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Different classes of plant hormones and different wavelengths of light act through specific signal transduction mechanisms to
coordinate higher plant development. A specific prephenate dehydratase protein (PD1) was discovered to have a strong
interaction with the sole canonical G-protein Ga-subunit (GPA1) in Arabidopsis (Arabidopsis thaliana). PD1 is a protein located
in the cytosol, present in etiolated seedlings, with a specific role in blue light-mediated synthesis of phenylpyruvate and
subsequently of phenylalanine (Phe). Insertion mutagenesis confirms that GPA1 and the sole canonical G-protein-coupled
receptor (GCR1) in Arabidopsis also have a role in this blue light-mediated event. In vitro analyses indicate that the increase in
PD1 activity is the direct and specific consequence of its interaction with activated GPA1. Because of their shared role in the
light-mediated synthesis of phenylpyruvate and Phe, because they are iteratively interactive, and because activated GPA1 is
directly responsible for the activation of PD1; GCR1, GPA1, and PD1 form all of or part of a signal transduction mechanism
responsible for the light-mediated synthesis of phenylpyruvate, Phe, and those metabolites that derive from that Phe. Data are
also presented to confirm that abscisic acid can act through the same pathway. An additional outcome of the work is the
confirmation that phenylpyruvate acts as the intermediate in the synthesis of Phe in etiolated plants, as it commonly does in

bacteria and fungi.

The aromatic amino acid Phe is required for protein
synthesis and also serves as the precursor to a large
number of secondary metabolites critical to normal
development and stress responses (Gilchrist and
Kosuge, 1980; Chapple et al., 1994; Kliebenstein, 2004;
Winkel, 2004), including UV screening and other pig-
ments (Burchard et al., 2000; Ruegger and Chapple,
2001; Casati and Walbot, 2005). Despite the fact that
30% to 40% of the mass of an individual plant can be
derived from aromatic amino acids L-Phe and r-Tyr,
little is known about their biosynthetic pathway in
plants (Lewis and Yamamoto, 1989; Davin et al., 1992;
Razal et al., 1994, 1996). In light-grown seedlings, the
Shikimate pathway links carbon assimilated via pho-
tosynthesis to the biosynthesis of aromatic amino
acids, through the formation of chorismate. However,
only a small number of studies have addressed the
biochemical pathway responsible for the conversion of
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chorismate to Phe in light-grown plants (Razal et al.,
1996; for review, see Schmid and Amrhein, 1995). To
our knowledge, there are no such studies in etiolated
seedlings. The Shikimate metabolic pathway does
appear to function, albeit at low levels, in etiolated
seedlings (Razal et al., 1994; Hemm et al., 2004).

Jung et al. (1986) reported the presence of arogenate
in the chloroplasts of light-grown plant cells in culture.
It was proposed from these data that production of
Phe only proceeds via an arogenate intermediate. Sub-
sequent investigations have failed to confirm the
presence of arogenate directly from plants in either
light- or dark-grown seedlings (Razal et al., 1994).

In bacteria and fungi the pathway is better under-
stood: the product of chorismate mutase, prephenate,
is converted to phenylpyruvate, and phenylpyruvate
converted to Phe (Haslam, 1993). These processes are
catalyzed by the actions of two well-studied enzymatic
activities, chorismate mutase (catalyzing the conver-
sion of chorismate to prephenate) and prephenate
dehydratase (PD; catalyzing the conversion of pre-
phenate to phenylpyruvate). Depending on the spe-
cies, the two activities occur in a single, fused protein
or as two separate proteins. Synthesis via arogenate
can act as an alternative pathway (Patel et al., 1977),
and in some organisms, a third enzyme cyclohexa-
dienyl dehydratase, is reported to have both PD and
arogenate dehydratase activities (Xia et al., 1991).
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Biochemical and genetic studies confirm that Arabi-
dopsis (Arabidopsis thaliana) has three chorismate mu-
tase genes (Romero et al., 1995). Two of the encoded
proteins locate to the plastid (CM1 and CM3) and one is
cytosolic (CM2; Eberhard et al., 1996; Mobley et al.,
1999). The Arabidopsis genome is not known to encode
for an arogenate dehydratase or a cyclohexadienyl
dehydratase, the enzymatic activities necessary to con-
vert arogenate to Phe. Conversely, the Arabidopsis
genome codes for six different PD genes as listed in
GenBank and SIGnAL databases, strongly suggesting
that Arabidopsis does use PD in the production of Phe.

In higher plants, blue light (BL) is known to affect
the phenylpropanoid pathway, which initiates with
Phe, and for which Phe can be a limiting component
(Bruns et al., 1986; Ohl et al., 1989; Long and Jenkins,
1998; Noh and Spalding, 1998). At least three photo-
receptor systems are known to act in BL-mediated
phenomena: PHOTOTROPIN, CRYPTOCHROME,
and PHYTOCHROME (Ahmad, 1999; Briggs and
Huala, 1999; Casal, 2000; Lin, 2000; Chen et al., 2004).
None of these are known to have a primary role in the
initial rates of Phe synthesis in young (less than 7-d-
old) etiolated seedlings. CRYPTOCHROME-effected
regulatory pathways appear to regulate the synthesis
of several compounds made in the phenylpropanoid
pathway, including anthocyanins, when measured in
plants grown in continuous BL conditions (Mol et al.,
1996; Long and Jenkins, 1998; Noh and Spalding, 1998;
Wade et al., 2001).

