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Background: The tomato leucine aminopeptidase (LAP) regulates wound signaling, and its mode of action is unknown.
Results: Plant LAPs are molecular chaperones, and the chaperone activity of the tomato LAP-A is independent of its peptidase
and enhanced upon hexamer disruption.
Conclusion: Plant LAPs are bifunctional, with both aminopeptidase and chaperone activities.
Significance: Plant LAPs are a new class of molecular chaperone with roles in plant defense.

Leucine aminopeptidases (LAPs) are present in animals,
plants, and microbes. In plants, there are two classes of LAPs.
The neutral LAPs (LAP-N and its orthologs) are constitutively
expressed and detected in all plants, whereas the stress-induced
acidic LAPs (LAP-A) are expressed only in a subset of the
Solanaceae. LAPs have a role in insect defense and act as a reg-
ulator of the late branch of wound signaling in Solanum lycop-
ersicum (tomato). Although the mechanism of LAP-A action is
unknown, it has been presumed that LAP peptidase activity is
essential for regulating wound signaling. Here we show that
plant LAPs are bifunctional. Using three assays to monitor pro-
tein protection from heat-induced damage, it was shown that
the tomato LAP-A and LAP-N and the Arabidopsis thaliana
LAP1 and LAP2 aremolecular chaperones. Assays using LAP-A
catalytic site mutants demonstrated that LAP-A chaperone
activity was independent of its peptidase activity. Furthermore,
disruption of the LAP-A hexameric structure increased chaper-
one activity. Together, these data identify a new class of molec-
ular chaperones and a new function for the plant LAPs as well as
suggesting new mechanisms for LAP action in the defense of
solanaceous plants against stress.

All organisms contain a complex array of aminopeptidases
that cleave N-terminal residues from proteins and peptides (1).
Aminopeptidases have important roles in N-terminal Met
removal, protein turnover, protein maturation, and generation
or catabolism of bioactive peptides that are important in a vari-
ety of physiological processes (2, 3). Aminopeptidases may be
important in exposing penultimate amino acid residues that
may profoundly affect a protein’s half-life as predicted by the
N-end rule (4–6). The plant aminopeptidase complement is
distinctive, with a paucity of vacuolar-localized andmembrane-
bound aminopeptidases relative to animals (6, 7). In plants,

aminopeptidases modulate wound signaling (8), meiotic
recombination (9), cell cycle progression (10), and embryonic
and seedling development (10, 11).
Leucyl aminopeptidases (LAPs3; EC.3.4.11.1) belong to the

M17 family of peptidases. LAPs are highly conserved, di-zinc
metallopeptidases found in plants, animals, and microbes (1).
Animal LAPs may have a role in the turnover of oxidatively
damaged proteins in the lens of the eye (12). Human LAP was
proposed to process peptides released from the 26S proteasome
for use in MHC I presentation; however, its role in this process
is not essential (3). In contrast, a Escherichia coli LAP (PepA) is
multifunctional. It is an aminopeptidase and a DNA-binding
protein that mediates site-specific recombination in ColE1
plasmids and acts as a transcription factor to modulate the
carAB operon (13). The complement of LAPs in plants is more
complex, and their roles are being elucidated.
In plants, there are two classes of LAPs, which are 70–77%

identical (14). The LAPs with neutral pIs (LAP-N) are detected
in all plants and are constitutively expressed (14, 15). The LAPs
with acidic pIs (LAP-A) are found only in a subset of the
Solanaceae and are induced in response to both biotic and abi-
otic stresses (14–16). Recently, LAPs were shown to be impor-
tant in insect deterrence in Solanum lycopersicum (tomato) and
Solanum nigrum (nightshade) (8, 17). Silencing of LAPs in
transgenic tomatoes or transiently in nightshade plants made
plants more susceptible to Manduca sexta feeding, and insect
masses were larger than insects grown on wild-type plants (8,
17). Reciprocally, transgenic tomatoes that ectopically express
the tomato LAP-Aweremore resistant toM. sexta feeding, and
delays in insect growth and development were displayed (8).
The tomato LAP-Amodulates the late branch of wound signal-
ing downstream of the synthesis of the defense hormone jas-
monic acid. By controlling the late branch of wounding, LAP
regulates the levels of critical defense proteins that deter herbi-
vore growth and development. To date, the in vivo substrates of
LAP-A have yet to be discovered.
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LAP-A resides within the plastid (18), which is a dynamic
compartment subject to many cellular stresses during develop-
ment and biotic/abiotic stresses that can result in protein dam-
age and aggregation. In order to prevent the accumulation of
misfolded proteins, cells express a wide range of molecular
chaperones (19).Molecular chaperones can act as “holdases” by
binding tomisfolded proteins to prevent aggregation or as “fol-
dases” by actively refolding misfolded proteins (19, 20). There
are fivemajor classes of chaperones in plants (21, 22). Themost
abundant and diverse class of chaperones is the “holdase” class
of small heat-shock proteins (sHSPs).
Molecular chaperone activity has also been revealed in pro-

