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In response to wounding and pathogens, jasmonate (JA) serves as a signal molecule for both induction and repression of gene
expression. To examine defense-regulated gene repression in Arabidopsis (Arabidopsis thaliana), we have identified a non-
classical arabinogalactan protein (AGP) gene, AGP31, and show that its mRNA decreased to about 30% of its original level
within 8 h in response to methyl JA (MeJA) treatment of whole 7-d-old seedlings. Wounding and abscisic acid treatment had
similar effects. MeJA suppression primarily depends on the action of the JA-signaling protein, COI1, as shown by much lower
MeJA suppression in coil-1 mutant plants. The main mechanism of mRNA suppression by MeJA is repression of transcription,
as shown by nuclear run-on experiments. The AGP31 protein shares features with several known and putative nonclassical AGPs
from other species: a putative signal peptide, a histidine-rich region near the N terminus followed by a repetitive proline-rich
domain, and a cysteine-rich C-terminal PAC (for proline-rich protein and AGP, containing cysteine) domain. Positive Yariv reagent
interaction demonstrated that the protein is an AGP. Monosaccharide analysis of purified AGP31 indicated it is a galactose-rich
AGP. Expression of an AGP31-enhanced green fluorescent protein fusion protein in transgenic cells revealed that the AGP31
protein was localized to the cell wall. AGP31 promoter-B-glucuronidase reporter gene analysis showed expression in the
vascular bundle throughout the plant, except in the flower. In the flower, B-glucuronidase staining occurred throughout the
pistil, except in the stigma. The strong preferential expression in vascular tissues suggests that AGP31 may be involved in

vascular tissue function during both the defense response and development.

Plants respond to insect attack, mechanical damage,
and pathogen infection by regulating specific and over-
lapping sets of genes to provide wound-healing and
protective functions. These responses widely involve
both gene activation and repression. Both of these pro-
cesses appear to be important in coordinating the
antagonistic and synergistic interplay of different sig-
naling pathways and downstream effectors to address
biotic stress (Lorenzo et al., 2003). For example, defense-
induced salicylic acid promotes expression of various
defense genes, such as pathogenesis-related proteins,
while repressing the expression of genes under the
control of the jasmonate (JA)-signaling pathway (Li
etal., 2004). Recently, a bacterial elicitor has been shown
to mediate repression of auxin signaling and enhance
disease resistance through induced microRNA accu-
mulation in Arabidopsis (Arabidopsis thaliana; Navarro
et al., 2006).
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Positive and negative regulation of gene expression,
along with diverse nongenomic processes, contribute
to the dynamic remodeling of the plant cell wall dur-
ing responses to herbivory, wounding, and infection.
Changes in the wall often play a central role in the
defense outcome (Schulze-Lefert, 2004). Callose for-
mation at infection sites increased susceptibility to sev-
eral fungal pathogens in Arabidopsis (Nishimuraetal.,
2003). Tomato (Lycopersicon esculentum) plants treated
by wounding, methyl JA (MeJA), or systemin applica-
tion released peptides from a cell wall Hyp-rich gly-
coprotein that stimulated two well-known defense
responses, extracellular alkalinization, and accumula-
tion of proteinase inhibitors (Nishimura et al., 2003;
Narvaez-Vasquez et al., 2005). Among roles identified
for cell wall proteins, rapid oxidative cross-linking of
selected cell wall proteins to strengthen the cell wall
against pathogen attack has been widely documented
in many plants. Hydroxy/Pro-rich proteins (HRGPs),
such as extensins and Pro-rich proteins (PRPs), have
been identified as undergoing cross-linking, particu-
larly those rich in Tyr (Bradley et al., 1992; Brown et al.,
1998). Tyr residues in these proteins have long been
postulated to form intermolecular linkages responsible
for insolubilization of the proteins in the wall during
the defense response. A recent study using a model
extensin peptide system expressed in tobacco (Nicotiana
tabacum) cells has identified the formation of diisodity-
rosine intermolecular cross-links in vitro (Held et al.,
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2004). Besides oxidative cross-linking of extensins and
PRPs, oxidative cross-linking was also demonstrated
by formation of high-M, complexes of plasma membrane-
associated arabinogalactan proteins (AGPs) after
wounding in sugar beet (Beta vulgaris) leaves (Kjellbom
etal., 1997). It has been hypothesized that other HRGPs
and PRPs with lower Tyr content do not cross-link and
may not contribute to the defense response (Sheng
et al.,, 1991). The cucumber (Cucumis sativus) PRP1
remained soluble after wounding, elicitor, and hydro-
gen peroxide treatments and was instead suggested
to participate in the deposition of protective silica at
infection sites (Kauss et al., 2003).

In a number of cases, changes in HRGP and PRP
gene expression have been found to correlate with the
presumed function or lack of function in protection
during the plant defense response. Accordingly, spe-
cific HRGP and PRP mRNAs whose encoded proteins
perform postulated or demonstrated adaptive roles are
induced by defense-related stimuli (Bradley et al.,
1992; Kauss et al., 2003; Pearce and Ryan, 2003). In
contrast, several mRNAs encoding low-Tyr HRGPs
and PRPs are down-regulated (Sauer et al., 1990; Sheng
etal., 1991). For the latter group, it has been postulated
that the genes are down-regulated to reduce synthesis
of unneeded proteins to conserve energy and perhaps
enhance the cell wall structure (Sheng et al.,, 1991;
Mehdy, 1994). Whereas down-regulation of numerous
genes during plant defense responses has been ob-
served, particularly with the advent of microarray
technology, the molecular mechanisms generating
down-regulation are poorly understood. The mecha-
nism of down-regulation of low-Tyr PRP mRNA has
been examined for the French bean (Phaseolus vulgaris)
gene, PvPRP1. PvPRP1 mRNA was destabilized in
elicitor-treated cells such that mRNA half-life de-
creased from about 60 h in unelicited cells to approx-
imately 45 min in elicited cells. In contrast, there was
no change in the rate of PvPRP1 transcription (Zhang
et al., 1993). Whereas progress has been made in iden-
tifying an RNA-binding protein that binds to the
PvPRP1 mRNA in vitro (Zhang and Mehdy, 1994), the
lack of facile genetic approaches, a sequenced genome,
and many resources, such as mutant insertion lines in
the French bean system, hamper elucidation of the reg-
ulatory pathway. Identification of a PRP gene in Arabi-
dopsis homologous to the bean PvPRP1 gene may
provide a good candidate to examine defense-regulated
gene repression in the model Arabidopsis system.