Separate from the above photosystems, the recently
described blue low fluence (BLF) system, consisting of
G-protein-coupled receptor 1 (GCR1), G-protein Ga-
subunit 1 (GPA1), Pirin 1 (PRN1), and LEAFY COTY-
LEDON 1 (also known as NF-Y-B9; K.M. Warpeha, S.I.
Hawkins, and L.S. Kaufman, unpublished data) uti-
lizes an unknown receptor. In etiolated seedlings, the
BLF system has a threshold at 10! umol m ~? of BL and
is known to have a role in the induction of transcription
of specific members of the Lhcb gene family, alter rates
of chlorophyll synthesis, and affect the rate of stem
elongation (Warpeha and Kaufman, 1990a, 1990b). The
BLF system is activated by a single, short pulse of BL,
exhibits reciprocity, has an immediate effect on tran-
scription, and functions in the absence of protein syn-
thesis (Marrs and Kaufman, 1991; Anderson et al., 1999).

Heterotrimeric G-protein-mediated cell signaling is
one of the most highly conserved signaling mecha-
nisms in eukaryotes. In contrast to animals, where they
may number in the hundreds, plant G-protein subunits
are coded by only one or sometimes two genes (Ma
etal., 1990; Marsh and Kaufman, 1999; Assmann, 2002).
Analysis of Arabidopsis plants mutant in GPAI gene
reveal that G proteins are likely to be involved in a
number of processes critical for proper plant develop-
ment, including hypocotyls and leaf formation (Ullah
et al, 2001), stomatal opening (Wang et al., 2001),
abscisic acid (ABA) responsiveness/germination
(Colucci et al., 2002; Ullah et al., 2002; Lapik and
Kaufman, 2003), and both ABA and BL regulation of
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gene expression (K.M. Warpeha, unpublished data).
The importance of G proteins in cell signaling and early
development in Arabidopsis suggests the occurrence
of many effector proteins.

As part of a study designed to identify the effect of
GPAl-interacting proteins on G proteins and their BL
regulation (Lapik and Kaufman, 2003), we identified
physical interactions between GPA1 and three poten-
tial effectors, PRN1, a cupin-fold superfamily member,
and NF-Y (CCAAT-box-binding protein) interactive
protein (Dunwell et al., 2004; Pang et al., 2004) with a
role in the BLF system-mediated transcription (K.M.
Warpeha, unpublished data), PRK1, a CTR1-like raf
kinase (K.M. Warpeha, Y.R. Lapik, R. Muppavarapu,
and L.S. Kaufman, unpublished data), and PD1, a
member of the PD family.

The data presented herein demonstrate that, in etio-
lated Arabidopsis seedlings, a single short pulse of
low-fluence BL, acting through a signal transduction
mechanism involving GCR1, GPA1, and PD1, results in
the specific activation of PD1 and the subsequent
accumulation of Phe. This BLF system induction of
PD1 activity occurs through the specific interaction of
PD1 with activated GPA1. The data also confirm that
etiolated plants can synthesize Phe via a phenylpyru-
vate intermediate as is commonly observed for other
organisms. Data are also presented to confirm that ABA
can potentially act through the same pathway.

RESULTS
PD1 Has a Specific Interaction with GPA1

A yeast (Saccharomyces cerevisiae) two-hybrid screen
was used to identify transcripts derived from etiolated
Arabidopsis seedlings that encode for proteins with
the potential to interact with GPA1. The screen iden-
tified several different transcripts encoding potential
partners (Lapik and Kaufman, 2003) including PD1, a
putative cytosolic PD approximately 46 kD, encoded
by At2g27820 (Fig. 1, A and B). The potential for phys-
ical interaction between GPA1 and PD1 was confirmed
using an in vitro pull-down procedure (Fig. 1C). The
Arabidopsis genome is reported as having five addi-
tional genes coding for PD (GenBank; http://www.
ncbi.nlm.nih.gov; http:/ /signal.salk.edu).

BL Stimulates the Production of Phe

Because GPA1 has a role in BL signal transduction
(Warpeha et al., 1991, KM. Warpeha, unpublished
data), and because of the well-characterized and com-
mitted role of PD in the production of Phe in bacteria
and fungi (Haslam, 1993), the levels of several amino
acids were measured in mock-irradiated in darkness
(DK) and BL-treated (BL, single pulse of 10* umol m ™3
6-d-old dark-grown wild-type Arabidopsis seedlings.

The data presented in Figure 2 indicate that a single
pulse of low-fluence BL enhances the accumulation of
Phe and Tyr in etiolated wild-type Arabidopsis by
approximately 6- and 4-fold, respectively, 2 h after
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Figure 1. Protein-protein interactions between GPA1 and PD1. A, PD1
binds to GPAT in the yeast two-hybrid assay. PD1 was identified in a
yeast two-hybrid screen as a potential GPAT-interacting protein. The
figure represents the results of a directed two-hybrid assay to confirm the
interaction. Bait and prey plasmids used were pLexA-NLS-AGA (fusion
to the LexA DNA-binding domain) and pACT (fusion to the GAL4
activation domain), respectively. The left section shows growth of yeast
colonies on synthetic media containing X-gal; blue colonies indicate a
positive interaction resulting in the expression a LacZreporter gene. The
right section shows yeast growth on the SD-His 3-AT-containing media,
colony growth indicates a positive interaction resulting in the expression
of a HIS3 reporter gene. Proteins expressed in either vector are depicted
on the figure. Use of the pACT vector with no insert and the pLexA-NLS
vector with a lamin insert represent negative controls. pLexA-NLS-ETR1
and CTRTpACT coexpression is used as a positive control. B, Predicted
amino acid sequence of PD1 in Arabidopsis. The predicted amino acid
sequence of PD1 (Gene: At2g27820; AAC73018.1). The sequences
corresponding to the PD domain (underlined sections) and the Phe-
binding domain (boxed-in sections) of E. coli P protein (AAC75648.1)
are indicated on the figure. C, In vitro interaction of PD1 and GPAT.
Lanes 1 and 2 represent an SDS-PAGE analysis of the initial and partially
purified PD1 derived from a coupled in vitro transcription/translation
reaction, respectively. Lanes 3 to 5 represent the autoradiograph of an
SDS-PAGE analysis showing in vitro translated **S-labeled PD1 protein
alone (lane 3), the column-purified products of the interaction be-
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irradiation. In wild-type seedlings, the levels of Trp,
whose synthetic pathway branches at chorismate, the
immediate precursor to prephenate (the presumed sub-
strate for PD1) and other amino acids (e.g. Ser, Gly, and
Met) are generally unaffected by the BL treatment. The
data indicate that BL enhances the synthesis of the aro-
matic amino acids and may be a key regulator down-
stream of the chorismate branch point.