teins with other primary biological functions, including thiore-
doxin, peroxidase, elongation factors (eEF1a and EF-TU), and
several protein-degrading enzymes (23–27). For example, sev-
eral plastid ATP-dependent proteases are molecular chaper-
ones (28, 29). Currently, no plant aminopeptidase is known to
function as a molecular chaperone. However, the tomato
LAP-A has several compelling biochemical characteristics that
are shared with molecular chaperones, including its stability,
high temperature optimum (60–70 °C), high pH optimum
(9.0), and induction by a wide range of stresses (16, 30). Finally,
two microbial proteins are known to possess both chaperone
and aminopeptidase activity in vitro: the E. coli Hsp31 chaper-
one and a Shizosaccharomyes pombe aspartyl aminopeptidase
(25, 31).
Although these Hsp31 and aspartyl aminopeptidases do not

share conserved protein domains with the plant M17 pepti-
dases, the discovery of the aminopeptidase-chaperone bifunc-
tionality in these microbial enzymes prompted investigations
into the plant LAPs. Here, the in vitro chaperone activities of
plant LAPs were studied by assaying the ability of the tomato
and Arabidopsis LAPs to prevent protein unfolding, prevent
protein aggregation, and promote protein refolding. These
assays indicated that the tomato LAP-A and LAP-N and Ara-
bidopsis LAP1 and LAP2 form a new class of molecular chap-
erones in plants. Assays performed on LAP-A active site
mutants also indicated that the chaperone activity of LAP-A
was independent of its peptidase activity and that disruption of
the LAP-A hexameric structure, which is essential for its pep-
tidase activity, increased chaperone activity. In contrast, a cat-
alytically inactive LAP-N was impaired in chaperone activity.
These data shed new light on the complexity of plant LAPs and
suggest new potential roles for LAPs in defending tomato
against stress.

EXPERIMENTAL PROCEDURES

Isolation of AtLAP1 and AtLAP2 cDNAs—RNA was isolated
from 1-week-old seedlings of Arabidopsis thaliana ecotype
Columbia by the hot phenolmethod (32). Total RNA (5�g)was
used to synthesize first-strand cDNA using the Smart PCR
cDNA synthesis kit (Clontech, Palo Alto, CA) and an oligo(dT)
primer. LAP1 (At2g24200) and LAP2 (At4g30920) coding
regions were cloned by RT-PCR using gene-specific primers
(supplemental Table 1). The resulting PCR-amplified cDNA
fragments included the entire coding region of LAP1 and the
mature protein of LAP2 (excluding the plastid transit peptide)
(6, 33).

PCR was performed with two cycles of 30 s at 94 °C, 30 s at
52 °C, and 2 min at 72 °C. This was followed with 30 cycles of 2
min at 95 °C, 30 s at 65 °C, and 2min at 72 °C. In healthy leaves,
the AtLAP2 RNA is present at low levels, and the LAP2 RNA
was not detected after 30 PCR cycles. Therefore, 1 �l of the
primary PCRproductwas used as a template for a second round
of 30 PCR cycles. The PCR products amplified using Ex-Taq
(Dakara, Madison, WI) and were cloned into pGEM T-easy
(Promega, Madison,WI) to generate pGEM-LAP1 and pGEM-
LAP2. Fidelity of the cDNA sequences was determined byDNA
sequencing at the Genomics Core Facility at the Institute of
Integrative Genome Biology (University of California, River-
side). pGEM-LAP clones were digested with corresponding
restriction enzymes and cloned into the pET28 expression vec-
tor (Novagen, Darmstadt, Germany). The resulting clones,
pET-LAP1 and pET-LAP2, expressed LAP proteins withN-ter-
minal His6 fusions (His6-LAP1 and His6-LAP2, respectively).
Isolation of LAP-N Lys-357 Substitution Mutants—LAP-N

