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Abstract

There are at least two models describing how the enzymes of metabolic
pathways are arranged in living cells. The first is a stochastic model, where enzymes
are freely-diffusing in the aqueous environment of the cell, and the second, the
metabolon model, has pathway enzymes organized as enzyme complexes. Both are
valid scientific hypotheses in that they make predictions that can be tested regarding
pathway regulation, localization, and function. The goal of the work presented here
was to test the metabolon model using the flavonoid biosynthetic pathway in
Arabidopsis, which has been hypothesized to exist as a metabolic enzyme complex.
Five novel mutants of the gene encoding the first enzyme of flavonoid
biosynthesis, chalcone synthase (CHS), were characterized in an effort to develop tools
for investigating the organization of flavonoid metabolism in Arabidopsis. A variety of
mutant CHS genotypes were identified in this allelic series, including ones that
displayed both null and temperature-sensitive phenotypes, based on endproduct
analysis. Characterization of protein and RNA levels indicated that the stability of the
CHS enzyme was reduced in some of the mutants as compared to wild type. In several
of the alleles, homodimerization of CHS was also impaired. Effects of the mutations at
the amino acid level were predicted from the three-dimensional crystal structure of the
highly-homologous alfalfa CHS, which indicated substitutions at diverse sites on the
enzyme, including ones that may disrupt folding and/or active site function. This allelic
series should provide a useful genetic resource for ongoing studies of flavonoid enzyme
structure, function, and subcellular organization.
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In an effort to determine the in planta location of the first two enzymes in
flavonoid biosynthesis, CHS and chalcone isomerase (CHI), immunolocalization
experiments were performed. Results indicate that CHS and CHI are abundant in
epidermal and cortex cells of the root elongation zone and the root tip, consistent with
the accumulation of flavonoid endproducts at these sites. At the subcellular level, both
of these enzymes were found to localize to the endoplasmic reticulum (ER), consistent
with the hypothesis that the enzymes of flavonoid biosynthesis are organized as a
membrane-associated enzyme complex. Analysis of the tt7(88) mutant, which lacks the
cytosolic domain of the putative 'anchor' P450 enzyme, flavonoid 3'-hydroxylase,
showed an altered distribution of CHS and CHI as compared to wild type, however
CHS and CHI were still found to be associated with ER. These results suggest that
complex interactions occur within the flavonoid enzyme complex to mediate the
subcellular distribution of its constituents. Also evident from these studies was the
asymmetric distribution of CHS and CHI in cortex cells of the elongation zone, a
finding that may provide clues about the physiological function of flavonoids in roots.
Together, these immunolocalization data support the metabolon model for the
organization of flavonoid biosynthesis in Arabidopsis.
In an effort to develop tools to investigate the in vivo dynamics of flavonoid
biosynthesis, fusion proteins between CHS or CHI and the reporter, green
fluorescent protein (GFP), were produced. Transient transfection assays in
epidermal cells from onion root bulbs and Arabidopsis seedlings indicated that the
GFP component of the fusion constructs was functional, as determined via GFP
fluorescence. To investigate the spatial and temporal dynamics of these fusion
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proteins in all cell types, Arabidopsis plants stably transformed with the CHI-GFP
fusion constructs were generated. The analysis of these transgenic plants should
provide information regarding the localization and dynamics of flavonoid
biosynthesis in vivo, and thereby serve to offer new insights into the function and
regulation of this important plant metabolic pathway. Overall, the research
presented here represents a significant contribution toward understanding how
subcellular organization may be important in regulating metabolism.
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Chapter 1

Literature Review

Introduction

It has long been known that eukaryotic cells utilize organelles to
compartmentalize certain processes, but what of the thousands of biochemical
reactions that occur at the same time and place in the cell where compartmentation
isn't obvious, say, in the cytoplasm? Are metabolic enzymes and metabolites, in the
spirit of the 'cell as a bag of enzymes' dogma, freely diffusing about, relying on
collision kinetics to actuate pathway flux? If not, what level of organization then
exists? As researchers reflect on the discrepancies between in vitro data and
observable cellular physiology involving metabolic pathways, and as technological
advances develop to allow non-invasive probing of cellular dynamics, such
fundamental questions are beginning to be addressed.
To investigate how cells organize metabolism at the enzyme level, our
laboratory is using the flavonoid biosynthetic pathway in Arabidopsis thaliana as a
model system. Flavonoids are important plant secondary products that impart various
characteristics such as pigmentation and protection from ultraviolet-B (UV-B)
radiation (reviewed in Shirley, 1996). Induction of flavonoid synthesis is caused by
developmental cues as well as various stresses including wounding, drought, heat and
cold shock, high-intensity white light, and UV radiation (Ni et al., 1996; Kubasek et
al, 1992; Christie et al., 1994; Leyva et al., 1995; Hahlbrock and Griesbach, 1979;
Shirley and Goodman 1993; Taylor and Briggs, 1990). These phenolic compounds
are also involved in plant-microbe communication, playing both defense and signaling
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roles (Smith and Banks, 1986), and are important in human health as anti-oxidants and
anti-cancer agents (Guthrie and Carroll, 1998; Pietta, 2000).

Flavonoid mutants

One of the most powerful tools our laboratory has at its disposal is an array of
transparent testa (tt) mutants that define loci required for flavonoid biosynthesis in
Arabidopsis. Disruption of this pathway is non-lethal to plants grown under
greenhouse conditions and results in visually-distinguishable phenotypes such as
altered seed color or loss of pigment in plant tissues. The characteristic yellow seed
color of many of the tt mutants is due to a loss of polymerized flavonoids (called
condensed tannins or proanthocyanidins) in the seed coat, which allows visualization
of the underlying yellow cotyledons (Koornneef, 1981; Koornneef, 1990; Shirley et
al., 1995). A total of 21 tt loci have been identified to date and both structural and
regulatory functions have been attributed to many of these (Winkel-Shirley, 2000).
Flavonoid mutants have been pivotal in the characterization of what is known about
the flavonoid pathway in petunia, snapdragon, and maize, and have facilitated
discoveries in Arabidopsis such as the physiological importance of flavonoids in UVB protection, as well as the finding that these compounds are not required for fertility
in all plant species (Li et al., 1993; Burbulis et al., 1996). This class of mutants has
also been useful in dissecting signal transduction pathways involved in flavonoid gene
expression (reviewed in Weisshaar and Jenkins, 1998; Winkel-Shirley, 2000).
Recently, tt mutants have provided new evidence for a physiological role for

3

flavonoids in transport of the plant hormone, auxin (Brown et al., 2000). Additionally,
these mutants are providing insights into the subcellular organization of flavonoid
biosynthesis in Arabidopsis (Burbulis and Winkel-Shirley, 1999; Saslowsky and
Winkel-Shirley, 2000). Characterization of other tt loci or new alleles of existing loci
will help extend the fundamental understanding of flavonoid biosynthesis and its
regulation and perhaps help to elucidate the involvement of this pathway in other
essential plant processes.

Arabidopsis secondary metabolites and UV radiation

Flavonoids and sinapate esters, related classes of secondary metabolic
compounds derived from phenylalanine (Figure 1), have been implicated in protecting
plant tissues from ultraviolet radiation in numerous species including Arabidopsis.
This protection is most likely due to the fact that the phenolic ring structures act as UV
chromophores, resulting in high extinction coefficients in the harmful UV-B range
(280-320 nm). Flavonoids and sinapate esters both accumulate in epidermal tissues of
plant organs where exposure to UV-B radiation is highest (Strack et al., 1985; Chapple
et al, 1992; Day, 1993). In parsley tissue culture cells, flavonoid derivatives have
been shown to accumulate in response to UV treatment (Wellmann, 1971), while
sinapate ester and flavonoid levels were found to increase in response to UV-B in
Arabidopsis (Landry et al, 1995; Lois, 1994). In accordance with the concept of
flavonoids acting as natural sunscreens for plants, these aromatic compounds have
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Figure 1. General phenylpropanoid pathway and branch pathways leading to the
synthesis of sinapic acid esters, flavonoids, and lignin in Arabidopsis.

The positions of metabolic blocks that have been identified in Arabidopsis mutants are
indicated by heavy lines, and the corresponding mutant locus designation. The steps
of the pathway are numbered and are catalyzed by the indicated enzymes: (1)
phenylalanine ammonia lyase (PAL); (2) cinnamate-4-hydroxylase (C4H); (3) pcoumarate-3-hydroxylase (4) caffeate/5-hydroxyferulate O-methyltransferase; (5)
ferulate-5-hydroxylase (F5H); (6) sinapic acid:UDP-glucose sinapoyltransferase; (7)
sinapoyl glucose:malate sinapoyl transferase; (8) sinapoyl glucose:choline
sinapoyltransferase; (9) sinapoyl choline esterase; (10) 4-coumaroyl ligase; (11)
chalcone synthase (CHS); (12) chalcone isomerase (CHI); (13) flavanone 3hydroxylase; (14) flavonoid 3'-hydroxylase (F3'H); (15) dihydroflavonol reductase;
(16) flavonol synthase; (17) anthocyanidin synthase; (18) (hydroxy) cinnamoyl CoA
reductase; (19) (hydroxy) cinnamoyl alcohol reductase; (20) peroxidase or laccase.

From: Chapple et al., 1994

5

6

been shown to protect DNA from the mutagenic effects of UV light both in vitro
(Kootstra, 1994) and in vivo (Stapleton and Walbot, 1994).
Strong induction of flavonoids by UV-B radiation has been shown to be
mediated to some extent at the transcriptional level (Kubasek et al, 1992). Both UV
and high-intensity white light cause increased transcription of flavonoid genes and a
concomitant increase in enzymatic activity (Chappell and Hahlbrock, 1984; Feinbaum
and Ausubel, 1988; Lois et al, 1994; Logemann et al., 2000). Roles of UV-A, UV-B,
and blue light in CHS gene expression have been shown in Arabidopsis mutants
defective in phytochrome and cryptochrome photoreceptors (Batschauer et al., 1996;
Ahmad et al., 1995; Jackson and Jenkins, 1995; Fuglevant et al., 1996).
The relative contributions of sinapate esters and flavonoid derivatives to UV-B
resistance in Arabidopsis has been studied using mutant strains that block the
synthesis and accumulation of these products. The fah1 mutant (previously termed
sin1) is defective in the ability to synthesize sinapate esters because of a block in the
cinnamic acid pathway in the step where ferulic acid is converted to 5-hydroxyferulic
acid (Chapple et al., 1992). This mutant is highly sensitive to UV-B due to the loss of
sinapate esters, even though wild-type levels of flavonoid derivatives are present.
However, various tt mutants, some of which are devoid of detectable flavonoids or
flavonoid derivatives, were shown to have increased sensitivity to UV-B radiation as
compared to wild-type (Landsberg erecta) (Li et al., 1993). Sensitivity was monitored
through foliar injury or discoloration, growth inhibition, and reduced induction of
phenolics in response to increased levels of UV-B radiation. The tt4(85) allele that
results in a defective form of the first enzyme in the flavonoid pathway, CHS, has
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increased UV-B sensitivity attributed to the loss of the UV-B absorptive derivatives of
the flavonol kaempferol (Figure 1). It does, however, have increased levels of
sinapate esters as compared to wild type, which gives it slightly higher UV-B
resistance than plants devoid only of flavonol derivatives. Interestingly, the tt5(86)
allele, which carries a defect in the second enzyme of flavonoid biosynthesis, chalcone
isomerase (CHI), is hypersensitive to UV-B due to the reduction of sinapate esters in
addition to the loss of all of the flavonol derivatives (Li et al., 1993). High
Performance Liquid Chromatography (HPLC) analysis, however, consistently
indicates the presence of very small amounts of unidentified flavonoid derivatives in
this mutant, which, in addition to the reduced levels of sinapate esters, helps to discern
tt5(86) from tt4(85) (Li et al., 1993; Saslowsky et al., 2000). It is possible that in
tt5(86), the metabolic block and accumulation of naringenin chalcone, the substrate for
CHI, causes some feedback inhibition somewhere in the general phenylpropanoid
pathway resulting in down-regulation of the cinnamic acid pathway and the
subsequent reduction in sinapate esters (Shirley, 1996). Similar regulatory effects
have been reported for cinnamic acid (Blount et al., 2000; Mavandad et al., 1990;
Loake et al., 1991). Another possibility is that wild type CHS somehow inhibits
sinnapic acid biosynthesis, where in the tt4(85) mutant, this inhibition is relieved.
Another mutant, uvs (UV-sensitive), was selected after EMS mutagenesis on the basis
of its UV-hypersensitive phenotype (Lois and Buchanan, 1994). Unlike tt4 and tt5,
however, this mutant is visually indistinguishable from wild type based on
pigmentation and seed color. This mutation seems to only affect UV tolerance as the
mutant exhibits wild-type tolerance to other types of stress (Lois and Buchanan,
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1994). Since anthocyanins and tannins accumulate in this mutant but the flavonol
derivative, kaempferol, does not, it is possible that the mutation results in a defect in
flavonol synthase (FLS) (Figure 1). To date, no mutant allele has been characterized
for FLS. Overall, the UV-sensitivity of these mutants is fah1> tt5> tt4> wild-type (uvs
not compared). This shows the greater ability of sinapate esters to protect Arabidopsis
against UV-B radiation than the flavonols or flavonol derivatives.
Rob Last's laboratory at Cornell University conducted screening experiments
in Arabidopsis that resulted in the identification of novel mutant alleles of the CHS
locus (Landry and Last, personal communication), which encodes the first step of
flavonoid biosynthesis. These mutants were identified based on the role that
flavonoids play in the protection of plants from ultraviolet radiation. The Last group
isolated revertants of the tt5 UV-B hypersensitive phenotype, which upon initial
examination appeared to all be allelic to tt4. This finding lends further weight to the
hypothesis that cross talk occurs between flavonoid and sinapic acid biosynthesis.
Although his group was interested in uncovering mutations in non-flavonoid genes,
the outcome was eagerly received by our laboratory, and the characterization of these
mutants subsequently translated into the first two years of the doctoral work presented
here (see Chapter 2).

Links between flavonoid biosynthesis and auxin transport

Many experiments investigating the physiology of auxin translocation have
been performed since the mechanistic model for polar auxin transport (PAT) was first
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described in the mid-1970's (Rubery and Sheldrake, 1974; Raven, 1975). In this
model, auxin travels from its site of synthesis in the apical meristem through
conductive vascular cells in the stele towards the root tip (basipetal movement), where
the direction of movement changes back upward (acropetal movement) through the
outer epidermal and corticular cells (reviewed in Jones, 1998). In this model of PAT,
termed the chemiosmotic model, gradients of auxin are established and maintained by
pH and electrogenic membrane potentials, and movement into and out of cells is
mediated by transmembrane influx and efflux carriers (reviewed in Estelle, 1998).
The first experimental evidence pointing to a role for flavonoids in this process
was reported by Jacobs and Rubery (1988), where quercetin, apigenin, and kaempferol
were found to have functions similar to synthetic auxin transport inhibitors. In fact,
these flavonoids competed with the synthetic auxin inhibitor naphthylphthalamic acid
(NPA) for binding at a receptor associated with the auxin efflux machinery. If
flavonoids do serve as endogenous regulators of PAT, the analysis of plants impaired
in flavonoid biosynthesis should reveal increased auxin transport and concomitant
phenotypes associated with increased auxin distribution throughout root tissues. Data
from recent studies indicates that this is the case; analyses of Arabidopsis tt mutants
deficient in the production of flavonoids reveal phenotypes consistent with elevated
levels of auxin transport and demonstrate altered patterns of labeled auxin distribution,
including leakage of labeled auxin from roots (Brown et al., 2000; Murphy et al.,
2000). Furthermore, if flavonoid biosynthesis has implications for the regulation of
PAT, it follows that the enzymes of this pathway should be expressed in cells where
PAT occurs, such as in the root cortex and epidermis.
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The relationship between flavonoids and auxin does not appear to be a oneway street, however. The synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D), a
compound easily taken up from growth media by roots, was shown to repress PAL and
CHS transcription in differentiated carrot cell cultures (Takeda, et al., 1993).
Interestingly, such effects on flavonoid regulation by plant hormones are not limited to
auxin. Studies show that cytokinins have the opposite effect, where benzyladenine
(BA) was shown to induce gene expression of PAL, CHS, CHI, and dihydroflavonol
reductase (DFR) in Arabidopsis (Deikman and Hammer, 1995). Also observed was a
50-fold increase in anthocyanin accumulation in BA-treated plants. This was not a
generic response to artificially-high plant hormone levels, as elevated auxin
concentrations failed to elicit the same response (Deikman and Hammer, 1995).
Therefore, the well-documented antagonistic effects of auxins and cytokinins on cell
expansion may also translate to regulatory aspects of flavonoid biosynthesis.

Cellular localization of aromatic metabolism

Plant aromatic metabolism leading to the biosynthesis of flavonoid compounds
consists of 1) the shikimate pathway, which produces the aromatic amino acids
tyrosine, tryptophan, and phenylalanine, as well as malonyl CoA, 2) the
phenylpropanoid pathway, which converts phenylalanine into the various coumarin
and cinnamate derivatives, and 3) the flavonoid pathway, which produces the
flavonoids and flavonoid derivatives (Hrazdina, 1992). The endproduct of each
pathway serves as the starting substrate for the next, indicating that all three segments
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act as one metabolic unit. The coordinate induction of genes in these pathways in
response to various environmental stresses supports this concept. The first enzyme of
the shikimate pathway, 3-deoxy-D-arabinoheptulosonate 7-phosphate synthase
(DAHPS), is induced by wounding in potato, tomato, and Arabidopsis (Dyer et al.,
1989; Keith et al., 1991) as well as by UV treatment in Arabidopsis (Logemann et al.,
2000). Enzymes in the phenylpropanoid and flavonoid pathways, phenylalanine
ammonia lyase (PAL) and CHS, respectively, are both induced by wounding in
tobacco as well as by UV radiation in white mustard, P. hortense, parsley, and
Arabidopsis (Fukasawa-Akada et al., 1996; Kaiser and Batschauer, 1995; Kreuzaler et
al., 1983; Chappell and Hahlbrock, 1984; Logemann et al., 2000; Loyall et al., 2000;
Kubasek et al., 1992; Shirley and Goodman, 1993).
A large number of phenylpropanoid and flavonoid gene products accumulate
in plants in a developmental- and tissue-specific manner. For example, the transcripts
and enzymes of phenylpropanoid and flavonoid metabolism exhibit a transient
induction during early developmental stages (Kubasek et al., 1992; Kubasek et al.,
1998; Gray-Mitsumune et al., 1999; Lee et al., 1995; Pelletier and Shirley, 1996; Cain
et al., 1997; Pelletier et al., 1997; Pelletier et al, 1999). Phenylpropanoid and
flavonoid transcript levels generally appear to be low in mature vegetative tissues, but
are abundant in floral tissues (Fukasawa-Akada et al., 1996; Johzuka-Hisatomi, et al.,
1999; Burbulis et al., 1996). Furthermore, upregulation of phenylpropanoid and
flavonoid genes in Arabidopsis, snapdragon, and petunia occurs in two coordinated
groups termed early and late genes (Logemann et al., 1995; Pelletier and Shirley,
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1996; Pelletier et al., 1997; Pelletier et al, 1999; Martin et al., 1991; Jackson et al.,
1992; Quattrocchio et al., 1993).
The tissue-specific accumulation of phenylpropanoid and flavonoid enzymes
correlates with the localization of the substrates and endproducts. PAL activity in pea
is heavily concentrated to the mesophyll and vascular tissues, where the demand for
lignin, a branch product of the phenylpropanoid pathway, is highest (Hrazdina, 1992).
This suggests that shikimate metabolism may be concentrated in these tissues as well.
Flavonoid derivatives have been shown to accumulate in the epidermis of Pisum (pea)
with none of these compounds being detected in the lower mesophyll or vascular
layers, however (Hrazdina, Marx, and Hoch, 1982). CHS, the first dedicated enzyme
in the flavonoid pathway, was found to be localized exclusively in the epidermis of
pea and parsley (Hrazdina, 1992; Jahnen and Hahlbrock, 1988; Schmelzer et al.,
1988). These data are consistent with the role of flavonoids as UV protectants in
plants (Tevini et al, 1991). These reports focused on leaf, cotyledon, and shoot
tissues, however, analysis of CHS promoter activity by fusion analysis to βglucuronidase (GUS) indicates expression also occurs in root tissue (Winkel-Shirley,
unpublished data). High levels of PAL expression have likewise been reported in
roots (Gray-Mitsumune et al., 1999; Kawamata et al., 1997). Other than the role of
isoflavonoids in establishing the symbiosis of legumes with nitrogen-fixing bacteria,
the functions of flavonoids in plant roots are largely unknown.
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Metabolons