BL-Induced Phe and Tyr Accumulation Occurs via
a PD1-Requiring Pathway

To determine if PD1 is in fact responsible for the
demonstrated BL-induced increase in Phe and Tyr
accumulation, we tested T-DNA insertion mutants of
PD1 for their ability to accumulate Phe, Tyr, and Trp in
response to BL treatment. The data (Fig. 2) indicate
that neither Phe nor Tyr accumulates in the pdI-1 or
pd1-2 mutants 2 h after BL irradiation. The levels of Trp
and other amino acids also remain unaffected by the
BL. These data confirm that PD1 is responsible for BL-
induced accumulation of the aromatic amino acids in
etiolated Arabidopsis and strongly supports the idea
that phenylpyruvate, the immediate product of PD,
can act as the immediate precursor to Phe.

Cytosolic PD Activity Is Increased by BL

The derived amino acid sequence for PD1 suggests
that it codes for a cytosolic PD. To test for PD activity in
a plastid-free cytosolic fraction and to determine if that
activity is BL regulated, we adapted a standard cell
extract assay based on Euverink et al. (1995), for use
with Arabidopsis. Wild type and insertion mutants
of PD1 Arabidopsis seedlings were grown for 6 d in
complete DK, given a mock BL treatment (DK), or
irradiated with a single brief pulse of BL (total fluence
10* umol m™2) and returned to the dark for 2 h.
Cytosolic extracts were tested for their ability to con-
vert exogenously added prephenate (the precursor) to
phenylpyruvate (the product) by measuring the change
in A,y over time (Euverink et al., 1995).

The data presented in Figure 3 confirm the presence
of a PD activity in the cytosolic fraction and indicate
that the activity is enhanced only in those extracts
derived from the BL-treated wild-type seedlings. Ex-
tracts obtained from pd1-1 and pd1-2 mutant seedlings
do not indicate BL-induced phenylpyruvate synthesis,
suggesting that PD1 is the sole cytosolically located,
BL-induced PD activity in etiolated seedlings.

Phenylpyruvate, the immediate product of PD1, is a
committed precursor to Phe. Phenyl-alanine itself is
a precursor to those compounds in phenylpropanoid
pathway, many of which absorb in the UV/BL range
(e.g. anthocyanins). The resultant absorption spectra

tween in vitro translated **S-labeled PD1 protein and a glutathione
S-transferase-GPA1 fusion protein (lane 4), and the column-purified
products of the interaction between in vitro translated **S-labeled PD1
protein and glutathione S-transferase alone (lane 5).
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Figure 2. BL-induced amino acid accumulation in etiolated wild-type seedlings and pd1-1, pd1-2, gcri, gpal, and prn1 mutant
seedlings. Six-day-old dark-grown seedlings were irradiated with no light (DK) or 10* wmol m~2 of BL. Two hours after irradiation
period, the aerial portions of the seedlings were frozen and ground in liquid nitrogen, and hydrolyzed in preparation for HPLC
analysis of amino acid content. Data are shown for Phe, Tyr, Trp, Met, Gly, and Ser. Levels are indicated for T-DNA insertion
mutants in these genes (GCR1, GPA1, PD1, and PRN1) and wild-type (Col) seedlings. Data for wild-type Col, and pd1-7 and
pd1-2 mutants represent three independent replicates, and error bars represent SEM. Data for gerl, gpal, and prn1 mutants
represent the average of two independent replicates, and error bars represent the sp. Data for MET, SER, and GLY are only shown

for pd1-2. wt, Wild type.

obtained from the cytosolic extract assay of BL-
irradiated wild-type seedlings show a profound in-
crease in, and difference in, compounds that absorb
light in the UV/BL region. Changes in pigment com-
position and quantity of absorbing molecules can be
seen in the cytosolic extracts themselves (Fig. 4A) and
in the absorption spectra of those extracts (Fig. 4B).
Absorption spectra of extracts from the pd1-1 and pd1-2
mutants with and without BL irradiation are highly
similar to extracts from dark-grown wild-type seedlings,
suggesting that PD1 is responsible for the Phe that in
turn leads to the production of those BL-induced com-
pounds responsible for the spectral changes in etiolated
wild-type seedlings.