Lys-357 mutants were generated using the QuikChange
Lightning Multi Site-Directed Mutagenesis kit (Stratagene,
La Jolla, CA) according to the manufacturer’s instructions.
The template was the pQLapN plasmid that contains a
His6-LAP-N coding region (14). The primer used for intro-
ducing mutations in the Lys-357 codon (in boldface type)
was 5�-GGTGGCTACAACATCNNKACTGGACCTGGT-
TG-3�. Plasmids containing putative Lys-357 mutations
were sequenced to identify the residue substitution and con-
firm that no polymerase errors occurred at other locations in
the His6-LAP-N coding region. Twelve mutants that had a
357-residue substitution were confirmed, and eight mutants
(K357E, K357R, K357L, K357C, K357M, K357G, K357T, and
K357P) were further characterized.
Overexpression and Purification of LAP Proteins—The E. coli

vectors that express the His6-LAP-A, His6-LAP-N, and the
His6-LAP-A mutants (R431A, K354R, K354E, D347N, D347R,
E429R, and E429V) were previously described (14, 34). His6-
LAP fusion proteins were expressed in and purified from E. coli
according to Gu and Walling (35) with minor modifications.
Cultures were grown at 37 °C overnight. Overnight cultures
were diluted 1:20, and the cultures (0.1–1 liter) were grown at
37 °C (wild-type and mutant His6-LAP-As) or 30 °C (His6-
LAP1, His6-LAP2, and wild-type and mutant His6-LAP-Ns) to
A600 � 0.6. At this time, cultures were induced with 0.4 mM

isopropyl 1-thio-�-D-galactopyranoside and allowed to grow
for an additional 6–18 h at 37 °C (wild-type and mutant His6-
LAP-As), 30 °C (His6-LAP1 and His6-LAP2), or 22 °C (wild-
type and mutant His6-LAP-Ns). Cells were resuspended in 5
volumes of prechilled Buffer A (50 mMNaPO4, pH 8.0, 300 mM

NaCl) with 75 mM lysozyme. After a 0.5-h incubation on ice,
cells were lysed using six 10-s sonicator pulses followed by 10 s
on ice. The lysate was cleared at 10,000 � g for 30 min at 4 °C.
With the exception of the His6-LAP-N mutants, His6-LAP

proteins were purified using nickel-nitrilotriacetic acid resin
columns (Qiagen, Valencia, CA) as described previously (35).
For the His6-LAP-N mutant analyses, His6-LAP-N wild type
and mutants (K357E, K357R, K357L, K357C, K357M, K357G,
K357T, and K357P) were expressed (100 ml), and cleared
lysates were prepared as described above. Cleared lysates were
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loaded onto 0.2-ml nickel-nitrilotriacetic acid spin resin col-
umns (Thermo Fisher Scientific, Rockford, IL) equilibrated
with Buffer A. The column was washed twice with 0.5 ml of
Buffer A with 20 mM imidazole and twice with 0.5 ml of Buffer
Awith 40mM imidazole.His6-LAP-Nproteinswere elutedwith
Buffer A with 250 mM imidazole and collected in 0.2-ml frac-
tions. LAP-A wild-type and mutant proteins were stored in 25
mM sodium phosphate (pH 8.0), 250 mM NaCl, 125 mM imid-
azole, and 50% glycerol at �20 °C until use; LAP-A is stable for
1 year under these conditions. LAP-N wild-type and mutant
proteins were used on the day they were purified, due to their
limited stability (5 days) under these storage conditions (14).
Protein concentrations were determined with the Bradford