It is unlikely that complex metabolic pathways exist as free-floating subunits
that depend on collision kinetics to carry out metabolism (Hrazdina, 1992). Such lack
of organization is problematic when considering the rapid induction rates of certain
pathways (e.g. UV-B induction of flavonoid biosynthesis), or additionally, pathways
for which intermediates are undetectable. Enzyme levels within sub-domains of the
cell may range from a few molecules to 0.5 g/mL, which is comparable to that found
in enzyme crystals (Beeckmans et al., 1994). Such a range in abundance necessitates
there being some form of ultrastructural organization to help regulate reactions and
maintain pathway flux. It is likely that many enzymes thought to be soluble, that is
floating around the cytoplasm in an enzymatically-active state, are actually closely
associated with other pathway enzymes as well as structural components of the cell
(Wombacher, 1983; Stapulionis et al., 1997; Haggie and Brindle, 1999; Orosz et al.,
2000; Hornemann et al., 2000). Most extraction and fractionation protocols use
solutions that are non-physiological and result in the destruction of fragile proteinprotein interactions (Hrazdina and Wagner, 1985). Homogenization of cells also
results in the blending of compartmentalized pH-gradients such as the strongly acidic
environment of certain classes of vacuoles and acidic vesicles within the cytoplasm
(Hrazdina and Jensen, 1992). Under such conditions, isolated, soluble enzymes, void
of any subtle in vivo interactions, would be recovered.
It is likely that the enzymes of many metabolic pathways are organized as
multicatalytic complexes (metabolons) (Beeckmans et al., 1989; Beeckmans et al.,
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1994; Gontero et al., 1988; Robinson et al., 1987). Several advantages of such
organization include direct transfer (channeling) of intermediates between the reaction
centers of enzymes without diffusion into the cytoplasm, protection of labile
intermediates, sequestration of reactive or cytotoxic intermediates, reduction of
intermediate pools by effectively increasing intermediate concentrations around the
active sites, and coordination of reactions of different metabolic pathways (Srivastava
and Bernhard, 1986; Easterby, 1989; Beeckmans et al., 1989; Srere, 1987;
Kellershohn and Ricard, 1994; Purcarea et al., 1999; Serre et al., 1999). Several
mechanisms of channeling have been described to date, including intermediate transfer
through physical tunnels in enzymes, covalent and non-covalent transfer of
intermediates between active sites, transfer of intermediates in highly-structured water
phases surrounding enzymes, and transfer via electrostatic channels defined by amino
acid residues exposed on the surface of enzymes (reviewed in Ovadi and Srere, 2000).
One important feature of organizing metabolic pathways as enzyme complexes is the
ability to have related pathways operating in the same spatial and temporal context
without directly competing for intermediates. A corollary to this is the ability to
organize metabolic pathways containing branch points in such a way that individual
complexes are dedicated to the synthesis of only one class of endproduct. In the latter
scenario, protein-protein interactions and complex formation may take precedent over
the in vitro-determined rate-limiting step in dictating pathway flux and endproduct
diversity. Another concept that fits in well with metabolons is that metabolic enzymes
may have kinetically-distinct populations within cells, which are defined by the
subcellular location of the enzymes (e.g. association as an enzyme complex or with
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other structural components of the cell). Experimental evidence (Sui and Wilson,
1997; Wojtas et al., 1997) supports this concept, which has been termed ambiquity
(Wilson, 1978; 1980).
As the theoretical concept of metabolic enzyme complexes becomes
increasingly embraced by researchers, burgeoning efforts ensue to collect supporting
experimental data. Glycolysis and the tricarboxylic acid (TCA) cycle are well-known
examples of metabolic pathways that function as enzyme complexes. Evidence for the
organization of these pathways as metabolons lay in experiments based on isotopic
dilution as well as those that demonstrate physical interactions between pathway
enzymes (Gorringe and Moses, 1978; Srere, 1987; Robinson et al., 1987; Sumegi et
al., 1993; Velot et al., 1997; Velot and Srere, 2000). Interestingly, one of the products
of glycolysis, phosphoenolpyruvate, along with a product of the pentose phosphate
cycle, erythrose-4-phosphate, serve as the precursors for all aromatic metabolism
(Hrazdina and Jensen, 1992). In some species of fungi, half of the steps in the
shikimate pathway, the first part of aromatic metabolism, are catalyzed by the
pentafunctional arom protein (Hrazdina and Jensen, 1992) and in higher plants, two of
the enzymes are condensed into a bifunctional protein (Mousdale et al., 1987).
Multifunctional proteins, like multienzyme complexes, most likely channel
intermediates as a way of increasing kinetic efficiency (Hrazdina and Jensen, 1992).
In a similar vein, an elegant channeling mechanism has been demonstrated between
the subunits of tryptophan synthase, including active site coordination and stearic
guidance of the intermediate, indole (Pan et al., 1997; Bahar and Jernigan, 1999). It is
tempting to envision that the organization exemplified by the arom protein, tryptophan
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synthase, and the enzymes of glycolysis and the TCA cycle exists for all metabolism.
Such organization certainly has clear benefits for pathways, such as flavonoid
biosynthesis, that respond quickly to environmental stresses, have multiple branch
points, and involve reactive and potentially toxic intermediates.

Subcellular localization of aromatic metabolism

The shikimate pathway is located in plastids in higher plants, and probably
exists as a distinct pathway in the cytoplasm (McCue and Conn, 1989; Hrazdina and
Jensen, 1990; Hrazdina and Jensen, 1992). It is hypothesized that the aromatic amino
acids produced by the plastid-localized shikimate pathway are used for protein
synthesis, while those produced by the cytoplasmic pathway serve as precursors to
phenylpropanoid and flavonoid derivatives in addition to protein synthesis. While
lignin is found primarily in cell walls, anthocyanin and flavonoid accumulation is
localized primarily to the vegetative storage vacuole (Wagner, 1982; Jauh et al.,
1999). Early evidence suggested that the flavonoid biosynthetic pathway was not
located in this organelle, however, because the anthocyanin-containing vacuole is
acidic and the pH-optima of all the flavonoid enzymes are basic (Hrazdina and
Wagner, 1985). Many of the enzymes of the phenylpropanoid and flavonoid pathways
have been shown to be cytoplasmic and easily extractable as 'soluble' species
(Hrazdina, 1992). These pathways do, however, contain hydroxylating enzymes that
all belong to a class of membrane-bound P450-dependant monooxygenases. The P450
enzyme in the phenylpropanoid pathway is cinnamate-4-hydroxylase (C4H), in the
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cinnamic acid pathway, ferulate-5-hydroxylase (F5H), and in the flavonoid pathway,
flavonoid-3'-hydroxylase (F3'H), and, in some species, flavonoid-3'5'-hydroxylase
(F3'5'H) (Meyer et al., 1996; Hrazdina, 1992; Shirley, 1996). A number of P450s are
also components of isoflavonoid biosynthesis, although this pathway is found almost
exclusively in leguminous plant species (Akashi et al., 1999; Latunde-Dada et al.,
2000). C4H has been shown to be bound to the endoplasmic reticulum (ER) in
Cucumis sativus (Czichi and Kindl, 1977), Sorghum (Potts et al., 1974), Solanum
tuberosum (Rich and Lamb, 1977), and Catharanthus (Madyastha et al., 1977). In
yeast, overexpression of poplar C4H fused to green fluorescent protein (GFP)
indicated localization to the ER in this heterologous system (Ro and Douglas, 2000).
The presence of these P450 enzymes is an initial indication that phenylpropanoid,
flavonoid, and perhaps isoflavonoid pathways may be membrane-associated (Stafford,
1974; Hrazdina, 1992).
The so-called "soluble" enzymes of phenylpropanoid and flavonoid
metabolism have also been shown to associate with the ER through various
experimental approaches. Microsomal fractionation studies in cucumber and potato
found ER association of PAL (Czichi and Kindl, 1977). In Hippeastrum petals,
sucrose density gradient experiments showed maximal activity of PAL, C4H, CHS,
and UDP-glucose flavonoid glucosyltransferase (UFGT) in fractions corresponding to
ER (Wagner and Hrazdina, 1984). These enzymes also co-fractionated with the ERmarker enzyme, NADH cytochrome C reductase. Studies in buckwheat showed the
association of CHS with the cytoplasmic face of the rough ER (rER) (Hrazdina et al.,
1987). In these experiments, the position of CHS in sucrose gradients corresponded to
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the density of rER. Maximum CHS activity was also found to coincide with that of
the P450 enzyme, C4H. Immunolocalization studies provide evidence for ER
association of CHS in buckwheat as visualized in electron micrographs (Hrazdina et
al., 1987), with similar results observed in spinach (Beerhues et al., 1988). Other
studies using electron microscopy have shown that in Douglas Fir callus cells, vesicles
containing condensed tannins, the polymerized form of flavonoids, arise from dilated
areas of the rER (Parham and Kaustinen, 1977).
One potential advantage of multienzyme complexes is the ability to channel
reaction intermediates between the active sites of consecutive enzymes, reducing
transit time and intermediate pools (Easterby, 1989; Keizer and Smolen, 1992). It is
believed that pools of endogenous substrates in such complexes do not mix with
exogenously-added substrates, presumably because of physical sequestration by the
metabolon (Hrazdina and Wagner, 1985). This heterogeneity of substrates has been
shown for arginine biosynthesis in Neurospora (Subramanian et al., 1973) and for
phenylpropanoid metabolism in buckwheat and cucumber (Margna and Margna, 1978;
Czichi and Kindl, 1977). Double-labeling experiments in potato and cucumber
revealed that native cinnamate is converted to 4-coumarate more efficiently than
exogenously-added cinnamate (Czichi and Kindl, 1975; Czichi and Kindl, 1977).
Evidence for PAL and C4H existing as an enzyme pair came from experiments in
buckwheat, where p-coumaric acid was formed as the reaction product from
phenylalanine in a tissue homogenate (Hrazdina, 1992). A small fraction of PAL,
CHS, CHI, and UFGT were also found to be particle-bound, suggesting partial
survival of an in vivo association (Hrazdina and Wagner, 1978). Evidence for
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channeling beyond the membrane-bound C4H step is scarce because subsequent
phenylpropanoid and flavonoid enzymes (except F3'H) are probably loosely
associated with each other on the cytosolic face of the ER and are easily disrupted by
homogenization procedures. Labeled precursor experiments performed by Jacques
and others (1977), however, demonstrate metabolite channeling and compartmentation
in condensed tannin synthesis. Recent in vivo studies also provide evidence for
channeling in the general phenylpropanoid and isoflavonoid pathways in tobacco BY2
cell cultures (Dixon et al., 1998; Rasmussen and Dixon, 1999).

Use of GFP as a reporter of in vivo processes

That cellular metabolic processes are eloquently orchestrated and organized is
evident from the aforementioned examples. Unfortunately, the dynamic nature of
such phenomena often precludes investigations using crude tools of analysis involving
cell fractionation and subsequent in vitro methods. At best, such approaches offer a
picture in time, often not of the cell, but of tissues or even populations of whole
organisms. Add to this potential effects from 1) cyclical outputs such as the circadian
clock and cell cycle, 2) developmental regulatory programs, and 3) epigenetics and
micro-scale differences in growth conditions, and the picture taken can, depending on
the question at hand, be misinterpreted or hopelessly ambiguous. One approach to
circumvent many of the numerous pitfalls associated with in vitro analyses is the in
vivo use of the popular reporter, green fluorescent protein (GFP). The use of GFP as a
reporter of dynamic cellular processes has several advantages over in vitro and even in
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situ methods including more or less real-time, non-invasive detection in living cells
and tissues (Tsien and Miyawaki, 1998).
GFP is an autofluorescent protein isolated from the bioluminescent jellyfish,
Aequorea victoria. The fluorescence in this organism is generated by the sequential
excitation of two photoproteins, aequorin and GFP. The binding of calcium to
aequorin causes the emission of a blue chemiluminescence that serves as excitation
energy for GFP, which emits a green fluorescence (509nm) (Chalfie et al., 1994).
GFP, a protein of 238 amino acids, can withstand pH and temperature extremes and
demonstrates a very stable fluorescence with very little observable photobleaching
(Prasher 1995; Chalfie et al., 1994). From crystallographic data, GFP has been shown
to exist as a barrel-like cylinder, composed of 11 closely-packed ß-sheets (the slats of
the barrel) with an α-helix inside (Yang et al., 1996). The ends of the cylinder are
capped by short helical segments of the polypeptide, forming an internal environment
comprised of only the protein and some structured interior water molecules (Boxer
1996). The structural motif of GFP is unique and has been termed the ß-can (Yang et
al., 1996). It is inside this ‘can,’ in the center of the internal α-helix, where the GFP
chromophore is located. This chromophore is primarily made up of three amino acids,
Ser65-dehydroTyr66-Gly67, which are thought to cyclize to produce the active
chromophore (Yang et al., 1996). Evidence for auto-activation of the chromophore
lies in the experiments of Chalfie et al. (1994), who demonstrated that functionally
fluorescent GFP could be expressed in a variety of organisms. Further evidence rests
in the excluding nature of the GFP barrel and the lack of necessity for endogenouslyadded substrates for chromophore maturation or fluorescence (Yang et al., 1996).
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The use of GFP as a reporter molecule has several advantages over current
reporter systems such as ß-galactosidase, luciferase, alkaline phosphatase,
chloramphenicol acetyltransferase, and GUS. These reporters all require exogenous
substrates, co-factors, or antibodies for detection, while GFP only requires oxygen and
illumination by the proper wavelength of light (Prasher 1995; Sheen et al., 1995),
thereby facilitating non-invasive, in vivo detection. GFP’s relatively small size
(27kDa), monomeric structure, and unusual stability allow fusion proteins to be made
without disturbing GFP’s native structure or function (Boxer 1996; Mitra et al., 1996;
Plautz et al., 1996). In fact, Roger Tsien's group has produced constructs where a
protein of interest (POI) is genetically inserted into one of the exterior ß-sheets, such
that the GFP maintains proper folding and is fully fluorescent (Tsien et al., 2000).
Although such a fusion arrangement (termed CaMgaroo) requires the N and C termini
of the POI to be in close proximity in the native structure, it is envisioned that such
fusions will be excellent reporters of large conformational changes in proteins via
disruption of the GFP structure and the concomitant loss of fluorescence. Perhaps the
most interesting aspect of GFP as a reporter molecule is the availability of color or
intensity variants (Yang et al., 1996; Siemering et al., 1996; Ehrig et al., 1995;
Haseloff and Amos, 1995). Variants have been produced either by making amino acid
replacements through random or combinatorial mutagenesis in the chromophore itself,
or in surrounding residues. The spectral properties of certain GFP variants makes it
possible to localize two or more simultaneously within the same cell, thus providing
relative spatial information about the proteins to which they are fused.
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GFP has been successfully transfected and expressed in a number of
heterologous plant systems including corn, tobacco, soybean, and Arabidopsis (Hu and
Cheng, 1995; Zhang et al., 1996; Casper and Holt, 1996). Microprojectile
bombardment of GFP fusion constructs into onion epidermal peels as well as roots
from intact Arabidopsis seedlings has proved effective in transient transfection
experiments (Sheen et al., 1995; Scott et al., 1999; Saslowsky and Winkel-Shirley,
unpublished results), while Agrobacterium-mediated transformation of Arabidopsis is
now routinely used to establish stable transgenic plants expressing GFP (Pang et al.,
1996; Cutler et al., 2000; Hasezawa et al., 2000). Several uses of GFP include
measurement of gene expression in vivo, monitoring dynamic cellular processes in real
time, easy visual identification of transformants, and monitoring protein subcellular
location and protein-protein interactions (reviewed in Prasher, 1995).
The best GFP variant described to date for expression in plants is the mutant
mGFP5 created by Jim Haseloff (Cambridge, U.K.). In addition to mutations that
increase fluorescence and thermostability over wild type GFP (Siemering et al., 1996),
mGFP5 has optimized codon usage for expression in plants (Haseloff et al., 1997).
mGFP5, however, is similar in spectral properties to wild-type GFP, save a larger
excitation shoulder at 475 nm (excitation = 395/475 nm; emission = 510 nm).
Functionally, this means that mGFP5 can be excited equally well by UV and blue
spectral components (DAPI and FITC filter settings), while the native GFP from A.
victoria is preferentially excited by UV radiation (395 nm). Excitation of mGFP5 in
living plant tissues by blue light is preferable to UV due to the greater incidence of
photodamage induced by the latter.
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On a cautionary note, the potential for a number of introduced artifacts must be
kept in mind when analyzing GFP fusions in the context of living transgenic cells or
organisms. Foremost is the possibility that the fusion of GFP to a POI alters the
conformation from that of the native structure such that loss of enzymatic activity,
anomalous subcellular localization, or accelerated degradation results. This concern is
what prompts researchers to produce fusions of GFP to both the N- and C-termini of
POIs when employing such methodology. A more subtle point involves GFP fusions
to POIs that stoichiometrically interact with other cellular components, as is the case
in enzyme complexes. Because constitutive promoters are often used to drive
expression of the GFP fusion transgene, the potential exists for overwhelming the cell
with copies of this POI such that signals reflecting the authentic dynamics of the POI
are drowned out in the noise caused by a vast, non-interacting population.
Fortunately, the variable expression often observed in transgenic lines can be
exploited to ameliorate such artifacts by performing analyses on low-expressing lines.
Alternatively, if high levels of GFP fusion expression are desired, potential problems
reside in both the tendency of GFP molecules to aggregate into insoluble protein
bodies at high concentrations and in phototoxicity effects from the excitation and
emission of the GFP reporter. As the likelihood of such problems are often not known
a priori, the usual course of action is to establish the transgenics and then empirically
determine which, if any, of these artifacts may be a factor. Of course, if little is known
about the in vivo dynamics of the POI, gauging introduced artifacts can be tricky. This
is where in situ experimental data from techniques such as immunofluorescence and
immuno-electron microscopy (immuno-EM) often proves invaluable.
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Project goals

Why does it matter if CHS interacts in planta with CHI or other flavonoid
enzymes at membranous structures? In situ and in vivo evidence of such interactions
will substantiate in vitro data from our laboratory and lend further support to the
concept of the flavonoid biosynthetic pathway existing as a multi-catalytic complex
(metabolon). Such organization has implications for flavonoid pathway kinetics,
efficiency, and regulation; analysis in this context would potentially clarify some of
the transcriptional and translational phenomena that have been observed to date in
Arabidopsis. Indeed, confirmation of a flavonoid metabolon would have a significant
impact on our understanding of plant secondary metabolism in general and could
provide the basis for novel approaches aimed towards engineering biosynthetic
pathways.
This project addressed the existence of a flavonoid enzyme complex both
indirectly and directly by utilizing three methodologies: 1) characterization of an
allelic series of mutations of the gene encoding the first enzyme in the pathway, CHS,
at the gene, transcript, protein, and end product level 2), subcellular co-localization of
CHS and the second enzyme in the pathway, CHI, and 3) analysis of Arabidopsis
plants expressing a CHI::GFP fusion construct. The characterization of five putative
novel CHS mutants identified by Rob Last's lab at Cornell University brought to seven
the total number of mutant alleles for this important flavonoid gene in Arabidopsis.
These five novel CHS mutants were analyzed to determine if the lesion(s) in the CHS
gene had impacts on transcript and protein accumulation, and if endproduct profiles

25

matched those of the two previously reported CHS mutants. Additionally, the
capability of the CHS protein in these five mutant lines to dimerize into a homodimer
was assessed using an in vivo chemical crosslinking strategy. Our laboratory was able
to model the various mutations in this CHS allelic series, determined via DNA
sequencing, on the three dimensional structure of alfalfa CHS (Ferrer et al., 1999) due
to the high degree of homology to Arabidopsis CHS. Thus, details of interactions and
stability within the putative enzyme complex can be assessed using this allelic series
as well as previously-described tt mutants for other loci.
Immunofluorescence and immuno-EM localization of CHS and CHI in
Arabidopsis root tissue was performed to determine if tissue specificity was similar to
that reported in above-ground tissues (e.g. epidermis) in other species, and to
determine if the flavonoid pathway is organized as a membrane-associated metabolon.
In addition to wild type plants, the tt7(88) mutant devoid of the putative flavonoid
anchor, F3'H, was analyzed using this methodology. If this integral membrane P450
indeed serves as an anchor around which other flavonoid enzymes associate, such as
CHS and CHI, analysis of tt7 should reveal alterations in CHS and CHI localization as
compared to wild type. To corroborate CHS and CHI localization to that of pathway
function, flavonoid end products were stained in planta and subsequently visualized
via fluorescence microscopy.
The establishment of transgenic Arabidopsis plants expressing GFP fusions to
flavonoid enzymes will corroborate data from the immunolocalization experiments
described above, as well as allow for real-time analysis of dynamic processes and
changes in pathway organization throughout development, feats that are quite difficult
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to achieve using 'snapshot-in-time'-type methods. In vivo analysis of GFP-flavonoid
enzyme fusions may help to elucidate physiologically significant roles of flavonoid
biosynthesis in important plant processes such as auxin transport, gravitropism, and
the wounding response. Once these GFP fusion constructs are successfully expressed
in wild type plants, they then can be crossed into corresponding null mutants to
determine if the fusion of the GFP reporter has any impact on the activity and/or
localization of the associated flavonoid enzyme.
Although convincing in vitro evidence for interactions among flavonoid
enzymes has been reported by our laboratory (Burbulis and Winkel-Shirley, 1999),
critics of the metabolon hypothesis sometimes question the relevance of such findings
in planta. Therefore, the investigations proposed above seek to extend the in vitro
work suggesting flavonoid enzyme-enzyme interactions to the context of intact plant
cells. In addition to providing in planta evidence for a flavonoid enzyme complex,
these experiments will hopefully provide the basis for testing dynamic regulatory
aspects of this important plant secondary metabolic pathway in vivo, as well as its role
in other fundamental plant processes.
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Chapter 2

An allelic series for the chalcone synthase locus in Arabidopsis

This work was published previously as:
Saslowsky, D. E., Dana, C. D., and Winkel-Shirley, B. (2000). Gene 255, 127-138.

