A. cepa UGT73J1 showed both high regiospecificity and tight substrate specificity,
adding glucose at the 7-hydroxyl of only quercetin 3-O-glucoside (a flavonol) and genistein
(an isoflavonoid) out of many flavonoid substrates tested.'>*

A cDNA from Vigna mungo (black gram) seedlings encodes a protein with UDP-
galactose:flavonoid 3-O-galactosyltransferase (F3GalT) activity.'*® A 20-fold preference for
UDP-galactose over UDP-glucose was found with kaempferol as a substrate. It would accept
DHFs and flavones at a lower efficiency (anthocyanins were not tested). Average amino acid
sequence identity is around 35 to 45% with F3GTs and 23% to the A3RT of P. hybrida.
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The UGT78D1 gene of A. thaliana encodes a specific UDP-rhamnose:flavonol-3-O-rhamnosyl-
transferase with activity only on kaempferol and quercetin, out of various flavonoids tested.'>?
Like many flavonoid UGTs, the UGTs reported to be involved in betalain biosynthesis in
Dorotheanthus bellidiformis (Livingstone daisy) show precise regiospecificity but surprisingly
wide substrate acceptance. Recombinant betanidin 5-O-glucosyltransferase will add a glucose
to the 4'- and 7-hydroxyls of luteolin (a flavone) or quercetin, and the 4'-hydroxyl of cyanidin
with lower efficiency;'”’ betanidin 6-O-glucosyltransferase (B6GT) will add a glucose to the
3-hydroxyl of quercetin and cyanidin."'* B6GT shows marked divergence at the amino acid
level from the previously characterized F3GTs (for a molecular phylogeny, see Ref. 114).

P. hybrida pollen accumulates kaempferol and quercetin 3-O-(2"-O-glucopyranosyl)-
galactopyranosides, which are not prevalent elsewhere in the plant, by the action of flavonol
3-0O-galactosyltransferase (PhF3GalT) and flavonol 3-O-galactoside-2"-O-glucosyltransfer-
ase (F2"GT). Miller et al.'*® isolated a cDNA for a pollen-specific gene from P. hybrida
whose recombinant protein showed the same activity profile as the previously characterized
PhF3GalT."*® Unlike most of the GTs discussed previously, the PhF3GalT showed strong
preference and high catalytic efficiency to kaempferol and quercetin, with other lower
activities being limited to a range of flavonol aglycones. Notably, the PhF3GalT also
catalyzed the reverse reaction, a deglycosylation. The enzyme, therefore, could be involved
in modulating the abundance of a biologically active aglycone.

3.7.2 FLAVONE AND FLAVONOL METHYLTRANSFERASES

Methylation has been reported at all available hydroxyls of flavones and flavonols (the C-5,
-6, -7, -8, -2/, -3', -4, and -5 positions), and it can occur on both aglycone and glycoside
substrates. Many of the corresponding enzyme activities have been described in detail, and
typically show strong preferences with regard to substrate type and the position methylated.?
Recently, cDNA sequences have been identified for several flavonoid OMTs, allowing
sequence-based analysis and examination of recombinant protein activities. All are members
of the SAM-MT family described in Section 3.4.9.2.

Induced in leaves of H. vulgare in response to pathogen attack is an mRNA encoding a
flavonoid 7-OMT with activity against flavanone, flavone, and flavonol aglycones, with the
flavone apigenin the preferred substrate.'®® Caffeic acid or glycosylated flavonoids were not
accepted as substrates. Gauthier et al.'®"'®* have characterized cDNA clones for two distinct
enzyme activities of the semiaquatic freshwater plant Chrysosplenium americanum that methy-
late the 3" and 5" hydroxyls of flavonoids. Recombinant F3’'OMT specifically methylated the
3" or 5-hydroxyls of 3,7,4'-trimethoxyquercetin, accepting neither quercetin nor mono- or
dimethylquercetin as substrates.'®' However, in contrast, recombinant proteins from the two
highly similar clones CaOMT1 and CaOMT?2 showed 3'-OMT activity against luteolin and
quercetin, and lower 3- or 5-OMT activities on caffeic and 5-hydroxyferulic acids, respect-
ively.'? An A. thaliana cDNA, AtOMTI, was originally identified as encoding a HCA
OMT,'® and the deduced amino acid sequences from CaOMTI, CaOMT2, and AtOMTI
show high sequence identity (around 85%), and even higher identity across putative sequence
motifs relating to substrate specificity and binding.!'”. Recombinant protein from AtOMTI
showed flavonol 3'-OMT activity, using quercetin and myricetin (flavonol aglycones) effi-
ciently; however, it had much lower activity with luteolin and did not accept HCAs.'** The
initial identification of 4tOMT1 as a HCA OMT based on sequence similarity illustrates the
potential problems in using sequence alone to predict function (discussed in detail for OMTs
in Ref. 165).