method using IgG as a standard (Bio-Rad Protein Assay Kit I).
To determine the molecular masses of the WT and mutant
His6-LAP-A and His6-LAP-N complexes, purified His6-
LAP-As and His6-LAP-Ns were fractionated on a set of four
native polyacrylamide gels (7.5–12%, w/v) based on the meth-
ods of Bryan (36, 37). The proteins used as molecular mass
standards included chicken egg albumin (45 kDa), bovine
serum albumin monomer (66 kDa) and dimer (132 kDa), and
tomato His6-LAP-A hexamer (357 kDa). Protein purity was
determined by SDS-PAGE and LAP masses were determined
by native PAGE by staining with Coomassie Brilliant Blue
R-250 (38). For all assays,molar amounts of thematureWTand
non-disruption mutant proteins were calculated using hexam-
eric values (LAP-A, 357 kDa; LAP-N, 365 kDa; LAP1, 327 kDa;
LAP2, 330 kDa), whereasmolar amounts formature proteins of
disruptionmutants were calculated using the mass of the mon-
omer (55 kDa).
LAPActivityAssay—Thepeptidase activities of all LAPswere

determined prior to use in chaperone assays. LAP activity was
determined using the fluorescent substrate, leucine-amino
methyl coumarin (Leu-AMC; Bachem, Bunderdorf, Switzer-
land). Purified His6-LAPs (2160 ng) were preincubated in assay
buffer (50mMTris-HCl, pH 8, 0.5 mMMnCl2) in a total volume
of 162 �l in a 96-well microtiter plate. Activity assays were
initiated with the addition of Leu-AMC (1.58 �M) and pro-
ceeded for 30 min at 37 °C. Reactions were performed in dupli-
cate. Leu-AMChydrolysis was quantified bymeasuring the flu-
orescence emission of AMC at 460 nm by the Victor2 1420
MultilabelCounter (PerkinElmer Life Sciences). The extinction
coefficient for AMC at 460 nmwas 16,500 M�1 cm�1. The Leu-
AMC hydrolyzing activities of wild-type His6-LAP proteins
were as follows: His6-LAP-A, 0.59 � 0.01 �mol min�1 mg�1;
His6-LAP-N, 0.24 � 0.01 �mol min�1 mg�1; His6-LAP1,
0.22 � 0.01 �mol min�1 mg�1; His6-LAP2, 0.22 � 0.01 �mol
min�1 mg�1. Consistent with previous reports, the His6-
LAP-A mutant proteins were peptidase-deficient, with Leu-
AMC-hydrolyzing activities less than 0.01 �mol min�1 mg�1

(34).
Thermal Restriction Enzyme Protection Assay—Thermal

protection of the restriction enzyme NdeI was performed
according to Santhoshkumar and Sharma (39). The reactions
contained 1 unit of NdeI (New England Biolabs, Beverly, MA),
1� New England Biolabs restriction enzyme buffer 4, 4% glyc-
erol, LAP (0–2 �M), Pisum sativumHsp18.1 (0–2 �M), protein
A (0–2 �M) (Sigma), or lysozyme (0–48 �M) (Sigma) in a final

volume of 13�l. PsHsp18.1was kindly donated byDr. Elizabeth
Vierling (University of Massachusetts, Amherst, MA). Because
lysozyme (14.7 kDa) is 24 times smaller than the LAP-A hex-
amer (365 kDa), higher concentrations of lysozyme were used
to get equal protein amounts as a negative control. Protein A
(42 kDa) is approximately the same size as the LAP monomer
(�55 kDa) and therefore was used in equal molar amounts.
NdeI, NdeI-LAP, NdeI-PsHsp18.1, and NdeI-lysozyme mixes
were incubated for 90 min in a 43 °C water bath. At this time,
140 ng of plasmidDNA (cLEX-6-H6; 2�l) was added.Digestion
was allowed to occur for 90 min at 37 °C. Digested plasmid
DNA was visualized by electrophoresis on a 1% agarose gel
stained with ethidium bromide. NdeI digestion of plasmid
DNA at 37 °C (without the 43 °C incubation) served as a posi-
tive control. cLEX-6-H6 is a cDNA clone encoding a GID-like
gibberellin receptor (SGN-E304247; Sol Genomics Network).
NdeI cuts at two sites in this 4.8-kb plasmid, releasing frag-
ments 4.6 and 0.2 kb. His6-LAP-Awas stored in 50% glycerol to
prolong its stability, and for this reason, NdeI-His6-LAP-A
reactions had 4% glycerol. To ensure that the thermal protec-
tion provided byHis6-LAP-Awas due to chaperone activity and
not higher glycerol levels, His6-LAP-A was purified and stored
without glycerol.When tested in the NdeI thermal inactivation
assay, the glycerol-free and 50% glycerol His6-LAP-A had sim-
ilar levels of chaperone activity towardNdeI (supplemental Fig.
S1).
Thermal Citrate Synthase Aggregation Assay—Aggregation

