
CHAPTER 6:
Arabidopsis thaliana flavonoid biosynthetic enzymes form a complex.*

* to be submitted for publication in Proc. Natl. Acad Sci.

ABSTRACT:

Flavonoids are secondary metabolites derived from phenylalanine and acetate
metabolism that perform a variety of essential functions in higher plants. Previous studies
have led to the hypothesis that flavonoid metabolism is catalyzed by an enzyme complex
localized to intracellular membranes (Hrazdina and Wagner, 1985b). To test this hypothesis
we assayed for interactions between several key flavonoid biosynthetic enzymes from
germinating Arabidopsis thaliana seedlings. Two-hybrid assays demonstrate that chalcone
synthase (CHS), chalcone isomerase (CHI), and dihydroflavonol 4-reductase (DFR)
interact in an orientation-dependent manner. Moreover, affinity pull-down and
immunoprecipitation assays demonstrate interactions between CHS, CHI, and flavonol 3-
hydroxylase (F3H). These results support the hypothesis that these proteins assemble as a
macromolecular complex with contacts between multiple enzymes.
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INTRODUCTION:

Living cells catalyze thousands of chemical reactions in a temporally and spatially
ordered fashion. The activity of many enzymes have been measured in vitro. Based on
such studies most textbooks portray metabolic pathways as chemical intermediates that
randomly diffuse and collide with soluble enzymes catalyzing sequential reactions in the
aqueous environment of the cytosol. However, the cytosol is a densely-crowded
environment where no single protein is in high abundance but the total protein
concentration is very high (Able et al., 1990). This molecular crowding is thought to create
an environment that resembles an aqueous crystal (Fulton, 1982) and promotes the
assembly of soluble enzymes into complexes in vivo (Ovadi and Srere, 1996). Early
evidence in support of this model came from centrifugation studies using viable
Neurospora (Zalokar, 1960) and Euglena (Kempner and Miller, 1968) cells that indicated
that all the cytosolic proteins in these cells, most considered soluble, exist as high
molecular weight aggregates. More recent studies indicate that enzyme complex
organization maintains high substrate concentrations at the active site via channeling (Ovadi
& Srere, 1996), separates anabolic and catabolic events (Ovadi, 1991), maintains
stereospecific catalysis (Sumegi et al., 1993), and protects cell function by sequestering
toxic intermediates (Mol and Visser, 1985). Since the forces that promote the formation of
enzyme complexes in vivo are diminished in vitro due to dilution, the significance of
enzyme-enzyme interactions in the activity of entire metabolic pathways has remained
controversial.

Unlike glycolysis, citric acid metabolism (Srere, 1987), and other essential
processes (Mathews, 1993) that have been used as models to study enzyme organization in
vivo, flavonoid biosynthesis in A. thaliana is dispensable under laboratory conditions
(Burbulis et al., 1996; Shirley, 1996). Because of this, pigmentless mutants have been
easily isolated (Koornneef, 1981; Koornneef, 1990). At least sixteen different loci have
been mapped and hundreds of different mutant alleles have been identified (Shirley et al.,
1995; Koornneef and Lepinic, personal communication). Five of the six cloned A. thaliana
flavonoid structural enzymes are encoded by single copy genes. Using such a simple
system, the consequences of missing structural enzymes on the synthesis of products can
be determined without the mutant phenotype being lethal. These attributes make flavonoid
biosynthesis in A. thaliana a useful molecular genetic model to determine if the organization
of enzymes affects the activity of an entire metabolic pathway in vivo.

Flavonoids are plant secondary metabolites derived from phenylalanine and acetate
metabolism that perform a variety of essential functions in plant growth and survival
(Shirley, 1996). These compounds function in UV protection (Li et al., 1993), defense
(Dixon et al., 1983; Koes et al., 1994), signaling (Zerback et al., 1989; Clarke et al., 1992;
Fisher and Long, 1992), as anti-oxidants (Rice-Evans et al., 1997), in male fertility (Coe et
al., 1981) and as the red, purple, and blue pigments found in flowers, fruits, and leaves
(Stafford, 1990). Although many flavonoid derivatives exist in nature, only three major
classes of end product appear to be made in A. thaliana, the flavonols, anthocyanins (Mittal
et al., 1995; Burbulis et al., 1996; Graham, 1998), and condensed tannins (Shirley et al.,
1995). These molecules are thought to be synthesized in the epidermis by soluble cytosolic
enzymes (Hrazdina et al., 1986), glycosylated (Stafford, 1990), glutathionated, and then
imported into the vacuole via ATP-dependent glutathione pump (Batschauer et al., 1996;
Lu et al., 1997; Alfenito et al., 1998).