2.5

GCR1, GPA1, and PD1 Form a Signaling Chain That
Effects BL-Induced Phe Accumulation

The data presented in Figures 1 to 4 demonstrate
that GPA1 can interact with PD1 and that PD1 is
responsible for the BL induction accumulation of
phenylpyruvate, Phe, and a range of UV- and BL-
absorbing compounds. Pandey and Assmann (2004)
recently demonstrated that GCR1 can interact with
GPA1, and we recently demonstrated that both GCR1
and GPA1 participate in the BL induction of Lhcb RNA
accumulation (K.M. Warpeha, unpublished data). To-
gether, these data suggest that GCR1, GPA1, and PD1
form all or part of a signal transduction mechanism
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Figure 3. BL treatment leads to an
increase in the rate of conversion of
prephenate to phenylpyruvate in the
cytoplasm.  Six-day-old  dark-grown
wild-type Col and pd7 mutant seed-
lings were irradiated with no light (DK)
or a single pulse of low-fluence BL
1o* umol m~2). Cell-free extracts (at
5 mg/mL protein), were made 2 h after
irradiation, prephenate was added to
1.0 mm, and the resulting levels of
phenylpyruvate were measured spec-
trophotometrically at the time points indi-
cated on the figure. Data represent at
least three independent replicates, and
error bars represent the SEM. wt, Wild

type.
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Figure 4. Pigment accumulation and spectral absorption characteris-
tics of pdT insertion mutants as compared to wild-type Col. A, Pigments
accumulating in cytosolic extracts. Six-day-old dark-grown wild-type
Col and insertion mutants (pd7) of PD1 gene were irradiated with no
light (DK) or a single pulse of low-fluence BL (1 o* umol m~2). Cell-free
extracts (approximately 5 mg/mL protein) were made 2 h after irradi-
ation, prephenate was added to 1.0 mm, and the solutions were
incubated for an additional 30 min in the dark, then photographed in
quartz cuvettes. Sample data for pd7-2 is shown. B, Absorption spectra
of cytosolic extracts. Absorption spectra between 200 and 400 nm of
the cytosolic extracts described in part A, for both pd7-1 and pdi-2
mutants compared to wild type. wt, Wild type.

responsible for BL-induced Phe accumulation in etio-
lated Arabidopsis.

To test this hypothesis, we measured the ability of
etiolated T-DNA single-insertion mutants in GCRI
and GPAI genes to accumulate the amino acids Phe,
Tyr, and Trp, as well as UV- and BL-absorbing com-
pounds in response to irradiation with BL. The data
shown in Figure 2 indicate that neither mutant accu-
mulates Phe or Tyr, confirming a role for GCR1 and
GPALl in this BL response. The difference spectra
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shown in Figure 5 indicate that the cytoplasmic con-
stituents of BL-irradiated gcr1 and gpal mutants differ
considerably from wild type, each other, and the pdl
mutants. The general trend appears to be one in which
the pdl mutant has lost the widest range of UV-
absorbing material (actually resembling unirradiated
wild-type seedlings), the gcr1 mutant has lost the least,
and the gpal mutant is somewhat intermediate.

Activated GPA1 Can Increase PD1 Activity

The data presented in Figure 1 confirm that GPA1
and PD1 can interact, but do not address the biochem-
ical consequences of that interaction. The fact that a
single pulse of BL can activate both Ga (Warpeha et al.,
1991) and PD1, and that BL activation of PD1 activity is
lost in the gpal mutant suggests that the interaction
between activated (GTP-bound) GPA1 and PD1 is re-
sponsible for the BL-induced increase in PD1 activity.

PD1 and GPA1 were synthesized and purified as
previously described (Lapik and Kaufman, 2003). GPA1
is generally thought to be synthesized in an inactive
state (i.e. resembling the structure when GDP is bound,
even though no GDP is present). This structure can be
changed to an active one by incubating GPA1 with
the nonhydrolyzable GTP analog GTPyS (Lapik and
Kaufman, 2003).

GPA1 was preincubated with GTPyS (producing
activated GPA1), GDP, or GDPBS (a nonhydrolyzable
analog of GDP-producing inactive GPA1), prior to in-
cubation with PD1 and prephenate, and subsequent
monitoring of PD1 activity. The data presented in
Figure 6 indicate that incubation of PD1 with activated
GPA1 results in a 2-fold increase in PD1 activity when
compared with inactive (incubation with GDP or
GDPgS) or no GPA1L. The increase in activity occurs
quickly as approximately 90% of the measured increase
in activity occurs within the first 10 min of incubation.
These data are confirmed by HPLC analysis of the
prephenate-to-phenylpyruvate conversion rate (Fig. 6).

pdl, gcrl, and gpal Mutants Do Not Synthesize
Specifically Located UV- and BL-Absorbing
Compounds in Response to Treatment with BL

The absorption spectra and visual data presented in
Figures 4 and 5 indicate that BL treatment of wild-type
Arabidopsis results in a significant increase in the
amount and range of UV- and BL-absorbing com-
pounds, and that PD1 activity is required for the syn-
thesis of these compounds. We used deconvolution
microscopy and optical sectioning to help define the
location(s) of the absorbing compounds synthesized in
wild-type seedlings in response to BL treatment, and
as a consequence of PD1 activity. The results shown in
Figure 7A indicate the presence of a set of cells in the
upper layers of the cotyledon tip containing UV- and
BL-absorbing fluorescent material, which increases in
accumulation in response to the BL treatment. This

Plant Physiol. Vol. 140, 2006
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Figure 5. BL-DK difference spectra of cytosolic extracts of insertion
mutants pd1, gpal, gcrl, and wild-type Col. Six-day-old dark-grown
wild-type Col, and pd1, gpal, and gcr1 mutant seedlings were irradi-
ated with no light (DK) or a single pulse of low-fluence BL (10* umol
m~2). Extracts were made 2 h after irradiation by the same methods as
for amino acid studies. The difference spectra between 200 and 350 nm
are shown for BL-DK absorption. The dotted line at 231 nm corre-
sponds to the absorption peak for Phe. The example spectrum for pd1
mutants is pd7-2. wt, Wild type.

fluorescent material is absent from unirradiated (DK)
and irradiated (BL) pd1 mutants.