assay reactions contained 300 nM citrate synthase (Sigma), 50
mM HEPES-KOH (pH 7.5), 5% glycerol, and 0–1200 nM puri-
fiedHis6-LAP in a total volume of 600�l. Themixwas placed in
a plastic cuvette and heated in a 43 °C water bath. Light scatter-
ing at 360 nm was measured at the indicated times (0–60 min)
using a NanoDrop 2000c spectrophotometer (Thermo Scien-
tific, Rockford, IL). As a negative control, lysozyme (1200nM) or
protein A (1200 nM) was added instead of LAP protein in sepa-
rate reactions. PsHsp18.1 (1200 nM) was used as a positive
control.
Luciferase Refolding Assay—Prior to assays, His6-LAP-A

wild-type and mutant proteins were dialyzed against Buffer A
using “V” series membranes (0.05 �M;Millipore, Billerica, MA)
to remove glycerol and imidazole. LAP-Nwild-type andmutant
proteins were used fresh and were in glycerol-free Buffer A.
Firefly luciferase (Luc) refolding was measured according to
Siddique et al. (40) with some modifications allowing use of a
96-well format. Heating reactions contained 1 �M QuantiLum
recombinant Luc (Promega, Madison, WI) and 0–6 �M His6-
LAP, 1 �M PsHsp18.1, 3 �M protein A, or 3 �M lysozyme in 2.5
mMHEPES-KOH (pH7.5), 5mMMgCl2, 150mMKCl, and 2mM

dithiothreitol (DTT) (total volume of 25 �l). Samples were
heated for 11 min at 42 °C and chilled on ice for 5 min. One �l
of heated samples was added to the reactivation mix that
included 24�l of rabbit reticulocyte lysate (RRL) (Promega), 25
mM HEPES-KOH (pH 7.5), 2 mM ATP, 5 mM MgCl2, 10 mM

KCl, and 1 mM DTT; the final volume was 40 �l and had a final
concentration of 25 nM Luc. Fifty �l of the Luc assay system
(Promega) was added to 10-�l aliquots of the reactivation mix
in a 96-well microtiter plate and incubated at 30 °C. For the
His6-LAP-A (wild-type andmutants), His6-LAP-N,His6-LAP1,
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and His6-LAP2 assays, luminescence was measured using a
LUMIstar Galaxy luminometer (BMG Labtechnologies, Offen-
berg, Germany) with an integration time of 10 s. Lumines-
cence for the His6-LAP-N mutant studies was measured
using a TriStar LB 941 luminometer (Berthold, Oak Ridge,
TN) with an integration time of 10 s. The percentage activity
corresponds to the relative luminescence compared with
unheated luciferase.

RESULTS

Tomato LAP-A Exhibits Chaperone Activity toward Three
Model Substrates—Three assays were used to evaluate the
chaperone activity of tomato His6-LAP-A. The ability of His6-
LAP-A to prevent protein unfolding was demonstrated in a
thermal denaturation assay. The restriction enzyme NdeI was
heated for 90 min at 43 °C either alone, with lysozyme or pro-
tein A (negative controls), with PsHsp18.1 (positive control), or
with His6-LAP-A (0.2–2.0 �M). NdeI activity was measured by
cutting of plasmid DNA. NdeI was inactivated after 90 min at
43 °C (Fig. 1A). The addition of 1–2 �M His6-LAP-A protected
NdeI from thermal inactivation, whereas lysozyme and pro-
tein A did not (Fig. 1A and supplemental Fig. S2A).
PsHSP18.1 was able to protect at concentrations as low as 0.2
�M (supplemental Fig. S2B). The level of His6-LAP-A chap-
erone activity was similar to that reported for the bovine
�-crystallins (39).