Abbreviations: chalcone synthase (CHS), chalcone isomerase (CHI), dihydroflavonol
reductase (DFR), transparent testa (tt).

Abstract
Five new alleles of the Arabidopsis chalcone synthase (CHS) locus, tt4, have been
characterized at the gene, protein, and endproduct levels as a genetic approach to
understanding structure-function relationships in a key enzyme of plant secondary
metabolism. Together with two previously-described mutants, these tt4 lines represent
one of the first allelic series for a central enzyme of the flavonoid pathway and include
both null alleles and alleles with leaky, apparently temperature-sensitive, phenotypes. A
variety of effects on accumulation of CHS protein and flavonoid glycosides were
observed among these lines, including alterations in the apparent stability and activity of
the enzyme. Assembly of the CHS homodimer also appeared to be impacted in several
cases. A three-dimensional model of the Arabidopsis CHS protein, based on the
recently-determined structure for alfalfa CHS, predicts significant effects on protein
structure or folding for several of the mutations. This allelic series should provide a
useful genetic resource for ongoing studies of flavonoid enzyme structure, function, and
subcellular organization.

48

1. Introduction
Molecular genetic approaches that connect genes and proteins with biological
function have been instrumental in elucidating fundamental cellular processes. A
collection of mutations for a particular locus, or allelic series, can provide a range of
phenotypic effects as well as information about specific functional domains of the gene
product. In Arabidopsis thaliana, for example, allelic series have been used to correlate
the accumulation of phytochelatins with cadmium tolerance (Howden et al., 1995),
associate the various phenotypes of trp1 mutants with different levels of
phosphoribosylanthranilate transferase activity (Rose et al., 1997), and define constitutive
photomorphogenic locus 1 (cop1) as essential to plant survival (McNellis et al., 1994).
Functional information about the gene products was also deduced in the case of the trp1
and cop1 alleles.
The biochemical pathway leading to the synthesis of flavonoids has been the
subject of extensive molecular genetic analysis in plants. Flavonoids have diverse
functions, including roles in defense against predators and pathogens, in male fertility,
and in protection against UV radiation. However, these compounds also play a major
role in plant pigmentation, facilitating genetic analysis of this complex pathway based on
the easily-scoreable effects of flavonoid mutations on flower or seed color. In
Arabidopsis, mutants for numerous structural and regulatory genes required for flavonoid
biosynthesis have been isolated and characterized in recent years (Shirley et al., 1995;
Maarten Koornneef and Loic Lepiniec, personal communication). These mutants have
been named transparent testa (tt), referring to the partial or complete loss of pigments
from the coat (testa) of seeds produced by these plants. Eight genes required for the
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synthesis of flavonoids have been cloned from Arabidopsis (Burbulis and WinkelShirley, 1999; Devic et al., 1999; Saslowsky and Winkel-Shirley, unpublished data; Loïc
Lepiniec, personal communication). A major advantage to studying this system in
Arabidopsis is that all but one of these enzymes appear to be encoded by single-copy
genes (Shirley et al., 1995; Pelletier and Shirley, 1996; Pelletier et al., 1997; Chris
Cobbett, personal communication; Bandara and Winkel-Shirley, unpublished results).
Molecular and biochemical analysis of the tt mutants has identified genetic loci for
several of these genes, including TT4 and TT5, which encode chalcone synthase (CHS)
and chalcone isomerase (CHI), respectively, the first two enzymes of flavonoid
biosynthesis (Fig. 1). These mutants have been useful in identifying roles for flavonoids
in processes ranging from seed dormancy to UV protection, while at the same time
providing evidence that these compounds are not universally required for male fertility
(Li et al., 1993; Landry et al., 1995; Burbulis et al., 1996; Debeaujon et al., 2000). The tt
mutants are also proving to be extremely useful for elucidating the subcellular
organization of the pathway as a multienzyme complex (Burbulis and Winkel-Shirley,
1999).
Despite the utility of the Arabidopsis flavonoid mutants for studying a variety of
biological and biochemical aspects of flavonoid biosynthesis, very few alleles are
currently available for any of the tt loci. Although six tt4 alleles were originally isolated
by Koornneef (personal communication), only one of these, tt4(85), has been maintained.
A second allele, tt4(2YY6), was later identified by Jean Greenberg (Shirley et al., 1995).
Both alleles were generated by EMS mutagenesis. tt4(85), which contains a point
mutation in the second exon, produces a full-length but nonfunctional CHS protein, while
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Figure 1.

Schematic of the flavonoid biosynthetic pathway in Arabidopsis leading to the three
major endproducts, flavonols, anthocyanins and condensed tannins. CHS and CHI
catalyze the first and second steps of this pathway, respectively. The corresponding
mutant loci are indicated in brackets.
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tt4(2YY6) carries a G to A transition at the 3’ splice site and produces a severely
truncated protein devoid of the active site (Shirley et al., 1992; Burbulis et al., 1996).
There is only one characterized tt5 allele, 86, which was generated by fast-neutron
irradiation. The mutation in this case consists of an inversion and 272 bp insertion within
the CHI gene and results in a null phenotype, characterized by levels of CHI protein and
flavonoid endproducts that are below the limit of detection (Shirley et al., 1992; Cain et
al., 1997; Pelletier et al., 1999).
Interestingly, the tt5 mutation not only disrupts flavonoid synthesis, but also
represses the accumulation of sinapate esters, suggesting that some form of crosstalk
exists between the two pathways involved in UV protection (Li et al., 1993). This
observation has led to a novel screen for mutations in CHS, which restore some
protection against UV radiation in a tt5 background by derepressing the sinapate ester
pathway (Laurie Landry and Rob Last, personal communication). Here we describe the
characterization, at the DNA, protein, and endproduct levels, of five new alleles of
Arabidopsis CHS that were identified by Landry and Last using this screen. Together
with the recently-determined structure for the CHS protein from alfalfa (Ferrer et al.,
1999), this allelic series should provide a useful resource for defining the various
functional domains of this important plant enzyme and for ongoing efforts to characterize
protein interactions that underlie the flavonoid enzyme complex.
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2. Materials and methods

2.1 Plant growth conditions: For genomic DNA extraction, Arabidopsis plants were
grown for 3 weeks in soil as described by Shirley et al. (1992). Seedlings for crude
protein and flavonoid extraction were grown on MS-agar plates essentially as described
by Kubasek et al. (1992) under 120 µmol s-1 m-2 light intensity.

2.2 DNA isolation and DNA blot analysis: Genomic DNA was isolated from 3-week-old
Arabidopsis plants according to the method of Watson and Thompson (1986). Samples
were digested with restriction enzymes, 1 µg was fractionated in each lane of a 0.8%
agarose gel, and the DNA was transferred to Biotrans nylon membranes (ICN) as
described previously (Shirley et al., 1992). Digoxygenin-labeled coding regions of CHS
or CHI were synthesized from cDNA clones by polymerase chain reaction (PCR) in the
presence of digoxygenin DNA labeling mix (Boehringer Mannheim) utilizing CHS- or
CHI-specific primers, as described in Pelletier and Shirley (1996). Probe hybridization
(65°C), washes, and detection using CDP-Star (Boehringer Mannheim) were performed
as described in Pelletier et al. (1997).

2.3 Protein extraction and immunoblot analysis: Crude protein extracts were prepared
from 4-day-old seedlings, fractionated by SDS-PAGE, and analyzed for CHS or CHI
protein by immunoblotting as described previously (Cain et al., 1997), except that the
primary antibody for CHS was a chicken anti-thioredoxin-CHS IgY (diluted 1:200 in 5%
milk/PBS-T) (Pelletier et al., 1999). Detection was performed using the ECL
peroxidase/luminol system (Amersham).
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2.4 PCR assay for tt5 mutation: Genomic DNA was isolated from three-week-old F2
plants derived from crosses of tt4 alleles with wild-type, ecotype Landsberg (La). Three
leaves from each plant were processed using a rapid cetyl trimethyl-ammonium bromide
protocol (Doyle and Doyle, 1990). The region of the CHI locus spanning the 272 bp
insertion in tt5 (Shirley et al., 1992) was amplified by PCR using sense (5'
TTCAATCAACTGAATACTG 3') and anti-sense (5' ACACTTAACCTAGTGCC 3')
oligonucleotide primers (Life Technologies). Products were examined on a 0.8% agarose
gel stained with 0.5 mg/ml ethidium bromide.

2.5 Sequence analysis of tt4 alleles: Genomic DNA isolated as described above was used
as template in a PCR reaction using primers flanking the tt4 coding region. Differences
from the wild-type sequences were confirmed on both DNA strands using primers
proximal to the mutations. Gel-purified PCR products were used as templates for cycle
sequencing (BigDye Terminator Kit, Perkin-Elmer) and reactions were analyzed on
either an ABI Prism 310 Genetic Analyzer (Dept. of Biology, Virginia Tech) or an ABI
Prism 377 DNA Sequencer (Dept. of Biochemistry, Microbiology, and Molecular
Biology, University of Maine). Sequence analysis was performed using the DNAStar
software package (Madison, WI).

2.6 RNA isolation and RNA blot analysis: Total RNA was isolated from 4-day-old
seedlings using an RNA extraction kit (RNeasy® Plant Kit, Qiagen). Two independent
samples of each plant line were used for these extractions. Twenty micrograms of total
RNA from each sample was fractionated in formaldehyde gels and transferred to nylon
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membranes as described previously (Pelletier et al., 1997). Hybridization conditions
using DIG-labeled probes for CHS and CHI were the same as described for DNA blot
analysis.

2.7 HPLC analysis of flavonoids: Extracts were prepared from 30 wild-type or mutant
seedlings that were developmentally comparable to 4-day-old wild type (La) seedlings.
Seedlings were ground in 200 µl of 80% HPLC-grade methanol using a silicon pestle.
The extracts were cleared of insoluble material by centrifugation at 14,000X g and
filtered through 0.2 µm HT Tuffryn (Gelman Sciences). HPLC analysis was performed
on 30 µl samples using a Waters 2690 Separations Module and a C18 reverse phase
column (Waters Nova-Pak 60Å, 4 µm, 3.9 x 150 mm) as described previously (Pelletier
et al., 1999). The eluate was monitored from 220-500 nm using a Waters 996 PDA
detector.

2.8 In-planta crosslinking: Four-day-old seedlings harvested from MS-sucrose agar
plates were placed in phosphate buffered saline (PBS) containing either 5 mM
disuccinimidyl glutarate (DSG, Pierce) and 10% (v/v) dimethyl sulfoxide (DMSO) or 5
mM N-succinimidyl-[4-vinylsulfonyl] benzoate (SVSB, Pierce) and 20% (v/v) DMSO,
and incubated for 3 h on ice. The reactions were quenched by adding Tris, pH 7.5 to a
final concentration of 30 mM and incubated for an additional 20 min on ice. Control
reactions were treated similarly, but with PBS containing 10% (v/v) DMSO without
crosslinker. Soluble, crude protein was extracted and subjected to immunoblot analysis
as described above, except that CHS protein was analyzed using an affinity-purified
rabbit polyclonal antibody against thioredoxin-CHS (Saslowsky and Winkel-Shirley,
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unpublished data) diluted 1:1000. Chemiluminescent detection was performed using a
horseradish peroxidase-conjugated goat-anti-rabbit secondary antibody (Sigma), diluted
1:75,000, and the SuperSignal Ultra system (Pierce).

2.9 Modeling of the 3-D structure of Arabidopsis CHS: The sequence of CHS from
Arabidopsis (accession P13114) was aligned with CHS2 from Medicago sativa
(accession P30074) using MegAlign (DNAStar, Madison, WI). The Modeller4 program
(Sali and Blundell, 1993) was used to portray the theoretical structure of Arabidopsis
CHS against the template of CHS from Medicago sativa (PDB ID number 1BI5) as
determined by Ferrer et al. (1999). Energy minimization was performed using the Sander
module of AMBER5.0. Manipulation and rendering of the structure was carried out
using Swiss PDB Viewer version 3.5 (Guex and Peitsch, 1997).

3. Results and discussion

3.1 Isolation of an allelic series for the Arabidopsis tt4 locus: Arabidopsis tt5(86) plants,
which carry a mutation at the CHI locus, were re-mutagenized with either gamma
radiation or EMS in an effort to identify second-site suppressors of the UV-sensitive
phenotype of tt5 (Landry and Last, personal communication). Among the resulting
suppressor lines, five mutants were identified that exhibited a similar HPLC profile to
tt4(85), a previously-characterized allele of CHS; these five lines subsequently failed to
complement tt4(85) (Landry and Last, personal communication). The high frequency of
recovery of tt4 mutants in this screen confirmed earlier findings that plants carrying
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mutations at this locus are less sensitive to UV-B radiation than are tt5 mutants due to
pleiotropic effects of the latter on sinapate ester accumulation (Li et al., 1993).
Analysis of the structure of the CHI locus was used to confirm that these five tt4
lines represented new alleles in the tt5(86) background and were not simply contaminants
from the original tt4(85) line. Four of the tt4 lines shared HindIII restriction fragments
with tt5(86) when the CHI coding region was used as a probe for Southern blot analysis
(data not shown). A fifth tt4 allele, UV25, exhibited poor germination and viability and
was therefore analyzed for the presence of the tt5 mutation by PCR during segregation
analysis as described below (data not shown). These results confirmed that all five lines
represent novel alleles of the CHS locus in Arabidopsis.
The five new mutant lines were backcrossed to wild type (La) to permit analysis
of the tt4 phenotype in an otherwise wild-type background. Tentative identification of
homozygous tt4 and tt5 plants could be made in the F2 generation based on the different
shades of yellow of the seeds produced by these plants. To confirm that F3 plants were of
the desired homozygous tt4/TT5 genotype, primers were designed to amplify across the
region of tt5(86) that contains a 272 bp insertion (Shirley et al., 1992). Representative
results are shown in Fig. 2, illustrating the utility of this method for distinguishing
between tt5/tt5, tt5/TT5, and TT5/TT5 plants. It should be noted that during the course of
these experiments, effects on male fertility were not observed for any of the new tt4
mutations, consistent with what has been found for tt4(2YY6) and tt4(85) and in contrast
to the role of flavonoids in fertility in petunia and maize (Burbulis et al., 1996; Ylstra et
al., 1996; Cain et al., 1997; Pelletier et al., 1999). Moreover, all five mutations appeared
to be fully recessive based on the wild-type seed coat color observed in the F1 generation.
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Figure 2.

Identification of TT5 homozygotes by PCR. An ethidium bromide-stained agarose gel
shows typical products of PCR amplification across the TT5 locus; tt5(86) contains a 272
bp insertion. Each lane represents amplified DNA from an individual plant.
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3.2 Structural analysis of the tt4 alleles: DNA blot analysis was used to determine
whether the five new mutants contained chromosomal rearrangements that could be
detected as changes in the sizes of restriction fragments at the CHS locus. Using the
coding region of CHS to probe HindIII digests, four of the tt4 alleles were
indistinguishable from wild type (Fig. 3A and B). However, the tt4(UV118a) allele
contained, in place of the 1.3 kb HindIII fragment containing the 3’ end of the gene, two
fragments that were 3 kb and 1.6 kb in size. DNA blot analysis using additional
restriction enzymes localized the mutation to a 209 bp region defined by the HindIII and
CfoI sites in exon 2 (Fig. 3C and D). Additional efforts to delineate this mutation using
PCR indicated that the region contains a complex rearrangement that appears to involve
duplication of CHS sequences (data not shown).
In an attempt to identify the mutations in the other four alleles, DNA sequence
analysis was performed on CHS coding regions amplified from these lines by PCR. The
results are summarized in Table 1. Single point mutations were found in three of the
alleles, which were induced using gamma radiation [tt4(UV01) and tt4(UV113)] or EMS
[tt4(UV25)]. All three point mutations resulted in amino acid changes, Thr 49 to Ile in
tt4(UV01), Thr 174 to Pro in tt4(UV113), and Arg 334 to Cys in tt4(UV25). The amino
acids at these three positions are absolutely conserved in the deduced protein sequences
for CHS from 28 different plant species (not shown), suggesting that these residues are
essential for protein structure and/or function. In addition, the mutation in tt4(UV113) is
located 5 residues from the active site cysteine at position 169 (Lanz et al., 1991), while
tt4(UV25) is located 8 residues from Asn 342, which is essential for the decarboxylation
reaction (Ferrer et al., 1999; Jez et al., 2000). tt4(38G1R), which was also induced using
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Figure 3.

Analysis of the CHS locus in the five tt4 alleles. (A) DNA blot containing 1 µg of
genomic DNA from wild type (La), tt5(86), and the tt4 mutants digested with HindIII and
hybridized under stringent conditions with a CHS coding region probe. The tt4 alleles
had been segregated away from tt5 by backcrossing to wild-type (La); F4 plants were
used in this analysis. The sizes of molecular weight standards are indicated at left and
sizes of relevant restriction fragments are on the right. (B) Structure of the wild type
CHS locus. The arrow indicates the location of the transcribed region relative to the three
HindIII sites (H) in this region. (C) DNA blot analysis of wild type (La) and
tt4(UV118a) genomic DNA digested with various restriction enzymes and probed as in
A. The sizes of molecular weight standards are indicated. (D) Restriction map for the
Arabidopsis CHS locus. Distance in bp from the upstream HindIII site are shown at the
top, restriction enzymes used in the analysis are indicated on the left. The coding region
is indicated by arrows. Fragments that differed in size between wild type and
tt4(UV118a) are shown in gray. The vertical gray lines correspond to the HindIII and
CfoI sites that delineate the chromosomal rearrangement in tt4(UV118a).
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Table 1.
Summary of mutations constituting the allelic series for tt4.
Allele

Mutagen

Mutationa

Protein sizeb

wild type

N.A.c

N.A.

43,115

tt4(85)d

EMS

G → A, +962 (exon 2), G268S

43,145

tt4(2YY6)e

EMS

G → A, +353 (3' splice site), shift in

8,493

reading frame after M64 (exon 1)
tt4(UV01)

radiation, 35 krad

C → T, +220 (exon 1), T49I

43,127

tt4(UV25)

EMS

C → T, +1160 (exon 2), R334C

43,062

tt4(UV113)

radiation, 50 krad

A → C, +680 (exon 2), T174P

43,111

tt4(UV118a) radiation, 50 krad

located between +617 and +826 (exon 2)

≥ 17,108

tt4(38G1R)

5 bp deletion, +1301 to +1305 (exon 2),

41,899

radiation, 38 krad

P381S, G382H, L383C, T384stop
a

position of mutation is given in nucleotides relative to the start of transcription

b

predicted size of the CHS gene product, in daltons

c

N.A., not applicable

d

first allele, identified by M. Koornneef (1990)

e

second allele, identified by J. Greenberg (Shirley et al. 1995)
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gamma radiation, contained a 5 bp deletion in the 3’ end of exon 2, resulting in a frame
shift and a stop codon located 12 amino acids before the C-terminus of wild type CHS.
All five of the new lines represent novel mutations and therefore, together with the two
previously-identified tt4 alleles (Shirley et al., 1995), a total of seven unique alleles are
now available for the Arabidopsis CHS locus. The genotypes of these seven alleles are
summarized in Table 1.

3.3 Effects of tt4 mutations on CHS and CHI levels: To examine the effects of the tt4
alleles on accumulation of CHS and CHI protein, immunoblot analysis was performed on
the mutant lines at day four of development, a stage at which Arabidopsis seedlings
normally accumulate high levels of flavonoid enzymes. Of the five new tt4 alleles, only
one, tt4(UV118a), did not contain any detectable CHS protein (Fig. 4A). This is the
same allele that contains a gross rearrangement at the tt4 locus (Fig. 3). A second allele,
tt4(UV113), contained wild-type levels of CHS protein, while tt4(UV01), tt4(UV25), and
tt4(38G1R) exhibited reduced abundance of CHS protein as compared to wild type. The
CHS protein in tt4(38G1R) also migrated slightly faster than wild type, consistent with
the prediction that the C-terminal truncation in this mutant reduces the molecular mass
from 43.1 to 41.7 kD. The five tt4 alleles did not affect CHI protein levels, consistent
with observations for tt4(85) and tt4(2YY6) that changes in CHS enzyme activity or
protein levels do not appreciably affect the accumulation of CHI (Cain et al., 1997;
Pelletier et al., 1999). Conversely, the effects of the tt4 mutations were similar in both
the tt5 and TT5 backgrounds, indicating that the endogenous levels of CHI protein do not
significantly affect CHS protein levels in these seedlings (Fig. 4B).
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Figure 4.