The synthesis of flavonoids in A. thaliana is a highly regulated process during
seedling development and plant growth (Holton and Cornish, 1995). The expression of
flavonoid structural genes requires light (Batschauer et al., 1996). Blue light and anion
channel dependent membrane depolarization are thought to be essential for the initiation of



67

flavonoid gene expression in A. thaliana seedlings (Noh and Spalding, 1998). The mRNAs
leading to the synthesis of flavonols are coordinately expressed (Pelletier and Shirley,
1996)  and precede the expression of mRNAs encoding DFR and leucoanthocyanidin
dioxygenase (LDOX), leading to the synthesis of anthocyanins, in light induction
experiments (Pelletier et al., 1997). This has lead to the distinction of these genes as "early"
or "late" genes. The early enzymes accumulate to maximum steady state levels three days
after light induction, while late enzymes are delayed approximately one day.

Existing evidence indicates that the phenylpropanoid and flavonoid biosynthetic
pathways are organized as a complex. Early cell fractionation studies using tulip,
buckwheat, and red cabbage showed that several phenylpropanoid enzymes cofractionate
with microsomes enriched in endoplasmic reticulum (ER) marker enzymes (Hrazdina &
Wagner, 1985b). This led to the hypothesis that flavonoid biosynthesis may also be
organized on the cytoplasmic surface of the ER (Stafford, 1990). Additional studies have
shown that CHS cofractionates with rough ER in buckwheat hypocotol epidermis
(Hrazdina et al., 1987). In this study we have used molecular, biochemical, and genetic
tools to test the hypothesis that the A. thaliana flavonoid enzymes form a complex. We
hope to develop this pathway as a model system to understand how cells organize
metabolic pathways and the functional consequences of this arrangement.
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MATERIALS AND METHODS:

Two-hybrid assays.
Full-length cDNAs encoding A. thaliana CHS, CHI, and DFR were amplified from

existing plasmid templates (Pelletier & Shirley, 1996) using primer combinations according
to Burbulis (1996). Amplified products were digested with SalI and NotI, then subcloned
into pPC62(Gal41-147) and pPC86(Gal4768-881) expression vectors (Chevray and
Nathans, 1992) (generously provided by Dr. W.L. Crosby, National Research Council,
Plant Biotechnology Institute, Canada). Correct orientation and in-frame fusion of the
cDNAs was confirmed by sequencing using Sequenase (United States Biochemical)
according to the manufacture's protocol (Shirley et al., 1992). Pairwise combinations of
the fusion constructs were transformed into the yeast host HF7c (Bartel et al., 1993a) as
described by Gietz and Schiestl (1995). Double transformants were selected on leu-, trp-
minimal medium (Ausubel et al., 1989). Interactions between fusions was assayed on leu-,
trp-, his- minimal medium containing 5 mM 3-aminotriazole (Sigma, St. Louis) for four
days. Overnight cultures of his+ yeast were grown under appropriate selection conditions.
Cell density was determined by direct counting using a hemocytometer and 109 yeast cells
were isolated by centrifugation at 7000 x g for 10 min. Cells were washed and spheroplasts
were prepared using the b-1,3-glucanase isolated from Arthrobacter luteus (ICN
Pharmaceuticals, Inc.) as described by Ausubel (1989). ß-galactosidase activity of His+
yeast cultures was quantified using the Galacto-Light™ chemiluminescent reporter assay
(Tropix, Bedford) according to the manufacture's protocol. Luminescence was measured
with a Lumat LB 9501 luminomerter (Berthold).