In this study, a low-Tyr PRP was identified in Arabi-
dopsis, whose mRNA was down-regulated by various
defense-related stimuli: wounding, MeJA, and abscisic
acid (ABA) treatments. MeJ A repression of the mRNA
level was COI1 dependent and occurred at the level of
transcription. This PRP is better classified as a non-
classical AGP on the basis of its hallmark reactivity
with B-glucosyl Yariv reagent and having an extensive
carbohydrate moiety rich in Gal and Ara. Hence, the
gene was named AGP31. Analysis of AGP31 promoter-
GUS reporter gene expression in transgenic plants
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revealed a striking association of expression with the
vascular tissue throughout the plant, except for more
widespread expression in flowers. The strong pre-
ferential expression in vascular tissues suggests that
AGP31 may be involved in vascular tissue function
during both the defense response and development.

RESULTS
AGP31 Encodes a Nonclassical AGP

A BLASTP search was conducted to identify Arabi-
dopsis proteins with features and protein organization
similar to the French bean PvPRP1 protein, including
low Tyr content (generally <5%). The gene with the
greatest similarity throughout the encoded protein
length was At1g28290. Using reverse transcription-
PCR, we obtained a cDNA clone spanning the complete
open reading frame of At1g28290. DNA sequencing
confirmed the annotation of At1g28290 (http://www.
arabidopsis.org). At1g28290 has one intron and a
208-nucleotide 3'-untranslated region (UTR) deduced
from the cDNA sequence. At1g28290 encodes a 359-
amino acid Pro-rich protein with four distinct do-
mains: a putative signal peptide followed by a His-rich
domain, a middle repetitive Pro-rich domain, and a
C-terminal non-Pro-rich domain (Fig. 1A). In the Pro-
rich domain, there are only five types of amino acids,
with 45.9% Pro, 18.2% Lys, 15.7% Val, 6.3% Ala, and
3.8% Tyr. These amino acids form different exact repeat
units. There are two long repeats with 31 amino acids
overlapping with four shorter 20-amino acid repeats
(Fig. 1A). These repeats are essentially composed of
different variants of the basic repeat unit PP(A/V/T)
(K/Y). This degenerate quadripeptide is different from
the typical pentapeptide PPVX(K/T) of other PRPs,
such as several AtPRPs in Arabidopsis (Fowler et al.,
1999) and ENOD11 in Medicago (Journet et al., 2001),
and is characteristic of a class of nonclassical AGPs and
AGP-like proteins. Also in common with these proteins,
the At1g28290 protein has a C-terminal region with six
well-conserved Cys residues that has been named PAC
(for PRP and AGP, containing Cys; Baldwin et al., 2001).
This domain also exists in the OLE E 1 pollen allergen
in olive (Olea europa).

The protein sequence of At1g28290 suggested that it
may encode a nonclassical AGP. Preceding the His-rich
domain, there is a module APAPAP and there are six
single AP duplets scattered in the PRP domain (Fig. 1A).
Increasing evidence suggests that these AP modules are
sites of carbohydrate attachment in AGPs (Tan et al.,
2004). In addition to these putative O-glycosylation
sites, there are two putative N-glycosylation sites in
the PAC region (Fig. 1A). Based on these analyses,
we postulated that this protein might be a nonclas-
sical AGP.

Further supporting evidence was provided using the
PAC domain sequence to BLAST the GenBank data-
base. This identified several putative homologs among
different species. Among these putative homologs, we
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searched for proteins that have similar structure: pre-
dicted signal sequence, N-terminal His-rich stretch, a
Pro-rich region with the repeat PPXX, and a PAC do-
main. After applying these criteria, we identified sev-
eral proteins, PvPRP1 (French bean), HyPRP1 (cotton
[Gossypium hirsutum]), DcAGP1 (carrot [ Daucus carotal),
NaPRP4, NtTTS1, and NtTTS2 (tobacco), which we
consider to be homologs of At1g28290 (Fig. 1B). Among
these homologs, DcAGP1, NaPRP4, NtTTS1, and
NtTTS2 have been shown to be bona fide nonclassical
AGPs (Cheung et al., 1995; Sommer-Knudsen et al.,
1996; Baldwin et al., 2001). In the Arabidopsis genome,
there are two genes, AtAGP30 and At2g34700, showing
similarity with At1g28290. AtAGP30 (van Hengel and
Roberts, 2003) shows the highest similarity with At1g28290
but it has no His-rich domain. At2g34700 has only the
PAC domain without His- and Pro-rich domains. Based
on these analyses, we concluded that At1g28290 is the
only gene in this nonclassical AGP subclass in the
Arabidopsis genome.

To determine whether At1g28290 is a bona fide
AGP, we used the 355 promoter to overexpress the
At1g28290 protein fused with a 6X-myc tag at the
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Figure 1. Characterization of AGP31. A, Structure of
AGP31. Shaded regions are four exact repeat units.
Underlined regions are two longer repeat units. The
smallest repeat unit is PPXX. The italicized region is
the predicted signal peptide; the bold region is the
His-rich region. Boxed regions are the predicted
APAPAP module for arabinogalactan attachment
and N-glycosylation sites. B, Neighbor-joining tree
generated from the alignment of full-length amino
acid sequences of the homologs of AGP31. Numbers
indicate the percentage of 1,000 bootstrap replicates.
C, Western blot showing that AGP31 exists in AGP
precipitation of cell wall protein. Lane 1, AGP frac-
tion from wild-type plants; lane 2, AGP fraction from
transgenic plants expressing 355::AGP31::myc. D,
Purified AGP31. AGP31 was isolated from high-salt
eluted cell wall protein by a Ni-NTA column and
deglycosylated by TFMS. Approximately 2 ug of
native and deglycosylated AGP31 were separated
by SDS-PAGE on a 15% gel and stained by Coomas-
sie Blue. Lane 1, Native AGP31; lane 2, deglycosy-
lated AGP31.