Because ABA is able to elicit Lhch transcription in
etiolated cotyledons using a signal transduction path-
way identical to that of BL and requiring both GCR1

Blue-Light Production of Phenylalanine

and GPA1 (K.M. Warpeha, unpublished data) we tested
application of ABA to etiolated cotyledons to determine
the effect on accumulation of UV- and BL-absorbing
fluorescent material. Figure 7A demonstrates that the
ABA treatment results in a phenotype identical to that
observed in wild-type seedlings for BL irradiation, and,
like BL, the response to ABA is dependent upon PD1.
Figure 7B shows the natural fluorescence of whole
cotyledons and confirms that gcrl and gpal mutants
also lack the BL-induced UV-absorbing fluorescent ma-
terial at the tip of the cotyledon observed for pd1-1 and
pd1-2 mutants. The prnl mutant appears to have the
same fluorescence pattern as wild-type seedlings.

Dark-Grown pd1 Mutants Do Not
Accumulate Anthocyanins

The data presented in Figure 4 suggest that similar
UV- and BL-absorbing compounds are synthesized in
etiolated wild-type (nonirradiated) and pd1-1 and pd1-2
mutant seedlings, although a greater quantity is syn-
thesized in wild-type seedlings. The data also suggest
that an additional set of UV- and BL-absorbing com-
pounds are synthesized in wild-type seedlings via a BL-
activated PD1-dependent pathway. We do not yet know
the specific compounds made. Others have demon-
strated that continuous BL will stimulate anthocyanin
(a UV/BL-absorbing product of the PD1-dependent
phenylpropanoid pathway) synthesis in Arabidopsis
(Mol et al., 1996; Noh and Spalding, 1998).

The data in Table I show that etiolated pd1-1, pd1-2,
and wild-type seedlings accumulate anthocyanin and
that the level of accumulation in wild type is approx-
imately 30% greater then in the pd1 mutant seedlings,
and this difference is significantly different according
to the Student’s t test. This is consistent with the
overall difference in UV- and BL-absorbing com-
pounds seen in Figure 4. Table I also shows that
measurable anthocyanins in wild-type seedlings ex-
posed to continuous BL for 48 h does not differ ap-
preciably from that measured for pdl-1 or pdl-2
seedlings similarly treated.

1.5

relative level of phenylpyruvate
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Figure 6. Preactivated GPA1 can increase PD1
activity by 2-fold. The figure depicts an in vitro
assay where in vitro-translated GPA1 and PD1
were combined with a number of nonhydro-
lyzable analogs to mimic either inactive (GDP
or GDPBS) GPAT or activated (GTPyS) GPAT to
test if active or inactive GPA1 was capable of
interacting with PD1 to metabolize added
prephenate. Purified prephenate was used
and added to final concentration of 1.0 mm
where indicated (PREPH). Progress of reaction
was determined at 0, 10, and 30 min post-
initiation by methods as indicated in Figure 3,
then quantifying phenylpyruvate formation by
absorption characteristics also as described for

+ 4+ o+
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Figure 3. Results were confirmed by HPLC.
SEM is indicated.
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Figure 7. Natural fluorescence in the cotyledons of 7-d-old wild-type Col and mutant seedlings. A, Seedlings of wild-type Col
and pd1 mutant seedlings were grown for 6 d in complete DK. Seedlings were mock irradiated with either no light (DK)
or irradiated with 10* pmol m~2 of BL or ABA (in ethanol) or just ethanol (ethanol), returned to the dark for 24 h after which
the cotyledons were photographed on a deconvoluting microscope. The images shown are natural fluorescence and
represent optical sections at 0%, 50%, and/or 100% thickness from abaxial to adaxial surfaces of the cotyledon using
4’,6-diamino-phenylindole and fluorescein isothiocyanate excitation-blocking filter sets. The arrows indicate fluorescent
material at the tip of the cotyledon present in wild-type seedlings that is absent in pd7 mutant seedlings (example for pd7 shown
is pd1-1). B, Seedlings of wild-type Col, and gcr1, gpal, prn1, pd1-1, and pd1-2 mutant seedlings were grown, irradiated, and
photographed as described in A. Photographs shown represent the whole cotyledon. The arrows indicate fluorescent materials at

the tip of the cotyledon. wt, Wild type.

The BL-Induced Accumulation of Phe Is Not Part of the
Post-GPA1-Signaling Mechanism That Leads to the BL
Regulation of Lhcb

The iterative interaction between GCR1, GPA1, and
PD1, the common phenotype of the T-DNA insertion
mutants, and the ability of activated GPA1 to activate
PD1 defines PD1 as a GPA1 effector and GCR1, GPA1,

Table I. Anthocyanins accumulation (absorbance/g fresh weight)

Anthocyanins production in dark-grown seedlings. Seedlings were
grown for 7 d in complete DK or for 5 d in complete DK followed by 48
h of continuous BL at 10° wmol m™2 s~'. Anthocyanins extraction and
quantification were performed on fresh tissue according to Noh and
Spalding (1998). Data derive from three independent replicates. Errors
represent the SEM. Replicates (three) and means were analyzed with
the Student’s ¢ test.

Col Wild Type pdi1-1 pdi-2
DK 0.03% = 0.004 0.02° = 0.002 0.02* = 0.002
Continuous BL  1.54 = 0.056 1.31 £ 0.013 1.25 = 0.056

“The means of the mutant anthocyanins levels are significantly
different from wild-type levels (>95% confidence level).
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and PD1 as a signal transduction chain for the BLF
system activation of PD1 activity.

A single pulse of low-fluence BL also induces the
immediate expression of Lhcb in etiolated pea (Pisum
sativum) and Arabidopsis (Marrs and Kaufman, 1991;
Gao and Kaufman, 1994). The signal transduction
mechanism responsible for this gene expression is
comprised in part by a GCR1, GPA1, PRN1, and
NF-Y-signaling chain, wherein PRN1 acts as the
GPA1 effector (K.M. Warpeha, unpublished data). To
confirm the divergence of these two signaling mech-
anisms at the level of the effectors, we tested a T-DNA
insertion mutant in the PRN1 gene for ability to
accumulate the amino acids Phe, Tyr, and Trp in
response to BL treatment (Fig. 2), and ability to pro-
duce fluorescent material at the tip of the cotyledon in
response to BL treatment (Fig. 7B). In both instances,
the prnl mutant appears to respond like wild type: The
prnl mutant accumulates both Phe and Tyr, and the tip
of the cotyledon has natural fluorescence similar to
that observed for wild-type seedlings.