Recombinant protein expression.
Previously-described recombinant pET32a (Novagen, Wisconsin) expression

vectors containing cDNA clones of CHS or CHI (Pelletier & Shirley, 1996) were
transformed into the E. coli expression host BL21(DE3). Expression of these constructs
produced carboxyl-terminal fusions of either CHS or CHI to thioredoxin (TRX) with an
amino terminal HIS6 tag. Recombinant protein expression was induced using 1 mM
dioxane-free isopropyl-ß-D-thiogalactopyranoside (United States Biochemical) according to
the Novagen manual. Cells were collected at 7000 x g for 10 min at 4°C, washed with 0.25
volumes ice cold wash buffer (25 mM HEPES pH 8.0, 1 mM EDTA), then frozen at
-80°C.

Recombinant protein purification.
Cells were resuspended in 3.5 ml lysis buffer (50 mM HEPES pH 8.0, 150 mM

NaCl, 2 mM 2-mercaptoethanol, 1 mM PMSF) per gram of cell pellet. Suspension was
sonicated (3 x 10 sec) on ice. DNase type I (Boehringer-manhiem) and Tween-20 (Fisher)
were added to a final concentration of 40 µg/ml and 1 %, respectively. Lysates were gently
rocked for 20 min at 25 °C. Soluble protein was collected after centrifugation at 30,000 x g
for 10 min. Recombinant protein was purified from these lysates using TALON metal
affinity resin (Clontech) according to the manufacture’s instructions. TALON columns
were washed with 10 vol of lysis buffer, then 10 vol of 5 mM HEPES, 500 mM NaCl, 1
mM 2-mercaptoethanol, 1 % Tween-20, then 10 vol of 5 mM HEPES, 150 mM NaCl, 1
mM 2-mercaptoethanol, 1% Tween-20. Elution was performed with 50 mM PIPES pH
6.5, 150 mM NaCl, 50 mM imidizole, 1 mM 2-mercaptoethanol, 1% Tween-20.
Successful expression and purification were verified using sodium doedecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Eluted recombinant protein was dialyzed
into 50 mM MOPS pH 7.2, 150 mM NaCl, 1 mM 2-mercaptoethanol, 0.1% Tween-20 at
4°C.

Plant Material.
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A. thaliana seedlings were grown on MS-agar medium as described previously
(Kubasek et al., 1992). Flavonoid expression was induced by shifting seedlings to
constant white light (100 µE/m2) at 22°C for three days. Seedlings were collected, washed
with distilled water, and gently blotted dry on Whatman #1 paper. Seedlings were used
fresh or frozen at -80°C.

Affinity resin.
Purified recombinant TRX-CHS or TRX-CHI was covalently attached to Affi-gel

10© activated resin (Bio-Rad, Hercules) in 100 mM MOPS pH 7.2, 150 mM NaCl, 1 mM
2-mercaptoethanol, 0.1 % Tween-20, 80 mM CaCl2 for four hours at 4°C according to the
manufacture’s recommendations. The coupling reaction was quenched by adding
ethanolamine to 100 mM for one hour. Unbound protein was removed by washing with 10
volumes of 20 mM Tris pH 7.2, 150 mM NaCl, 1 mM 2-mercaptoethanol, 0.1% Tween-
20 three times. Coupling efficiency was based on the amount of protein present in solution
before and after binding. Efficiencies of > 90% routinely produced resins with 35 mg/ml
coupled protein.

Affinity chromatography assays.
Washed and dried seedlings were frozen in liquid N2 and ground to a fine powder.

Ground material was suspended in plant lysis buffer (50 mM Tris pH 7.2, 150 mM NaCl,
1 mM 2-mercaptoethanol, DNAse 70 µg/ml, 0.6% NP-40, 0.6% CHAPS, 4 mM pefabloc,
1 µm aprotinin, 1 µm PMSF, 4 µm benzamindine, 2 µm leupeptin, 2 µm pepstatin) and
gently rocked at 25°C for 20 min. The soluble protein fraction was isolated by pelleting
insoluble material at 30,000 x g for at 20°C 10 min. 400 µl of soluble plant lysate were
mixed with 25 nmoles of sepharose-coupled ligand and incubated with gentle agitation at
4°C for 2 hours. The sepharose was pelleted at 500 x g for 30 sec and gently resuspended
with 30 X vol of resin with plant lysis buffer (DNase-). Bound proteins were eluted from
the resin in 30 µl of 65 mM Tris pH 6.8, 2 % SDS, 15 % glycerol at 65°C for five minutes
and resin was pelleted by centrifugation at 500 x g for 30 sec. One fifth of the elluted
sample was used to assay for endogenous plant CHS, CHI, and F3H using immunoblot
analysis (see below).

