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Indirect evidence previously suggested that Arabidopsis (Arabidopsis thaliana) vegetative storage protein (VSP) could play a role
in defense against herbivorous insects. To test this hypothesis, other AtVSP-like sequences in Arabidopsis were identified
through a Basic Local Alignment Search Tool search, and their transcriptional profiles were investigated. In response to methyl
jasmonate application or phosphate starvation, AtVSP and AtVSP-like genes exhibited differential expression patterns,
suggesting distinct roles played by each member. Arabidopsis VSP2 (AtVSP2), a gene induced by wounding, methyl
jasmonate, insect feeding, and phosphate deprivation, was selected for bacterial expression and functional characterization.
The recombinant protein exhibited a divalent cation-dependent phosphatase activity in the acid pH range. When incorporated
into the diets of three coleopteran and dipteran insects that have acidic gut lumen, recombinant AtVSP2 significantly delayed
development of the insects and increased their mortality. To further determine the biochemical basis of the anti-insect activity
of the protein, the nucleophilic aspartic acid-119 residue at the conserved DXDXT signature motif was substituted by glutamic
acid via site-directed mutagenesis. This single-amino acid alteration did not compromise the protein’s secondary or tertiary
structure, but resulted in complete loss of its acid phosphatase activity as well as its anti-insect activity. Collectively, we
conclude that AtVSP2 is an anti-insect protein and that its defense function is correlated with its acid phosphatase activity.

Vegetative storage proteins (VSP) are proteinaceous
storage reserves that have been identified from numer-
ous plants, such as soybean (Glycine max; Wittenbach,
1983), potato (Solanum tuberosum; Mignery et al., 1984,
1988), sweet potato (Ipomoea batatas; Maeshima et al.,
1985), white clover (Trifolium repens; Goulas et al.,
2003), alfalfa (Medicago sativa; Meuriot et al., 2004b),
and in the bark of deciduous trees such as poplar
(Populus deltoides; Coleman et al., 1991) and elderberry
(Sambucus nigra; Van Damme et al., 1997). These
proteins can accumulate to a high abundance, up to
50% of the total soluble proteins, in various vegetative
storage organs. They act as temporary storage of
amino acids that can buffer the availability of nitrogen
and other nutrients, and biosynthesis and degradation
of VSPs are thought to be regulated by temporary
storage needs (Staswick, 1994).

The best-characterized VSPs are soybean VSPa and
VSPB (Wittenbach, 1983). They accumulate in leaves
of sink-deprived soybean plants and exist in seedling
hypocotyls, developing leaves, stems, flowers, and
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pods of mature plants as well. They are located
primarily in vacuoles of the paraveinal mesophyll
cells (Franceschi et al., 1983). VSP«a /B do not accumu-
late in seeds and share little sequence similarity with
seed storage proteins (Staswick, 1988). Two Arabidop-
sis (Arabidopsis thaliana) VSPs (approximately 40%
identical to the soybean VSP sequences) cross-reacted
with anti-soybean VSP antibody and were found in
flowers and buds in an abundance similar to the levels
of soybean VSP found in young leaves (Berger et al.,
1995). Currently, VSPs are thought to serve as a tran-
sient reserve that sequesters unused amino acids
during plant development. Once new seed production
begins, stored VSPs presumably make nitrogen and
other nutrients immediately available for seed devel-
opment. This hypothesis, however, was not supported
by transgenic soybean expressing a soybean antisense
VSP gene. In this experiment, VSP expression was
abolished, but, contrary to what was expected, seed
production was unaffected even under nitrogen-
depriving conditions (Staswick et al., 2001). Although
roles of VSPs during seed development could be
compensated for by other storage proteins, such re-
sults raised a possibility that VSPs may serve other
functions beyond source-sink interaction or plant pro-
ductivity.

Arabidopsis VSP transcripts are induced by me-
chanical wounding, jasmonic acid (JA), insect herbiv-
ory, and osmotic and nutritional stresses (Mason and
Mullet, 1990; Berger et al., 1995, 2002; McConn et al.,
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1997; Utsugi et al., 1998; Xie et al., 1998; Stotz et al.,
2000; Gong et al., 2001; Reymond et al., 2004), a common
response shared by many genes encoding anti-insect
proteins. Positive correlation between Arabidopsis VSP
gene expression and plant resistance to insects has been
observed. For instance, the Arabidopsis fad3-2 fad7-2
fad$ triple mutant with abolished Arabidopsis VSP and
other wound-regulated gene expression is highly sus-
ceptible to insect attack (McConn et al.,, 1997), while
ethylene-insensitive mutants (ein2, ein3, and etr1) that
showed higher insect resistance also exhibited en-
hanced Arabidopsis VSP accumulation (Rojo et al,
1999; Stotz et al., 2000). The Arabidopsis cevl mutant
that constitutively expresses AtVSP1 and AtVSP2 had
higher disease resistance (Ellis and Turner, 2001). Al-
though these observations are only correlative, it is
tempting to hypothesize that Arabidopsis VSPs may
serve as defense proteins.

Despite a previous lack of biochemical evidence,
VSPs from Arabidopsis are classified as acid phos-
phatases of the haloacid dehalogenase superfamily,
based on sequence motif analysis (Thaller et al., 1998;
Selengut, 2001). Phosphatases are phosphohydrolases
that catalyze dephosphorylation of a wide variety of
substrates (Duff et al.,, 1994). Some members of the
haloacid dehalogenase superfamily contain the sig-
nature motif DXDXT, and this motif is conserved
in many acid phosphatases from bacteria and other
eukaryotes (Thaller et al., 1998; Collet et al., 1999).
Plant acid phosphatases do not normally have high
substrate specificity, but are important in the hydroly-
sis, transport, and recycling of phosphate, as well as
energy transfer and metabolic regulation in the plant
cell (Duff et al., 1994). Some plant acid phosphatases
have been shown to be associated with disease re-
sistance. Expression of Hra28, a putative acid phos-
phatase gene from Phaseolus vulgaris, is specifically
induced by Pseudomonas syringae, a bacterial plant path-
ogen (Jakobek and Lindgren, 2002). Barley (Hordeum
vulgare) acid phosphatase expression was increased in
response to powdery mildew (Blumeria graminis) in-
fection (Befser et al., 2000).