We also tested the ability of pd1 insertion mutants to
accumulate Lhcb RNA in response to BL treatment

Plant Physiol. Vol. 140, 2006



(Fig. 8). The data indicate that BL-induced accumula-
tion of Lhcb RNA for pd1 mutants is similar to the level
of accumulation observed for wild-type seedlings.

DISCUSSION

Phe-derived compounds can account for as much
as 30% to 40% of the mass of a plant (Lewis and
Yamamoto, 1989; Davin et al., 1992). As far as we are
aware, the actual pathway by which Phe is produced
or the various ways in which that pathway is regulated
have not been explored by modern genetic and
molecular-genetic means.

The two main synthetic pathways by which prokary-
otes and fungi produce Phe rely on the committed
synthesis of prephenate from chorismate-via-choris-
mate mutase. The major synthetic pathway proceeds
via the conversion of prephenate to phenylpyruvate
by PD and the subsequent conversion phenylpyruvate
to Phe by phenylpyruvate amino transferase (Haslam,
1993). Chorismate mutase and PD activities can occur
as two separate proteins or, in the case of P protein in
Escherichia coli, as a fused protein with both activities
(Zurawski et al., 1977, Hudson and Davidson, 1984;
Romero et al., 1995). An alternative pathway proceeds
via the conversion of chorismate to arogenate via the
action of a prephenate amino transferase and the sub-
sequent conversion of arogenate to Phe via the action
of arogenate dehydratase (Patel et al., 1977). Cyclo-
hexadienyl dehydratase is reported to have both PD
and arogenate dehydratase activities (Xia et al., 1991).

It has been the assumption that in plants, unlike
fungi wherein synthesis takes place in the cytosol, that
the postchorismate steps occur in the chloroplast via

wt col pd1-1
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Figure 8. PD1 is not involved in the BL induction of Lhcb. Six-day-old
dark-grown wild-type Col and pd7 mutant seedlings were irradiated
with a single pulse of low-fluence BL (10? pmol m~?) or no light (DK),
and were placed back in the dark for 2 h after which total RNA was
extracted and used for northern analysis (Lapik and Kaufman, 2003).
Dark levels are set to 1.0. Example mutant shown is pd7-1. Northern
blots shown are representative. Plotted data derive from at least three
independent replicates. Error bars represent the SEM. wt, Wild type.
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Figure 9. A proposed model for the GCR1, GPA1, and PD1 signal
transduction mechanism responsible for BL-enhanced Phe synthesis in
etiolated seedlings. The figure depicts the potential interface between
the BL-activated GCR1, GPAT1, and PD1 signal transduction chain and
the cytosolic biosynthetic pathway leading from chorismate to Phe.
Also depicted is the major signaling branch point that occurs imme-
diately downstream of GPAT1, as there now appear to be several
different GPAT effector proteins.

an arogenate intermediate (for review, see Schmid and
Amrhein, 1995). Examination of the Arabidopsis ge-
nome reveals no copies of arogenate dehydratase or
cyclohexadienyl dehydratase. Further, Razal et al. (1994)
were unable to isolate or detect arogenate from any
plant grown under any light condition.

In contrast, the Arabidopsis genome contains three
genes coding for chorismate mutase, two chloroplastic
and one cytosolic (Eberhard et al., 1996; Mobley et al.,
1999). Six PD genes are described for Arabidopsis,
where sequence analysis predicts four have signal pep-
tides, suggesting they are chloroplastic, and two less
likely to have signal peptides (including PD1), suggest-
ing they are cytosolic (K.M. Warpeha, unpublished
data). Given the importance of Phe to plants and the
large investment of genetic material in phenylpyruvate-
based pathways in both the chloroplast and cytoplasm,
it would seem likely that the process of Phe production
can occur via phenylpyruvate both in the cytosol and in
the mature plant, the chloroplast. Our findings herein
confirm that in etiolated seedlings, this pathway can
occur in the cytoplasm and can occur via a phenyl-
pyruvate intermediate.

Data presented herein deriving from the use of
T-DNA insertion mutants and biochemical and pro-
tein interaction studies, considered along with inter-
action data recently published by Pandey and
Assmann (2004), confirm that GCR1, GPA1, and PD1
form all or part of a BL-induced signal transduction
mechanism resulting in an immediate increase in the
rate of phenylpyruvate synthesis and the subsequent
increase in the levels of Phe. It remains unclear if
GCR1 acts as, or downstream of, the responsible BL
receptor. The fact that pdl insertion mutants lack the
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BL-induced responses indicates that none of the other
five genes coding for PD has the capacity to compen-
sate the PD1 activity in etiolated seedlings. All of our
plant material is derived from dark-grown seedlings,
where BL irradiations are less than 2 min, so we are
examining early fast responses to discrete pulses.

We have recently demonstrated that PRN1, like PD1,
can act as a GPA1 effector. In this signaling chain, the
BL-induced PRN1-mediated pathway leads to the
induction of Lhcb transcription (K.M. Warpeha, un-
published data). GCR1 is also involved in this BL-
mediated pathway and, similarly, with an undefined
role. The data presented herein support the hypothesis
that the two BL-signaling pathways branch immedi-
ately downstream of GPA1, via its separate interaction
with PD1 or PRN1.