Analysis of CHS and CHI protein levels in Arabidopsis wild type, tt4, and tt5 seedlings.
Immunoblots containing 50 µg of crude, soluble protein from each genotype were reacted
with polyclonal chicken anti-CHS and anti-CHI IgY primary antibodies and imaged
using chemiluminescent detection. (A) Analysis of four new tt4 mutants in the original
tt5(86) background. (B) Analysis of the five new tt4 mutants following segregation from
the tt5(86) allele. Columbia (Col) represents the wild type for tt4(2YY6), La is the wild
type background for all other alleles.
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3.4 Analysis of steady state CHS transcript levels: RNA blot analysis was performed in
order to determine whether alterations in CHS protein levels in the five tt4 alleles was
due to changes in mRNA accumulation. Using the coding region of CHS to probe total
RNA isolated from 4-day-old seedlings, the tt4 alleles, UV01, UV113, UV25, and
38G1R, were found to contain CHS transcript levels at least as high as those in wild type
(Fig. 5). No CHS mRNA was evident in tt4(UV118a), the allele that is devoid of
detectable CHS protein. Equivalent loading of samples was confirmed by ethidium
bromide staining of the gel (Fig. 5) and also by the finding that, on identical blots,
equivalent levels of CHI mRNA were present in all six samples (data not shown). These
results suggest that the reduction in CHS protein levels observed for tt4(UV01),
tt4(UV25), and tt4(38G1R) is due to effects of the mutations on protein stability.

3.5 HPLC analysis of flavonoid end products: The activity of CHS is not easily assayed
as one of the substrates, 4-coumaryl CoA, is not commercially available. Therefore,
HPLC analysis of methanolic extracts was used as an alternative approach to enzyme
assays in order to determine the extent to which the five tt4 alleles affect the synthesis of
flavonoid endproducts in germinating seedlings. All lines used in this experiment were
homozygous wild-type at the TT5 locus. As shown in Fig. 6, wild-type Arabidopsis
seedlings accumulate a number of phenolic compounds, including sinapate esters and
glycosides of the flavonols, kaempferol and quercetin (Burbulis et al., 1996). However,
tt4(UV113), tt4(UV118a), and tt4(38G1R) exhibited profiles similar to that of the
previously-characterized null allele, tt4(2YY6), which produces no flavonoids and has
elevated levels of sinapate esters. This is consistent with the absence of detectable
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Figure 5.

Analysis of CHS transcript levels in 4-day-old wild type and tt4 seedlings. Twenty
micrograms of total RNA were fractionated in each lane of a formaldehyde gel. Steady
state CHS transcript levels were examined by RNA blot analysis using a DIG-labeled
coding region probe. Ethidium bromide staining of rRNA bands was used to monitor gel
loading.
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Figure 6.

Analysis of flavonoid glycosides in wild type and flavonoid mutant seedlings. Extracts
from equivalent numbers of whole seedlings (homozygous wild-type at TT5) were
fractionated by HPLC as described in section 2.7.

Chromatographs for absorbance at

255 nm are shown. All chromatographs are aligned relative to retention times, shown at
the bottom of each panel in minutes. The three major peaks corresponding to flavonoid
glycosides are identified with asterisks; compounds eluting at 3 and 4 min are sinapate
esters (Pelletier et al., 1999).
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protein in tt4(UV118a), and suggests that the CHS produced in tt4(UV113) and
tt4(38G1R) (Fig. 4) is enzymatically inactive. However, tt4(UV01) and tt4(UV25)
seedlings contained three flavonoid glycosides that were also present in wild type,
although at significantly lower levels. This is consistent with the fact that some
pigmentation was routinely observed in the seed coats and cotyledons of these two
mutants and suggests that the CHS protein in these lines had partial activity.
Interestingly, all five new tt4 lines, including the leaky mutants, had slightly elevated
levels of sinapate esters relative to wild type seedlings (Fig. 6), consistent with earlier
findings for tt4(85) (Li et al., 1993).
To determine whether the leaky phenotypes of tt4(UV01) and tt4(UV25) were
influenced by temperature, seedlings were grown at 12, 20, and 27°C and analyzed for
flavonoid glycoside content by HPLC (Fig. 7). Three major flavonoid glycosides were
synthesized in wild-type seedlings under all three conditions, although the relative
abundance of these compounds varied significantly with growth temperature. Seedlings
homozygous for tt4(UV01) or tt4(UV25) accumulated reduced levels of flavonoids
relative to the wild type at all three temperatures. However, at 12°C the two compounds
that accumulated to higher levels in wild-type seedlings were also present at significant
levels in the two mutants. Mutant and wild-type seedlings exhibited similar changes in
CHS protein levels in response to temperature (data not shown). Because a much greater
relative increase in flavonoid accumulation was observed in the mutants than in wild type
at 12°C, it is possible that tt4(UV01) and tt4(UV25) represent temperature-sensitive
alleles. In contrast, seedlings carrying the tt4(38G1R) allele did not produce detectable
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Figure 7.

Temperature effects on flavonoid glycoside accumulation. Seedlings were grown at the
indicated temperatures to the size of wild type (La) seedlings grown for 4 days at 20°C
and then analyzed for flavonoid glycosides by HPLC as in Fig. 6. Chromatographs for
absorbance at 255 nm are shown; retention times are given at the bottom of each panel in
minutes. Asterisks identify the locations of peaks corresponding to flavonoid glycosides.
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endproducts at any temperature, even though these plants accumulated low levels of CHS
protein at 20°C (Fig. 4) and this therefore appears to be a null allele.

3.6 Effects of the tt4 mutant alleles on protein-protein interactions: Because CHS
functions in cells as a homodimer (Kreuzaler et al., 1979) and also appears to interact
with other flavonoid enzymes (Burbulis and Winkel-Shirley, 1999), crosslinking
experiments were performed to determine whether protein-protein interactions were
affected in any of the mutants. In samples treated with either a homo- or heterobifunctional crosslinker (DSG or SVSB, respectively), one or more bands that migrated
more slowly than the 43 kDa CHS monomer were detected on immunoblots reacted with
an affinity-purified anti-CHS IgG antibody (Fig. 8). One of these bands migrated at the
expected position of a CHS dimer (86 kDa), but was absent in controls that were not
treated with crosslinker and in the CHS null mutant, tt4(UV118a). The other five tt4
alleles all reproducibly displayed this 86 kDa band, although it was less pronounced in
the leaky mutant, tt4(UV25), and the null mutant, tt4(38G1R), even in samples where
substantial levels of the monomer were present. Thus it is possible that these mutations
affect the ability of CHS to form homodimers. It is not known whether CHS monomers
are enzymatically active, although the active sites in the homodimer are known to
function independently (Tropf et al., 1995). Consistent with this, all of the tt4 mutants,
including tt4(UV25) and tt4(38G1R), appear to have fully recessive phenotypes. Another
high molecular weight band (~120 kDa) was detected in many of the crosslinked
samples, suggesting that CHS was also covalently crosslinked to some other protein(s).
However, this band was not immunoreactive with antibodies against two other flavonoid
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Figure 8.

Analysis of CHS protein in wild type and tt4 seedlings by in vivo chemical crosslinking.
After incubating seedlings with crosslinkers (DSG or SVSB) or in buffer (No X), crude
protein extracts were analyzed by immunoblotting. Each lane contained 80 µg of crude
protein. An affinity-purified polyclonal rabbit anti-CHS IgG primary antibody was used
for detection. The sizes of protein standards are shown to the left. Arrows indicate the
locations of the potential CHS homodimer.
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biosynthetic enzymes, CHI and flavanone 3-hydroxylase, with which CHS has previously
been shown to interact (data not shown). Additional crosslinking products, represented
by immunoreactive bands throughout the sample lane, were also reproducibly observed
for tt4(UV01), tt4(UV25), tt4(UV113), and tt4(85) which could indicate that changes in
localization or in interactions of CHS with other proteins occur in these mutants.

3.7 Molecular modeling of the tt4 alleles: The first three-dimensional structure of
chalcone synthase was recently determined using CHS2 from Medicago sativa (Ferrer et
al., 1999). Arabidopsis CHS has 5 additional residues at the N-terminus relative to the
alfalfa protein and one additional amino acid at position 238 in the second exon.
Otherwise, the proteins are extremely similar in sequence, with 81.2% identity at the
amino acid level, including the four residues that define the active site (Cys 169, Phe 220,
His 309 and Asn 342). Because of this high sequence similarity it was possible to
generate a predicted structure for Arabidopsis CHS, as shown in Fig. 9A. The locations
of the amino acid changes that were identified for the five tt4 alleles, UV01, UV25,
UV113, 38G1R, and 85, were then mapped on this structure.
The locations of the mutations in the three-dimensional structure were correlated
with the phenotypes of the various alleles, which are summarized in Table 2. The most
striking finding was that the mutation in tt4(UV113) involves a change of Thr 174 to Pro
in alpha helix 9, adjacent to the active site Cys (Fig. 9B); introduction of the rigid and
bulky structure of Pro may distort the helix and could have significant effects on the
structure and function of the active site. Seedlings carrying this allele accumulate normal
levels of what is apparently a catalytically-inactive enzyme.
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Figure 9.

Model of the Arabidopsis CHS monomer and the sites of mutations in the tt4 alleles.
Arabidopsis CHS was modeled based on the structure of the alfalfa CHS2 protein (Ferrer
et al., 1999). Residues corresponding to the active site (Cys 169, Leu 219, and Asn 342)
are shown in yellow and Met 142 at the dimerization interface is shown in red. Images
are rotated to give optimal visualization in two dimensions. Structure of the Arabidopsis
CHS protein is shown in (A). Residues that are affected in the mutants were mapped on
this structure: (B) tt4(85) (Gly 268 in blue), tt4(UV01) (Thr 49 in orange), and
tt4(UV113) (Thr 174 in green); (C) tt4(UV25) (Arg 334 in green); (D) tt4(38G1R) (Pro
381, Gly 382, Leu 383, and Thr 385 and 12 deleted amino acids, all in green).
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Table 2.
Summary of tt4 phenotypes.
Allele

CHS protein levels a Flavonoid glycoside levelsb Homodimer c
crosslinking

Allele type

wild type

++++

+++

+++

wild type

tt4(85)d

++++

N.D. e

+++

null

tt4(2YY6)f

_

_

N.A.g

null

tt4(UV01)

++

+

+++

temp. sens.

tt4(UV25)

++

+

+

temp. sens.

tt4(UV113)

++++

_

+++

null

tt4(UV118a)

_

_

N.A.

null

tt4(38G1R)

+

_

+

null

a

determined by immunoblot analysis (Fig. 4)

b

determined by HPLC analysis (Fig. 6)

c

determined using DSG and SVSB (Fig. 8)

d

original allele, identified by M. Koornneef (1990)

e

N.D., not determined

f

second allele, identified by J. Greenberg (Shirley et al. 1995)

g

N.A., not applicable
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Two of the alleles, tt4(UV01) and tt4(UV25), have leaky phenotypes,
accumulating reduced levels of CHS enzyme and flavonoid endproducts in what may be
a temperature-sensitive pattern. In tt4(UV01), a polar Thr residue at position 49 is
changed to nonpolar Ile in a turn between two helices (Fig. 9B), a change that could have
a significant impact on protein structure and thereby protein stability. This mutation did
not appear to affect the ability of the CHS subunits to dimerize, however (Fig. 8). The
affected residue in tt4(UV25), Arg 334, is located on the surface of the protein (Fig. 9C).
This residue is also near Asn 342, which plays an important role in the decarboxylation
reaction of CHS (Ferrer et al., 1999). The substitution of a hydrophobic Cys for a
charged Arg in this allele may distort local structure, which could affect overall protein
stability as well as the function of the nearby active site. Unlike tt4(UV01), this mutation
also appears to affect the ability of CHS to dimerize, even though it is located on the
opposite side of the protein from the dimerization interface. This suggests a long-range
effect on protein structure may be occurring in this mutant.
A more severe allele is tt4(38G1R), which involves a deletion of 12 and
substitution of three amino acids. Plants carrying this allele accumulate very little CHS
protein and no detectable endproducts; the mutation may also affect CHS dimerization.
The C-terminus of the wild-type enzyme is tucked inside the protein (Fig. 9D), so this
mutation has the potential to alter protein structure so severely as to disrupt enzymatic
activity and also substantially reduce accumulation of protein product.
In tt4(85), the original allele isolated by Koornneef (1990), a nonpolar Gly is
substituted with a polar Ser in a bend within the dimerization interface (Fig. 9B).
Seedlings homozygous for this allele accumulate wild-type levels of CHS protein, but do
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not produce any detectable flavonoids. This suggests that the mutation might preclude
the assembly of a catalytically-active holoenzyme. However, the tt4(85) does not appear
to affect the dimerization of CHS (Fig. 8), therefore the significance of this site in the
structure of the CHS protein remains to be elucidated.

4. Conclusions
Genetic approaches have been used extensively to study flavonoid metabolism in plants,
particularly in petunia, Antirrhinum, maize, and more recently in Arabidopsis (Shirley,
1996; Mol et al., 1998). However, there has been only limited use of allelic series,
despite the fact that such arrays of mutations provide the opportunity to examine the
broad spectrum of effects that can be produced at a particular locus. In maize and
Antirrhinum, collections of transposon-induced mutants for CHS, dihydroflavonol
reductase (DFR), and UDPglucose:flavonol 3-O-glucosyl transferase have been isolated,
including alleles resulting from imprecise excision of the element (for example, Coen et
al., 1986; Ralston et al., 1988; Hardeman and Chandler, 1989; Martin and Lister, 1989;
Lister et al., 1993). Other studies involving analysis of chemical or radiation-induced
allelic series in the flavonoid pathway have involved two regulatory loci, An2 in petunia
(Gerats et al., 1984) and ttg in Arabidopsis (Larkin et al., 1999), the DFR gene in barley
(Olsen et al., 1993), and a collection of spontaneous mutations in a region containing
three CHS genes in soybean (Todd and Vodkin, 1996). More recently, site-directed
mutagenesis has been employed to study dimerization and substrate recognition and to
dissect the reaction mechanism of CHS and stilbene synthase (Tropf et al., 1994; Tropf et
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al., 1995; Ferrer et al., 1999; Jez et al., 2000; Geza Hrazdina, personal communication),
providing important new insights into the functions of specific amino acid residues.
We have characterized a group of new CHS mutants in Arabidopsis thaliana as
part of a genetic approach to defining structure-function relationships in this key enzyme.
CHS is encoded by a single-copy gene in Arabidopsis, facilitating analysis of mutant
phenotypes by obviating the need to develop isoform-specific antibodies or otherwise
account for contributions from other gene family members. Analysis of five new tt4
alleles that were recovered unexpectedly in a screen of revertants of the UV
hypersensitive phenotype of tt5 (Landry and Last, personal communication) identified
novel lesions consisting of three new point mutations, a small deletion, and a significant
chromosomal rearrangement. Three of these mutants appear to be null alleles with respect
to the accumulation of flavonoid endproducts, while two others have leaky, possibly
temperature-sensitive, phenotypes. Together with the two previously-described mutants
(Shirley et al., 1995), this brings to seven the total number of tt4 alleles that have been
characterized to date. Mapping the six mutations that affect amino acid residues to a
three-dimensional model of Arabidopsis CHS showed the lesions are located at very
different sites in the protein. Taken together with the results of crosslinking experiments,
this analysis suggests a variety of molecular mechanisms by which these mutations may
affect enzyme activity, including interfering with the ability of CHS to form homodimers
in three cases. Ongoing experiments are aimed at developing a more complete
understanding of these mechanisms through further analysis of residues identified by the
tt4 mutations, which are known to be essential for CHS function, as well as residues
suggested by the three dimensional model of CHS that is now available. The molecular
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analysis of induced or engineered alleles that affect enzyme function is becoming
increasingly informative as structures for the flavonoid enzymes become available (Ferrer
et al., 1999; Jez et al., in press) and should enhance ongoing efforts to develop the
flavonoid pathway as a model for metabolic engineering (Dixon and Steele, 1999).
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Chapter 3

Organization of Flavonoid Metabolism in Arabidopsis: Subcellular Localization of a
Putative Enzyme Complex

This work was submitted as:
Saslowsky, D. and Winkel-Shirley, B. (2000). Plant Journal.

ABSTRACT

Immunofluorescence and immuno-electron microscopy have been used to provide
evidence that the enzymes of flavonoid metabolism are organized as a membraneassociated enzyme complex. Antibodies against chalcone synthase (CHS) and chalcone
isomerase (CHI), the first two enzymes of this pathway, were used to examine the
subcellular location of these proteins in Arabidopsis roots. High levels of both enzymes
were found in the epidermal and cortex cells of the elongation zone and the root tip,
consistent with the accumulation of flavonoid endproducts at these sites. Co-localization
of CHS and CHI was observed at the endoplasmic reticulum and tonoplast in these cells,
and also in electron-dense regions that are, as yet, unidentified. In addition, a striking
asymmetric distribution was observed for these enzymes in cortex cells of the elongation
zone, which may provide clues about the physiological function of flavonoids in roots.
Altered accumulation and localization of CHS and CHI were observed in the tt7(88)
mutant, which lacks the cytosolic domain of the P450 enzyme, flavonoid 3'-hydroxylase
(F3'H). These results are consistent with the previously-proposed role of cytochrome
P450s in assembling the flavonoid pathway at membranes, but suggests that other
proteins are also likely to be involved.
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INTRODUCTION
A growing body of evidence suggests that the enzymes of numerous metabolic
pathways are organized as multicatalytic complexes (metabolons) (reviewed in Ovádi and
Srere, 2000). Several advantages of such organization include direct transfer
(channeling) of intermediates between the reaction centers of enzymes without diffusion
into the cytoplasm, sequestering of labile or cytotoxic intermediates, increasing the
effective concentration of intermediates around active sites, and providing mechanisms
for coordinating the reactions of different metabolic pathways. It is likely that
components of cellular ultrastructure, such as membranes and cytoskeletal elements,
participate in the stabilization and/or regulation of metabolic enzyme complexes.
Examples of both stable and dynamic enzyme complexes have been identified in a wide
variety of organisms. While dynamic complexes are more difficult to study, these
systems may provide unique mechanisms for regulating metabolic flux at the level of
enzyme localization and interaction.
Our laboratory is utilizing the flavonoid biosynthetic pathway in Arabidopsis as a
model system for characterizing the assembly and regulation of dynamic enzyme
complexes. Flavonoids are important plant secondary metabolites that impart various
characteristics such as pigmentation and protection from ultraviolet-B (UV-B) radiation
(reviewed in Koes et al., 1994; Mol et al., 1998; Shirley, 1996). These compounds have
been shown to accumulate in the epidermal tissues of plant organs where exposure to
UV-B radiation is highest, thereby serving to protect underlying tissues from radiative
damage and DNA mutagenesis. In some plant species, although not in Arabidopsis,
flavonoids are also essential for male fertility, and in legumes the isoflavonoids play a
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key role in establishing symbiosis with nitrogen-fixing bacteria. Flavonoids also function
in defense against predators and pathogens in many plant species. More controversial
has been the role of flavonoids in regulating auxin transport first described by Jacobs and
Rubery (1988), who found that specific flavonoids appeared to have functions similar to
synthetic auxin transport inhibitors. Additional evidence has come from recent studies
showing that Arabidopsis mutants deficient in flavonoid biosynthesis exhibit phenotypes
consistent with elevated levels of auxin transport and have altered patterns of labeled
indole-3-acetic acid distribution, including leakage of the labeled auxin from roots
(Brown et al., 2000; Murphy et al., 2000). It was also shown that the flavonoid
intermediate, naringenin, inhibits root growth and gravitropism and reverses elevated
auxin transport in these mutants.
Although the endproducts of flavonoid metabolism, and the general
phenylpropanoid pathway from which it is derived, accumulate primarily in vacuoles and
the cell wall, the pathways themselves are located in the cytoplasm (reviewed in Hrazdina
and Jensen, 1992; Winkel-Shirley, 1999). Most of the phenylpropanoid and flavonoid
enzymes can be extracted from cells as "soluble" proteins and cloning and sequencing of
the corresponding genes has shown that these proteins are devoid of targeting signals.
However, cell fractionation experiments showed that phenylalanine ammonia-lyase
(PAL), chalcone synthase (CHS), and UDPG-flavonoid glucosyltransferase are
associated with P450 hydroxylases at the endoplasmic reticulum, a finding further
substantiated by electron microscopy in the case of PAL and CHS (Czichi and Kindl,
1977; Hrazdina et al., 1987; Smith et al., 1994; Wagner and Hrazdina, 1984). The
membrane-bound P450 monooxygenases, cinnamate 4-hydroxylase (C4H) and flavonoid-
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3'-hydroxylase (F3'H), have been hypothesized to function as 'anchors' that recruit other
enzymes of general phenylpropanoid and flavonoid metabolism into membraneassociated complexes (Hrazdina and Jensen, 1992; Hrazdina and Wagner, 1985; Stafford,
1990). This is further supported by recent studies that provide evidence for channeling in
the general phenylpropanoid and isoflavonoid pathways (reviewed in Dixon et al., 1998;
Rasmussen and Dixon, 1999). In the flavonoid pathway, additional evidence for the
existence of an enzyme complex has recently come from in vitro assays demonstrating
interactions between CHS, CHI, flavanone 3-hydroxylase (F3H), and dihydroflavonol
reductase (DFR) from Arabidopsis (Burbulis and Winkel-Shirley, 1999).
Despite the potential importance of the subcellular organization of flavonoid
metabolism for regulating the efficiency and specificity of this pathway, as yet very little
is known about the localization of flavonoid enzymes in plant cells. Immuno-EM studies
of epidermal peels from buckwheat cotyledons suggest localization of CHS at the
endoplasmic reticulum (ER) (Hrazdina et al., 1987), with similar CHS localization
observed in spinach (Beerhues et al., 1988; discussed in Hrazdina and Jensen, 1992).
Although the results in cotyledon epidermal peels are consistent with a role for
flavonoids in UV-B protection, they are unable to predict cellular and subcellular
localization patterns in root tissue, where flavonoids are likely to participate in numerous
processes including cellular wounding/stress, fungal elicitation, and, perhaps, regulation
of auxin transport.
To characterize the cell-type expression of CHS and CHI in Arabidopsis root
tissue as well as subcellular localization patterns in planta, whole-mount
immunofluorescence microscopy was performed in conjunction with immuno-electron
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microscopy. These studies are facilitated in Arabidopsis by the fact that all of the
flavonoid enzymes, with the exception of flavonol synthase (FLS), are encoded by singlecopy genes (Pelletier et al., 1997; Pelletier and Shirley, 1996; Shirley and Hwang, 1995;
Chris Cobbett, personal communication; Bandara and Winkel-Shirley, unpublished
results) (Figure 1). Well-characterized mutants are available for many steps in the
pathway, including CHS [tt4] (Burbulis et al., 1996; Saslowsky et al., 2000; Shirley et al.,
1995), CHI [tt5] (Cain et al., 1997; Pelletier et al., 1999; Shirley et al., 1992), and F3'H
[tt7] (Koornneef et al., 1982).
Here we describe the use of immunofluorescence and immuno-electron
microscopy to show that the first two enzymes of the flavonoid biosynthetic pathway,
CHS and CHI, are present at high levels in the epidermal and cortex cells at the apical
end of the primary root, with a striking asymmetric distribution in cortex cells of the
elongation zone. At the subcellular level, these enzymes were found to be co-localized at
the rER. A subpopulation of CHS and CHI was also associated with vacuoles, the
organelles in which many flavonoid end products are deposited. In the elongation zone,
high concentrations of CHS and CHI were present in electron-dense structures that
remain to be identified. Subtle differences in the patterns of localization were found in
tt7, a member of the transparent testa family of flavonoid mutations in Arabidopsis that
specifically disrupts F3'H, that may point to a role for this enzyme in recruiting flavonoid
enzymes to membranes. These results further support the hypothesis that flavonoid
metabolism involves a metabolon that is assembled at the rER by interactions that may
involve F3'H as well as other enzymes and structural components of the cell.
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Figure 1.