Many plant proteins have dual or multiple roles,
such as class I B-glucanases in development and de-
fense (Reymond and Farmer, 1998). Indeed, storage
proteins often possess enzymatic as well as other
activities. For instance, the legume storage protein
vicilins conferred insect resistance (Yunes et al., 1998).
Patatin, the storage protein from potato tubers, is
a lipid acyl hydrolase (Andrews et al., 1988), whereas
sporamin belongs to the superfamily of trypsin inhib-
itors (Yeh et al., 1997). The 32-kD VSP from alfalfa is
a chitinase (Meuriot et al., 2004b). Soybean VSPs have
weak acid phosphatase activity (De Wald et al., 1992).
The major VSP proteins in the bark of the black
mulberry tree (Morus nigra) are jacalin-like lectins
(Van Damme et al., 2002). The relationship of the
above activities to a storage function is unclear. Nota-
bly, however, some of these protein activities have
been shown to contribute to plant defense against
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herbivore insects and plant diseases (Peumans and
Van Damme, 1995; Radhamani et al., 1995; Yeh et al.,
1997; Yunes et al., 1998; Van Damme et al.,, 2002;
Meuriot et al., 2004b).

Despite the identification of acid phosphatase sig-
nature motifs in Arabidopsis VSPs and abundant
indirect evidence implying their defense functionality,
direct evidence for biochemical and anti-insect activ-
ities of the Arabidopsis protein is lacking. In this study,
we measured acid phosphatase activity of recombi-
nant AtVSP2 and evaluated its effect on three insect
species by incorporating the protein into their diets.
Bioassays of the recombinant protein with a site-specific
mutation at the DXDXT motif indicated that the anti-
insect activity of AtVSP was correlated with its acid
phosphatase activity. To our knowledge, this is the
first report that unambiguously links an Arabidopsis
VSP and its phosphatase activity to anti-insect
functionality.

RESULTS

Differential Expression of AtVSP-Like Genes in
Response to Methyl Jasmonate and Phosphate Starvation

To define the AtVSP-like gene family in the Arabi-
dopsis genome and to determine their potential func-
tions, a BLASTP search was performed in The
Arabidopsis Information Resource (TAIR) database
using the AtVSP2 coding region as the query. Nine
additional sequences were identified with E values less
than 10~ (Table I). Among the 10 sequences, seven
were annotated as acid phosphatases and three as VSPs.
Eight of them have been confirmed to be expressed
genes (Asamizu et al., 2000; Seki et al., 2002). AtVSP1
and AtVSP2 shared the highest sequence identity, while
all contained the DXDXT signature sequence motif.

Kyte-Doolittle hydropathy plots (data not shown)
displayed a hydrophobic region in each of the se-
quences evaluated that corresponds to the predicted
signal peptide, with the exception of At2g39920. Thus,
the encoded proteins likely enter the secretory path-
way. Although the subcellular location of AtVSP is
unknown, soybean VSPs that share similarities in

Table 1. AtVSP-like proteins revealed through BLASTP search

Identity Signal CDNAVEST The DXDXT

Gene ID to Annotation Peptide  Support Signatgre
AtVSP2 Motif
At5g24770 -  AtVSP2, VSP Yes Yes Yes
At5g24780 82% AtVSP1, VSP Yes Yes Yes
At4g25150 41% Acid phosphatase Yes Yes Yes
At5g51260 38% Acid phosphatase Yes Yes Yes
At4g29260 38% Acid phosphatase Yes Yes Yes
At4g29270 36% Acid phosphatase Yes Yes Yes
At2g38600 36% Acid phosphatase Yes None Yes
At1g04040 38% Acid phosphatase Yes Yes Yes
At5g44020 36% VSP Yes Yes Yes
At2g39920 23% Acid phosphatase None None Yes
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sequence as well as expression pattern with Arabidopsis
VSP accumulate in vacuoles (Franceschi et al., 1983), as
do many other VSPs (such as plant lectins) that have pro-
tective functions against herbivorous insects (Chrispeels
and Raikhel, 1991). At2g39920 did not appear to have
a signal peptide, suggesting a possible cytoplasmic lo-
calization.

To determine methyl jasmonate (MeJA)- and phos-
phate deprivation-induced changes in AtVSP-like tran-
script profiles, real-time reverse transcription (RT)-PCR
was carried out after Arabidopsis seedlings underwent
MeJA application and phosphate starvation, respec-
tively. Differential responses were detected among the
genes tested (Fig. 1). Not all AtVSP-like genes were up-
regulated by MeJA and, likewise, not all responded
to phosphate starvation. The potential binding site of
the PHOSPHATE STARVATION RESPONSE 1 (PHR1)
transcription factor has been identified in the AtVSP2
promoter region (Franco-Zorrilla et al., 2004). However,
the presence of this cis-element sequence in the pro-
moter regions of AtVSP-like genes did not appear to be
correlated with the gene expression patterns we ob-
served. Further, presence of other motifs conserved
among phosphate starvation-regulated genes (Mukatira
et al., 2001) also was not correlated with regulation by
phosphate starvation in our study (data not shown).
Such gene expression profiles suggest diverse func-
tionality exerted by these gene products. Alternatively,
they may be subject to developmental or tissue-specific
regulation. No PCR amplification was detected for
At4g25150. One possibility is that this gene is expressed
specifically in developing seeds (White et al., 2000).
AtVSP1 and AtVSP2 exhibited dramatically higher in-
duction in response to both MeJA and phosphate
starvation than the rest, implying a unique function
in plant stress responses.