Because GPAL1 is the only Ga-subunit in Arabidop-
sis, and because it is known to be involved in several
different signal transduction pathways (for review,
see Jones and Assmann, 2004; Perfus-Barbeoch et al.,
2004), it is likely to interact with many different effec-
tor proteins. Proteins known to both interact with and
participate in the same signaling pathways as GPA1
include PRN1 (Lapik and Kaufman, 2003), Phospho-
lipase C (Apone et al., 2003), and Phospholipase Ea1
(Zhao and Wang, 2004). This study adds PD1 to that
list. Based on our data and what is known about PDs
we have designed a model of Phe formation in etio-
lated seedlings (Fig. 9).

Etiolated Arabidopsis seedlings have relatively
small pools of prephenate or Phe. At this point we
have no understanding of the specific biological role
of this BL-induced pathway, or the exact identities of
the BL- and UV-absorbing compounds that seem to
result from its activation. Phe is known to be the first
committed precursor for the phenylpropanoid path-
way, itself responsible for the synthesis of a large number
of UV- and BL-absorbing compounds. It would seem
likely that many of the BL- and UV-absorbing com-
pounds that occur as a result of the BL activation of the
GCR1, GPA1, and PD1 pathway intimately derive
from the phenylpropanoid pathway. In the only other
study that we are aware of examining early phenyl-
propanoid production in etiolated tissue, albeit in
roots, Hemm et al. (2004) noted that phenylpropanoid
production is miniscule. Irradiation resulted in a
greater than 100-fold induction in phenylpropanoid
synthesis. This is consistent with published studies
where BL initiates phenylpropanoid production (Long
and Jenkins, 1998; Noh and Spalding, 1998), and pre-
irradiation of parsley (Petroselinum crispum) cells in
culture prior to UV treatment reduces a lag period for
expression of Phe derivatives (Bruns et al., 1986; Ohl
et al, 1989). Lag elimination is often indicative of
precursor synthesis.

Phe is the precursor for Phe-derived compounds
including the light-induced UV and visible protective
pigments (Long and Jenkins, 1998; Noh and Spalding,
1998; Hemm et al., 2004; Agati et al., 2005; Bussotti
et al, 2005). The seedling mutants for PD1 fail to
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accumulate the phenylpropanoid precursor Phe
and display either little or no fluorescence (mock-
irradiated, i.e. no light), or diffuse reddish fluorescence
(BL-irradiated) upon excitation by UV and blue wave-
lengths. The compounds causing the fluorescence ob-
served in wild-type seedlings, which are absent from
the PD1-deficient seedlings, are unknown. Likely can-
didates include the anthocyanins (Agati et al., 2002,
2005; Bussotti et al., 2005) and sinapolymalate (Chapple
et al., 1992). Sinapolymalate, a UV-fluorescent com-
pound, accumulates in the upper leaf epidermis and
can cause a blue-green fluorescence under UV light
(Chapple et al., 1992) similar to what we have ob-
served in the tip of the cotyledon herein. Anthocyanins
are present in etiolated pd1-1 and pd1-2 albeit at levels
about 30% less than measured in etiolated wild-type
seedlings.

Growth of pd1-1 and pd1-2 for 48 h in continuous BL
results in anthocyanins levels approximating those
measured for wild-type seedlings. It is uncertain if
other members of the PD family, or some other bio-
chemical pathway, is responsible for the Phe used in
the synthesis of these anthocyanins.

There is clear evidence that GCR1 is a critical com-
ponent of the BLF signal transduction mechanism,; it is
required for the responses mediated through both the
PD1 and PRNI1 effector systems and is also required
for ABA activation of the so-called BLF system. It is not
certain if GCR1 acts as either the direct BL and/or
ABA receptor or neither. Given that ABA derives from
an asymmetric cleavage of a carotenoid and that the
cyclic head group of ABA is similar to that of the
carotenoids from which it derives, it is possible that
one protein could bind both ABA and a member of the
carotenoid group from which it derives, and act as a
single receptor. There are data to support a role
for carotenoids in certain BL-mediated responses
(Quinones and Zeiger, 1994; Quinones et al., 1998).

While it is unclear if a single receptor or two inde-
pendent receptors are responsible for the responses we
observe to ABA and BL, it is clear that they feed into a
single signal transduction system that relies on GCR1,
GPA1, and a set of effector systems, one of which is
PD1, as described herein.

MATERIALS AND METHODS
Plant Materials and Accessions

Matched seed lots of wild-type Columbia (Col) Arabidopsis (Arabidopsis
thaliana) and siblings carrying T-DNA insertions within coding regions of
GCR1 (SALK_027808), GPA1 (SALK_066823), PRN1 (SALK_006939), and PD1
(SALK_013392, called pd1-1; SALK_029949, called pd1-2; both mutants have
identical responses in our experiments, although in some cases data is shown
for one mutant for brevity) were obtained from the Arabidopsis Biological
Resource Center (Alonzo et al., 2003). Plants intended for seed stocks were
grown in Scott Metromix 200 (Scotts) in continuous white light as described
elsewhere (Lapik and Kaufman, 2003). All lines are homozygous for the
reported insertion. Gene sequence accessions were obtained from GenBank
(http:/ /www.ncbi.nlm.nih.gov) and SIGnAL (http://signal.salk.edu), and
compared by CLUSTALX program.
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Plant Growth and Preparation of Tissue

Six-day-old dark-grown seedlings of Arabidopsis wild-type Col or inser-
tion mutants were grown on 0.8% agarose plates containing only 0.5 X
Murashige and Skoog media as described in Lapik and Kaufman (2003). The
growth media contain no additional sugar, hormones, vitamins, or other
nutrients. Seedlings were irradiated with a single pulse (100 s or less) of low-
fluence BL (total fluence of 10* wmol m™2 or 10> uwmol m 2 [RNA only];
Warpeha and Kaufman, 1990) or no light (DK), and placed back in the dark for
2 or 24 h as indicated. Aerial portions were subsequently harvested to
measure PD activity, amino acid analysis, and spectral analysis as described.
RNA analysis has been described in full in Lapik and Kaufman (2003). ABA
treatments (800 nm in ethanol) were conducted as described previously (K.M.
Warpeha, unpublished data). Seedlings were harvested 24 h after treatment
and treated in a manner to that described for seedlings irradiated with BL.