Schematic of the Arabidopsis Flavonoid Biosynthetic Pathway.
Enzymes are shown in bold, with the mutant alleles used in this study in brackets.
Abbreviations: CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3hydroxylase; F3'H, flavonoid 3'-hydroxylase; FLS, flavonol synthase; DFR,
dihydroflavonol reductase.
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RESULTS

Characterization of antibodies and the tissue-specific expression of CHS and CHI

Antibodies against several flavonoid enzymes from Arabidopsis, including CHS
and CHI, were previously developed using chicken as a source of IgY (Cain et al., 1997;
Pelletier et al., 1999). In order to facilitate differentiation of the two enzymes in coimmunolocalization experiments, polyclonal IgG was obtained in rabbit using
recombinant CHS. Following affinity purification of the rabbit anti-CHS IgG preparation
and the previously-described chicken anti-CHI IgY, immunoblot analysis showed both
antibodies to be highly specific for the target antigen, as illustrated in Figure 2A.
To test the effects of fixation on the antigenicity of CHS and CHI, immunoblots
of crude protein extracts were incubated with a range of concentrations of formaldehyde
and glutaraldehyde and then processed using primary and secondary antibodies. Under
the fixation conditions used for transmission electron microscopy (TEM) in this study,
both CHS and CHI retained approximately 20% of the antigenicity displayed by the
untreated control samples, as gauged by signal intensity on autoradiographic film (data
not shown). The antigenicity of proteins in tissues fixed for EM should equal or exceed
that observed on the immunoblots (Hall and Hawes, 1991; Larsson, 1988). The fixation
conditions used for immunofluorescence were significantly less severe than for EM, so
that even better epitope preservation is expected in those experiments.
Immunoblot analysis was then used to identify an appropriate tissue for
immunolocalization experiments. It was previously shown that Arabidopsis seedlings
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Figure 2.

Antibody Specificity and CHS and CHI Protein Levels in Wild-Type and tt7 Seedlings.

(A) Immunoblots of total protein using affinity-purified rabbit anti-CHS IgG (lane 1), or
affinity-purified chicken anti-CHI IgY (lane 2). Each lane contained 50 µg of crude
protein extracted from 4-day-old wild-type (La) seedlings.
(B) Immunoblot of total protein from roots and shoots of wild-type (La) and tt7
seedlings. Each lane contained 75 µg of crude protein extract and was immunoreacted
with a mixture of affinity-purified anti-CHS and anti–CHI antibodies.

102

A

1

2

CHS
CHI

CHS
CHI

103

shoot
tt7

tt7

La

root

La

B

grown for 4 days on sucrose-containing agar medium accumulate high levels of flavonoid
enzymes, although the tissue-specificity of this expression was not known (Cain et al.,
1997; Pelletier et al., 1999). As shown in Figure 2B, equivalent levels of CHS and CHI
protein were found in the root and shoot fractions of wild-type seedlings and in tt7, which
carries a mutation in the putative membrane anchor protein, F3'H. Although colored
anthocyanins are not synthesized in roots, the finding that flavonoid enzymes are present
at high levels in these tissues is consistent with observations of high CHS promoter
activity and accumulation of flavonols in the roots of Arabidopsis seedlings grown on
MS-sucrose medium (Chory and Peto, 1990; Saslowsky and Winkel-Shirley, unpublished
data). Root tissue provides significant advantages for immunolocalization by
fluorescence microscopy and TEM, including low autofluorescence compared to
chlorophyll-containing tissues and rapid permeation of fixatives, and was therefore
selected for use in characterizing the cellular and subcellular localization of CHS and
CHI. Immunolocalization by confocal laser scanning microscopy (CLSM) was
performed using a whole-mount protocol previously described for detection of the
nuclear snRNP-specific protein U2B throughout Arabidopsis roots (Wymer et al., 1999).
Immuno-EM was performed using a protocol similar to one used to immunolocalize H+ATPase in Arabidopsis phloem companion cells (DeWitt and Sussman, 1995).
The specificity of the affinity-purified anti-CHS and -CHI antibodies in
immunolocalization experiments was confirmed in planta using Arabidopsis null
mutants. Two mutant lines that do not contain detectable levels of CHS or CHI protein
based on immunoblot analysis, tt4(UV118a) and tt5(86) (Pelletier et al., 1999; Saslowsky
et al., 2000), respectively, served as negative controls. As shown in Figure 3A, whole-
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Figure 3.

Negative Controls for Immunolocalization.

(A) Immunofluorescence in root cells of the CHS null mutant, tt4(UV118a). Wholemount seedlings were immunoreacted with rabbit anti-CHS IgG primary antibody and an
Alexa 568 nm-conjugated anti-rabbit IgG secondary antibody, then stained with DAPI to
visualize nuclei.
(B) Immunogold detection in ultrathin sections of tt4(UV118a) seedling roots using
rabbit anti-CHS IgG and a 12 nm gold particle-conjugated anti-rabbit IgG. The
arrowhead indicates the single gold particle visible in this image.
(C) Immunofluorescence in root cells of the CHI mutant, tt5(86). Whole-mount
seedlings were immunoreacted with chicken anti-CHI IgY and an Alexa 568 nmconjugated anti-chicken IgG, then stained with DAPI.
(D) Immunogold detection in ultrathin sections of tt5(86) seedling roots using chicken
anti-CHI IgY and a 6 nm gold particle-conjugated anti-chicken IgG.
(A) and (C) are composites of the rhodamine channel used to excite the Alexa 568
fluorochrome (pseudocolored red) and the DAPI channel (pseudocolored blue) overlaid
on a differential interference contrast (DIC) transmitted-light image; both were imaged
using parameters identical to those used below for wild-type samples. In (B) and (D)
CW, cell wall; M, mitochondrion; V, vacuole. Bar = 20 µm in (A) and (C) and 1 µm in
(B) and (D).
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mount roots of tt4(UV118a) incubated with anti-CHS IgG exhibited very little labeling,
with only sporadic punctate signals detectable. A similar result was obtained using
immuno-EM analysis, which showed extremely low abundance of CHS label in root cells
from this null mutant (Figure 3B). Little crossreactivity was also observed for the CHI
mutant, tt5(86), incubated with anti-CHI IgY (Figures 3C and D), although in this case
fluorescence was sometimes observed associated with the surface of the root and with
root hairs, a likely result of nonspecific binding (e.g., to agar from the growth medium).
Labeling of CHI in the CHS mutant and of CHS in the CHI mutant was similar to that
observed for wild type (data not shown). In addition, pre-immune sera (chicken and/or
rabbit) failed to demonstrate labeling in wild-type sections as determined by TEM (data
not shown). Thus, detection of CHS and CHI in fixed Arabidopsis root tissue is highly
specific with the antibody preparations and reaction conditions used in these experiments.

Co-localization of CHS and CHI at the apical end of root cortex cells

The spatial distribution of CHS and CHI in roots was first examined by
immunofluorescence double labeling using CLSM, as shown in Figure 4. Labeling was
observed in some cases in tracheoblasts in which roots hairs were just beginning to
emerge. Little or no signal was detected in the endodermis or stele (not shown).
However, intense labeling was observed for both proteins in the end of the elongation
zone that is closest to the root tip, primarily in epidermal and cortex cells. The highest
labeling was at the apical ends of cortex cells, with significant overlap of the signals
representing CHS and CHI (Figure 4A). This is further illustrated in
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Figure 4.

Immunolocalization of CHS and CHI in Wild-Type Root Cells by Confocal Laser
Scanning Microscopy (CLSM).

Whole-mount seedlings were double-labeled with anti-CHS and anti–CHI antibodies.
Immunofluorescence was visualized in optical sections of root cells by CLSM using the
DAPI channel (pseudocolored blue) to detect nuclei stained with DAPI (upper left panel),
the rhodamine channel (pseudocolored red) to detect the Alexa-568-conjugated
secondary antibody used for CHI (lower left panel), and the FITC channel
(pseudocolored green) to detect the Alexa 488-conjugated secondary antibody used for
CHS (lower right panel). Co-localization in the merged image (upper right panel) is
indicated by yellow color. The root tip is oriented toward the bottom of the figure in all
cases.
(A) Optical section through cortex cells in the root elongation zone in wild-type (La)
seedlings.
(B) Similar sample to that shown in (A), but with the merged fluorescent signals for
CHS, CHI and nuclei overlaid on a DIC image. The arrow indicates an area of overlap of
intense signals for CHS and CHI at the apical end of a cortex cell.
(C) Wild type (Columbia) displaying CHS and CHI in a root epidermal cell (arrowhead)
in a pattern consistent with ER localization. Arrow indicates abundant CHS and CHI
label at the basal end of an adjacent cortex cell.
Bar = 20 µm in all panels.
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immunofluorescence images from an independent specimen overlaid on a DIC image of
the root tissue (Figure 4B). In contrast, fluorescence for CHS and CHI in epidermal cells
was distributed throughout the cytoplasm (Figure 4A and 4B). CHS and CHI in these
cells showed patterns typical of proteins associated with the ER and appeared to surround
the well-defined nuclei in epidermal cells (Figure 4C).
Double-labeling immuno-EM analysis was performed in order to examine the
localization of the two enzymes at higher resolution. In these experiments, CHS and CHI
were distinguished using secondary antibodies conjugated to different-sized gold
particles. These experiments confirmed the presence of high levels of CHS and CHI
label at the apical end of cortex cells in the root elongation zone (Figure 5A and B).
Most of the volume in these cells was occupied by a single large vacuole. However, the
dense label observed at the apical end of these cells was not observed at the basal end,
even though a significant amount of cytoplasm is located in this region (Figure 5A, cell at
bottom of micrograph). Consistent with this asymmetric distribution, label density
rapidly decreased in sections leading from the apical end up the lateral sides of the cell
(data not shown). Also evident from this analysis was the apparent association of some
of the CHS and CHI proteins with rER and near the vacuole. This is somewhat
surprising considering that neither CHS nor CHI contain endomembrane targeting
signals, but is consistent with previous reports of ER-localization of CHS in buckwheat
(Hrazdina et al., 1987).
To evaluate the possible co-localization of CHS and CHI in electron micrographs,
the dimensions of the immunoglobulins that bridge the gold particle to the target antigen
must be taken into account. Using the known dimensions for the CHS homodimer
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Figure 5.

Immunolocalization of CHS and CHI in Wild-Type (La) Root Cells by EM.

Ultrathin sections through cells in the elongation zone were labeled with a mixture of
rabbit anti-CHS and chicken anti–CHI antibodies and detected using 12 nm gold particleconjugated anti-rabbit and 6 nm gold particle-conjugated anti-chicken secondary
antibodies.
(A) Longitudinal section showing two adjacent cortex cells with the root tip oriented
toward the bottom of the image. Arrowheads identify CHS and CHI enzymes associated
with ribosome-bearing ER. The small bar near the vacuole represents the estimated
maximum distance (60 nm) between 6 and 12 nm particles that could represent colocalization of CHS and CHI. The arrow indicates an electron-dense area showing strong
co-localization of CHS and CHI.
(B) Transverse section through a cortex cell showing association of CHS and CHI with
the cytosolic face of the ER (arrows). Arrowheads identify CHS and CHI localized at the
vacuole.
(C-F) Longitudinal sections of additional root cortex cells showing electron-dense
regions containing high labeling for both CHS and CHI (arrows).
(G and H) Longitudinal sections through epidermal cells showing labeling of CHS and
CHI at ER and vacuoles.
CW, cell wall; V, vacuole; N, nucleus. Bar = 1 µm in (A), 0.25 µm in (B) and (C), and
0.1 µm in (D) to (H).
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(Ferrer et al., 1999) and IgG (Kimura et al., 1999; Sarma et al., 1971), it was calculated
that the maximum possible separation for two gold particles representing true colocalization of CHS and CHI is approximately 60 nm. As can be seen in the micrograph
shown in Figure 5A, in many cases gold particles representing CHS and CHI were
located within 60 nm of each other, indicating that these proteins may be associated.
This co-localization appears to occur, in at least some instances, at ER membranes.
In many of the sections examined by EM, electron-dense regions were observed
that contained high concentrations of closely-associated CHS and CHI. These patterns
were observed in multiple wild-type samples, although not in every section examined,
and primarily in cortex cells. However, they were observed in a variety of subcellular
locations, including near the plasmalemma (Figure 5A), adjacent to vacuoles (Figure 5C
and D), near nuclei (Figure 5E), and in the cytoplasm, away from obvious structures
(Figure 5F). The electron-dense regions were not mitochondria, which were clearly
identifiable in these cells and did not contain CHS or CHI label (data not shown).
Interestingly, these structures were consistently about 200 nm in diameter. The relative
scarcity of these regions of high CHS and CHI density could indicate association of the
enzymes with a specialized form of ER. Electron-dense regions containing CHS or CHI
label were not observed in the tt4 or tt5 controls (data not shown), indicating that these
are not an artifact of the fixation or detection procedures, although it is difficult to
ascertain the equivalence of electron-dense regions in different samples.
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Co-localization of CHS and CHI in root epidermal cells

Localization of CHS and CHI was also examined in epidermal cells of the root
elongation zone in wild-type seedlings. Morphologically, epidermal cells differed from
cortex cells in that the cytoplasm appeared to be more compressed by the large central
vacuole. Classic ER patterns of labeling near the nucleus and plasmalemma were
observed for CHS and CHI in these cells as determined by immunofluorescence (Figure
4C). These cells also typically exhibited lower levels of labeling than was observed at
the apical end of cortex cells, both by immunofluorescence (Figure 4) and by immunoEM (Figure 5G and H). Despite this reduced labeling, epidermal cells did exhibit striking
patterns of localization of CHS and CHI at the rER (Figure 5G and H). Co-localization
of CHS and CHI was not as apparent as in cortex cells, although this may be due to the
overall lower concentrations together with the fact that only a subset of the target proteins
are detected by immuno-EM.

Effects of a mutation in the integral membrane protein, F3'H, on CHS and CHI
localization

Localization of CHS and CHI was next examined in tt7, a mutant previously
correlated with the Arabidopsis F3'H locus (Koornneef et al., 1982; Chris Cobbett,
personal communication). This enzyme is a P450 hydroxylase that has been
hypothesized to function as a membrane anchor for localization of other, soluble,
flavonoid enzymes to the ER (Hrazdina and Wagner, 1985). A candidate for F3'H, with
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65.6% identity with the previously-cloned petunia F3'H gene (Brugliera et al., 1999), was
identified in BAC clone F13G24 as part of the Arabidopsis genome sequencing project.
To confirm that TT7 is the Arabidopsis F3'H locus, we sequenced the corresponding
genomic regions in the mutant, tt7(88), and the Landsberg wild-type. The Landsberg
F3'H sequence contained six silent nucleotide changes (at positions 318, 1294, 1338,
1374, 1386, and 1452 from the start of translation) relative to the Columbia allele. The
gene from tt7 contained one additional nucleotide change, a C to T transition located 340
nt from the start of translation, which replaces Q114 in exon 1 with a stop codon. This
mutation eliminates 400 residues of the 492 amino acid-long cytoplasmic domain of the
enzyme, including the catalytic site (Figure 6A). Together with previous analyses of
flavonoid endproducts produced in this mutant, this result provides conclusive evidence
that TT7 encodes F3'H. Functional expression has recently shown that this gene does
indeed encode F3'H activity (Schoenbohm et al., 2000). Because the F3'H gene appears
to be single-copy in Arabidopsis, all tissues in tt7 plants are therefore devoid of F3'H
activity and contain only a severely-truncated version of this protein.
The total amount of CHS and CHI protein in the roots of tt7 was similar to that
for wild-type seedlings (Figure 2B). However, in immunofluorescence experiments
labeling intensity in the elongation zone was typically lower in tt7 seedlings, particularly
in cortex cells (Figure 6B). This was also observed by immunofluorescence and
immuno-EM, in which little labeling of CHS and CHI was found in cortex cells (Figure
6B and 6C) relative to the same cells in wild-type roots (Figure 5). In epidermal cells,
where immuno-EM generally showed higher labeling in tt7 than in wild type, CHS and
CHI were co-localized near the ER and also at the tonoplast (Figure 6D), similar to what
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Figure 6.

Effects of the tt7 Mutation on Immunolocalization of CHS and CHI in Root Cells.

(A) Predicted structure of the Arabidopsis F3'H protein. The arrow indicates the position
of the stop codon introduced by the tt7(88) mutation.
(B) Whole-mount tt7(88) seedlings double-labeled with anti-CHS and anti–CHI
antibodies. Immunofluorescence in the elongation zone was visualized as described for
Figure 4; fluorescence for CHI is shown in the upper left panel (pseudocolored red), for
CHS in the lower left panel (pseudocolored green), for DAPI in the upper right panel
(pseudocolored blue) and the merged image is in the lower right panel. The root tip is
oriented toward the bottom right in this figure. The arrow indicates an epidermal cell.
Ultrathin sections through cells in the elongation zone were labeled with a mixture of
rabbit anti-CHS and chicken anti–CHI antibodies and detected using 12 nm-conjugated
anti-rabbit and 6 nm-conjugated anti-chicken secondary antibodies.
(C) Longitudinal section of a cortex cell. The arrow points to a 12 nm gold particle.
(D) Transverse section of an epidermal cell showing association of CHS and CHI with
the cytosolic face of ER (arrows) and near the perimeter of the vacuole (arrowhead).
CW, cell wall; V, vacuole.
Bar = 20 µm in (B) and 1 µm in (C) and (D).
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was observed in wild-type epidermal cells (Figure 5G and H). However, labeling was
also observed in vacuoles, as discussed in further detail below. No evidence was found
for the electron-dense regions of high CHS and CHI localization present in wild-type
roots, although this could also be a function of the reduced labeling in the cortex where
the majority of these structures were found in the wild type. These observations suggest
that F3'H not only affects the accumulation of flavonoid enzymes, but also plays some
role in the subcellular localization of these proteins.

Association of CHS and CHI with the vacuole in epidermal and cortex cells

In wild-type (La) roots, a subset of the label representing CHS and CHI was
consistently observed near small coalescing vacuoles and near large vacuoles, both in
cortex (Figure 5B) and epidermal cells (Figures 5G and 7A). CHS and CHI labeling was
rarely observed within vacuoles. This pattern was compared to that of a known
tonoplast-associated protein by dual labeling with anti-CHI and a polyclonal antibody
raised against bean seed δ-TIP that crossreacts with the Arabidopsis protein (Höfte et al.,
1992). The labeling pattern for δ-TIP was consistent with its location in the vacuolar
membrane, with some displacement perhaps due to the reach of the secondary antibody
(Figure 7B). Some labeling was also observed inside the vacuole, in association with
electron-dense regions at the periphery of the vacuole that were also occasionally
observed for CHS and CHI (not shown). The overall labeling pattern for CHS and CHI
overlaps that observed for δ-TIP, suggesting that a subset of CHS and CHI may be
specifically associated with the tonoplast or with the neighboring ER. This pattern of
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Figure 7.