Expression of Recombinant AtVSP2

Although mounting indirect evidence suggests that
Arabidopsis VSPs may act as defense proteins against
herbivore insects, direct support for this has not yet
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been demonstrated. In addition, the ascription of
Arabidopsis VSPs as plant counterparts of the bacte-
rial nonspecific acid phosphatases was solely based on
the existence of common signature motifs (Thaller
et al., 1998). Indeed, many plant acid phostphatases
playing a role in phosphate production, transport, and
recycling retained this DXDXT signature sequence
(Table II). AtVSPs seemed likely to possess this enzy-
matic activity. To illustrate the biochemical properties
and functional roles of AtVSP-like proteins, we se-
lected AtVSP2 as a representative gene for further
characterization. This gene was among those with the
highest expression change under treatment conditions
(Fig. 1) and has repeatedly been reported to respond to
biotic and abiotic stresses (Berger et al., 1995, 2002;
McConn et al., 1997; Utsugi et al., 1998; Xie et al., 1998;
Stotz et al., 2000; Gong et al., 2001; Reymond et al.,
2004).

An active soybean nodule acid phosphatase has
recently been expressed in the bacterial glutathione
S-transferase system (Leelapon et al., 2004), suggesting
the feasibility of characterizing this type of proteins
using bacterial expression. An AtVSP2 cDNA devoid
of the signal peptide was subcloned into a pET28a
bacterial expression system for protein expression
(Fig. 2A). We were able to detect the recombinant
protein in the supernatant of the bacterial extract and
subsequently to purify it via Ni** affinity chromatog-
raphy (Fig. 2B). Removal of the signal peptide appar-
ently is critical for protein expression because no
recombinant protein was detected when the signal
peptide was attached (data not shown).

AtVSP2 Is an Acid Phosphatase

Expression of soluble AtVSP2 recombinant pro-
tein enabled biochemical and biological analyses
of AtVSP2. Hydrolysis of p-nitrophenyl phosphate
(pNPP) indicated that AtVSP2 is indeed an acid
phosphatase. Activity kinetics for this substrate
were determined: k_, = 22.0 s™', K, = 14.3 mm, and
k./K, =15 x 10°Mm 's™!. It appears that the specific

Figure 1. Differential mRNA expression of AtVSP-
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Table Il. Signature motifs and flanking sequences conserved among selected bacterial and plant acid phosphatases and VSPs

Name® Organism Accession Conserved Motif 1° Conserved Motif 2 Reference

AtVSP2 Arabidopsis BAA22096 115-WIFDLDDTLLSSIPYY-102-IVGNIGDQWADL-20 Utsugi et al. (1996)

sAPase Soybean CAA11075 111-WVFDIDETTLSNLPYY-105-IIGNIGDQWSDL-20 Penheiter et al. (1998)
AtAPase  Arabidopsis At4g25150 109-WIFDIDETLLSNLPYY-102-IRGNSGDQWSDL-20 White et al. (2000)

tAPase Tomato CAA39370 105-WIFDVDETLLSNLPYY-102-IVGNSGDQWSDL-20 Williamson and Colwell (1991)
BCI3 Barley AJ250282 122-WVFDIDETTLSNLPYY-101-IVGNIGDQWSDI-20 Beler et al. (2000)

SIH5 Soybean AB083030 83-WILDVDDTCISNIDYY-103-IRGNVGDQWSDL-20 Hagihara et al. (2004)

Hra28 Kidney bean  AY055218 113-WILDVDDTCISNVSYY-103-IWGNVGDQWSDL-20 Jakobek and Lindgren (2002)
Leps2 Tomato CAD30862 5-VVFDFDKTIIEVDSDN-147-RMIYLGDGIGDF-89 Stenzel et al. (2003)
B-NSAP  Bacteria P32697 65-VGFDIDDTVLFSSPGF-104-IRIFYGDSDNDI-40 Thaller et al. (1997)
C-NSAP  Bacteria 005471 95-IVLDIDETVLDNSPYQ-97-LIMLFGDNLVDF-65 Gase et al. (1997)

VSP-a Soybean P15490 102-FVFSIDGTVLSNIPYY-103-IVGIIGDQWSDL-21 Mason et al. (1988)

VSP-B Soybean P10743 103-FIFGIDNTVLSNIPYY-102-IVGIIGDQWSDL-21 Mason et al. (1988)

“APase, Acid phosphatase; B-NSAP, bacterial class B nonspecific acid phosphatase; C-NSAP, bacterial class C nonspecific acid phosphatase; BCI3,

SIH5, Hra28, and Leps2 are pathogen defense-related acid phosphatases.

of amino acid residues.

PThe conserved residues are shown in bold. Numbers indicate lengths

activity of AtVSP2 was similar to that of the soybean
nodule acid phosphatase expressed in bacteria, and
that both activities were significantly higher than soy-
bean VSP activity (Leelapon et al., 2004). As expected,
the pH optimum of AtVSP2 was acidic (Fig. 3A).

Metal ions are known to impact acid phosphatase
act1v1ty (Duff et al 1994) Here effectiveness of Mg?",
Co*" * Mn?, and Ca®" as cofactors was evaluated
at various doses (Fig. 3B). Apparently, enzymatic activ-
ity of AtVSP2 is dependent on the presence of divalent
cations. They likely function to coordinate substrate-
enzyme association as illustrated in phosphoserme
phosphatase (Wang et al.,, 2002). While Mg*", Co*",
Zn**, and Mn** activated acid phosphatase act1v1ty,
Ca®* was ineffective (Fig. 3B), as were monovalent
cations K™ and Na" (data not shown).

AtVSP Has Anti-Insect Activity

To determine whether AtVSP2 has negative effects
when ingested by insects, we incorporated the recombi-
nant protein into their diets. Insect species were se-
lected based on the pH values of their digestive tracts.
Many coleopteran, hemipteran, and dipteran insects
have an acidic gut pH and use as their major digestive
enzymes certain Cys and/or aspartic proteases that
function optimally in the acidic pH range. Most lepi-
dopteran insects, on the other hand, display very
alkaline midgut contents and use Ser proteases (basic
pH optimum) for food protein degradation (Murdock
et al., 1987; Terra and Ferreira, 1994). We chose two
coleopterans (southern corn rootworm [Diabrotica un-
decimpunctata howardi] and cowpea [Vigna unguiculata]
bruchid [Callosobruchus maculatus]) and one dipteran
(Drosophila) for our study (Fig. 4) because the major
parts of the digestive tracts of these insects are acidic
(Edmonds et al., 1996; Brenner and Atkinson, 1997;
Bownetal., 2004), providing an environment that could
promote AtVSP phosphatase activity.