Affinity purification of anti-CHI IgY.
100 mg of polyclonal anti-CHI IgY (Cain et al., 1997) was passed over 80 mg of

THX-CHI fusion protein coupled to 2 ml of Affigel-10 (described above) three times, at a
flow rate of 0.5 ml/min. The column was washed with 20 vol of 10 mM Tris pH 7.2, 0.3
M NaCl, 0.05 % Tween-20. Bound antibodies were eluted from column using 10 vol of
0.1 M glycine, pH 2.5 at a flow rate of 2 ml/min, then neutralized with 10 vol of 1 M Tris
pH 7.2. Elution of acid-sensitive anti-CHI IgY species was verified by monitoring heavy
and light chain peptides using reducing SDS-PAGE. Immunoreactivity was confirmed by
immunoblot analysis of recombinant and endogenous CHI protein. 0.9 mg of polyclonal
anti-CHI was recovered. Affinity pure anti-CHI IgY was then used for immunoblot and
immunoprecipitation assays.

Immunoprecipitation assays.
Affinity-purified anti-CHI IgY was covalently linked to Affigel-Hz sepharose (Bio-

Rad), according to the manufacture’s recommendations, to produce a resin having 850 µg
of immunoreactive anti-CHI covalently coupled to 1 ml Sepharose. Antibodies are bound to
Sepharose by a chemically stable hydrazone linkage.  400 µl of soluble plant lysate, as
above but without 2-mercaptoethanol, was mixed with 10 µg of immobilized anti-CHI IgY
and agitated for two hours at 4°C. Resin was collected at 500 x g for 30 sec, then washed
with 30 bed vol of plant lysis buffer without DNAse. Proteins were eluted from the resin in
50 µl of 65 mM Tris pH 6.8, 2% SDS, 15% glycerol at 65°C for 5 min and the resin was
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pelleted by centrifugation at 500 x g for 30 sec. One fifth of the elution volume was used
for immunoblot analysis.

CHI molecular weight analysis.
Seedling lysates prepared as described above were incubated with specific reagents

and agitated at 25°C. Samples were collected at various time points and mixed with an equal
volume of 125 mM Tris pH 6.8 containing 4% SDS and 20% glycerol. Samples were
heated at 65°C for 5 min, then frozen at -80°C until all time points were collected. CHI
abundance was determined by immunoblot analysis.

Immunoblot analysis.
All immunoblot analyses were performed using the Bio-Rad mini-PROTEAN II©

system as described previously (Cain et al., 1997). Samples were resolved by reducing
SDS-PAGE and electroblotted to nylon-supported nitrocellulose (0.2 µm, Bio-Rad).
Previously described (Pelletier & Shirley, 1996; Cain et al., 1997) primary antibodies were
diluted in 1X PBS-T as follows: anti-CHS (1:1000), anti-CHI (1:200), affinity-purified
anti-CHI (1:5000), and anti-F3H (1:500). Horse radish peroxidase (HRP)-conjugated
donkey whole IgG anti-IgY (Jackson Immunologicals) was used as the secondary antibody
at 1:125,000. HRP activity was detected using Supersignal Ultra (Pierce Chemicals)
according to the manufacture's instructions and BioMax film (Kodak).



71

RESULTS:

Arabidopsis flavonoid enzymes interact with defined orientations.
To initially test the hypothesis that flavonoids are synthesized by a complex of

soluble enzymes, the two-hybrid system was used to assay protein-protein interactions
between several key A. thaliana flavonoid enzymes. CHS, CHI, and DFR were each fused
the Gal41-147 DNA-binding and Gal4768-881 transactivating domains. The constructs
were introdued into the yeast host Hf7c in all nine possible combinations and double
transformants were selected. Protein-protein interactions between fusions were assayed by
screening double transformants for histidine prototrophy on appropriate selection media.
This assay revealed that CHS, CHI, and DFR interact with DFR, CHS, and CHI
respectively (figure 2). Interestingly, when the Gal4-fusion domains were reversed, the
flavonoid enzymes failed to interact.