A cDNA for an OMT (PFOMT) with wide substrate acceptance that includes flavonols
and HCA derivatives has been identified from Mesembryanthemum crystallinum (ice plant).''?
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In contrast to the other flavonol OMTs reported, the deduced amino acid sequence of
PFOMT has most similarity to caffeoyl-CoA OMTs (CCoAOMTs), and it is a class |
OMT with a MW of 27kDa and a requirement for a bivalent cation such as Mg>". A wide
range of flavonols, including 6-hydroxykaempferol, quercetin, 6-hydroxyquercetin (querce-
tagetin), 8-hydroxyquercetin (gossypetin), myricetin, and quercetin 3-O-glucoside, were
accepted as substrates by the recombinant protein, as were some flavones, flavanones, and
HCA-CoA esters and glucosides. Generally, potential substrates with two free hydroxyls were
accepted while those with a single free hydroxyl were not. The reaction product for quercetin
was shown to be isorhamnetin (3'-methoxyquercetin), while with quercetagetin five different
products with 5-O-, 6-O-, 3'-O-, 5,3'-O-, or 6,3’-O-methylation were generated. This range of
substrate choice and products with the recombinant protein is wider than for the purified
native enzyme, the major products of which are only the 6-O- and 6,3'-O-methyl ethers. This
difference has been shown to be due to the N terminal region of the protein, as a recombinant
protein with the first 11 N terminal amino acids removed shows the same enzyme character-
istics as the native enzyme.'®® The dual methylation reaction suggests a large and flexible
active site, which is rare for the OMTSs characterized to date.

Ibdah et al.''® also examined the wider substrate acceptance of four recombinant
CCoAOMTs; one each from Stellaria longipes (chickweed) and A. thaliana with high se-
quence similarity to PFOMT, and one each from N. tabacum and V. vinifera with lower
sequence similarity. The CCoOAOMT from S. longipes showed the same range of substrate
acceptance as PFOMT, and the same range of products from quercetagetin. The A4. thaliana
protein efficiently accepted a similar wide range of substrates, but produced only the 6-O- and
6,3'-O-methyl ethers of quercetagetin. In contrast, the N. tabacum and V. vinifera enzymes
showed strong preference for caffeoyl-CoA, although they would accept other flavonoids
with much lower efficiencies. The in vitro activity pattern is reflected by phylogenetic analysis,
which groups the M. crystallinum and S. longipes sequences separately to a large group of
class I CCoAOMTs (which include the N. tabacum and V. vinifera sequences).

A cDNA, CrOMT?2, encoding a flavonoid 3',5-OMT has been identified from C. roseus
(during a study of alkaloid biosynthesis). The encoded protein could sequentially methylate
the 3’- and 5'-hydroxyls of both myricetin and DHM, and showed weaker activity against
the 3’-hydroxyl of DHQ.167 Recombinant F3H, FNS, FLS, and ANS were all able to use the
3'-O-methylated substrates.®” 35" O-methylation is characteristic of both flavonol and antho-
cyanin glycosides of C. roseus (hirsutidin and malvidin glycosides occur), so it is possible
that this represents the in vivo activity. Whether a separate anthocyanin 3',5-OMT exists in
C. roseus, or whether the CrOM T2-derived enzyme also methylates anthocyanins is not known.
Schroder et al.” attempted to isolate a cDNA for anthocyanin 7-OMT from C. roseus, and
in the process identified a clone (CrOMT6) encoding an OMT that specifically accepted
3’-O-methylated flavonoids as substrates, in particular flavanones, flavones, and flavonols,
to produce the 3',4'-O-methylated derivatives. In a molecular phylogeny the flavonoid-related
CrOMT sequences form a separate cluster from the CaOMT and AtOMT1 sequences.