C-terminal end in transgenic plants. A cell wall frac-
tion was isolated from 7-d-old seedlings. Proteins re-
leased by high salt extraction of this fraction were
incubated with B-glucosyl Yariv reagent, a compound
that selectively precipitates AGPs. Western-blot anal-
ysis of the AGP fraction using an anti-myc antibody
detected the fusion protein and an endogenous, non-
specific 50-kD protein (Fig. 1C). This result demon-
strates that At1g28290 is a bona fide AGP. The myc
fusion protein detected by the antibody ran by SDS-
PAGE as a broad high-molecular-mass band of about
170 to 200 kD, whereas the predicted molecular mass of
the mature At1g28290 protein alone is 38 kD. In addi-
tion to this experiment, we isolated the myc fusion
protein from the high-salt cell wall protein fraction by
nickel nitrilotriacetic acid agarose (Ni-NTA) affinity
purification, capitalizing on the fact that there is a His-
rich stretch near the N terminus of At1g28290. The
resulting enriched protein fraction spotted on nitrocel-
lulose stained positively with Yariv reagent (data not
shown). Based on these analyses, we concluded that
At1g28290 encodes a nonclassical AGP and named it
AGP31.

865



Liu and Mehdy

Table I. Amino acid composition of AGP31

. . Experimentall Predicted
Amino Acid Determ!oned Compz)/sition Composition
mol %
Hyp 14.5
Pro 13.1 26.9
Lys 14.0 14.9
Val 11.4 12.2
Ala 6.6 6.6
Thr 6.0 6.9
His 5.6 4.5
Gly 5.4 3.9
Glu 4.7 1.8
Ser 3.8 4.2
Tyr 3.7 3.9
Leu 3.6 4.2
Asp 3.5 0.9
Phe 2.0 2.7
Arg 1.2 1.2
lle 0.9 0.6
Met 0.1 0
Cys Not determined 4.5

AGP31 Is a Gal-Rich AGP

To examine its carbohydrate composition and likely
hydroxylation of Pro residues, we purified native
AGP31 protein from transgenic plants overexpressing
native AGP31. Transgenic lines were generated by in-
troducing a genomic fragment that contains about 3 kb
upstream of translation start codon and about 700 bp
downstream of the translation stop codon of the
AGP31 gene. Due to the nature of Agrobacterium trans-
formation, multiple copies of fragments are frequently
introduced into plants and can exhibit higher mRNA
levels. Plants of a transgenic line that showed a higher
mRNA level than wild type grown in liquid Murashige
and Skoog medium were used to isolate the high-salt
eluted cell wall protein. AGP31 was purified by a Ni-NTA
metal affinity column from high-salt eluted cell wall
protein and an aliquot subjected to trifluoromethane-
sulfonic (TFMS) acid hydrolysis, a treatment that
removes the majority of carbohydrate in glycoproteins.
The Coomassie Blue-stained gel showed that acid
hydrolysis resulted in a dramatic shift from the broad
high-molecular-mass band to a single prominent band
of 45 kD in the deglycosylated sample (Fig. 1D). It is
noteworthy that the innermost Asn-linked N-acetyl-
glucosamine of an N-linked oligosaccharide is resistant
to TEMS treatment (Edge, 2003). The observed higher
than predicted molecular mass migration may be
due to nonuniform association of SDS with HRGP as
suggested by others (Desai et al., 1983; Bosch et al,,
2001) and possibly some residual N-linked sugars. The
identity of the band was identified by matrix-assisted
laser-desorption time-of-flight (MALDI-TOF) mass
spectrometry (MS), which covered 61% of the AGP31
amino acid sequence. No other protein was identified
by MALDI-TOF MS from the single band. Together,
these findings demonstrate that AGP31 is a glycopro-
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tein and that a highly purified preparation of AGP31
has been obtained.

Amino acid composition analysis of purified, degly-
cosylated AGP31 showed approximately equal amounts
of Pro and Hyp (Table I). Another nonclassical AGP,
NaPRP4, which is the homolog of AGP31 in Nicotiana
alata, also has about equal amounts of Pro and Hyp
(Sommer-Knudsen et al., 1996). Monosaccharide com-
position analysis showed that purified AGP31 contains
mostly Gal (80.9%), with lesser amounts of Ara (13.5%),
Xyl (2.1%), Fuc (1.3%), and Man (1.3%; Table II). In
addition, very low amounts of Glc (0.5%) and GlcUA
(0.5%) were detected. Again, AGP31 is very similar to
NaPRP4, which has a glycosyl composition of 83% Gal,
6.8% Ara, 3.5% Xyl, and 1.5% Man (Sommer-Knudsen
et al., 1996). Besides AGP31’s interaction with the Yariv
reagent, glycosyl composition analysis provided inde-
pendent confirmation that AGP31 is an AGP.

AGP31 mRNA Is Repressed by Wounding,
MeJA, and ABA

To investigate AGP31 gene expression during the
defense response, the leaves of 4-week-old plants were
mechanically wounded and directly wounded leaves
were harvested at various times. RNA-blot analysis
shows a decrease in AGP31 mRNA level over the 8-h
time course (Fig. 2A). The 1.35-kb size of the AGP31
transcript matches the expected size based on the
cDNA sequence. The GLUTATHIONE S-TRANSFER-
ASE1 (GST1) transcript was also hybridized as a known
wounding-induced mRNA, whereas the UBIQUI-
TIN10 (UBQ10) transcript was monitored to show
equal loading. Because JA and its derivatives are well-
known secondary messengers induced by wounding,
we also examined the effect of MeJA. MeJA treatment
resulted in a decrease in AGP31 mRNA to about 30% of
the original level by 8 h (Fig. 2B). After 12 h, the AGP31
mRNA level began to recover but remained below its
original level through the 24-h time course. In contrast,
control plants treated with the solvent exhibited only a
slight decrease in AGP31 mRNA. The marked induc-
tion of LIPOXYGENASE2 (LOX2) mRNA, a known
MeJA-regulated mRNA, demonstrated effective MeJA
exposure. Control plants treated with solvent showed
low-level induction of LOX2 mRNA, especially at early
time points. However, compared with MeJA-treated
plants, the response was much lower and diminished
after 4 h.