The ability of His6-LAP-A to protect the model substrate
citrate synthase (CS) from heat-induced aggregation was
tested. CS (300 nM) was heated for 60 min at 43 °C in the pres-
ence or absence of His6-LAP-A, and CS aggregation was meas-
ured by light scattering. His6-LAP-A protected CS from aggre-
gation in a dose-dependent manner with activity seen with as
little as 300 nM His6-LAP-A (Fig. 2A). Neither lysozyme (1.2
�M) nor protein A (1.2 �M) prevented CS aggregation, whereas
1.2 �M His6-LAP-A reduced CS aggregation by �50% (Fig. 2A

and supplemental Fig. S3). PsHSP18.1 was able to completely
protect CS at 1.2 �M (supplemental Fig. S3).

The third chaperone assay assessed if His6-LAP-A could
facilitate the refolding of the heat-sensitive Luc to its native
state (41). Luc (1 �M) was heated at 42 °C for 11 min alone or
with 3–6 �M of His6-LAP-A or 1 �M PsHsp18.1 (positive con-
trol). Luc was then allowed to refold in RRL supplemented
with 2 mM ATP; RRL is a rich source of ATP-dependent chap-
erones (HSP70 system) (42). In the absence of His6-LAP-A
or PsHsp18.1, less than 5% of Luc activity was detected (Fig.
3). His6-LAP-A was an effective chaperone because 3 and 6 �M

His6-LAP-A restored 17 and 35% of Luc activity, respectively.
His6-LAP-A-mediated refolding of Luc was dependent on the
presence of the RRL. In comparison, 38% activity of Luc was
protected by 1 �M PsHsp18.1 (supplemental Fig. S4A; as previ-
ously shown in Ref. 41), and protein A did not enable Luc
refolding (supplemental Fig. S4B). These data indicated that
His6-LAP-A protected Luc from complete denaturation and
thereby enabled its refolding by the ATP-dependent chaper-
ones similar to well characterized sHSPs (supplemental Fig.
S4A) (19, 20, 22).
Tomato LAP-N and Arabidopsis LAPs Are Molecular

Chaperones—Because the stress-inducible LAP-A of tomato
displayed chaperone activity based on three independent chap-
erone assays, the chaperone activities of the tomato LAP-N
were tested. Using the NdeI thermal protection assay, chaper-
one activity was detected using as little as 0.2 �M His6-LAP-N
(Fig. 1B). His6-LAP-N was at least 5-fold more active than
His6-LAP-A in this assay. In the CS-aggregation assay, His6-
LAP-N and His6-LAP-A displayed similar chaperone activity
levels, with 900 nM His6-LAP-N and His6-LAP-A preventing
�40% of CS aggregation (Fig. 2B). In the Luc refolding assay,
His6-LAP-N (3 �M) enabled Luc refolding. This level of chap-
erone activity was similar to His6-LAP-A, with �17% of Luc

FIGURE 1. Tomato and Arabidopsis LAPs protect NdeI from thermal inactivation. NdeI (1 unit) was incubated in buffer with 4% glycerol (A–D) in the
presence or absence of His6-LAP-A (0.2–2 �M; A and B), lysozyme (0.2– 48 �M; A), His6-LAP-N (0.2–2 �M; B), His6-LAP1 (0.2–2 �M; C), or His6-LAP2 (0.2–2 �M; D) for
90 min at 43 °C. At this time, 140 ng of plasmid DNA was added and digested for 90 min at 37 °C. Control lanes show plasmid DNA only and DNA after digestion
with unheated NdeI. NdeI cuts at two sites in the 4.8-kb plasmid, releasing fragments of 4.6 and 0.2 kb; only the 4.6-kb fragment is shown on these gels. The
monomeric supercoiled plasmid (SC) and multimeric supercoils are observed in undigested DNA samples.
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activity being restored in the presence of 3 �M His6-LAP-N
(Fig. 3).
To determine if chaperone activity was solely associatedwith