Association of CHS and CHI with the Vacuole in Wild Type and tt7.

Ultrathin transverse sections were labeled with a mixture of anti-CHS and anti–CHI
antibodies (A) and (C) or a mixture of anti-CHI and anti-δ-TIP antibodies (B). Sections
were subsequently incubated with 6 nm- (representing CHI) and either 12 nm(representing CHS) (A) and (C) or 12 nm- (representing δ-TIP) (B) conjugated secondary
antibodies.
(A) Wild-type (La) epidermal cell showing co-localization of CHS and CHI near the
vacuole.
(B) Wild-type (La) epidermal cell showing δ-TIP (arrowheads) and CHI (arrow) label
near vacuole.
(C) Epidermal cell from tt7 showing CHS and CHI label at the cytosolic-vacuolar
interface. Arrowheads indicate CHS and CHI label in the vacuole.
CW, cell wall; V, vacuole. Bar = 0.5 µm in all three panels.
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CHS and CHI labeling around vacuoles is also similar to results from studies in pea root
tip cells where specific TIP isoforms were labeled with peptide antibodies (Jauh et al.,
1999).
A significant difference in the distribution of CHS and CHI label was observed
for vacuoles in tt7 root cells, however. In epidermal cells, where both of these enzymes
accumulated to relatively high levels, gold particles were found near the tonoplast, but
also typically dispersed within the vacuole (Figures 6D and 7C). This observation
provides further evidence that F3'H plays some role in the subcellular localization of
other flavonoid enzymes.

Patterns of CHS and CHI distribution in undifferentiated root tip cells

In addition to the elongation zone, high levels of immunofluorescence for CHS
and CHI were also observed in the root tips of wild-type (La) seedlings. The morphology
of these cells differed from those in the elongation zone in that no large vacuoles were
distinguishable in either epidermal or cortex cells. Immuno-EM analysis of root tip
epidermal cells revealed that CHS and CHI were localized near the cytoplasmic face of
the ER, which appeared to surround the nucleus (Figure 8A). Curiously, label
representing both CHS and CHI was observed in the nucleus of these cells. Consistent
with this, immunofluorescence localization indicated CHS and CHI to be homogeneous
in distribution in root tip epidermal cells, including nuclei (Figure 8B).
In cortex cells, dense labeling was observed for both CHS and CHI with a more or
less random distribution in the cytoplasm (Figure 8C). Immunofluoresence analysis
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Figure 8.

Localization of CHS and CHI in Wild-Type Root Tip Cells.

Immunolocalization of CHS and CHI by EM in ultrathin sections (A) and (C) and by
CLSM in whole-mount seedlings (B) and (D). The root tip is oriented to the right in (B)
and (D).
(A) Transverse section of an epidermal cell showing CHS (12 nm particles) and CHI (6
nm particles) both within the nucleus and at concentric rings of ER surrounding the
nucleus (N).
(B) Immunofluorescence localization by CLSM of CHS (green channel) and CHI (red
channel) in epidermal cells from the same region as in (A) showing an en face optical
section. Nuclei were counter-stained with DAPI (blue channel). The lower right panel is
the merged image. Confocal optical slice thickness (Z plane) is < 1 µm, well below the
physical diameter of nuclei in these cells, therefore fluorescence is indicative of
antibodies present in the nucleus, not in the adjacent cytosol.
(C) Transverse section of a cortex cell labeled for CHS (12 nm particles) and CHI (6 nm
particles). The striations in this image are the result of sectioning artifacts (chatter), and
do not represent ER.
(D) Immunofluorescence localization of the same region as in (B) showing an en face
optical section of cortex cells. A nucleus in one of these cells is indicated (arrowhead).
Bar = 1 µm in (A) and (C) and 20 µm in (B) and (D).
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confirmed that CHS and CHI were relatively homogenously dispersed in these cells, but
significantly less abundant in nuclei than in the rest of the cell (Figure 8D). It is unlikely
that the apparent exclusion of CHS and CHI from these nuclei is a function of antibody
penetration, as cell files deeper into the root tip showed high levels of CHS and CHI
labeling (data not shown).
The distribution of CHS and CHI in the root tip therefore differs markedly from
what was observed in the elongation zone, where these enzymes were excluded from
nuclei in both epidermal and cortex cells (data not shown) and also showed a distinct
asymmetric distribution in cortex cells. It is possible that different forms of ER are
present in these developing cell types or that other proteins required for the localization
of CHS and CHI observed in the elongation zone are not synthesized in the root tip.
Another possibility is that the overall higher abundance of CHS and CHI may affect the
distribution of these enzymes within cells.

Correlation of CHS and CHI protein localization with the accumulation of
flavonoids in the primary root

The differential distribution of CHS and CHI in root cells suggested that there
should be corresponding differences in the accumulation of flavonoid endproducts in
these tissues. Recently, Murphy et al. (2000) examined flavonoids in whole seedlings
grown in vertical mesh transfer tanks by staining with diphenylboric acid 2-aminoethyl
ester (DPBA). This dye has an emission wavelength characteristic of the flavonoid to
which it is bound [for example, maxima at 520 nm and 543 nm for the flavonols,

124

kaempferol and quercetin (Figure 1), respectively] and an emission intensity 1-2 orders of
magnitude higher when bound to flavonols or dihydroflavonols than to other flavonoids
(Murphy et al., 2000; Sheahan and Rechnitz, 1993). These experiments showed the
presence of high levels of quercetin in the root-shoot transition zone, kaempferol in a ring
of cells just above this region, naringenin-chalcone in the distal elongation zone and
kaempferol in the root cap. In addition, flavonols were shown to be present in epidermal
and cortex cells of the root-shoot transition zone, extending into the stele.
We performed DPBA staining experiments to determine whether similar patterns
would be found in seedlings grown under the conditions used for the immunolocalization
experiments and to extend this analysis to tt7, which should produce naringenin-chalcone
and kaempferol, but not quercetin (Figure 1). Wild-type (La) and tt7 seedlings grown on
MS-sucrose plates were stained with DPBA and imaged by epifluorescence microscopy,
as shown in Figure 9. The most intense staining in the roots of these seedlings was in the
hypocotyl/root transition zone and the elongation zone, similar to the observations of
Murphy et al. (2000). The orange fluorescence in the transition zone of wild-type roots
indicates the accumulation of quercetin at this site (Figure 9A), while the root elongation
zone stained greenish-yellow (Figure 9B) indicative of higher kaempferol levels in this
region. As expected, only kaempferol was present in tt7, with a distribution similar to
that of the flavonols in wild-type seedlings, but at a significantly reduced level (Figure
9C and D). Staining was observed infrequently in the root tip of either wild-type or tt7,
but in those plants where it occurred it was similar in color to the elongation zone. In
addition, fluorescence from naringenin chalcone was not apparent in either background.
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Figure 9.

Flavonoid Staining in Wild-Type and tt7 Seedlings.

Flavonoids in intact seedlings were stained with DPBA. Different parameters were used
to image wild-type and tt7 tissues, therefore signal intensities are not comparable
between these samples. It should also be noted that confocal image processing results in
pseudo-colored images, therefore these images show the total flavonoid-bound DPBA
fluorescence in these seedlings and do not distinguish between different flavonoid
compounds. The root tip is oriented towards the bottom of the figure in each panel.
The root-hypocotyl transition zone (A) and root tip (B) in wild type (La) imaged by epifluorescence microscopy.
The root-hypocotyl transition zone (C) and root tip (D) in tt7 imaged by epi-fluorescence
microscopy.
Magnified views are shown in the insets in (A) and (C).
The elongation zone in wild type (La) (E) and tt7 (F) optically sectioned through
epidermal and cortex (arrows) cells by CSLM; insets show additional specimens
representative of the lower end of the spectrum of staining intensity observed among
numerous seedlings.
Bar = 20 µm in (E) and (F).
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These findings differ somewhat from what was reported by Murphy et al. (2000), but
may reflect the significant differences in growth conditions between these two studies.
The DPBA staining patterns in these seedlings were also examined at higher
resolution using CLSM, as shown in Figure 9E and F. Although variability in staining
intensity was observed among both wild-type (La) and tt7 seedlings, optical sectioning of
intact roots showed flavonoid staining in both epidermal and cortex cells in wild-type
seedlings (Figure 9E). Although staining was observed in both cell types in tt7, as well,
more intense fluorescence was typically observed in epidermal cells than in cortex cells
(Figure 9F). These findings are consistent with the results of the immunolocalization
experiments, which showed that the highest levels of CHS and CHI enzymes in the
elongation zone were in cortex cells of wild-type seedlings (Figures 4 and 5) and in the
epidermal cells of tt7 seedlings (Figure 6). The high proportion of kaempferol in this
region of wild-type roots suggests that F3'H may normally be less active or present at
lower levels in the elongation zone than in the transition zone. Alternatively, this could
be due to expression of isoforms of FLS with different substrate specificities (Figure 1),
as this enzyme is encoded by at least four genes in Arabidopsis (Bandara and WinkelShirley, unpublished data).

DISCUSSION

The question of the intracellular localization and organization of flavonoid
enzymes was first raised by Helen Stafford more than 25 years ago, together with the
suggestion that the enzymes of general phenylpropanoid, sinapate, lignin and flavonoid
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biosynthesis were likely to function as multienzyme complexes (Stafford, 1974a;
Stafford, 1974b). Evidence to support this hypothesis has come largely from cell
fractionation studies and immunolocalization of CHS that were performed by Geza
Hrazdina's group. In 1985, these workers published a model for phenylpropanoid and
flavonoid synthesis in which enzymes are consecutively assembled at the rER via weak
interactions with membrane proteins that include PAL, C4H, and F3'H (Hrazdina and
Wagner, 1985). Recently, the first evidence for specific protein-protein interactions
among enzymes of the flavonoid pathway was described by our laboratory (Burbulis and
Winkel-Shirley, 1999).
In this study we have shown that CHS and CHI, the first two enzymes of
flavonoid biosynthesis, accumulate in distinct regions of the primary root. The
localization of these proteins in the epidermal and cortex cells of the elongation zone is
consistent with the accumulation of high levels of flavonoids at these sites based on
DBPA staining. An unexpected finding from immunofluorescence experiments,
however, was a striking asymmetric distribution of CHS and CHI protein in cortex cells
of the elongation zone. Immuno-electron microscopy confirmed this pattern at high
resolution and also provided evidence for the co-localization of CHS and CHI at the rER.
In root tip epidermal cells, a subset of these proteins also appears to be located in the
nucleus. In cells exhibiting low labeling and well-defined ER, such as in the wild-type
epidermis, most of the labeling was associated with membranes, while in cells with high
expression of CHS and CHI some degree of apparently "soluble" enzymes were
observed. Overall, these results indicate that flavonoid enzymes are organized in specific
subcellular regions of flavonoid-synthesizing root cells and that this organization appears
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to involve the association with membranes in many cases, but may vary with changes in
expression level of the pathway.
Another unexpected finding was the presence of electron-dense regions
containing large numbers of gold particles representing CHS and CHI. We observed
these localization patterns repeatedly in Arabidopsis root sections, particularly in cortex
cells of the elongation zone. These types of patterns were not reported in two previous
analyses of CHS localization in epidermal cells from the buckwheat hypocotyls
(Hrazdina et al., 1987) and spinach leaves (Beerhues et al., 1988). However, very similar
findings were reported for the UDP-glucose: flavonol 2'- and 5'-O-glucosyltransferases in
leaves of Chrysosoplenium americanum, although under quite different fixation
conditions (Latchinian-Sadek and Ibrahim, 1991). These patterns are also similar to what
has been observed for co-localization of the vacuolar targeting proteins, AtPEP12p and
AtELP, in Arabidopsis root cells (Sanderfoot et al., 1998) and the putative vacuolar
sorting receptor, BP-80, in pea root tips (Paris et al., 1997), all of which are integral
membrane proteins. The electron-dense vesicles, now termed prevacuolar compartments,
in which these proteins reside appear to be derived from the trans-Golgi. This suggests
that flavonoid enzymes can become associated with the surface of such structures in
some situations. However, the identity of the aggregates observed in the current study
remains to be resolved.
The F3'H mutant, tt7(88), was used to test the hypothesis that cytochrome P450s
play a role in recruiting other flavonoid enzymes to membranes. Consistent with this
possibility, several differences were found in the patterns of CHS and CHI distribution in
this mutant. In particular, there was reduced accumulation of the enzymes in cortex cells
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of the elongation zone, consistent with reduced levels of endproducts in this region of the
root. It is possible that F3'H is required for the specific stabilization of flavonoid
enzymes in cortex cells, although it is not clear why this would be different from the
situation in epidermal cells. Furthermore, gold particles corresponding to both enzymes
were observed within vacuoles of epidermal cells, although again it is not clear how these
proteins could become localized within the vacuolar compartment. These observations
are consistent with a role for F3'H in the accumulation and subcellular localization of
other flavonoid enzymes. However, it appears that loss of the majority of the cytosolic
domain of F3'H does not completely abolish targeting of CHS and CHI, suggesting that
either the amino-terminal 113 residues of F3'H provide some degree of interaction, or
that other membrane proteins also contribute to the recruitment of flavonoid enzymes.
Two candidates are the NADPH:cytochrome P450 reductase, which is known to be
required for cytochrome P450 activity, and cytochrome b proteins, that contribute to
activity in some cases. Although there is, as yet, no evidence for the requirement of a
cytochrome b5 for F3'H activity (de Vetten et al., 1999), one of the two NADPH:Cyt
P450 reductases in Arabidopsis has been shown to be coordinately expressed with the
phenylpropanoid pathway (Mizutani and Ohta, 1998) and could provide some specificity
in the assembly of a membrane-bound enzyme complex. Another possibility is that C4H,
a cytochrome P450 monooxygenase that functions in the general phenylpropanoid
pathway, contributes to this organization.
Other than the role of isoflavonoids in establishing the symbiosis of legumes with
nitrogen fixing bacteria, the functions of flavonoids in plant roots is largely unknown.
One possibility is that flavonoids function as auxin transport regulators. In roots, auxin is
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transported from the base of the root to the root tip via the stele (reviewed in Estelle,
1996; Lomax et al., 1995). Auxin may also be transported via cortex and epidermal cells
from the root tip back toward the elongation zone, where it mediates cell expansion and,
by differential transport, the gravitropic response (Rashotte et al., 2000). Certain
flavonoids, including quercetin and kaempferol, have been reported to specifically
compete with NPA, an auxin transport inhibitor that binds to a component of the efflux
carrier (Jacobs and Rubery, 1988). Although the concept of flavonoids as auxin transport
inhibitors has been controversial, it is supported by a recent study showing that
Arabidopsis CHS mutants exhibit altered auxin transport, as well as growth and
developmental abnormalities consistent with a modification of this process (Brown et al.,
2000; Murphy et al., 2000). Interestingly, the putative transmembrane component of the
auxin efflux carrier in roots, AtPIN2, is expressed in an asymmetric pattern in epidermal
and cortex cells of the root tip and elongation zone (Müller et al., 1998). However, this
protein is localized at the basal ends of these cells, whereas CHS and CHI are
concentrated at the apical ends of cortex cells in the elongation zone. Additional work is
clearly needed to determine the significance, if any, of this observation and its
implications for the role of flavonoids in the auxin transport process.
The increasing interest in metabolic engineering in plants and other organisms
points to the importance of understanding the regulation of biosynthetic pathways at
multiple levels. Recent advances are taking us from a two-dimensional view of
metabolism to one that takes into account its three-dimensional organization. This
viewpoint raises the question of whether cells contain numerous uniform complexes each
with multiple branch points or multiple forms of the complex, each containing different
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combinations of enzymes and dedicated to the synthesis of a particular endproduct. It
also raises the possibility that pathway organization may shift in response to external and
internal cues. Based on previous in vitro evidence for relatively weak interactions
between CHS, CHI, F3H and DFR, the flavonoid enzyme complex is likely to be a
dynamic structure; the electron micrographs presented in the current study are also
consistent with the possibility that a subset of the enzymes are not assembled into the
system. Tracking the locations of GFP fusion proteins in living plants may be useful for
addressing the question of whether the flavonoid enzyme complex is reorganized during
development or in response to wounding or gravistimulation. The evidence that F3'H
may indeed play a role in membrane localization of flavonoid enzymes suggests that
there is also a need to further explore the role of cytochrome P450 systems in mediating
the subcellular organization of metabolic systems. These types of studies may provide
important insights into the regulation of metabolism beyond the level of gene and protein
expression and could identify new approaches for altering pathway flux at critical branch
points or even introducing new activities into existing metabolic complexes.

METHODS

Plant Material

Arabidopsis seedlings were grown on MS-agar medium containing 2% sucrose
(Kubasek et al., 1992) in constant white light (120 µE/m2) at 22°C for 4 days. All mutants
were grown to a developmental state matching that of 4-day-old wild type (Landsberg

133

erecta). Plates were orientated vertically in the plant growth chamber, causing roots to
grow on the agar surface.

Antibody Production, Affinity Purification, and Immunoblot Analysis

Polyclonal rabbit anti-CHS IgG antibodies were produced as described previously
(Cain et al., 1997), except that CHS was produced as a thioredoxin fusion in pET32a
(Novagen) and the antibody was generated in rabbit. For affinity purification of antiCHS IgG and anti-CHI IgY, recombinant protein (TRX::CHS or TRX::CHI) was
covalently attached to Affi-Gel 10 activated resin (Bio-Rad), which served as the antigen
matrix in a standard affinity purification protocol (Harlow and Lane, 1988). Immunoblot
analysis was performed as previously described (Burbulis and Winkel-Shirley, 1999)
using the affinity-purified rabbit anti-CHS IgG at a 1:1000 dilution, affinity-purified
chicken anti-CHI IgY at a 1:10 dilution, and horseradish peroxidase-conjugated goat antirabbit IgG or rabbit anti-chicken IgY secondary antibodies at a 1:75,000 dilution.

Sequence Analysis of F3'H

To determine the F3'H sequence, specific primers were designed based on the
wild-type (Columbia) sequence in BAC clone F13G24 that would extend across each
exon on both strands. Genomic DNA was extracted from wild type (Landsberg) and
tt7(88) according to the method of Watson and Thompson (1986) and used as the
template in cycle sequencing reactions (BigDye Reaction Kit, PE Applied Biosystems).
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The sequences have been deposited in Genbank under accession numbers AF241643,
AF241644, AF241645, AF241646 and AF241647. The amino-terminal transmembrane
domain of F3'H was predicted using the PROTEAN module of the Lasergene package
(DNASTAR, Inc.) and TMHMM version 2 (Sonnhammer, von Heijne, and Krogh,
submitted for publication).