In order to quantify these results, b-galactosidase activity was assayed in the
soluble protein fraction of yeast spheroplast lysates. We found that the 3-aminotriazole-
resistant yeast containing flavonoid cDNAs produced about half the amount of b-
galactosidase activity per mg of total protein of yeast expressing an SV40 T-antigen/p53
interacting couple (data not shown). Moreover, this was some twenty times the amount of
b-galactosidase activity per mg of total protein as in yeast containing any of these plasmids
alone (data not shown). The His3 and b-galactosidase reporter gene promoters in Hf7c are
constructed from completely different minimal promoters and share only the cis-elements
for Gal41-147 binding (Bartel et al., 1993a). Therefore, these results indicate that growth
of yeast in the absence of histidine is the result of specific protein-protein interactions
between flavonoid enzymes.

Flavonoid enzymes are purified from plant lysates by protein affinity.
To extend the results of the two-hybrid experiments, protein-protein interactions

between flavonoid enzymes were assayed in A. thaliana seedling lysates. If the endogenous
plant enzymes form a complex in vivo then it should be possible to “pull-down” interacting
partners from a cell lysate if one of the proteins is attached to a sepharose resin.
Thioredoxin-CHS or thioredoxin-CHI was covalently attached to Affigel-10™ (Bio-Rad)
sepharose. Proteins couple to resin via stable amide bonds formed between malimide
groups on the resin and primary amines of the protein. This preparation was stable and
ligand did not leach from the resin.

The early flavonoid biosynthetic enzymes accumulate to maximal levels in
germinating Arabidopsis seedlings after three days in constant white light (Cain et al.,
1997). A soluble protein lysate from 3 day old wild-type A. thaliana was prepared and
assayed for protein interactions between endogenous plant enzymes and immobilized
ligand. Little or no endogenous plant CHS, CHI, or F3H was bound to resin when using
lysates derived from three-day-old seedlings (Figure 3). However, if lysates of null mutant
plants that lack endogenous CHS (Burbulis et al., 1996) or CHI (Shirley et al., 1992) were
used, enhanced binding of flavonoid enzymes from the lysates was observed. Sepharose-
immobilized thioredoxin did not bind detectable levels of CHS, CHI, or F3H from either
wild-type or mutant plant lysates (Figure 3). These studies could not be extended to DFR
because no antibody immunoreactive against this enzyme is available. These experiments
show that endogenous plant CHS, CHI, and F3H can form specific protein-protein
interactions. Moreover, binding of plant enzymes to recombinant proteins on the resin
appears to be inhibited by the presence of the competing enzyme.

Anti-CHI coimmunoprecipitates CHS and F3H.



72

Polyclonal anti-CHI IgY was affinity purified using a CHI coupled sepharose
column from a previously-described crude yolk extract (Cain et al., 1997). Initial attempts
to use protein A and protein G coupled sepharose to pull enzyme-antibody immune
complexes out of solution were not successful. The affinity of proteins A and G for IgY
was not high enough to effectively isolate immune complexes from solution (data not
shown). To overcome this obstacle the oligosaccharide residues attached to the heavy chain
IgY backbone were oxidized and covalently coupled to activated sepharose. Once attached
it was possible to recover immunocomplexes from solution (Figure 4). The CHI present in
the lysate was recovered in the precipitated fraction. In addition, a portion of the CHS and
F3H present in the lysates was also recovered in the precipitated fraction. Preimmune sera
did not immunoprecipitate any of these enzymes. Therefore, affinity-purified anti-CHI
coimmunoprecipitated CHS and F3H with CHI from wild-type plant lysates.