3.7.3 FLAVONE AND FLAVONOL SULFOTRANSFERASES

Flavonoids esterified with sulfate groups have been reported to occur in many plant species,
in particular mono- to tetrasulfate esters of flavonols and flavones, and their methylated or
glycosylated derivatives. These are likely generated by soluble sulfotransferases (STs), which
transfer a sulfonate group from 3'-phosphoadenosine 5'-phosphosulfate (PAPS).!® Two
subgroups of STs have been reported. The first contains enzymes with generally wide
substrate acceptance that are typically involved in detoxification of small metabolites.
Enzymes of the second subgroup, which includes the flavonoid STs, show high specificity,
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and in animals are involved in processes such as steroid transport and inactivation. The first
plant STs characterized at the molecular level were the flavonol 3-O- and 4'-O-STs (F3ST and
F4'ST) from Flaveria chloraefolia,'® followed by a second F3ST, BFST3, from Flaveria
bidentis."™ These enzymes form part of a group of flavonol STs that act sequentially to
generate the range of flavonol polysulfates found in this genus. Strict specificities are shown
to the 3-hydroxyl of flavonol aglycones (F3ST), or the 3'-, 4'- (F4'ST), or 7-hydroxyls
of flavonol 3,3 or 3.,4'-disulfates.'”! Analysis of the recombinant proteins found the
F. chloraefolia F3ST used only flavonol aglycones as substrates (both kaempferol and
quercetin, and the methylated rhamnetin and isorhamnetin), and the F4'ST used only the
flavonol 3-O-sulfates. BFST3 recombinant protein showed similar activity to the F. chlorae-
folia F3ST, except that kaempferol was not accepted as a substrate.

A range of ST cDNAs has been identified from functional genomics studies of
A. thaliana,'® including one (A4¢ST3) that has been shown to encode a flavonoid 7-ST. Unlike
BFST3, AtST3 recombinant protein accepts a number of flavonol and flavone aglycones, as
well as their 3-O-monosulfated derivatives.'®® However, strict specificity to the 7-hydroxyl
was found.

The plant soluble STs have around 25 to 30% amino acid identity with mammalian soluble
STs, and are of a similar size.'® Comparisons between F. chloraefolia F3ST and F4'ST,
combined with mutational analysis and data from the crystal structure of mouse estrogen ST,
have defined amino acid residues important for PAPS binding, substrate binding and cataly-
sis, and the mechanism of sulfonate transfer.'”>!7> Sequence relatedness has been used to
divide the STs into families and subfamilies in a similar manner as for P450s.'®

3.8 BIOSYNTHESIS OF 5-DEOXYFLAVONOIDS

A characteristic of legumes is the biosynthesis of 6’-deoxychalcones (chalcones lacking a
hydroxyl at the C-6" position), which are the substrates for the production of 5-deoxyflavo-
noids. The formation of 6’-deoxychalcones requires the activity of polyketide reductase
(PKR) (also known as chalcone reductase or chalcone ketide reductase) in conjunction with
CHS. It is thought that CoA-linked polyketide intermediates diffuse in and out of the CHS
active site, and while unbound are reduced to alcohols by PKR.*® The resultant hydroxyl
groups are then removed from the PKR products in the final cyclization and aromatization
steps catalyzed by CHS.

PKR is a NADPH-dependent monomeric enzyme of 34 to 35 kDa belonging to the aldo-
and keto-reductase superfamily.'”® The first isolation and characterization of a PKR ¢cDNA
was from G. max."”” The G. max cDNA, and cDNAs from other species, have been used to
confirm the PKR activity of the recombinant protein, and to produce larger protein amounts
for structural analysis.'””'”’ Studies of the recombinant protein, and analysis of
358SCaMV:PKR transgenic plants,”®'* have also shown that PKR is able to function with
CHS proteins from nonlegume species that synthesize only the common 5-hydroxyflavonoids.

3.9 BIOSYNTHESIS OF ISOFLAVONOIDS AND THEIR DERIVATIVES

Principally found in legumes, isoflavonoids are a group of compounds that originate from
flavanones. The factor differentiating isoflavonoids from other flavonoids is the linking of the
B-ring to the C-3 rather than the C-2 position of the C-ring. Subsequent modifications can
result in a wide range of structural variation, including the formation of additional hetero-
cyclic rings. The additional rings are principally methylenedioxy or dimethylchromene types,
formed from cyclization between vicinal hydroxyl and methoxyl or monoprenyl groups,
respectively. The initial steps of isoflavonoid biosynthesis are now well characterized at the
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molecular level, but there is limited progress on the later enzymatic steps that produce the
wide range of complex derivatives found in different legume species. A general scheme for
their biosynthesis is presented in Figure 3.5 and Figure 3.6.

3.9.1 2-HYDROXYISOFLAVANONE SYNTHASE

The entry into the isoflavonoid branch of the pathway occurs through the action of 2-
hydroxyisoflavanone synthase (2HIS, also known as isoflavone synthase, IFS). 2HIS cata-
lyzes both C-2 to C-3 aryl migration and hydroxylation of the C-2 of (2S5)-flavanones to yield
(2R,3S)-2-hydroxyisoflavanones. Dehydration of the 2-hydroxyisoflavanones, either spon-
taneously or through the action of the isoflavone dehydratase 