Immunofluorescence Microscopy

Arabidopsis seedlings were fixed, rendered permeable, and incubated in primary
and fluorochrome-conjugated secondary antibodies as previously described (Paddock,
1999), with a few modifications. Dilutions of affinity purified antibodies were 1:40 for
the rabbit anti-CHS IgG and 1:5 for the chicken anti-CHI IgY. Alexa 488-conjugated
goat anti-rabbit IgG and Alexa 568-conjugated goat anti-chicken IgY secondary
antibodies (Molecular Probes) were used at a 1:100 dilution. A small strainer,
constructed by cutting the bottom off a 1.5 ml microfuge tube and gluing on a disc of 75
µM Nitex nylon mesh (Precision Woven Screening Media), allowed whole seedlings to
be easily transferred from solution to solution. Imaging of whole-mount specimens was
performed on a Zeiss LSM 510 laser-scanning confocal microscope equipped with a
Zeiss 1.2 N.A. 40X C-Apo water-immersion objective lens. Single labeling experiments
showed that, for the chromophores used in the immunofluorescence studies, bleedthrough was negligible between the rhodamine, FITC, and DAPI channels.
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Immuno-Electron Microscopy

Arabidopsis seedlings were fixed in 4% (v/v) formaldehyde / 0.2% (v/v)
glutaraldehyde, 100 mM sodium phosphate (PBS), pH 7, for 4 hr at room temperature,
then washed three times for 15 min each in PBS, pH 7. The seedlings were then
dehydrated at room temperature through a graded ethanol series: 30, 50, 70, 90, and twice
in 95% ethanol for 15 min each. Tissue infiltration with L.R. White acrylic resin was
performed at room temperature using the following series: 2:1 L.R.White, 95% ethanol;
3:1 L.R.White, 95% ethanol; and 100% L.R.White. Samples were gently rotated in 100%
L.R.White for three days at room temperature, changing to fresh resin twice each day.
Samples were transferred to gelatin capsules and resin was polymerized at 50°C for 24 hr
and then 24 hr at room temperature. Silver-gold sections, 80-120 nm thickness, were
collected on 200 mesh nickel grids.
Immunogold labeling was performed as described by DeWitt and Sussman
(1995), with some modifications. Because both primary antibodies were detected with
secondary antibodies produced in donkey (6 nm gold particle-conjugated donkey antichicken and 12 nm gold particle-conjugated donkey anti-rabbit; Jackson
ImmunoResearch), 5% normal donkey serum (Jackson ImmunoResearch) in TBS-T was
used for blocking and antibody incubation steps. Affinity purified primary antibodies
were diluted 1:20 for rabbit anti-CHS IgG and 1:5 for chicken anti-CHI IgY. Polyclonal
rabbit anti-δ-TIP was used at a 1:40 dilution. Sections were poststained in 2% (w/v)
uranyl acetate for 12 min at room temperature and examined using a Jeol JEM100CX-II
electron microscope.
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Flavonoid Staining

Seedlings were stained for 15 min in 0.25 % diphenylboric acid 2-aminoethyl
ester (DPBA; Sigma) and 0.005% (v/v) Triton X-100 (Murphy et al., 2000; Sheahan and
Rechnitz, 1993). Fluorescence was visualized either on an epifluorescence microscope
using a FITC filter set (excitation 450-490 nm, suppression long pass 520, 4 or 10X PlanApo objective lens) or on a Zeiss LSM 510 laser scanning confocal microscope (argon
laser excitation 488 nm, emission band pass 505-550 nm, Zeiss 1.2 N.A. 40X C-Apo
water-immersion objective lens). Epifluorescence images were captured using Fuji
1600HG 35 mm color print film.
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Chapter 4

Expression of Protein Fusions of Green Fluorescent Protein to CHS and CHI In
Planta: An In Vivo Study of Flavonoid Pathway Dynamics
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ABSTRACT

A molecular cloning approach was taken to fuse the first two enzymes of flavonoid
biosynthesis from Arabidopsis, chalcone synthase (CHS) and chalcone isomerase (CHI),
respectively, to a variant of the reporter green fluorescent protein (GFP). These
constructs were evaluated in transient expression assays in onion root bulb epidermal
peels and Arabidopsis seedlings. Results from these assays indicated that the GFP
reporter was functional in the CHS- and CHI-GFP fusions, which were localized to the
cytoplasm and, in some instances, the nucleus in both onion peels and Arabidopsis
seedlings. No subcellular patterns suggestive of endoplasmic reticulum (ER) localization
were evident despite evidence from in situ experiments in Arabidopsis that showed CHS
and CHI to be localized to the ER. The CHI-GFP fusions constructs were used to
establish transgenic Arabidopsis plants via Agrobacterium T-DNA-mediated
transformation. These transgenic plant lines will serve as powerful tools for determining
the in vivo dynamics of flavonoid biosynthesis and may facilitate investigations into the
role of this pathway in other fundamental plant processes.
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INTRODUCTION

Metabolic activity is controlled at multiple levels between gene and endproduct.
However, aside from post-translational modifications (e.g. phosphorylation) and in vitrodetermined rate constants, little attention is paid to enzymes as control points of pathway
function. Mounting evidence suggests that for certain metabolic pathways, including
ones where the enzyme constituents are 'freely soluble', flux is correlated with the
localization state of the enzymes (e.g. interaction with other pathway enzymes or cellular
structural components) (Wilson, 1980; Low et al., 1993; Stapulionis et al., 1997; Wojtas
et al., 1997; Velot and Srere, 2000). The macromolecular organization of sequential
enzymes in metabolic pathways as complexes, or metabolons, offers the cell a
potentially-important level of control, in addition to those found in transcriptional and
translational processes.
Flavonoids compose a large class of plant secondary metabolic compounds that
play roles in numerous processes including UV protection, pigmentation, pathogen and
predator defense, fungal elicitation, and fertility (Taylor and Briggs, 1990; Mol et al.,
1998; Smith and Banks, 1986; Shirley, 1996; Coe et al., 1981). More controversial is the
involvement of certain flavonoids in the regulation of polar auxin transport (PAT)
(Jacobs and Rubery, 1988; Brown et al., 2000). That flavonoids participate in such a
breadth of fundamental plant processes raises a potential dilemma: how does the plant
maintain stringent regulation of flavonoid biosynthesis, while allowing room for dynamic
plasticity (endproduct diversity, rapid synthesis, etc.)? Likewise, what regulatory
mechanisms operate to determine pathway flux where, within a single cell, numerous
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endproducts form in response to an almost equal number of cues? Although a great deal
of effort has been put forth investigating the biochemistry and regulation of flavonoid
metabolism and the impacts of flavonoid end products on cell physiology, relatively little
is known about the organization and dynamics of this pathway in living plant cells.
Indeed, this is the case for numerous metabolic pathways found in all kingdoms of life.
A significant body of work has been amassed from experiments investigating
steady-state levels of transcriptional and translational products of flavonoid genes in a
variety of plant species (reviewed in Bharti and Khurana, 1997; Durbin et al., 2000).
Although such approaches have been instrumental in deciphering pathway response to a
plethora of input signals such as UV irradiation and hormone treatment (Chappell and
Hahlbrock, 1984; Feinbaum and Ausubel, 1988; Takeda, et al., 1993; Deikman and
Hammer, 1995), little can be inferred regarding the dynamic control and organizational
status of flavonoid biosynthesis in vivo. Recent in vitro and in situ experimental data
suggest that certain flavonoid biosynthetic enzymes physically interact and may form an
endoplasmic reticulum- (ER) associated complex in Arabidopsis (Burbulis and WinkelShirley, 1999; Saslowsky and Winkel-Shirley, 2000). Also evident from the in situ
immunolocalization data is an apparent polar distribution of the first two enzymes of the
flavonoid pathway in root cortex cells in the elongation zone (Saslowsky and WinkelShirley, 2000). This is an interesting observation as these are the cells through which
PAT occurs (reviewed in Jones, 1998). Although these approaches are moving towards
defining the organization and function of flavonoid biosynthesis in vivo, they are
insufficient to follow transient processes with which flavonoid metabolism may be
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involved. To this end, the best methodology currently available involves 'tagging' one of
the enzymes with the reporter, green fluorescent protein (GFP).
Expression of GFP fusions to a protein of interest (POI) is superior to other
reporter systems in that non-invasive, real-time observation of the spatial dynamics of the
POI is possible without the addition of exogenous cofactors (Prasher 1995; Sheen et al.,
1995; Tsien and Miyawaki, 1998). In combination with confocal laser scanning
microscopy (CLSM) imaging, a powerful tool for gauging dynamic inter- and
intracellular processes in the context of intact, living organisms emerges. This strategy
was employed using fusions of the first and second enzymes of flavonoid biosynthesis,
chalcone synthase (CHS) and chalcone isomerase (CHI), respectively, to a plantoptimized form of GFP, mGFP5 (Haseloff et al., 1997; Siemering et al., 1996). To test
for proper expression of the CHS- and CHI-mGFP5 fusions, the constructs were used to
transform epidermal peels from onion root bulbs as well as intact Arabidopsis seedlings
by particle bombardment. These tissues were analyzed by CLSM to confirm the
expression of the constructs and obtain preliminary information on the subcellular
localization of the fusion proteins. Subsequently, the CHI-GFP construct was used to
produce stable transgenic Arabidopsis plants via Agrobacterium-mediated T-DNA
transformation. Analysis of the spatial and temporal distribution of these fusion proteins
in transgenic Arabidopsis should lend valuable insights into the dynamics of this
important plant pathway and its role in a variety of plant processes.
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METHODS

Constructs

Standard PCR and subcloning procedures (Sambrook et al., 1989) were performed
to fuse CHS and CHI coding sequences to mGFP5 (GenBank Accession # U87973)
(Siemering et al., 1996) in the expression vector, pAVA393 (von Arnim et al., 1998).
Escherichia coli strain DH10B was used for cloning. PCR using Pfu DNA polymerase
(Stratagene) was performed on pBluescript KS+ subvectors (Stratagene) containing the
CHS or CHI coding regions (Pelletier and Shirley, 1996) using oligonucleotide primers
that contained restriction sites to facilitate both N- and C-terminal in-frame fusions to
mGFP5. Primers for fusion of the C-terminus of CHS or CHI to the N-terminus of
mGFP5 were as follows: GFP5CHSCs, 5'CATGCCATGGGTATGGTGATGGCTGGTGC-3'; GFP5CHSCa, 5'CATGCCATGGCGAGAGGAACGCTGTGC-3'; GFP5CHICs, 5'CATGCCATGGGTATGTCTTCATCCAACGC-3'; GFP5CHICa, 5'CATGCCATGGCGTTCTCTTTGGCTAG-3'. Underlined sequences represent NcoI
sites. Primers for fusion of the N-terminus of CHS or CHI to the C-terminus of mGFP5
were as follows: GFP5CHSNs, 5'-GAAGATCTATGGTGATGGCTGGTGC-3';
GFP5CHSNa, 5'-GAAGATCTTTAGAGAGGAACGCTGTG-3'; BglII sites are
underlined. GFP5CHINs, 5'-CGGGATCCATGTCTTCATCCAACGCC-3'; GFP5CHINa,
5'-CGGGATCCTCAGTTCTCTTTGGCTAG-3'. BamHI sites are underlined. In these
sequences, ATG start codons are italicized, introduced stop codons are in bold. The last
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letter in the name denotes whether the primer is either the sense (s) or the anti-sense (a)
oligomer. The GFP5CHSCs and GFP5CHICs primers abolish the stop codons in the
CHS and CHI coding regions, respectively, while GFP5CHSNs and GFP5CHINs are
designed to abolish the mGFP5 stop codon after subcloning into the pAVA393 vector
(described below).
CHS and CHI coding region products for C-terminal fusion to the mGFP5 coding
region were digested with NcoI, then ligated into the NcoI site in pAVA393 (Figure 1),
while CHS- and CHI N-terminal products were digested with BglII and BamHI,
respectively, and ligated into the BglII site in pAVA393. The pAVA393 vector is based
on the expression cassette of pRTL2 (Restrepo et al., 1990), which harbors a doubleenhanced CaMV 35s promoter, Tobacco Etch Virus (TEV) translational leader, and
nopaline synthase (NOS) terminator (Figure 1). Proper orientation of inserts was
determined via restriction analysis. The recombinant pAVA393 vectors were termed
CHS::mGFP5, CHI::mGFP5, mGFP5::CHS, and mGFP5::CHI (order reflects that in the
fusion protein). The entire expression cassette of pAVA393 containing the CHS- or CHImGFP5 coding region fusions was directionally cloned into the Agrobacterium binary
vector, pBIB (Becker, 1990) (Figure 2), using KpnI and SmaI for the CHS fusions and
XmaI (a neoschizomer of SmaI) and SalI for the CHI fusions. The expression cassette of
pAVA393 encoding only mGFP5 was also directionally cloned into pBIB using XmaI
and SalI to serve as a control for expression in transgenic Arabidopsis. These
recombinant binary vectors were subsequently transformed into

152

Figure 1. Schematic of the pAVA393 mGFP5 expression vector

A. Restriction map of expression construct.
B. Codons defining translational start and stop in mGFP5.

Abbreviations are as follows: 35S, CaMV double-enhanced 35S
promoter sequence; TL, Tobacco Etch Virus translational leader;
ter, nopaline synthase terminator sequence including the
35S polyadenylation signal from CaMV. All restriction site are unique.
Reproduced from von Arnim et al., 1998 and von Arnim, personal
communication
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A
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SmaI SpeI
NotI BstXI
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mGFP5 start
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XbaI

TAC AGA TCT ATC TAG AGAC...
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Y237 R238 S
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I Stop

Figure 2. Schematic of the pBIB binary vector

Abbreviations are as follows: NPTII, neomycin phosphotransferase II (Kanr);
RB and LB, T-DNA right and left borders, respectively; pAg7, Pnos, and
pAnos, Agrobacterium promoter sequences.
* denotes unique restriction site.
Reproduced from Becker, 1990.
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Agrobacterium tumefaciens strain GV3101 using the method of Holsters et al. (1980).
Transformed cells were stored as glycerol stocks at -80°C until Arabidopsis plants were
of suitable developmental state for transformation.

Transient expression assays

Two plant systems were used in the transient expression assays, epidermal peels
from onion bulbs (placed on MS-sucrose plates just prior to transfection) and roots from
4-day-old Arabidopsis seedlings grown on MS-sucrose plates as previously described
(Kubasek et al., 1992). Transformation by particle bombardment was performed using a
Bio-Rad PDS-1000/He delivery system following the standard protocol supplied by the
manufacturer (Bio-Rad, Hercules, CA). Bombardment parameters included the use of
0.7 µm tungsten particles, 1100 p.s.i. rupture discs, 0.25 inch nest space, and a sample
distance of 6" and 9" for Arabidopsis and onion epidermal peels, respectively. After
bombardment, the tissues or plants were incubated for 36 h at 22°C in a 16 h light / 8 h
dark cycle under 80 µmol s-1m-2 light intensity. Visualization of mGFP5 fluorescence
was performed on a LSM510 laser scanning confocal microscope (Carl Zeiss) using a
488 nm argon laser line for excitation, and a standard FITC filter set.

Transformation of Arabidopsis plants

Agrobacterium-mediated T-DNA transformation of Arabidopsis plants (ecotype
Landsberg) was performed using the vacuum infiltration method (Bechtold et al., 1993;
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Clough and Bent, 1998). Selection of transformants was performed on 0.5X MurashigeSkoog salts / 0.8% tissue culture grade agar (SeaKem, FMC Corp.) plates containing 50
µg/ml kanamycin.

RESULTS and DISCUSSION

Prior to stable transformation of Arabidopsis, the CHS- and CHI-mGFP5 fusion
constructs in pAVA393 (Figure 1) were tested in transient expression assays using both
onion root bulb epidermal peels and Arabidopsis seedlings transformed by particle
bombardment. mGFP5 is a plant codon-optimized soluble form of GFP with enhanced
fluorescent quantum yield that should provide a useful marker for localization of CHS
and CHI in living plant tissues (Haseloff et al., 1997). These experiments were
performed to confirm, in planta, that the fusion of CHS or CHI to the N- or C-terminus of
mGFP5 did not disrupt fluorescence, as well as to determine if any subcellular
localization patterns could be observed. Using immunocytochemical techniques, CHS
and CHI have previously been shown to associate with endoplasmic reticulum (ER) in
root epidermal and cortex cells from wild-type Arabidopsis seedlings (Saslowsky and
Winkel-Shirley, 2000). In bombarded onion epidermal peels, numerous cells expressing
high levels of mGFP5 were observed when pAVA393, CHS::mGFP5, CHI::mGFP5,
mGFP5::CHS, or mGFP5::CHI were adhered to the tungsten particles (Figure 3).
Approximately 10 to 15 cells displaying fluorescence were observed in each 30 cm2 of
peel (data not shown) and very little photobleaching of the mGFP5 chromophore
occurred. No fluorescence was observed in peels bombarded with only the tungsten
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Figure 3.

Transient expression of mGFP5 constructs in onion epidermal peels detected by CLSM.

mGFP5 fluorescence (pseudocolored green) was detected by CLSM (top panel) and was
overlaid on a differential interference contrast (DIC) transmitted light image (bottom
panel). The protein order in the fusion name signifies orientation with respect to protein
termini.
(A) pAVA393 control.
(B) mGFP5::CHI. Arrow indicates fluorescence at the cell periphery/cell wall.
(C) CHI::mGFP5. Arrow indicates fluorescence in the nucleus.
(D) mGFP5::CHS.
(E) CHS::mGFP5. Arrow indicates fluorescence in transvacuolar strands.
Bar = 50 µm in (A) and (B), and 100 µm in (C) to (E).
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particles (data not shown). In addition to demonstrating that the fusions did not affect
GFP fluorescence, these experiments show that the coding region for the two flavonoid
genes was successfully inserted in frame with the coding sequence for mGFP5 in
CHS::mGFP5- and CHI::mGFP5. For mGFP5::CHS and mGFP5::CHI, sequencing
analysis will be performed to confirm that CHS and CHI are in frame with mGFP5.
A variety of subcellular locations marked by mGFP5 fluorescence were observed
in transfected onion cells including the cell periphery (Figure 3B), nucleus (Figure 3C),
and transvacuolar strands, which contain cytoplasm (Scott et al., 1999) (Figure 3E). No
specificity with respect to subcellular location was observed among the constructs. In
order to demarcate ER in the onion epidermal cells, mGFP5-ER (Haseloff et al., 1997),
which contains the N-terminal signal peptide sequence from Arabidopsis basic chitinase
and a C-terminal HDEL sequence for targeting to and retention in the ER, was also
transiently expressed in onion epidermal cells via particle bombardment (Figure 4A). In
plant cells, a number of ER morphologies are observed including tubular networks
associated with the plasmalemma as well as tubular and lamellar domains extending
through the cytoplasm (Quader et al., 1996; Staehelin, 1997). When optically sectioned
en face, the cytoplasmic region in cells expressing this construct displayed a lattice of
tubular ER similar to what has been previously reported (Quader et al., 1996; Scott et al.,
1999). This type of patterning was not observed in cells expressing either mGFP5::CHS
or mGFP5::CHI (Figure 4B and 4C, respectively). The location of the signal in
mGFP5::CHS- or mGFP5::CHI-expressing cells was, however, consistent with
localization to the cytoplasm (Figure 3, 4B, and 4C).
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Figure 4.

Transient expression of mGFP5 constructs in onion epidermal peels detected by CLSM.

(A) mGFP5-ER. Arrow indicates the corticular ER network.
(B) mGFP5::CHS. Arrow indicates either a mitochondrion or a plastid excluding
mGFP5 fluorescence.
(C) mGFP5::CHI.
(D) mGFP5::CHS and CHI::mGFP5.
Inset is a 250% magnification in (A) to (D).
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To test if expression of multiple Arabidopsis flavonoid enzymes was required for
ER localization in onion epidermal cells, both mGFP5::CHS and CHI::mGFP5 constructs
were adsorbed to tungsten particles and subsequently bombarded into onion epidermal
peels. As all four flavonoid-mGFP5 constructs appear to be properly expressed in this
system, the selection of fusion orientation was arbitrary. It was not determined if both
mGFP5::CHS and CHI::mGFP5 were expressed within the same cells. It is likely,
however, that this was the case since each tungsten particle was presumably coated with a
heterologous population of mGFP5::CHS and CHI::mGFP5 pAVA393 expression
vectors. The resulting fluorescence (Figure 4D) was similar to that seen for
mGFP5::CHS and CHI::mGFP5 alone, and was not indicative of ER localization. This
result was not too surprising considering that CHS and CHI most likely localize to the ER
via interactions with other flavonoid enzymes in Arabidopsis (Burbulis and WinkelShirley, 1999; Saslowsky and Winkel-Shirley, 2000) that either may not be expressed in
onion root epidermis, or are incompatible for the formation of a heterologous flavonoid
metabolon.
To test if the expression and subcellular localization patterns observed in onion
epidermal cells would be similar in Arabidopsis, the mGFP5 fusion constructs were
introduced into Arabidopsis root tissues via particle bombardment. As a positive control,
the pAVA393 vector was also introduced into Arabidopsis root tissues via particle
bombardment, which resulted in fluorescence emanating from the nucleus as well as the
cell periphery (Figure 5A). Presumably due to its small size (27 kDa), soluble forms of
GFP are often found to localize to nuclei (Scott et al., 1999). To demarcate ER in the
cells of living seedlings, Arabidopsis plants stably transformed with the mGFP5-ER
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Figure 5.