The molecular weight of CHI is sensitive to hydroxylamine.
The native A. thaliana CHI protein has a predicted molecular mass of 26 kDa (Cain

et al., 1997) in germinating seedlings. This enzyme always accumulates, however, as a 31
kDa species during seedling growth (Cain et al., 1997). The presence of 2 mM 2-
mercaptoethanol in the plant lysate promotes a shift in molecular mass of CHI from 31 kDa
to 26 kDa over a seven hour period (Figure 5). This change does not occur in the absence
of reducing reagent. The presence of 2 mM manganese, 2 mM magnesium, 5 mM
etylenediaminetetraactetic acid (EDTA), 5 mM benzamidine, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 2 µm leupeptin, 2 µm pepstatin, 1 µm aprotinin, or 4 mM pefabloc had
no effect on this process (data not shown). Anti-phosposerine, -phosphotyrosine,
-phosphotryptophan, and -phosphoprotein antibodies (Zymed Laboratories Inc.) failed to
detect immunoprecipitated CHI of either molecular weight by immunoblot analysis (data
not shown). CHI does contain three cysteines (Shirley et al., 1992) but extraction in as
much as 5 M 2-mercaptoethanol yielded the 31 kDa species (Figure 5). This evidence
suggests that CHI may be modified by a group attached by a linkage sensitive to thiols.
One such bond is the thioester linkage known to attach fatty acids to proteins at cystiene
residues.

Thioesters are cleaved by 1 M hydroxylamine at 25°C. Hydroxylamine will also
specifically hydrolyze Asn-Gly peptide bonds but requires concentrations of 2 M for nine
hours at 45°C (Yon and Fried, 1989). Therefore if CHI is modified with a group attached
by a thioester then the 26 kDa species should be produced in the presence of
hydroxylamine. When hydroxylamine was added to the extraction buffer, at concentrations
sufficient for thioester but not peptide bond hydrolysis, the molecular mass of CHI shifted
to 26 kDa in 30 min at 25°C (Figure 5). It required more than four hours at 25°C to produce
the same result with 2 mM 2-mercaptoethanol. Treatment with 1 M Tris or 0.2 M base had
no effect. These results are consistent with the hypothesis that CHI is modified with a
moiety linked by a thioester bond.
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DISCUSSION:

Coordinating the activities of thousands of different catalysts is essential for life.
Over the past several decades evidence has accumulated that indicates that most, if not all,
metabolic pathways exist as enzyme complexes (Zalokar, 1960; Ovadi & Srere, 1996).
This structural organization is thought to be required for product synthesis in vivo (Ovadi,
1991). Using molecular, biochemical, and genetic tools we have produced evidence that
supports the hypothesis that the A. thaliana flavonoid biosynthetic enzymes exist as a
complex. This simple system should be a useful model to study how cells organize
metabolic pathways.

The results of the work presented here indicate that several key A. thaliana
flavonoid enzymes interact in an orientation-specific manner. The results of the two hybrid
analysis are the first evidence to indicate that the A. thaliana CHS, CHI, and DFR interact.
Since these interactions are no longer detectable when the Gal4 fusions are reversed
between the interaction species this indicates that the flavonoid enzymes bind in a specific
orientation. The promoter that drives the expression of b-galactosidase in HF7c contains 3
tandem Gal4 binding sites in the context of a cytochrome c minimal promoter (Bartel et al.,
1993b), while expression of the His3 reporter gene is regulated by the endogenous Gal4
promoter. If the chimeric activation fusion could bind to elements in the His3 promoter,
independent of the Gal4 DNA-binding fusion, and activate transcription these clones would
appear as false positives under selection conditions. This “self-activating” fusion, however,
would not be predicted to activate expression of the b-galactosidase gene because these two
promoters are composed of different sequences. Since the only HF7c clones that grew
under selection conditions also expressed b-galactosidase indicates that these interactions
are not false positives. This is the first known example of a cyclic array of interactions
between metabolic enzymes to be identified in this manner.