Table 1. Monosaccharide composition of AGP31

Glycosyl Residue mol %
Gal 80.9
Ara 13.5
Xyl 2.1
Fuc 1.3
Man 1.3
GlcUA 0.5
Glc 0.5
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Figure 2. Effects of wounding, MeJA, and ABA treatments on AGP31 and reference mRNA levels. A, Northern-blot analysis of
RNA from wounded leaves of 4-week-old plants. About one-third of the leaves were pressed with pliers and wounded leaves
were harvested for RNA at given time points. The same blot hybridized with the AGP31 probe was washed and rehybridized with
GST1 and then again with the UBQ10 probe to show equal loading. B, Northern-blot analysis of RNA from MeJA-treated 7-d-old
plants. Seedlings were grown in petri dishes, sprayed with 500 um MeJA in 0.1% ethanol, 0.01% Tween 20, or solvent control
(0.1% ethanol, 0.01% Tween 20), and whole seedlings were harvested at given time points. The same blot hybridized with the
AGP31 probe was washed and rehybridized with LOX2 and then again with the UBQ10 probe. C, Northern-blot analysis of RNA
from ABA-treated 7-d-old plants. Seedlings were grown in petri dishes, transferred to assay plates containing 0.1% ethanol
solvent control, 50 um MeJA, and 10 um ABA, and whole seedlings were harvested at 8 h. The same blot hybridized with the
AGP31 probe was washed and rehybridized with the UBQT10 probe.

ABA has been shown to be involved in some plant
defense responses and is widely active in the response
to water stress and other abiotic stresses. To determine
the expression pattern of AGP31 mRNA in response to
ABA, we treated seedlings with ABA and harvested
after 8 h. Northern-blot analysis showed that AGP31
mRNA was also repressed by ABA treatment (Fig. 2C).

Repression of AGP31 mRNA Is Primarily
COI1 Dependent

COI1 has been shown to play a pivotal role in JA
signaling. Based on microarray data, it has been esti-
mated that about one-half of JA signaling involves the
action of this protein, which encodes an F-box protein
as part of the E3 ubiquitin ligase complex (Devoto
et al., 2005). Although slight repression was still ob-
served, AGP31 mRNA repression in response to MeJA
was dramatically reduced in the coil-1 mutant com-
pared to the response in wild-type plants, indicating
the AGP31 mRNA repression is mainly dependent on
the COI1 pathway (Fig. 3). Interestingly, the basal level
of AGP31 mRNA is similar in untreated plants of both
genetic backgrounds.

Repression of AGP31 mRNA Occurs Primarily at the
Transcriptional Level

In French bean, repression of PuPRP1 mRNA is due
to mRNA stability regulation with no change in the
rate of transcription (Zhang et al., 1993). To evaluate
these two parameters for AGP31 regulation, we per-
formed a nuclear run-on assay to measure the tran-
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scription rate of the AGP31 gene after MeJA treatment.
Because Arabidopsis cultured cells can provide a large
quantity of homogeneous cells, the run-on assay was
carried out with cultured cell nuclei. Figure 4A shows
that MeJ A treatment of cultured cells resulted in AGP31
mRNA repression similar to the response in whole
plants. Nuclei from the same batches of cells were used
for run-on transcription assays. The results show that
AGP31 mRNA repression reflected decreased tran-
scription rate (Fig. 4B). Moreover, the magnitude of
transcription reduction (to about 30% of the original

wild type coil-1
8h Oh &h
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Lox? fotwe)
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Figure 3. Effects of MeJA treatment on AGP31, LOX2, and UBQ10
mRNA levels in wild-type and coi1-1 plants. Northern-blot analysis of
RNA from 7-d-old plants, either wild type or coil-1, transferred to
plates containing 50 um MeJA and whole seedlings were harvested at
8 h. The same blot hybridized with the AGP31 probe was washed and
rehybridized with LOX2 and then again with the UBQT10 probe.
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level) correlates well with the observed reduction in
the steady-state mRNA level to approximately 30%
of the original level. A known MeJA-induced gene,
ETHYLENE RESPONSE FACTOR1 (ERF1), showed
increased transcription, whereas the rates of ACTIN2
and UBQ10 transcription were essentially unchanged.

To investigate whether mRNA stability regulation
may also play a role, the AGP31 3'-UTR was inserted
downstream of a LUC" reporter coding sequence.
Agrobacterium-mediated transformation generally re-
sults in the concatenated insertion of several T-DNA
copies at a single locus. To avoid possible generation of
double-stranded RNAs and RNA interference pro-
cesses that could variously impact the steady-state
mRNA levels, transgenic plants were screened to
identify single-copy insertions by Southern blot as
described by Forsbach et al. (2003). Analysis of three
lines of transgenic plants containing single-copy in-
sertions showed that the LUC" reporter mRNA level
remained approximately constant in MeJA-treated
plants, whereas the endogenous AGP31 and LOX2
mRNAs showed expected regulation (Fig. 5). The
results suggest that MeJA-induced down-regulation
of AGP31 mRNA does not involve mRNA destabili-
zation through the 3'-UTR sequence. Whereas mRNA
stability regulation commonly operates through the
3'-UTR (Bevilacqua et al., 2003), the evidence does not
rule out a role for another part of the transcript or the
3’-UTR plus another sequence in conferring MeJA-
induced mRNA stability regulation. Together with the
run-on data, our results support predominant regula-
tion by repression of transcription.