the tomato LAPs or characteristic of plant LAPs, the chaperone
activities of Arabidopsis cytosolic LAP1 and plastid-localized
LAP2 were tested. LAP1 and LAP2 are orthologs of the tomato
LAP-N (14). His6-LAP1 (1–2 �M) prevented thermal inactiva-
tion of NdeI; this level of chaperone activity was similar to the
tomato His6-LAP-A (Fig. 1, A and C). In contrast, chaperone
activity of His6-LAP2 was detected at 0.2 �M, similar to the
tomato His6-LAP-N (Fig. 1, B and D). In addition, both His6-
LAP1 (3 �M) and His6-LAP2 (3 �M) were able to protect Luc
from thermal inactivation and restored Luc activity to 17 or
19% of the unheated control, respectively. These activity levels
were similar to the tomato LAPs (Fig. 3). However, LAP1 and
LAP2 chaperone activity was not demonstrated using the CS
aggregation assay. His6-LAP1 (900 nM) was unable to protect
CS fromaggregation (supplemental Fig. S5), and theHis6-LAP2
protein aggregated on its own and could not be tested for its
chaperone activity toward CS.

In Vitro Chaperone Activity of His6-LAP-A Is Independent of
Its Peptidase Activity—A bank of mutations in four residues
(Glu-347, Lys-354, Asp-429, and Arg-431) of the tomato
LAP-A reactive site were characterized previously (34). Glu-
347 and Asp-429 correspond to the E. coli and bovine LAP res-
idues that coordinate one of the two zinc ions in the reactive
site. Lys-354 and Arg-431 have a role in catalysis. All mutations
at these sites inactivate the peptidase activity of His6-LAP-A
(34); unexpectedly, some amino acid substitutions prevent
assembly of the LAP-A hexamer (disruption mutants), and fast
migrating forms are observed, whereas other mutant pepti-
dases assemble into hexameric complexes (non-disruption
mutants) (34) (supplemental Fig. S6A). To further characterize
the disruption mutants, purified His6-LAP-As were run on a
series of native polyacrylamide gels to determine the masses of
the oligomeric species present. Disruptionmutants had protein
complexesmigratingwithmasses of 60, 120, and 192 kDa; these
masses were consistent with the disruption mutant LAP-As
being a mixture of trimers (165 kDa), dimers (110 kDa), and
monomers (55 kDa) (supplemental Fig. S6).
To determine if the chaperone activity of LAP-A was

dependent on its peptidase activity, four non-disruption
mutant proteins were tested for their chaperone activity. The
His6-LAP-A catalytic mutants R431A and K354R and zinc ion-
binding mutants D347N and E429V protected NdeI from ther-
mal denaturation (Fig. 4 and supplemental Fig. S7). Their levels
of chaperone activity were similar to the wild-type His6-LAP-A
with chaperone activity displayed at 1–2 �M. These data indi-
cated that chaperone activity of LAP-A was independent of its
peptidase activity and its ability to bind substrate or coordinate
zinc ions.
Using the CS aggregation assay, the chaperone activities of

R431A, K354R, and E429Vwere also demonstrated. These pro-

FIGURE 2. Tomato LAP-A and LAP-N protect CS from thermal aggrega-
tion. A, CS (300 nM) was incubated in 50 mM HEPES-KOH (pH 7.5), 5% glycerol,
and His6-LAP-A or lysozyme (1200 nM) (�) at 43 °C for 60 min. The LAP-A
concentrations of 0 (�), 3 (Œ), 30 (f), 300 (�), or 1200 nM (●) corresponded to
CS/LAP-A ratios of 1:0.01, 1:0.1, 1:1, and 1:4, respectively. Neither His6-LAP-A
(E) nor lysozyme (‚) aggregated on their own. B, CS was incubated with 900
nM His6-LAP-A (f) or His6-LAP-N (Œ). His6-LAP-N did not aggregate on its own
(‚). Aggregation of CS was determined by measuring light scattering at 360
nm. After 60 min at 43 °C, aggregation of 300 nM CS reached an absorbance of
0.8 –1. Data shown are representative of two or more independent experi-
ments. His6-LAP-A (900 nM) reduction of CS aggregation varied in independ-
ent assays from 40 to 60%.