Developmental time is a useful measure of growth
inhibition in cowpea bruchid (egg to adult) and

1548

Drosophila (neonate to pupa). Results from testing of
both organisms showed that developmental time was
directly correlated to AtVSP2 dose (Fig. 4, A and B).
For southern corn rootworm, however, the assay was
not applicable because larvae usually became infected
by a fungus after rearing on an artificial diet for
2 weeks, leading to total death prior to reaching pupal
or adult stages. Therefore, a bioassay method we pre-
viously developed (Liu et al., 2004) was followed for
this insect (Fig. 4C). Retarded insect development and
increased insect mortality was observed in all three
insect species, indicating AtVSP2 was indeed inhibi-
tory to their growth and development. Compared to
a cystatin from soybean and a legume lectin from
Griffonia simplicifolia that we previously studied in
depth regarding their defense functions (Koiwa et al.,
1998; Zhu-Salzman et al.,, 1998; Liu et al., 2004),
AtVSP2 displayed more than 10-fold higher insecti-
cidal activity on a molar basis. AtVSP2 thus could
potentially be useful for pest control via a biotech-
nological approach.

Introduction of Single-Amino Acid Alteration Did Not
Compromise the Protein Structural Integrity of AtVSP2

It was suggested that the DXDXT motif serves as an
intermediate phosphoryl acceptor and that the Asp
nucleophile (the first Asp-119 residue of the signature
motif) was critical for catalysis (Collet et al., 1998;
Selengut, 2001). To determine whether pNPP hydro-
lysis was due to this nucleophile, the Asp-119 residue
was replaced with Glu. This also allowed us to sub-
sequently determine whether there was any correla-
tion between biochemical and biological activities of
AtVSP2. Although unmutated recombinant AtVSP2
was soluble, the mutated protein AtVSP2(D119E)
expressed in the pET28a vector was insoluble. We
thus transferred c¢cDNA inserts [both AtVSP2 and
AtVSP2(D119E)] into the pET44a vector, where our
proteins of interest were expressed as fusion proteins
with the Nus tag, a solubility-enhancing protein from

Plant Physiol. Vol. 139, 2005
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Figure 2. Production of recombinant proteins in E. coli. A, Constructs
for expression of AtVSP2, Nus-AtVSP2, and Nus-AtVSP2(D119E).
While AtVSP2 expressed via pET28a vector was soluble, mutated
AtVSP2(D119E) could only be detected in the insoluble fraction. Thus,
both cDNAs were cloned into the pET44a vector and proteins were
expressed as fusion protein with Nus. B, SDS-PAGE analysis of
expression and purification of recombinant proteins. The supernatant
of bacterial cell extract and Ni** chelate affinity-purified recombinant
proteins were subjected to SDS-PAGE and stained with Coomassie
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Escherichia coli (Fig. 2, A and B). Attempts to remove
the Nus tag by thrombin excision were unsuccessful.
Therefore, we decided to evaluate biochemical and
biological changes associated with this site-specific
mutation using fusion proteins. It should be noted that
the Nus tag did not interfere with AtVSP2 protein
characteristics. Nus-AtVSP2 expressed in the pET44a
vector exh1b1ted comparable enzymatic activity (k.,, =
20.7 s7!, K, = 7.9 mm) to AtVSP2 produced from
pETZSa, despite a slight shift of the optimal pH, due
most likely to the presence of a Nus domain in the
fusion form (Fig. 3A). Therefore, while facilitating
the solubility of the recombinant protein, the Nus tag
did not interfere with the protein structure or enzy-
matic function.

To ensure that the amino acid substitution did not
result in dramatic protein structural change, circular
dichroism spectra were obtained for mutated and
nonmutated proteins (Fig. 2C). Results did not reveal
significant differences between Nus-AtVSP2 and Nus-
AtVSP2(D119E). The characteristic pattern indicative
of random protein structures was not detected. The
potential for structural alteration was also examined
by fluorescence spectra, which is based on measure-
ments of Tyr fluorescence (Lackowicz, 1983). If sub-
stantial conformational changes occurred as the result
of the mutation, such that the Tyr environments were
altered, a shift toward a longer wavelength of max
intensity would be expected. However, such a shift
was not detected (data not shown), indicating the Tyr
residues in the mutant protein molecule were in
relatively hydrophobic environments; thus, major
structural collapse was unlikely. Such a result was
expected because replacing Asp with Glu is a rather
conservative change.

Anti-Insect Activity of AtVSP2 Is Correlated with
Acid Phosphatase Activity

The fact that the Nus domain did not interfere with
AtVSP2 enzymatic activity permitted us to evaluate
mutated protein with the nucleophilic Asp-119 re-
placed while fused with Nus protein. Although the
protein structure remained intact, the single-amino
acid alteration from Asp-119 to Glu voided all acid
phosphatase activity (Fig. 3A). Complete elimination
of enzymatic activity with conservative Changes at this
position also occurred in eukaryotic Mg -dependent
acid phosphatases and phosphoserine phosphatases
(Collet et al., 1998; Selengut, 2001), suggesting an
essential role for this invariant residue in the signa-
ture motif.

To understand the AtVSP2 anti-insect mechanism,
we compared effects of Nus-AtVSP2 and Nus-
AtVSP2(D119E) on Drosophila. Dietary Nus-AtVSP2

Blue. C, Site-specific mutation did not disrupt AtVSP2 structure.
Shown are far-UV circular dichroism spectra of Nus-AtVSP2, Nus-
AtVSP2(D119E), and Nus.
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Figure 3. AtVSP2 is a pH- and divalent cation-dependent acid phos-
phatase. A, Reactions were buffered by 50 mm citric acetate (pH
2.5-4.0), sodium acetate (pH 3.5-5.5), and Tris-acetate buffers (pH 5.5
7.5). B, Divalent cations Mg?*, Co®*, Zn**, Ca®*, or Mn*" at levels
specified were evaluated for effects on phosphatase activity of AtVSP2
in 50 mm sodium acetate (pH 4.5). pNPPat 10 mm was used as substrate
and incubated with purified recombinant proteins for 30 min at 37°C.
Enzymatic activity was measured by release of p-nitrophenol according
to a standard curve.

impacted insect mortality and development in a dose-
dependent manner (Fig. 5), comparable on a molar
basis to AtVSP2 expressed in pET28a (Fig. 4B). The
anti-insect activity was revoked in the acid phospha-
tase-null Nus-AtVSP2(D119E) mutant protein, sug-
gesting that the enzymatic activity is the basis for the
biological function.