Expression of mGFP5 in root tissue from intact Arabidopsis seedlings.

mGFP5 fluorescence (pseudocolored green) was detected by CLSM (top panel) and was
overlaid on a differential interference contrast (DIC) transmitted light image (bottom
panel). Results from transient transfection experiments are shown in (A), (C), and (D),
while a stably transformed line expressing mGFP5-ER is shown in (B).
(A) pAVA393 control. Arrow indicates nuclear fluorescence.
(B) mGFP5-ER. Arrow denotes low abundance of fluorescence in nucleus.
(C) mGFP5::CHI.
(D) CHS::mGFP5.
Bar = 50 µm in (A), (C), and (D), and 10 µm in (B).
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construct (Harper et al., 1999) were analyzed. Root tip cells from these transgenic plants
show mGFP5 fluorescence in the cytoplasm as well as at the nuclear periphery (Figure
5B). Unfortunately, the transgenic plants expressing the mGFP5-ER construct did not
display fluorescence in epidermal cells closer to the hypocotyl, the region where all of the
cells showing fluorescence from the transient assays were located. This is attributable to
the transgenic plants having been derived from an enhancer-trap screen, where a minimal
promoter was used to drive mGFP5-ER expression (Haseloff, unpublished data).
Expression of mGFP5::CHI (Figure 5C) and CHS::mGFP5 (Figure 5D) was
observed in a very low percentage of differentiated root epidermal cells, where the
distribution of fluorescence was similar to that of pAVA393 alone. As for the
onion epidermal cells, the inability to observe ER localization of mGFP5 fluorescence in
differentiated Arabidopsis root epidermal cells is not surprising. It has been shown that
CHS and CHI accumulate to high levels in cortex and epidermal cells of the root
elongation zone (Saslowsky and Winkel-Shirley, 2000), so it may be that the necessary
complement of flavonoid enzymes for the formation of an ER-associated complex is not
present in the cells where transient expression was observed. These experiments do show
that the mGFP5 fusion constructs appear to be properly expressed in Arabidopsis and
should provide useful information when analyzed in the context of transgenic plants,
where expression is expected to occur in most tissues under control of the double
enhanced CaMV 35S promoter (Restrepo et al., 1990).
The next step towards establishing transgenic Arabidopsis plants via
Agrobacterium-mediated transformation was to subclone the expression cassette
containing the CHS- or CHI-mGFP5 fusions into a binary plasmid. The CHI::mGFP5
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and mGFP5::CHI constructs were cloned into pBIB, however, it was not possible to
clone the CHS-mGFP5 expression cassettes into this binary vector. This result was
attributed to the juxtaposition of the restriction sites (KpnI and SmaI) in pBIB (Figure 2).
This problem will be ameliorated by utilizing a recently-described binary vector (pGreen)
(Hellens et al., 2000) that has a more versatile multiple cloning site that is suitable for
cloning in the CHS-mGFP5 constructs. The pBIB binary vectors containing the
CHI::mGFP5 and mGFP5::CHI expression constructs were used to transform
Agrobacterium, the success of which was determined by PCR amplification of both the
CHI and mGFP5 coding regions using primers internal to these respective sequences
(data not shown). Agrobacterium containing the binary vector housing the CHI-mGFP5
fusion constructs are currently being used to stably transform Arabidopsis plants.
In order to monitor dynamic and potentially short-lived events in the context of
living cells, reporters capable of robust signal output as well as real-time detection are
required. The widely used GFP reporter meets these requirements and has been utilized
here to detect the in vivo subcellular location of the first two enzymes in flavonoid
biosynthesis, CHS and CHI, in transient expression analyses. Upon the establishment of
transgenic Arabidopsis plants, in vivo analysis of GFP-flavonoid enzyme fusions may
help to elucidate physiologically-significant roles of flavonoid biosynthesis in important
plant processes such as auxin transport, gravitropism, and the wounding response. Of
particular interest is the question, does the application of synthetic auxin to Arabidopsis
seedlings result in altered distribution of CHS and CHI? Immunolocalization studies in
Arabidopsis indicate that these two enzymes are abundant at the apical end of cortex cells
in the root elongation zone (Saslowsky and Winkel-Shirley, 2000), with subcellular
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distribution similar to that expected for auxin influx machinery (reviewed in Jones,
1998). If flavonoids are involved in the regulation of polar auxin transport (PAT) as
experiments suggest (Jacobs and Rubery, 1988; Brown et al., 2000; Murphy et al., 2000),
then varying concentrations of this plant hormone may induce changes in flavonoid
pathway organization, a phenomenon that could be detected by changes in subcellular
patterns of GFP fluorescence. Alternatively, the gravistimulation response, which is
invoked due to spatial changes in PAT, could likewise reveal alterations in the subcellular
location of flavonoid enzymes via GFP fluorescence. A similar rationale will be taken to
determine if changes in the subcellular location of CHS or CHI occur in response to
wounding. These CHS- and CHI-GFP fusion constructs will also be crossed into
corresponding null mutants of CHS (tt4) and CHI (tt5) to determine if the fusion of the
GFP reporter has any impact on the activity of the associated flavonoid enzyme (via
HPLC analysis of flavonoid endproducts). Results from previous in situ
immunolocalization studies (Saslowsky and Winkel-Shirley, 2000) will help to determine
if the 'normal' subcellular localization of CHS and CHI has been impacted due to the
fused GFP. Thus, the GFP fusions described here should prove to be invaluable tools for
determining the in vivo activity, localization, and dynamics of flavonoid biosynthesis, and
thereby serve to offer new insights into the function and regulation of this important plant
metabolic pathway.
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Chapter 5.

Conclusions
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Complex systems are rarely described comprehensively using a single analytical
approach. This certainly holds true for investigations into the organization of cellular
metabolism. Methodologies ranging from whole cell centrifugation experiments
performed in the 1960's by Zalokar and Kempner and Miller, to more recent
mathematically-based computer modeling have been brought to bear on this topic as
complementary technologies have arisen. This collective body of work has generally
denounced stochastic models of cellular metabolism in favor of ones where structural
organization, exemplified by enzyme complexes (metabolons), plays an important role in
the regulation of pathway flux.
In an effort to build upon the existing views of metabolic organization, our
laboratory has utilized the flavonoid biosynthetic pathway in Arabidopsis thaliana. This
pathway is genetically and biochemically tractable and is an excellent model for studying
the organization of metabolic pathways as enzyme complexes for reasons discussed in the
introduction (Chapter 1). A variety of approaches have been taken by our laboratory to
investigate the flavonoid metabolon, including ones that demonstrated in vitro
interactions among some of the pathway enzymes (Burbulis and Winkel-Shirley, 1999).
The intent of the research presented here was twofold: 1) to characterize an allelic series
of the gene encoding the first enzyme of flavonoid biosynthesis, chalcone synthase
(CHS), which will be of use for investigating interactions among pathway enzymes, and
2) to directly investigate the in planta localization of the first and second enzymes in the
flavonoid pathway, CHS and chalcone isomerase (CHI).
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The analyses of five novel CHS mutants indicate that these alleles have a variety
of effects on CHS accumulation and activity. The locations of the lesions were mapped
on the three-dimensional protein model of alfalfa CHS, which indicated potentiallysignificant effects on protein structure or folding in several cases. Once these mutant
CHS alleles are either cloned or recapitulated via site-directed mutagenesis, they can be
overexpressed as recombinant proteins in E.coli and used in experiments aimed at
determining whether interactions with other flavonoid enzymes are impaired. Although
immunoprecipitation and affinity pull-down approaches were successful in detecting
interactions between wild-type flavonoid enzymes, the laborious nature and lack of
robustness of such experiments may preclude their use in analyses of the mutant CHS
alleles, where interaction forces may be diminished. One approach to quantitatively
assess interactions between the mutant CHS enzymes and other members of the flavonoid
pathway is the application of atomic force microscopy (AFM). For this methodology,
two proteins of interest (e.g. CHS and CHI) are adsorbed to two different surfaces (probe
tip and substrate) and then brought into contact. As the proteins are separated, minute
adhesional forces between the two proteins (nano-Newton range) are measured with
Angstrom resolution. Preliminary experiments are underway to test the feasibility of this
approach in detecting interaction forces between CHS and CHI (Saslowsky and WinkelShirley, unpublished results). AFM may prove to be the tool of choice for reproducibly
and quantitatively determining interactions among flavonoid enzymes, including allelic
mutants such as those characterized here.
Despite the variety of in vitro approaches taken by our laboratory to demonstrate
interactions among flavonoid enzymes, prior to this study, no data on the subcellular
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location of enzymes from this pathway in Arabidopsis had been reported. In fact, this
study is the first to simultaneously localize multiple flavonoid enzymes in any species.
The availability of highly specific affinity-purified antibodies for CHS and CHI made
possible the co-immunolocalization of these two sequential flavonoid enzymes in fixed
Arabidopsis tissues by both immuno-electron and immuno fluorescence microscopy.
These two forms of microscopy are quite complementary in the resolution levels at which
they operate. Immunofluorescence data indicated that both CHS and CHI are abundant in
epidermal and corticular cells in the root elongation zone. The finding that flavonoid
enzymes are present in root cortex cells was somewhat surprising, since tissue specificity
reported in other species is restricted to the epidermis, where flavonoid end products are
thought to participate in UV absorption and pigmentation (Strack et al., 1985; Chapple et
al, 1992; Day, 1993; Shirley, 1996). More surprising was the observation that within
these cells, both CHS and CHI appeared to have a polar distribution, with a much greater
abundance at the apical end (toward the root tip) than at the basal end (towards the shoot)
of these cells. Immuno-EM confirmed the polarity of CHS and CHI label in root cortex
cells and also provided evidence for the association of these two enzymes with the
endoplasmic reticulum (ER). Analysis of a mutant (tt7) devoid of the putative P450
'anchor' protein, F3'H, around which other flavonoid enzymes are thought to associate at
the ER, showed some alterations in CHS and CHI localization, however, ER association
was still evident. This result suggests that stabilization of CHS and CHI at the ER may
involve other cellular constituents such as other P450s or, speculatively, cytoskeletal
elements.
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These experiments represent a significant advance in the in planta determination
of flavonoid enzyme organization. Although CHS was previously reported to be
associated with the ER in buckwheat, important differences exist between these earlier
immunolocalization studies and those presented here regarding the model organisms used
and the technologies employed. In Arabidopsis, CHS and CHI are encoded by single
copy genes and null mutants of both of these enzymes are available, which serve as
excellent negative controls. This is not the case in buckwheat. Also, the previous studies
focused on buckwheat cotyledon epidermal peels; no immuno-EM data was presented
from other cell types. Furthermore, tissue specificity was not determined in the earlier
studies, as confocal imaging of intact plants was not feasible at the time. Co-localization
of CHS and CHI was performed here in Arabidopsis, the plant from which these two
enzymes were shown previously to interact in vitro. Lastly, the ultrastructural
preservation, overall label density and proximity of both CHS and CHI to ER presented
here is superior to that from the earlier investigations in buckwheat.
The presence of high levels of flavonoid enzymes in cortex cells may indicate a
role for this pathway in processes distinct from those in epidermal cells. Interestingly,
polar auxin transport (PAT) occurs in these tissues, the machinery of which is distributed
in a polar fashion much like that observed for CHS and CHI (Jones, 1998; Estelle, 1998).
Further experiments are clearly needed to test the hypothesis that the flavonoid
biosynthetic pathway and its endproducts are involved in the regulation of PAT.
Unfortunately, the necessity to use fixed tissues for immunofluorescence microscopy
makes it difficult to investigate dynamic and/or transient processes with this
methodology.
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One approach to elucidate physiologically significant roles of flavonoid
biosynthesis in other plant processes, in vivo, is to tag flavonoid enzymes with the
reporter, green fluorescent protein (GFP). An expression construct harboring CHI fused
to a plant-optimized GFP was used for Agrobacterium-mediated transformation of
Arabidopsis plants so that the intracellular dynamics of CHI could be followed. Since the
GFP transgene results in a dominant phenotype, screening can be rapidly performed
using a fluorescent dissecting microscope. Once T1 seedlings expressing GFP are
available, confocal microscopy will be performed in vivo to determine if any patterns of
subcellular localization (e.g., ER) are discernable. Experiments focusing on the dynamic
involvement of the flavonoid pathway with other plant processes such as PAT will be
performed on T2 lines that demonstrate moderate to low levels of GFP fluorescence for
reasons discussed in Chapter 1. Visualization of fluorescence can be captured at
approximately one frame per second using traditional confocal microscopy, which should
be sufficient to image relatively transient processes.
The flavonoid biosynthetic pathway from Arabidopsis is increasingly becoming a
premier model for the organization of plant metabolic pathways as metabolons. The
work presented here takes a significant step towards demonstrating such organization in
planta, and provides tools to further characterize this pathway in vivo. The finding that
flavonoid biosynthesis is likely organized on the cytosolic face of ER as a multienzyme
complex in planta opens the door for experiments investigating the physiological
relevance of this phenomenon, experiments that will certainly rely heavily on the GFP
fusion technology reported herein.
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The apparent organization of flavonoid biosynthesis as an enzyme complex has
implications for other metabolic pathways and may turn out to be a general feature of
metabolism, not restricted to the plant kingdom. If this turns out to be even partially
correct, then scientists attempting to engineer metabolic pathways for altered flux or the
production of novel endproducts ignore such organizational phenomena at their peril.
Although the organization of metabolic pathways as enzyme complexes is yet another
layer of complexity for the metabolic engineer to contend with, so too does it open the
door for novel approaches to successfully manipulate cellular metabolism. Although still
in its infancy, our understanding of the orchestration of cellular events is improving and
will hopefully be augmented by investigations into the flavonoid biosynthetic pathway
from Arabidopsis thaliana.
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Appendix I.

Microscopy Techniques for Imaging
Living Cells and Tissues

The intent of the following information is to synopsize what was presented at the
Woods Hole Marine Biological Laboratory (MBL) course entitled 'Optical Microscopy
and Imaging in the Biomedical Sciences' as it pertains to the examination of living cells.
General theory and applications to live cell imaging will be considered for a handful of
light microscopy techniques.
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Brightfield
This form of microscopy relies on optical lenses to capture and magnify an image
of a specimen via transmitted light (having few biological applications, reflected light
won't be discussed). The ability to distinguish two objects as separate (resolution) and
hence, image formation, is a direct consequence of the physical interaction of light rays.
As waves of light enter a specimen, some may pass through undisturbed (direct light),
while some will be diffracted as a consequence of interactions with the molecular
structure of the sample. This diffracted light, being out of phase with the direct light by
approximately 1/2 wavelength (1/2 λ), can participate in interference (constructive or
destructive) with the direct light resulting in a 'copy' of the specimen being formed at the
image plane of the eyepiece. According to Abbe's theorem, at least 2 orders of light are
required to resolve two objects, where direct light is zero order and diffracted light exists
as multiple, discrete orders (1st, 2nd, 3rd, etc.). It follows from this theorem that the
greater number of diffracted orders translating onto the image plane, the more accurate
the representation of the original object, a phenomenon that is diminished as the
numerical aperture (N.A.) of the objective lens is decreased. Thus, higher N.A. objectives
offer better resolution and light-gathering capabilities than lower N.A. lenses, but at the
expense of a decreased depth of field.
Brightfield microscopy is very well suited to applications in which contrast of
translucent or transparent specimens is generated through chemical staining. Since
staining procedures can alter cellular morphology and ultrastructure or more severely, kill
the cell, alternative techniques that generate contrast in living specimens by altering the
optical path in the microscope can often be useful. Another limitation of brightfield is
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that contrast can only be created from amplitude objects, that is, objects that alter the
height or frequency of the transmitting light waves resulting in changes in brightness or
color, respectively. This type of microscopy does not create contrast in phase objects,
where there is a retardation of the phase of the light wave, due to the inability of our eyes
(or film) to detect such phase differences.

Darkfield
Simply, darkfield microscopy is performed by blocking the central light that
normally travels from the condenser to the specimen in brightfield, thereby allowing only
oblique rays to be emitted from the condenser. In the absence of a specimen in the focal
plane (and as long as the N.A. of the condenser > than that of the objective) these oblique
rays are more obtuse than the objective is capable of gathering, thus rendering a black
background. The effect of placing a specimen in the focal plane (assuming the specimen
sufficiently diffracts light) is that some of these oblique rays will be diffracted into the
angular aperture (α angle) of the objective, showing up as brightness on a black
background, and hence, improved image contrast. Mort Abramowitz draws the analogy
of being able to easily discern stars against the backdrop of the dark universe, but not
being able to detect their presence when the overwhelming light of the sun is reigning1. In
these terms, darkfield microscopy is similar to a solar eclipse.
Although not particularly suited for bringing out details of intracellular structure,
darkfield illumination is quite useful for observing the edges and outlines of cells and
other large-scale structures, particularly intricate line structures that are poorly seen under
brightfield such as those of diatoms. The reason for poor representation of intracellular
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structures is due to the loss of the zero order light, which is essential for faithful image
formation but antithetical to darkfield illumination. Practically, darkfield illumination is
inexpensive to set up and can be done on virtually any light microscope (high N.A.
darkfield condenser being the limiting component).

Phase Contrast
As previously mentioned, objects that alter light wave amplitude or frequency are
readily observed (as changes in brightness or color), whereas ones that solely affect phase
are not. The reason for this is because a phase object, via differences in refractive indices
or sample thickness, has the effect of altering the light wave by approximately 1/4 λ,
which does not promote interference among direct and diffracted light orders. The key to
phase contrast is that it 'speeds up' (or slows down) the direct light by 1/4 λ making it out
of phase with the diffracted light by 1/2 λ, thus potentiating destructive (or constructive)
interference at the image plane. In other words, phase contrast 'converts' a phase object
into an amplitude object and thus a phenomenon invisible to us (1/4 λ shift) to one that is
readily detected as differences in brightness. To ‘speed up’ only the direct zero order
component of transmitted light necessitates separating its optical path from that of the
diffracted light. This is achieved by placing a ring annulus under the condenser lens that
directs a hollow light cone onto the specimen. Direct light consequently forms a ring of
light at the perimeter of the back focal plane (BFP) of the objective, while light diffracted
by the specimen fills the entire BFP. Thus separated from diffracted light, the direct light
is ‘sped up’ by 1/4 λ by placing a phase plate in the BFP of the objective that is thinner in
the ring-shaped area that corresponds to the focal area of the direct light. This slightly
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shorter path that the direct light traverses, as compared to the diffracted light, results in
this 1/4 λ shift. A resultant 1/2 λ difference between direct and diffracted light is thereby
observed at the image plane via differences in brightness. Additionally, this ring area is
tinted to attenuate the intensity of the direct light to approximately match that of the
diffracted light, maximizing interference detection at the image plane.
The advent of phase contrast has been described as the single biggest advance in
microscopy this century and was recognized by awarding its discoverer, F. Zernike, the
Nobel Prize in physics in 1953. Prior to phase contrast, imaging highly transmitting,
unstained living isotropic amplitude objects (e.g. bacteria and red blood cells) was all but
impossible to do. This method is ideally suited for imaging thin, unstained specimens
such as monolayers of cells cultured on coverslips. The telltale signature of phase
contrast is the halo effect observed at the edges of structures. This unavoidable artifact is
at worst 'pesky' in thin samples (<10 um), but can significantly obscure edge details in
thicker ones due to phase shifts from sample material outside of the focal plane.
Depending on application, another potential drawback is the ability to only visualize
phase contrast monochromatically. Lastly, setting a stand up for phase contrast requires
having phase objectives (built-in phase rings in BFP) as well as a condenser that has
phase annuli to match each phase objective: both components with moderate price tags.

Polarization Contrast
As with any contrast technique, polarization (Pol) contrast microscopy seeks to
set the specimen and its details apart from background, only here, the ideal sample is
highly birefringent and thus, anisotropic. Birefringency is a specimen trait where the
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refractive index is dependent on the plane of vibration of the incident light. Similar to
darkfield, the background (without sample) is black in a properly set-up Pol scope,
caused not by exclusion of oblique rays but by the introduction of crossed polars in the
optical path. A polar is an object that only allows light vibrating in the same plane as the
polar to pass and as a result creates plane-polarized light. One polar, the polarizer, is
situated below the condenser and is orientated 90° to the second polar, the analyzer,
located above the objective. In this configuration (termed extinction), no light is able to
pass to the eyepieces. The introduction of a birefringent specimen has the effect of
altering the polarization state of the plane-polarized light from the polarizer such that it
no longer enters the analyzer 90° to its polarization axis, but at some other rotational
angle. This specimen-induced relaxation of extinction appears as brightness on a dark
background, where greater areas of birefringency translate to brighter parts of the
specimen image.
This form of microscopy is very well suited for generating contrast in birefringent
samples such as crystals and polymers (e.g. DNA, cytoskeletal elements, and cell walls).
Since by definition birefringent objects alter plane-polarized light in a vibration angledependant manner, it is beneficial to be able to rotate the sample on the stage to optimize
contrast in structures of interest. Ideally, this is actuated through a precision-machined
rotating stage, exemplified by ones that 'float' on a layer of high viscosity oil. Another
prerequisite for high quality Pol microscopy is the utilization of strain-free Pol objectives.
The glass for these specialized objectives is cooled very slowly and mounted in special
cements to avoid generation of optical flaws that could translate into a significant
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diminishment in the ability to achieve extinction. For both 'precision-machined' and
'specialized', as is usually the case, insert 'expensive'.

Differential Interference Contrast (DIC)
The last contrast generating method, DIC (also referred to as Nomarski optics),
shares the use of polarized light with Pol contrast, but additionally employs the use of
two prisms in the light 'train' of the microscope. The first of these, termed Wollaston
prisms, is located after the polarizer and before the condenser in the optical path. The first
Wollaston shears the plane-polarized light from the polarizer into ordinary and
extraordinary rays, which enter the specimen very close together as parallel rays with
slightly different paths. As these sheared rays pass through the sample, they may
experience further changes in path lengths due to differences in sample thickness and
refractive indices (e.g., one ray may traverse the edge of a nucleus while the other passes
through the cytoplasm). The second Wollaston removes the shear created by the first
prism thereby combining the ordinary and extraordinary rays back into one. This
'combining' prism also removes the minor difference in path created by the first
Wollaston, but not differences due to interactions with the specimen, which are detected
as differences in brightness and/or color after passing through the analyzer. The analyzer
is required because the vibrations of the light waves with different path lengths must be
brought into the same plane and axis in order for interference to occur among these
waves.
Images acquired using DIC have a characteristically striking three dimensional
appearance and display excellent contrast, especially with thicker samples. It is important

190

to keep in mind, to minimize misinterpretation, that the 3D shadow-cast effect in the
image stems primarily from gradients of refractive indices throughout the sample and not
from topographical features of the surface. This 3D effect is produced, in other words, by
'optical thickness', not physical thickness. This phenomenon can be very useful in
determining relative refractive indices (hence densities) among subcellular features as a
function of the extent and direction of the shadow-cast. Unlike phase contrast, DIC
allows full use of the objective's N.A., resulting in better resolution and the ability to
focus on thinner planes within the specimen (better optical sectioning). DIC also allows
for the production of color images without any halo artifacts. On the down side, samples
(or objectives) that strongly affect polarized light are not suitable for DIC. Also, very
thin samples make for poor imaging in DIC and are better suited for phase contrast. A
final drawback to DIC is the expense, which lies primarily in the numerous required
Wollaston prisms (one set for each objective).
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Note: The information presented here was formed exclusively from handouts and lecture
notes obtained at the MBL course entitled 'Optical Microscopy and Imaging in the
Biomedical Sciences' attended by D.E.S. October 6-15, 1999.
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