AGP31 Is Localized in the Cell Wall

AGP31 protein is predicted to be a cell wall or se-
creted protein based on its putative signal sequence and
past findings of these locations for numerous AGPs. To
establish the subcellular localization of AGP31, en-
hanced GFP (eGFP) was fused to the C-terminal end of
AGP31 to form an AGP31::eGFP fusion construct un-
der the control of the 355 promoter. The constructs
were stably expressed in Arabidopsis transgenic plants
and also bombarded into onion (Allium cepa) epider-
mal cells to express the fusion protein transiently.
Figure 6, A and B, shows confocal microscope views
of the same root section from stable transgenic Arabi-
dopsis plants. The eGFP signal indicated that the
fusion protein was localized to the cell periphery
(Fig. 6, A and B). In bombarded onion epidermal cells,
the eGFP-alone construct showed intracellular locali-
zation, including a commonly observed presence in the
nuclei (Fig. 6, C and D). To distinguish between cell
wall and cell membrane locations, the transiently
transformed cells were treated with 0.8 M mannitol to
induce plasmolysis. As shown in Figure 6E, mannitol
treatment effectively contracted the plasma membrane
from the cell periphery in a cell that expressed eGFP
alone. The corresponding fluorescence image (Fig. 6F)
showed that eGFP fluorescence was also contracted
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Figure 4. AGP31 mRNA steady-state levels and transcription rates of
different genes in Arabidopsis cultured cells treated with MeJA. A,
Northern-blot analysis of AGP37 mRNA in MeJA-treated (50 um)
cultured cells harvested at the given time points. B, Nuclei were
isolated from the same batch of 1-week cultured Arabidopsis suspen-
sion cells as shown in A at the given time points. After incubation with
32P-UTP to produce radiolabeled run-off transcripts, RNA was purified
from nuclei and hybridized to duplicate spots for each linearized
plasmid DNA: PB, pBluescript vector; ACT2, ACTIN2.

with the cytoplasm. In contrast, in a plasmolyzed
transgenic cell expressing the AGP31-eGFP fusion pro-
tein, a significant portion of the fusion protein was
found at the cell periphery (Fig. 6H), indicating cell
wall localization. Some fusion protein was also seen
more faintly inside the cell and at the plasma mem-
brane, which would be consistent with intermediate
locations of the protein during its biogenesis. The
AGP31-myc fusion protein was also highly enriched
in the high-salt elution fraction from partially purified
cell walls (data not shown). In work from other re-
searchers, AGP31 was also identified in a cell wall
proteomics study (Feiz et al., 2006) and this is consis-
tent with our data indicating that AGP31 is a cell wall
protein.

AGP31 Is Expressed Primarily in the Vascular Bundle and
in the Flower

Toward understanding the biological function of
this protein during defense and normal development,
we characterized the AGP31 mRNA expression level
in roots, leaves, stems, and inflorescences of Arabi-
dopsis plants. RNA-blot analysis showed that AGP31
mRNA was expressed in all parts of the plant, with the

Plant Physiol. Vol. 145, 2007
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Figure 5. Effect of MeJA on the levels of LUC™ reporter mRNA
containing the 3’-UTR of AGP31 in transgenic seedlings. A, The
construct structure of UBQ10 promoter::LUC":: AGP31 3'-UTR gene.
B, Northern-blot analysis of RNA from transgenic plants carrying a
UBQ10 promoter::LUC"::AGP31 3'-UTR construct. Seven-day-old
seedlings of three single-insertion lines were sprayed with 500 um MeJA
and harvested at the given times. The same blot was sequentially
hybridized to the following probes: 3'-UTR of AGP31 (to detect LUC™
and endogenous AGP37 mRNA), LOX2, and UBQT0.

roots and inflorescences having the highest expression
levels (Fig. 7A). To determine the expression pattern of
the AGP31 gene more precisely, we made transgenic
plants harboring the bacterial uidA gene (GUS) under
the control of a 1.4-kb fragment extending upstream
from the AGP31 start codon. This construct is termed
the AGP31 promoter-GUS reporter construct (Pyqps;::
GUS). The GUS expression pattern based on histo-
chemical staining for GUS activity revealed that the
AGP31 promoter-GUS reporter gene was predomi-
nantly expressed in the vascular bundles throughout
the plants (Fig. 7, B-F). In flowers, apart from staining
vascular bundles in sepals and stamen filaments, GUS
was also expressed throughout pistils, except for stig-
mas (Fig. 7C). In roots, GUS stain was predominant in
vascular bundles without appearance in the root tip
regions (Fig. 7, D and E). Cross section of the root
showed GUS activity was broadly distributed through
the vascular bundle, including the phloem and pri-
mary xylem (Fig. 7F).

DISCUSSION

Wounding and MeJA have been shown to induce
dozens of genes while repressing an approximately
equal number of other genes (Devoto etal., 2005). How-
ever, the mechanisms of gene repression are poorly
understood. Defense-related remodeling of the plant
cell wall involves activation of some cell wall protein
genes, whereas others are repressed, providing an
opportunity to understand molecular regulatory mech-
anisms that have evolved in the context of altering cell
wall properties for improved disease resistance. In this
study, we have identified a nonclassical AGP gene,
AGP31, whose mRNA is down-regulated by Me]A,
wounding, and ABA. We further showed that MeJA
suppression is primarily due to transcriptional repres-
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sion and the signaling pathway involves a central JA
regulator, COIL. In addition, AGP31 expression during
normal development showed a striking association
with the vascular tissue and the pistil exclusive of the
stigma.

As part of our interest in understanding gene re-
pression during the defense response, we identified
the At1g28290 gene in Arabidopsis as a homolog to the
known French bean elicitor and wounding down-
regulated PRP gene, PvPRP1 (Sheng et al., 1991; Zhang
et al., 1993; Zhang and Mehdy, 1994). More broadly,
AGP31 belongs to a subclass of nonclassical AGPs
discussed by Roberts and coworkers (Baldwin et al.,
2001). This subclass includes a cotton PRP (HyPRP1), a
carrot AGP (DcAGP1), a French bean PRP (PvPRP1),
two tobacco AGPs localized in the transmitting tissue of
the style (NtTTS1, NtTTS2), as well as the Nicotiana alata
AGP, NaPRP4/GaRSGP. Although PvPRP1 (Sheng
et al., 1991) and HyPRP1 were previously identified
as PRPs in their database annotations, their features
suggest that they may also be AGPs in this class. There
are four common features of this family: a putative
signal peptide, a His-rich domain near the N terminus
of the mature protein after presumed cleavage of the
signal peptide, a Pro-rich domain with the unique re-
peat PPXX, and a C-terminal domain, called PAC,
which has six well-conserved Cys residues (Baldwin
et al., 2001). This PAC region has homology to the
pollen allergen OLE E 1.