DISCUSSION
Temporary Nutrient Reservoir or Phosphate Metabolism?

Extensive work has been done on soybean VSPs as
storage proteins. Soybean VSPs accumulate to nearly
50% of the total soluble proteins in leaves of depodded
soybean, but decline to 1% during seed fill (Wittenbach,
1982; Staswick, 1994). Such a specific function in
temporary protein storage has not been clearly estab-
lished for Arabidopsis VSPs. Indeed, a significant
difference in expression levels and tissue specificity
has been recognized between the so-named VSPs from
the two plant sources (Utsugi et al, 1996, 1998).
Arabidopsis VSP genes were initially identified by
random sequencing of Arabidopsis cDNAs, and the
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translated region of a partial cDNA sequence showed
sequence similarity to soybean VSPs (Hofte et al.,
1993). Full-length AtVSP1 and AtVSP2 cDNAs were
later cloned from an Arabidopsis flower bud cDNA
library (Utsugi et al., 1996), and their transcripts were
shown to accumulate preferentially in flowers (Berger
et al., 1995; Utsugi et al., 1996).

Classifying proteins based on short sequence motifs
has received wide application as large quantities of
sequence information have become available. Motif
searches are particularly useful in assigning functions
to proteins encoded by sequences with no significant
matches in BLAST searches (Falquet et al., 2002).
Undoubtedly, such motifs arise in the course of evo-
lution due to the need to maintain protein structure in
limited regions of functional importance. A new
phosphatase family, the DDDD superfamily of phos-
phohydrolase, was recently defined by the occurrence
of two conserved motifs that are separated by highly
variable sequence regions (Thaller et al., 1998). Plant
acid phosphatases were shown to be closely related to
the bacterial nonspecific acid phosphatases by this
classification criterion. Accordingly, Arabidopsis VSPs
fall into this superfamily, suggesting their enzymatic
functionality. Successful bacterial expression of active
AtVSP2 has here allowed confirmation of this bio-
chemical property (Figs. 2 and 3). Soybean VSPs, on
the other hand, were excluded from this family due to
lack of the nucleophilic Asp in the DXDXT motif
domain, consistent with their proposed storage rather
than enzymatic functionality.

Partial sequence homology with soybean VSPs led
to assignment of Arabidopsis VSPs as VSPs. Illustra-
tion of weak phosphatase activity of the soybean VSPs
further complicated the classification of the Arabidop-
sis proteins. However, the finding that soybean VSPs
accounted for less than 0.1% of the total acid phos-
phatase activity in depodded plants while they com-
prised one-half of the total soluble proteins (Staswick,
1994) challenged the relevance of the enzymatic activ-
ity. Site-directed mutagenesis that restored the nucle-
ophilic Asp in the DXDXT motif also greatly increased
the acid phosphatase activity. Thus, most likely it is of
evolutionary necessity in soybean for the phospha-
tases to inactivate their catalytic activity to serve as
a storage protein (Leelapon et al., 2004). Retention of
the signature sequences may have supported the acid
phosphatase nature of Arabidopsis VSPs, distinguish-
ing them functionally from the soybean VSPs. Sub-
stantially higher acid phosphatase activity in AtVSP2
than the residual phosphatase activity of the recombi-
nant soybean VSP appears to support this view,
although little is known of potential activities of these
proteins on natural substrates in planta. Further, when
the entire open reading frames were compared,
AtVSP2 showed 40.5%, 36.0%, and 36.0% identity
with soybean root nodule, barley, and tomato (Lyco-
persicon esculentum) acid phosphatases, respectively
(data not shown). These are comparable to the homol-
ogies to soybean VSP sequences; 40.2% identical to
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Figure 4. AtVSP2 is an anti-insect protein. A, Artificial seeds containing various doses of AtVSPs were infested with viable
cowpea bruchid eggs. Within-seed developmental time was recorded and analyzed by one-way ANOVA. Fisher’s protected Lsp
test (P = 0.05) was used for mean separation. Error bars indicate standard error. Means followed by the same letter are not
significantly different at P = 0.05. o indicates 100% mortality under a specified dose. B, Neonate Drosophila melanogaster
were reared on AtVSP2 and AtVSP2-free diets. The development time from neonate larvae to pupae were recorded. The effect of
AtVSP was analyzed by one-way ANOVA and Bonferroni multiple means comparison tests. Error bars indicated standard error.
Means followed by the same letter were not significantly different at P = 0.05. o« indicates 100% mortality under a specified
dose. C, Newly hatched southern corn rootworm larvae were reared in a diet containing AtVSP2 at doses indicated. Survival data
were recorded as insects developed and were log,, transformed. The regression analysis was used to calculate regression
equations and for each treatment; control, y = —0.01541x + 2.01737 (P < 0.0001); 0.05% AtVSP2, y = —0.02963x + 2.04037
(P<0.0001); 0.1% AtVSP2, y = —0.03128x + 2.02984 (P < 0.0001); 0.2% AtVSP2, y = —0.01877x + 1.99290 (P < 0.0001);
0.3% AtVSP2, y = —0.06101x + 1.98955 (P < 0.0001); 0.4% AtVSP2, y = —0.06072x + 1.84539 (P < 0.0001). Linear
regression R’ values were indicated in the graph. Comparative analysis was performed between each treatment. A probability of
0.05 was used to determine statistical significance. s, Significant; n.s., nonsignificant.

soybean VSPa and 38.5% to VSPB. Partial sequence
alignment and lack of sufficient acid phosphatase
sequence information when Arabidopsis VSP was
initially identified may have biased its identification
toward VSPs (Hofte et al., 1993). Taken together, acid
phosphatases could be a better description for the
Arabidopsis proteins initially named as VSPs.