The endogenous A. thaliana flavonoid enzymes are also able to ineract. The results
of the affinity chromatography experiments substantiate the conclusions of the two hybrid
analysis. CHS and CHI immobilized on sepharose purified each other and F3H from plant
lysates. This purification, however, only occurred when the endogenous plant enzyme,
corresponding to the sepharose-immobilized ligand, was missing. This indicates that the
endogenous plant enzyme, in the wild-type plant lysate, was competing with the resin for
binding of other flavonoid enzymes. These conclusions are substantiated in light of the
immunoprecipitation data. CHS, CHI, and F3H are coimmunoprecipitated by anti-CHI IgY
antibodies, indicating that these proteins existed in a bound state in the plant lysate. These
results suggest that the A. thaliana flavonoid enzymes exist as a complex within the cell.
This conclusion is consistent with previous cell fractionation and immunocytochemical
studies indicating that flavonoid biosynthesis occurs on the cytoplasmic face of intracellular
membranes from (Hrazdina & Wagner, 1985b; Hrazdina et al., 1986; Hrazdina et al.,
1987; Stafford, 1990). Isotopic dilution assays using isolated microsome preparations from
buckwheat showed that phenylalanine was channeled into flavonoid biosynthesis (Hrazdina
and Jensen, 1992). Cinnamate 4-hydroxylase and flavonoid 3’-hydroxylase are known
cytochrome P-450 monooxygenase enzymes containing transmembrane domains (Chapple
et al., 1992). These catalysts could serve to anchor the complex to intracellular membranes
via enzyme-enzyme interactions.

The molecular basis of CHI existing in two forms is unknown. It is unlikely that
this change in mass is due to proteolysis. First, this shift still occurs in the presence of an
extensive protease cocktail that retards CHI proteolysis in the wild-type plant lysates.
Second, proteolytic and hydroxylamine hydrolysis of the CHI peptide are not expected to
produce identical molecular mass species. Third, even though the steady-state abundance of
CHI remains constant in lysates of the CHS mutant plant tt4(w85) without protease
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inhibitors, CHI still shifts from 31 kDa to 26 kDa in a thiol-dependent manner (data not
shown). One explanation is that CHI is modified by some moiety linked by a bond
sensitive to thiols. Thioester bonds are mildly sensitive to thiols and play important
physiological roles in the attachment of long-chain fatty acids, usually palmitate, to
proteins. This modification is in contrast to myristoylation and prenylation which modify
proteins via stable amide (Simon and Aderem, 1992) and thioether bonds (Shipton et al.,
1995).

These modifications attach a hydrophobic tag to soluble proteins and are known to
play essential physiological roles. Endothelial nitric-oxide synthase activity is regulated by
the reversible targeting to the plasma membrane by palmitoylation (Feron et al., 1998). The
localization of the a-subunits of heterotrimeric G proteins to the plasma membrane is
dependent on palmitoylation and determines the half life of the protein in vivo; which in
turn, regulates signal transduction (Morales et al., 1998). Palmitylation of the b subunit of
voltage-gated Ca2+ channels is essential for activity-dependent neuronal and synaptic
plasticity (Qun et al., 1998). Finally, the palmitoylation-dependent targeting of
synaptosomal-associated protein to the plasma membrane is required for neurotransmitter
release from synaptic terminals (Gonzalo and Linder, 1998).

CHI does have three cysteines that could serve as palmitoylation acceptor sites.
Although not conclusive, these results are consistent with the hypothesis that CHI is
modified by a moiety linked by a thiol-sensitive bond. Interestingly, flavanone 3'-
hydroxylase (F3'H) is an integral membrane cytochrome P-450. We and others (Hrazdina
and Wagner, 1985a) postulate that enzyme-enzyme interactions serve to anchor the
flavonoid complex onto intracellular membranes. If CHI is fatty acid acylated this could
help recruit and stabilize the complex on membrane surfaces.

Macromolecular organization may be an evolutionally conserved theme observed in
all metabolic pathways. Essential pathways like sugar, nucleotide, citric acid, and fatty acid
metabolism require robust, but controlled, activity to satisfy the cell’s requirements. It is
therefore not suprising that these pathways may be organized as complexes. This would
indicate that the macromolecular organization of metabolic pathways is essential and might
be conserved through evolution. In support of this conclusion McConkey (1982) showed,
using 2-dimensional gel analysis, that half the peptides derived from hamster and human
cells are identical in isoelectric point and mass. This degree of conservation is far greater
than predicted for a system of soluble proteins (Dayhoff et al., 1978). Moreover,
cytochrome c is a completely soluble protein, yet is one of the most evolutionary conserved
proteins known (Dickerson, 1971). The high degree of structural and functional
conservation observed in these measurements may be the consequence of extensive
interactions with other proteins selected for through the course of evolution (Zuckerkandl,
1976).