Although the functions of these domains remain to
be clarified, there is some evidence for roles in diverse

Figure 6. Subcellular localization of AGP31-GFP fusion protein. eGFP
was fused with the C terminus of AGP31 and stably transformed into
Arabidopsis (A and B) or introduced biolistically into onion epidermal
cells (G and H). Control is eGFP alone introduced into onion epidermal
cells biolistically (C-F). C and D, Unplasmolyzed cell. E to H, Plas-
molyzed cells. The indicated bar scales are used for Aand B, Cto F, and
G and H. A, Overlay of fluorescence image of B on bright-field image.
C, E, and G, Bright-field image. B, Confocal image excited by 488-nm
light. D, F, and H, Fluorescence images excited by blue light.
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Figure 7. Localization AGP31 gene in different tissues. An approxi-
mately 1.4-kb genomic fragment upstream of the AGP31 ATG start
codon was fused with GUS reporter gene and transformed into wild-
type Arabidopsis. A, Northern blot of AGP37 mRNA in different plant
parts of 4-week-old plants. B, Leaf of 10-d-old plant. C, Flower in stage
15 to 16. D and E, Roots of 7-d-old seedling. F, Cross section of root.
Arrow, Phloem; diamond arrow, xylem.

aspects of plant development and defense. The His-
rich domain usually functions in metal binding in other
proteins. For examgle, the His-rich domain of citrus
dehydrin binds Cu*" (Hara et al., 2005). In soybean
(Glycine max), the His-rich domain is necessary for Ni**
binding to Eu3, a Ni**-binding GTPase that is required
for urease activity (Freyermuth et al., 2000). Therefore,
we postulate that the His-rich domain in AGP31,
which we have shown can bind to Ni*" in vitro, may
possess metal ion-binding activity in the cell wall
in vivo. Alternatively, the His-rich domain may inter-
act with pectin, as has been previously postulated
(Baldwin et al., 2001). In rice (Oryza sativa), genes
containing the OLE E 1 domain also have other do-
mains involved in various aspects of plant physiology,
such as auxin response, defense response, and ion
binding (Jiang et al., 2005). The tomato LeLAT52
protein has only the OLE E 1 domain and has been
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shown to interact with a Leu repeat receptor kinase
and is essential for pollen hydration and pollen tube
growth (Tang et al., 2002).

It is worth noting that, although members of the
nonclassical AGP subclass discussed in this article
have similar overall structures, differences in their
spatial expression and regulation suggest there may be
different and common functions. For example, carrot
DcAGP1 mRNA is unaffected by wounding (Baldwin
etal., 2001), whereas AGP31 and bean PvPRP1 mRNAs
are both down-regulated (Sheng et al., 1991; Baldwin
etal., 2001). Tobacco TTS1 and TTS2 mRNAs are highly
localized to the transmitting tract of the style and have
been implicated in pollen tube growth guidance
(Cheung et al., 1995). On the other hand, AGP31 is
primarily expressed in vascular tissues throughout the
plant and broadly in the pistil. Because AGP31 appears
to be the only member of this subclass of nonclassical
AGPs in Arabidopsis based on our database searches,
analysis of its function during defense and develop-
ment may be less complicated by gene redundancy.

The physiological functions of nonclassical AGPs
have remained more elusive than individual classical
AGPs whose functions have begun to be uncovered by
genetic analyses (Yang et al., 2007). This is partially due
to difficulties in identifying nonclassical AGPs due
to their highly variable C-terminal regions (Schultz
et al., 2002). Surprisingly, in Arabidopsis, only one
other nonclassical AGP has been previously identified,
AtAGP30. In comparison to AGP31, AtAGP30 is miss-
ing the His-rich domain but possesses a similar repet-
itive Pro-rich domain and a PAC domain. This gene is
expressed primarily in the atrichoblasts of root epider-
mal cells (van Hengel et al., 2004). A transposon
insertional mutant of AtAGP30 exhibited resistance
to ABA inhibition of seed germination and abnormal
somatic embryogenesis (van Hengel and Roberts,
2003). ABA is a phytohormone involved in plant stress
responses. Here, we showed AGP31 was repressed by
ABA treatment, suggesting it might function in stress
responses. Interestingly, two chimeric AGPs, xylogen
1 and xylogen 2, stimulate the organization of xylem
elements in zinnia (Zinnia elegans) and Arabidopsis.
Xylogen 1 and xylogen 2 are apparently chimeras of
nonspecific lipid transferase protein and AGP (Motose
et al., 2004).

A common feature among all AGPs is that they are
highly glycosylated cell wall or secreted proteins in
which the carbohydrate moiety usually accounts for
about 90% of AGP mass. The carbohydrate exists pre-
dominantly as type Il arabinogalactans and shows dis-
tinctive binding to a class of synthetic phenylazo dyes.
Binding one member of this class of dyes, B-glucosyl
Yariv, is a diagnostic parameter used to classify pro-
teins as AGPs. Our findings that AGP31 can be pre-
cipitated by Yariv reagent and that it is a glycoprotein
with abundant Gal (80.9%) and substantial Ara (13.5%)
establish it as a bona fide AGP. Western-blot analysis
of the AGP31-myc tag protein from transgenic whole
seedlings revealed a much higher molecular mass
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protein (170-200 kD) than expected based on the de-
duced amino acid sequence (38 kD), consistent with
substantial glycosylation, at least at the stage of devel-
opment used in these experiments. Compared with
classical AGPs, AGP31 and NaPRP4 have less Hyp and
Gal is the predominant monosaccharide residue. For
example, in LeAGP1 (Zhao et al., 2002) and gum arabic
glycoprotein (Goodrum et al., 2000), most Pros are
hydroxylated and there are about equal amounts of
Ara and Gal.

Using the promoter-GUS fusion technique, we
showed that expression of AGP31 was localized to
vascular bundles throughout the plant, including
phloem and primary xylem cells. AGP31 mRNA re-
pression by MeJA and ABA correlates spatially with
the vascular tissue being a major site for biosynthesis
of both phytohormones (Stenzel et al., 2003; Koiwai
etal., 2004). During the defense response, we postulate
that AGP31 may not participate in the oxidative cross-
linking of cell wall proteins and hence its synthesis is
curtailed. Oxidative cross-linking in the vascular sys-
tem as part of the defense response has been docu-
mented in vascular parenchyma cells in tomato in
response to wounding, systemin, and MeJA (Orozco-
Cardenas et al., 2001).