Plant acid phosphatases are involved in phosphate
acquisition and utilization and their expression is
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subject to developmental and environmental regula-
tion. Phosphate starvation induces de novo synthesis
of extra- and intracellular acid phosphatases, which is
thought to be one of the strategies plants have evolved
to adapt to phosphate-limiting conditions (Duff et al.,
1994). In Arabidopsis, the purple acid phosphatase has
been well studied for its response to phosphorus
starvation. Induction at the mRNA and protein levels
in roots as well as leaves under phosphate deficiency
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Figure 5. Anti-insect activity of AtVSP2 is correlated with its acid
phosphatase activity. The neonate Drosophila larvae were reared on
a diet containing Nus-AtVSP2, Nus-AtVSP2(D119E), and Nus recombi-
nant proteins. Surviving larvae were recorded daily until pupation, and
the development time from neonate to pupae was calculated. The effect
of Nus-AtVSP2, Nus-AtVSP2(D119E), and Nus on the survival (A) and
development time (B) was analyzed by one-way ANOVA and Bonfer-
roni multiple means comparison tests. Error bars indicate standard
error. Means followed by the same letter are not significantly different at
P = 0.05. CK, Control.

implies that it may function in scavenging phosphate
from the soil as well as recycling it within the plant
(del Pozo et al., 1999). A common cis-element motif in
the promoter regions recognized by the PHRI tran-
scription factor is shared by AtVSP2 and the purple
acid phosphatase, as well as other phosphate starvation-
induced genes (Franco-Zorrilla et al., 2004). In con-
trast, the PHR1-binding motif is lacking in the soybean
VSP promoter; rather, its response to phosphate dep-
rivation is regulated by homeodomain Leu zipper
proteins (Tang et al., 2001). On the other hand, the
response of AtVSP to abscisic acid, JA, salt, water
deficit, and wounding stresses is more similar to the
soybean VSP than the Arabidopsis purple acid phos-
phatase (Berger et al., 1995; del Pozo et al., 1999; Gong
et al., 2001; Franco-Zorrilla et al., 2004). The role of
Arabidopsis VSPs in phosphate regulation thus needs
to be further investigated.

Defense: One Possible Biological Function
in Planta for AtVSP

Despite the overall sequence similarity between
Arabidopsis and soybean VSPs, differences in tissue-
specific expression are prominent. Arabidopsis ex-

1552

presses VSPs predominantly in the flower and very
little in leaves (Utsugi et al., 1998). These contrasting
expression patterns can be interpreted by the assump-
tion that Arabidopsis VSPs may have other functions
beyond a temporary protein reserve. A number of
plant acid phosphatases have been implicated in re-
sistance to pathogens and nematodes (Williamson and
Colwell, 1991; BefSer et al., 2000; Jakobek and Lindgren,
2002; Petters et al., 2002; Stenzel et al., 2003). They
appear to be induced by different regulatory path-
ways; barley acid phosphatase was induced by the
salicylic acid mimic 2,6-dichloroisonicotinic acid and
JA, while potato acid phosphatase responded only to
intact bacterial organisms. Induction of gene expres-
sion in response to insect herbivory and correlation
between increased Arabidopsis VSP expression and
enhanced plant resistance to Egyptian cotton worm
(Sponoptera littoralis; Rojo et al., 1999; Stotz et al., 2000;
Berger et al., 2002) suggested a possible role in defense
against herbivore insects. This concept has been con-
firmed here by feeding experiments that clearly illus-
trated AtVSP2 had deleterious effects on insects.

High expression of VSP proteins in flowers most
likely represents a mechanism Arabidopsis uses to
protect its reproductive structures. As sink tissues of
the plant reproductive phase, floral organs and de-
veloping seeds draw significant amounts of sugars,
amino acids, and ions from source tissues (Meuriot
et al., 2004a) and are thus natural targets for herbivo-
rous insects. Flowers, while being attractive to pollina-
tors, may also be visual signals for herbivore insects.
Therefore, it is not surprising that plants devote re-
sources to synthesize defensive compounds to guard
their reproductive organs and developing seeds, and
these compounds are sometimes multifunctional. One
illustration is the floral UV pigment flavonoids and
dearomatized isoprenylated phloroglucinols from Hy-
pericum calycinum (Gronquist et al., 2001). These UV
pigments are responsible for forming UV patterns on
flowers visible to insects to increase attractiveness to
pollinators. Meanwhile, they are also toxic compounds
to caterpillars. Therefore, they appear to play attractive
and protective dual functions in the plant. Interestingly,
they accumulate to very high concentrations in anthers
and the ovary wall of the flower and are expressed at
low levels in leaves (Gronquist et al., 2001). Tomato
protease inhibitor 2 (Pin2), well established for its
defense function, is also expressed at high levels in
flowers (Creelman and Mullet, 1997). It is intriguing
that a pattern of tissue specificity very similar to UV
pigments and Pin2 also occurred in Arabidopsis VSP
expression (Utsugi et al., 1998).

Like Pin2, Arabidopsis VSP expression can be rap-
idly induced by wounding, jasmonate, or insect feed-
ing in leaves (Berger et al., 1995, 2002; Utsugi et al.,
1998; Stotz et al., 2000; Reymond et al., 2004). AtVSP2
also responded to osmotic stresses exerted by drought
and salt treatments (Gong et al., 2001). Since water
deficit stress in plants tends to cause increased in-
festation by insects (Flint et al., 1996), activation of VSP
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may also strengthen plant defense aside from a possi-
ble role in source-sink regulation. Developmental
regulation in a tissue-specific manner and in response
to wounding and insect herbivory in the otherwise
low-VSP-expressing leaf tissue suggested that VSP
proteins belong to the defense arsenal that plants rely
on to ensure protection of offspring.