Understanding the role of specific enzyme-enzyme interactions in regulating
pathway function will enable the engineering of novel metabolism in living cells. Efforts to
engineer metabolic events by exploiting the structural organizating of enzymes is already
resulting in success. For example, industrial oligosaccharides synthesis has traditionally
been unsuccessful due to the high price and complex chemical protocols required to
produce a specific isoform. Even a simple oligosaccharide consisting of four different
sugars has an estimated 34,560 possible isomeric forms. To circumvent this obstacle
Gilbert (1998) created a CMP-Neu 5Ac synthetase/sialyltransferase fusion capable of
synthesizing sialylated oligosaccharides and sugars in a sterospecific manner. The
manufacture of novel aromatic polyketide compounds has been accomplished by
rearranging the catalytic centers within a multicatalytic polyketide synthase complex
(Marsden et al., 1998). These examples serve to illustrate that the structural organization of
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enzymes can be used in the rational design of metabolic pathways in vivo. Analysis of
flavonoid biosynthesis in A. thaliana is expected to have an impact on efforts toward this
goal.

This work is supported by grants from the National Science Foundation grant No. DMB-
9304767 to BWS
and by a Sigma Xi Grant-in-Aid-of-Research to IEB.
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Figure 1. Schematic illustration of flavonoid biosynthesis in A. thaliana.

CHS catalyses the first committed step in flavonoid biosynthesis. There are three general
classes of end product made: flavonols, anthocyanins, condensed tannins.
CHI: chalcone isomerase; F3H: flavanone 3-hydroxylase; F3'H: flavonoid 3'-hydroxylase;
LDOX: leucoanthocyanidin dioxygenase
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Figure 2. Two-hybrid assay for protein-protein interactions among A.
thaliana flavonoid enzymes.

Growth of doubly transformed yeast was assayed on Leu-, Trp-, His-, 5 mM 3-
aminotriazole media at 30°C for four days. The top row illustrate a representative interaction
assay. The Gal41-147 fusion is indicated at the top of each plate, while the Gal4768-881
fusion is indicated in each sector. The lower row represents the controls for single
plasmids.
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Figure 3. Immunoblot analysis of interacting A. thaliana flavonoid
enzymes.

Recombinant CHS or CHI was covalently attached to sepharose and used as an affinity
matrix to bind interacting flavonoid enzymes from wild-type Columbia (Co), Landsberg
(La), tt4(2YY6) (CHS null), or tt5 (CHI null) lysates. Bound endogenous plant proteins
were eluted from resin and identified using immunoblot analysis. U = unbound, B = bound
proteins from lysate, and T = Total lysate control.
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Figure 4. Coimmunoprecipitation of flavonoid enzymes.

Affinity-purified anti-CHI bound to Sepharose was used to precipitate CHI from crude
soluble protein extracts from 3-day-old seedling. Immunoblot analysis was used to identify
other flavonoid enzymes that coimmunoprecipitated with CHI. T = Total lysate. U =
unbound, and P = precipitated proteins.
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Figure 5. Chemical analysis of the CHI molecular weight shift.

Time points of plant extract treated with specific compounds were collected and fractionated
using reducing SDS-PAGE and then assayed for CHI with immunoblot analysis. Time
points were taken for up to seven hours from plant lysates with and without 2-
mercaptoethanol (2 me). The upper CHI band is 31 kDa Mr while the lower CHI band is at
26 kDa Mr. S = plant lysate containing 2-mercaptoethanol which contains both molecular
weight species.

These samples were incubated for only 30 min.
T = sample containing 1M Tris pH 7.2.
OH = sample containing 0.2 M KOH.
H = sample containing 1 M hydroxylamine at pH 7.2.
me = sample containing 5 M 2-mercaptoethanol.