We conclude that down-regulation of AGP31 mRNA
by MeJA is achieved by the combination of repression
of transcription and a relatively short mRNA half-life
(less than 4 h is suggested by the kinetics of mRNA
loss). The mRNA half-life may be constitutively short
or regulated from a longer half-life found in untreated
cells. However, the finding that the AGP31 3’-UTR did
not impart MeJA-induced instability to a LUC" re-
porter transcript makes it more likely that mRNA
stability regulation is not a major factor because a com-
mon region controlling mRNA stability is the 3'-UTR
(Bevilacqua et al., 2003). The predominant transcrip-
tional repression of AGP31 contrasts with the mRNA
stability regulation that down-regulates the homolo-
gous PvPRP1I mRNA in French bean. The different
regulation mechanisms may reflect the different func-
tions of these homologs in different plants.

Transcription factors mediating AGP31 transcrip-
tional repression by MeJA are unknown. A number of
Arabidopsis transcription factors have been identified
that repress several JA-inducible genes, including
ERF4 (McGrath et al., 2005), WRKY70 (Li et al., 2004),
and JIN1/MYC2 (Lorenzo et al., 2004). The WRKY70
transcript was repressed by JA with kinetics similar to
the loss of the AGP31 mRNA (Li et al., 2004). The ob-
served repression of AGP31 mRNA by ABA also may
be due to transcriptional and/or posttranscriptional
processes. An ABA-regulated transcriptional repres-
sor, AtERF7, has been characterized (Song et al., 2005).
There is also precedent for posttranscriptional regula-
tion by ABA (Borsani et al., 2005; Nishimura et al.,
2005). ABA repressed another group of AGP mRNAs:
fasciclin-like AGP mRNAs encoding FLA1, 2, and 8 in
Arabidopsis (Johnson et al., 2003). Identifying the func-
tion of AGP31 in diverse tissues and during defense,
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and identifying the signaling pathway leading to gene
repression will be aided by the analysis of AGP31 mu-
tants and use of other Arabidopsis genetic resources.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown on agar plates with
0.5X Murashige and Skoog salts, 1% Suc, and 0.8% phytoagar (Bio World)
under continuous light at 20°C to 23°C. The wild-type plant is ecotype
Columbia. The coil-1 mutant was a gift from Dr. J.G. Turner (University of East
Anglia). Arabidopsis cell culture was obtained from Dr. W.F. Thompson
(North Carolina State University).

Cell Wall Protein Isolation

The cell wall fractions were isolated from 8-g 11-d seedlings according to
Feiz et al. (2006), with some modifications. Briefly, plants were ground into
powder in liquid nitrogen and extracted with 2 volumes of extraction buffer
(5 mM sodium acetate, pH 4.0, 0.4 M Suc with Roche protease inhibitor cocktail,
0.1 g polyvinylpolypyrrolidone/g tissue) at 4°C for 30 min. Extracts were
centrifuged at 1,000¢ for 15 min at 4°C. After removing the supernatant, pellets
were sequentially washed with 5 mm sodium acetate, pH 4.0, with 0.6 M Suc and
1 M Sug, respectively. Finally, pellets were washed with 5 mm sodium acetate (at
least five times) and considered to be the cell wall fraction.

AGP Isolation

AGPs were isolated from high-salt eluted cell wall proteins according to
Schultz et al. (2000) with some modifications. The high-salt eluted cell wall
proteins were extracted by incubating the cell wall fraction with high-salt
extraction buffer (5 mM sodium acetate, pH 4.0, 1 M sodium chloride, protease
inhibitor) at 4°C for 30 min. Then the samples were centrifuged at 5,000g for
15 min at 4°C, the supernatants were transferred to new tubes and dialyzed
against water overnight at 4°C. The dialyzed cell wall proteins were freeze
dried and dissolved in 1 mL 1% sodium chloride. To isolate the AGP fraction
from cell wall protein, Yariv reagent was added to the cell wall protein at
1 mg/mL and incubated at 4°C overnight. To collect the Yariv-AGP complex,
mixtures were centrifuged at 10,000g for 1 h at 4°C. The resulting pellets were
washed three times with 1% sodium chloride and once with methanol. After
air drying at room temperature, pellets were dissolved in minimal dimethyl
sulfoxide. To release AGP from Yariv reagent, water and sodium hydrosulfite
were added until the solution became pale yellow. Solutions were then dia-
lyzed against water overnight at 4°C and freeze dried. Finally, AGP fractions
were dissolved in water and concentrations were determined by gel diffusion
assay using gum arabic as standard (van Holst and Clarke, 1985).

AGP31 Isolation

To isolate native AGP31, a transgenic plant overexpressing native AGP31
was generated by transforming plants with Agrobacterium carrying an EcoRI
and HindIIl genomic fragment from bacterial artificial chromosome F3H6
(obtained from The Arabidopsis Information Resource). This fragment con-
tains 3,130 bp upstream of AGP31 translation start codon and 701 bp down-
stream of AGP31 translation stop codon, respectively. A transgenic plant
overexpressing AGP31 was used to isolate native AGP31. Plants were grown
in Murashige and Skoog liquid medium supplemented with 1% Suc and full-
strength Murashige and Skoog vitamins (Czako et al., 1993). Thirty-gram
plants were used to isolate cell wall protein as described above. The high-salt
eluted cell wall protein was dialyzed against water overnight. One-tenth
volume of lysis buffer (100 mm NaH,PO,, pH 8.0, 500 mm imidozone, 3 M
NaCl) was added to the cell wall protein fraction. AGP31 was isolated from
cell wall protein by a Ni-NTA column (Ni-NTA Fast Start kit; Qiagen)
following the manufacturer’s instructions. Finally, isolated AGP31 was dia-
lyzed against water and concentrated by Amicon Ultra-15 (Millipore).

AGP31 Deglycosylation

Isolated AGP31 was deglycosylated by the TFMS acid method using the
Glyco-Profile IV kit (Sigma). Deglycosylated AGP31 and native AGP31 were
separated by SDS-PAGE on 15% Tris-Gly gel.
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Protein Identification

Protein bands were excised from Coomassie Blue-stained gel and digested
by trypsin. MALDI-TOF MS was carried out by the core facility service of the
University of Texas at Austin to identify the protein bands.

Amino Acid Composition Analysis

Amino acid analysis was carried out by AAA Service Laboratory as
described (Roach and Gehrke, 1970; Simpson et al., 1976).