Although the anti-insect activity appears to be re-
lated to acid phosphatase activity, it is unclear whether
AtVSPs target specific substrates in the insects. Acid
phosphatases are generally considered to lack sub-
strate specificity, but specificity has been shown in
a number of intracellular acid phosphates that have
distinct metabolic functions, such as phytase, 3-phos-
phoglycerate phosphatase, and phosphoenolpyruvate
phosphatase (Duff et al., 1994). Screening insect mu-
tant lines that have altered susceptibility to AtVSP2
may help reveal insecticidal mechanisms of plant acid
phosphatases such as Arabidopsis VSPs. Differential
transcriptional regulation of AtVSP-like genes upon
MeJA application and phosphate limitation implies
distinct roles each member may play. Detailed char-
acterization of individual genes will be necessary to
reveal whether they all are associated with dephos-
phorylation and engaged in defense.

MATERIALS AND METHODS
Transcriptional Regulation of AtVSP-Like Genes

When TAIR database was queried with the AtVSP2 amino acid sequence,
nine sequences (including AtVSP1) with E values lower than 107° were
identified. These AtVSP-like sequences were functionally annotated as acid
phosphatases and VSPs. The presence and location of signal peptide cleavage
sites of these genes were determined by the SignalP 3.0 software (http://
www.cbs.dtu.dk/services/SignalP), and their hydropathy plots were gener-
ated following Kyte and Doolittle (1982). The promoter regions of these genes
were screened for phosphate starvation-responsive cis-elements [GNA-
TATNC, CACGTG/C, TATCA(/T)A(/T), and CAT(/G)A(/C)TG] that were
previously reported (Mukatira et al., 2001; Franco-Zorrilla et al., 2004).

To profile transcriptional regulation of AtVSP-like genes under MeJA
treatment or phosphate deprivation, sterilized Arabidopsis (Arabidopsis thali-
ana) seeds were sown on 1X Murashige and Skoog solid medium, supple-
mented with 1% Suc, and cold treated at 4°C for 3 d, followed by a 7-d
incubation period at 26°C. Seedlings sprayed with 0.2 mm MeJA were
harvested 6 h after application. For the phosphate starvation treatment,
cold-treated seeds were grown on nylon mesh placed on 0.2 X Murashige and
Skoog solid medium containing 3% Suc and 1.25 mMm potassium phosphate for
5d, then the nylon mesh was transferred to medium containing no phosphate
and further incubated for 2 d prior to harvest.

Total RNA was extracted using Trizol reagent (Invitrogen) from control
and treated plants and used for RT as described in Salzman et al. (2005). The
mRNA levels of the above AtVSP-like sequences were compared between
treated and control samples by quantitative real-time PCR using the ABI
Prism 7900HT sequence detection system (Applied Biosystems). Gene-specific
primers were synthesized using the ABI Prism Primer Express software
(Applied Biosystems). PCR reactions (95°C for 15 s, 60°C for 1 min, 47 cycles),
following an initial incubation of 50°C for 2 min and 95°C for 10 min, were
performed in 2X SYBR Green master mix (Applied Biosystems). PCR
amplification of 185 rRNA was used for normalization of input cDNA
between samples. Each PCR reaction was run in duplicate.

Expression of AtVSP2 in Escherichia coli

The coding region of AtVSP2 cDNA was obtained by RT-PCR from Me]JA-
treated seedlings and the PCR product subjected to DNA sequencing to
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confirm its identity. The putative signal peptide was determined by the signal
peptide-predicting software SignalP 3.0, as well as by sequence alignment
with soybean VSPs, the N-terminal sequence of which is known. The cDNA
fragment, excluding the putative signal peptide, was then cloned in frame into
the bacterial expression vector pET28a (Novagen) at the BamHI and Xhol sites.
The construct was transferred to the E. coli BL21(DE3) strain (Novagen) and
AtVSP2 protein expression was induced by addition of isopropylthio-S-
galactoside. The recombinant protein was purified through a Ni’* chelate
affinity column (Amersham-Pharmacia Biotech).

Site-Directed Mutagenesis of AtVSP2 and
Expression of the Mutant Protein

Using the pET28a-AtVSP2 construct as template, we replaced the first Asp-
119 residue in the D;;,XDXT motif with Glu via an inverse PCR approach
(Ochman etal., 1988). Briefly, an antisense primer (5'-GGT ATC ATC TAG CTC
AAA GAT CCA AAC-3') was synthesized with the altered residue codon
(underlined) located at the center. The sense primer (5'-CTC CTC TCT AGT
ATT CCC TAC TAC GCA-3') covered the immediate downstream sequence.
Both primers were 5 phosphorylated. The PCR reaction was done as follows:
94°C for 30 s,51°C for 1 min, and 68°C for 6 min, for 35 cycles. The PCR product
was gel purified, diluted to 0.5 ug/mL, self-ligated, and transformed into
DHb5a cells. The sequence was examined to confirm the site-specific mutation.
Subsequent protein expression showed that the mutated protein was insoluble.
To overcome this problem, cDNA inserts (sequence altered and unaltered)
were cloned into pET44a so that mutant and native AtVSP2 could be expressed
as a fusion protein with NusA. This Nus tag is an E. coli carrier protein used to
improve the solubility of the expressed proteins (Novagen). Both constructs
were transformed into Rosetta-gami host cells for protein expression (Nova-
gen). The fusion proteins were purified through a Ni** chelate affinity column
(Amersham-Pharmacia Biotech) and visualized by standard SDS-PAGE. Pu-
rified proteins were dialyzed against distilled water and lyophilized.

Acid Phosphatase Activity, pH Optimum, and
Effects of Divalent Metals

Acid phosphatase activity of AtVSP2 purified from pET28, as well as Nus-
AtVSP2 and mutant Nus-AtVSP2(D119E) fusion proteins obtained from
pET44, were evaluated using pNPP (Sigma) as substrate following Hausmann
and Shuman (2002). To determine the pH optimum, activity was measured in
50 mm citric acetate (pH 2.5-4.0), 50 mm sodium acetate (pH 3.5-5.5), and
50 mm Tris-acetate buffers (pH 5.5-7.5), respectively. Data from overlapping
pH ranges of different buffers were averaged. The reaction mixtures [100 uL,
containing 10 mm MgCl,, 10 mm pNPP, and approximately 0.03 um purified
AtVSP2 and Nus-AtVSP2, and 0.06 um Nus and Nus-AtVSP2(D119E) in
respective buffers] were incubated at 37°C for 30 min and quenched by
addition of 900 uL of 1.0 M Na,CO,. Released p-nitrophenol was detected by
measuring OD,,, and the quantity calculated according to a standard curve.