Chemicals

All chemicals unless otherwise noted were obtained from Sigma.

In Vitro GPA1-PD1 Activation Assays

Full-length GPA1 and PDI1 templates were amplified, prepared, and
purified by the methods described (Lapik and Kaufman, 2003). GPA1 and
PD1 proteins were individually produced by coupled in vitro transcription/
translation using TNT T7 coupled wheat germ extract system (Promega) as
directed and as modified previously (Lapik and Kaufman, 2003). In vitro
association assays were conducted by mixing approximately equimolar con-
centrations of GPA1 with PD1 in PD assay buffer at 4°C (Euverink et al., 1995)
with modifications for plants: 50 mm K,PO, pH 7.5, 1.0 mM dithiothreitol,
100 mm phenylmethylsulfonyl fluoride, and 0.5% protease inhibitor cocktail
for plants. Activated GPA1 was achieved by preincubation with 100 um
GTPyS (a nonhydrolyzable GTP analog). Inactivated GPA1 was achieved by
preincubation with GDP, or GDPS (a nonhydrolyzable GDP analog). At time
zero, prephenate at concentration of 10.0 mm (final concentration 1.0 mm)
dissolved in 50 mm K,PO, pH 7.5 was added to the reaction mixture. Reaction
mixtures were stopped at time zero and various time points thereafter by
adding 0.5 volume of 1IN NaOH (Euverink et al., 1995). Absorbance values
were read immediately afterward at 320 nm to assess conversion of prephen-
ate to phenylpyruvate as described in Euverink et al. (1995). For controls,
activity assays with conditions such as buffer only, no protein, one protein
(GPA1 or PD1), or GPA1 + PD1 + no prephenate, were conducted in the same
manner as described above.

Amino Acid HPLC Preparation and Spectral
Analysis Experiments

Amino acid analysis was conducted as described (Razal et al., 1994) with
these modifications: Amino acid content was assessed in the aerial portions of
wild-type Col and insertion mutant seedlings (pd1-1 and pd1-2) 2 h after BL
irradiation treatment or mock treatment (no BL). Seedlings were grown and
irradiated as described above, aerial portions harvested in liquid nitrogen,
ground to a fine powder, and stored at —80°C until amino acid analysis could
be performed. All procedures hereafter were conducted at 4°C or on ice unless
specified. Preweighed ground samples were dissolved in methanol:water:
triethylamine (2:2:1 by vol) at approximately 13 mL per 0.5 g of sample by
shaking in the dark at 4°C for 24 h. Two mL of the solution was centrifuged for
6 min at 12,000 rpm. The supernatant was transferred to a new 2.0 mL tube
and dried using a using a speed vac (Savant). Quantity of 1.5 mL of acetone at
—80°C was added to the evaporated samples, and the mixture was ultra-
sonicated until the sample was fully dissolved. The acetone samples were kept
at —80°C for 30 min and centrifuged at 12,000 rpm for 5 min to remove
precipitated proteins and other acetone-insoluble materials. The supernatant,
containing the amino acids, was dried in a speed vac and used for amino acid
or absorption spectra analysis.

Amino Acid Analysis

The acetone-dried samples were resuspended in 50 uL methanol:water:
triethylamine (2:2:1 by volume), redried in the speed vac, resuspended in
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50 uL of ethanol:triethylamine:water:phenylisothiocyanate (Pierce; 7:1:1:1 by
volume), incubated for 20 min, and dried in a speed vac. The dried phenyl-
isothiocyanate-labeled samples were dissolved in 200 uL of disodium hydro-
gen phosphate (pH 7.4) buffer and passed over a pico tag column (Waters) per
the manufacturer’s specifications. Amino acid standard H (Pierce) was used
as the standard to assign peak position.

Anthocyanins Extraction and Quantification

Seedlings were grown in continuous DK for 7 or 5 d followed by 48 h of
continuous BL irradiation at a fluence rate of 10° umol m 2 s, BL irradiation
materials have been described in full (Warpeha and Kaufman, 1990a). An-
thocyanins were extracted and quantified according to Noh and Spalding
(1998). Replicates (three) and means were analyzed with the Student’s ¢ test.

Absorbance Spectra

Absorbance spectra were obtained from samples in assay buffer as
described above for the in vitro activation assays. Additional spectral analyses
were carried out using samples prepared in the same manner as for amino
acid analysis. Acetone dried samples were mixed with disodium hydrogen
phosphate (pH 7.4) buffer and filtered once using a 0.45 um syringe filter.
Absorption spectra between 200 to 450 nm were obtained using a duel beam
spectrophotometer (Spectronic Genesys 5; Thermo Electron).

Microscope Images

Fluorescent images were obtained of living unfixed seedlings 24 h post BL
or ABA treatment as described in the “Plant Growth and Preparation of
Tissue” section. Optical sectioning was achieved by using a Zeiss Axiovert
200M microscope (Carl Zeiss), equipped with ApoTome (collected by grid
projection), and a digital camera and the 4’,6-diamino-phenylindole, fluores-
cein isothiocyanate, and Texas Red filter sets (Chroma). Photographs of whole
cotyledon fluorescence were snapped on the same microscope set up, minus
the apoTome setting.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number AAC73018.1.
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