Monosaccharide Composition Analysis

Monosaccharide composition analysis was carried out by the Complex
Carbohydrate Research Center as described (Merkle and Poppe, 1994).

Western Blot

AGP (7.5 ug) from wild-type and transgenic plants was loaded on 4% to
15% gradient gel and blotted to nitrocellulose membrane (Bio-Rad) by a
semidry transfer unit (Bio-Rad). Membranes were blocked in 5% bovine serum
albumin in phosphate-buffered saline + 0.5% Triton 100. The primary anti-
body, anti-myc polyclonal antibody (Sigma), was diluted 1:1,000, and the
secondary antibody was diluted 1:25,000. The signal was captured using the
enhanced chemiluminescent method following the manufacturer’s instruc-
tions (Pierce).

Wounding, MeJA, and ABA Treatments

Four-week-old plants grown in soil were used for wounding treatment.
About one-third of the leaves were pressed with pliers and only wounded
leaves were used for RNA extraction. For MeJA treatment, 11-d-old plants
grown vertically in standard agar plates (0.5X Murashige and Skoog salts, 1%
Suc, and 0.8% phyto agar) were sprayed with 500 um MeJA or transferred to
50 uM MeJ A plates (0.5X Murashige and Skoog salts, 1% Suc, and 0.8% phyto
agar, 50 uM MeJA). For ABA treatment, 11-d-old plants were transferred to
10 um ABA plates (0.5X Murashige and Skoog salts, 1% Suc, and 0.8% phyto
agar, 10 uMm ABA). After treatment for the indicated times, whole plants were
harvested and frozen in liquid nitrogen.

RNA Isolation and Northern Blot

Total RNA was isolated from plant and cell culture samples according the
protocol of Ahn (2000). Ten micrograms of total RNA were separated on 1.2%
formaldehyde agarose gels and blotted to {-probe (Bio-Rad) membranes. Blots
were hybridized following the manufacturer’s instructions. Probes were ampli-
fied by PCR from genomic DNA or reverse-transcribed cDNA and labeled by
the DECAprime II kit (Ambion). Signals were quantitated by the National
Institutes of Health Image] program.

Nuclei Isolation and Run-On Assay

Nuclei were isolated from 10-g Arabidopsis cell culture according to the
previously described protocol (Yu et al., 1998). Nuclei in vitro transcription
was carried out using 50 uL nuclei in a 100-uL reaction with 100 mm NH,SO,,
5 mm MgCl,, 500 um ATP, GTP, and CTP, 30 um UTP, 20 uL -**P-UTP (3,000
Ci/mmol, 10 uCi/uL; Perkin-Elmer), and 80 units RNAsin (Promega). The
mixture was incubated at 30°C for 30 min. The reaction was stopped by
extracting the reaction using the RNA extraction buffer used in RNA isolation.
Subsequently, labeled RNA was extracted as total RNA isolation. Five micro-
grams of linearized plasmid DNAs were blotted onto a {-probe membrane
using a BIO DOT apparatus (Bio-Rad). Membranes were prehybridized in 50%
formamide, 7% SDS, 0.25 M NaCl, 0.125 M phosphate buffer, pH 7.2, for 1 h,
then membranes were hybridized at 42°C in the same solution with 1 x 10°
cpm/mL in vitro-transcribed RNA overnight. Blots were then sequentially
washed with 2X SSC/0.1% SDS, 0.5X SSC/0.1% SDS, and 0.1X SSC/0.1%
SDS. Finally, blots were wrapped in parafilm and exposed to the phosphor
screen for 48 h. Signals were quantitated by the National Institutes of Health
Image] program.

Bombardment of Onion Epidermal Cells

355::GFP was generated by cloning the eGFP coding region into the Kpnl
and BamHI sites of pCHF3. 355:: AGP31::eGFP was generated by cloning the
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eGFP coding region into the BamHI site of 355:: AGP31::myc to replace the
6X-myc fragment. Constructs were bombarded into onion (Allium cepa)
epidermal cell using a PDS-1,000/He particle delivery system (Bio-Rad)
as described (Arnim, 2002). After bombardment, cells were incubated for 18 h
in the dark at room temperature before being examined under the microscope.

Transgenic Plants and GUS Staining

About 1.4 kb upstream of the translation start site of the AGP31 promoter
were amplified by PCR from genomic DNA using primers 5'-CCAGA-
ATTCGCAATTACGCTCAAAGTCTCC-3'" and 5'-CGCGAGCTCTTTGTTTT-
GTTTTTGGGTTA-3" and cloned into EcoRI and Sacl sites of binary vector
pCHE3 (Borevitz et al., 2000) to replace the 35S promoter in pCHEF3. The re-
sulting construct is called P,gps-pCHF3. Then, a BamHI-Xbal fragment
containing the GUS coding region from PKYLX71 (Schard]l et al., 1987; Lloyd
et al., 1992) was cloned into the P,¢p;;-pCHF3 to generate the construct
harboring AGP31 promoter::GUS (P¢ps;::GUS). For the 355:: AGP31::myc
fusion protein construct, the cDNA of AGP31 was amplified by PCR using
primers 5'-CCCGGTACCATGGGTTTCATTGGTAAGA-3' and 5'-TTTGGAT-
CCTTTGGGGCAAGACGG-3' from c¢DNA to remove the stop codon and
cloned into Kpnl and BamHI sites of pCHF3, then a fragment encoding 6X-myc
was cloned in frame to the C terminus of the AGP31 at the BamHI site. The
UBQ10 promoter was amplified from genomic DNA using primers 5'-TTTAG-
ATCTGAATTCTGTCCCGACGGTGGTGT-3' and 5'-CGTCCATGGCTTGAT-
CACGGTAGAGAGAATT-3'. The UBQ10 promoter:: Luc* :: AGP31-3'-UTR con-
struct was made by cloning the UBQ10 promoter and the 208-bp 3'-UTR of
AGP31 in front of and behind the luciferase coding region (Promega), respec-
tively. All construct sequences were confirmed by DNA sequencing. Constructs
were transformed into plants using the floral-dip method (Clough and Bent,
1998). The GUS staining procedure was carried out as described in Bomblies
(2000).
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