A series of concentrations (from 0.5 to 50 mm) of MgCl,, CoCl,, ZnSO,,
CaCl,, and MnCl, were examined for their effects on acid phosphatase activity
of AtVSP2 (0.05 uMm). The aforementioned reactions were conducted under
optimal pH of the enzyme, previously determined to be 4.5. Absorptions
contributed by metals alone (i.e. reaction mixture without AtVSP2) were
subtracted from the sample readings. Measurements were done in triplicate
and plotted using Microsoft Excel.

Determination of K and k_,

To determine apparent K, V, .., and k., values of AtVSP2 and Nus-
AtVSP2 for pNPP, the rate of dephosphorylation by 0.06 um AtVSP was
measured at substrate concentrations from 1 to 100 mm. Assays were
performed in 50 mm sodium acetate (pH 4.5) and 10 mm MgCl, at 37°C.
Initial velocity for each substrate concentration was calculated. Data at each
concentration were collected in triplicate and were fit to the Michaelis-Menten
equation (v, = V. [SI/K,, + [S]) using the nonlinear least-squares-fitting

analysis of KALEIDA-GRAPH software (Synergy).

Circular Dichroism and Fluorescence Spectra

Far-UV circular dichroism spectra of Nus-AtVSP2, Nus-AtVSP2(D119E),
and Nus alone were obtained on an AVIV 62DS circular dichroism spectrometer
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(Aviv Associates) at 25°C. The instrument scanned from 200 to 260 nm
with 10 scans for each protein sample [1.1 um for Nus-AtVSP2 and Nus-
AtVSP2(D119E) and 1.5 uMm for Nus]. The path length was 0.5 cm. The solution
for baseline spectra was 10 mm phosphate buffer, pH 7.0, the buffer in which
proteins were dissolved.

Fluorescence spectra were acquired on a SLM 8100 spectrofluorometer in
a 1.0-cm cuvette at 25°C. Protein samples (0.21 uM for Nus-AtVSP2 fusion
proteins and 0.53 um for Nus) were excited at 280 nm, and fluorescence
emission was scanned from 300 to 400 nm. The fluorescence contribution from
the buffer was subtracted from that of the samples.

Insect Feeding Assays

To analyze the effect of AtVSP2 on insect mortality and development,
artificial diet/seeds incorporated with the recombinant protein were prepared
and infested in the following manner. For southern corn rootworm (Diabrotica
undecimpunctata howardi) assay, the artificial diet was prepared as instructed by
the manufacturer (Bio-serv) using sterile techniques. Tetracycline and carbe-
nicillin were added to prevent bacterial contamination. AtVSP was incorpo-
rated into the diet at various doses, dispensed into 24-well microtiter plates,
and covered by parafilm to prevent drying. Nondiapausing southern corn
rootworm egg masses, purchased from French Agricultural Research were
incubated at 28°C and 60% relative humidity in the dark. For each AtVSP2
concentration, a total of 40 neonate larvae, in four replicates (10 larvae per
replicate), were placed in the diet. Insects were transferred every other day to
new plates with fresh diets and mortality recorded. Mean percent survival data
were log,, transformed (Sokal and Rohlf, 1995). Linear regression analysis was
performed to compare dose-mortality effects using PROC REG and user-
defined contrasts in SAS 9.00 (SAS Institute).

For cowpea (Vigna unguiculata) bruchid (Callosobruchus maculatus), feeding
procedures developed by Shade et al. (1986) were used with modifications.
Decorticated cowpea seeds (California Blackeye No. 5) were milled into flour,
into which AtVSP2 solutions were incorporated. Master pellets were made by
injecting cowpea flour paste into the precooled Teflon mold, followed by
immediate freezing in liquid nitrogen. After lyophilization, the master pellets
were then ground into very fine flour, from which 10 cylindrical pellets (28 mg,
4.5-mm diameter X 1.6-mm high) for each treatment were made using
a mechanical hand-operated press. Each pressed pellet was then coated with
gelatin by dipping the pellet in an 8% gelatin solution and infested with one
viable egg. Control artificial pellets without test proteins were made and
infested in the same manner. Within-seed developmental time was recorded, as
we have previously established that it is the most reliable variable for
measuring the impact of compounds on cowpea bruchids. A one-way ANOVA
test was used to analyze the data, with each infested pellet considered
areplicate. Fisher’s protected LsD test (P = 0.05) was used for mean separation.

Drosophila melanogaster strain Canton-S was maintained on a standard
medium (1.5% agar, 10% corn meal, 4.1% yeast [Saccharomyces cerevisiae], 10%
molasses, 0.8% propionic acid, and 0.2% Tegosept) and transferred onto an
egg-collecting medium (40.5% apple juice, 5.3% Glc, 2.6% Suc, and 2% agar).
Effects of AtVSP2, Nus-AtVSP2, and Nus-AtVSP2(D119E) on Drosophila were
evaluated using Kankel/White Drososphila medium (White and Kankel,
1978). Briefly, diet mix containing 5% Glc, 5% yeast extract, 2% yeast, and 0.8%
agar was boiled and cooled to 50°C, when respective protein solutions were
incorporated. To prevent fungus contamination, a 1:1 (v/v) mixture of 83.6%
propionic acid and 8.3% phosphoric acid was added to the diet at a final
concentration of 0.5% (v/v). For each protein concentration, 40 newly hatched
neonate larvae, in four replicates, were transferred to the AtVSP-containing
diet and reared at 25°C. Fresh diet was supplied daily. Developmental time
(from egg to pupa) was recorded. Statistical analysis was carried out using
SPSS for Windows 11.0. Where necessary, log transformations were conducted
to normalize distributions (Sokal and Rohlf, 1995). One-way ANOVA and
Bonferroni multiple means comparison tests were performed to analyze
treatment effects (Sokal and Rohlf, 1995).
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