FIGURE 3. Tomato and Arabidopsis LAPs aid refolding of Luc. Luc (1 �M)
was heated for 11 min at 42 °C with 3 �M (�) or 6 �M His6-LAP-A (f), 3 �M

His6-LAP-N (Œ), 3 �M His6-LAP1 (E), 3 �M His6-LAP2 (‚), or no chaperone (no
chap, �). Luc was allowed to refold in the presence of RRL supplemented
with 2 mM ATP. Luc was also heated in the presence of 6 �M His6-LAP-A
allowed to refold without RRL (�). Percent activity corresponds to the relative
luminescence compared with unheated luciferase. Measurements were
taken for three technical replicates. Data are representative of two or more
independent experiments. The degree of His6-LAP-A (3 �M) protection of Luc
varied in independent experiments, ranging from 14 to 20%. The ability of Luc
to refold in the absence of ATP-independent chaperone varied in independ-
ent experiments, ranging from 2 to 10%.
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teins reduced CS aggregation by 40–60% relative to unpro-
tected CS (Fig. 5A). In contrast, D347N did not prevent CS
aggregation. The Luc refolding assay revealed that all four non-
disruption mutants had chaperone activities similar to theWT
LAP-A (Fig. 6). Three of the four non-disruption mutant pro-
teins (K354R, E429V, and D347N) restored 17–18% of Luc
activity, whereas the R431A protein had greater chaperone
activity with �22% recovery of Luc activity. Collectively, the
three chaperone assays indicated that chaperone activity of
LAP-A was independent of its peptidase activity.
Disruption of His6-LAP-A Hexameric Structure Increases in

Vitro Chaperone Activity—Because LAP-A peptidase activity is
dependent on its hexameric structure, we tested if His6-LAP-A
chaperone activity was also dependent on its oligomeric integ-
rity. Three disruption mutant proteins that abolished either
catalysis (K354E) or zinc ion binding (D347R and E429R) were
tested for chaperone activity (34). In contrast to the non-dis-
ruption mutants, all three disruption mutants had increased
chaperone activity toward NdeI (Fig. 4 and supplemental Fig.
S7). The E429R protein protected NdeI activity at 0.4 �M,
whereas the K354E and D357R proteins protected NdeI at con-
centrations as low as 0.2 �M. These data were in marked con-
trast with oligomeric structure mutants of HSP16.6 from Syn-
echocystis, where the oligomeric stability ofHSP16.6 is required
for chaperone activity in vitro (43, 44).

LAP-A disruption mutants were tested for their ability to
prevent CS aggregation. Consistent with the NdeI assay, the
K354E and D347R proteins had increased chaperone activity
toward CS (Fig. 5B). At 900 nM, the K354E and D347R proteins
completely protected CS from heat-induced aggregation com-
paredwith theWTHis6-LAP-A,which reducedCS aggregation
by 40%. However, the E429R protein was unable to protect CS
from aggregating. In the Luc refolding assay, the K354E protein
was themost active chaperone,with only 3�MofK354Eprotein
refolding �40% of Luc (Fig. 6B). The E429R and D347R pro-
teins (3�M) aided in the refolding of�30%of the Luc.Although
the E429R and D347R proteins were not as active as the K354E
protein, all disruption mutant proteins displayed more chaper-
one activity than either the WT His6-LAP-A or the four non-
disruption mutants (Fig. 6A).

FIGURE 6. LAP-A mutants aid refolding of Luc. A, Luc (1 �M) was heated
for 11 min at 42 °C with 3 �M His6-LAP-A (f); with one of the non-disruption
mutants E429V (�), D347N (Œ), K354R (●), or R431A (�); or alone (no
chap, �). B, Luc (1 �M) was heated for 11 min with 3 �M His6-LAP-A (f); with
one of the disruption mutants E429R (�), D347R (Œ), or K354E (●); or alone
(no chap, �). Luc was allowed to refold, and its activity was measured as
described in the legend to Fig. 3. Data shown are representative of at least
two independent experiments.

FIGURE 4. LAP-A mutants protect NdeI from thermal inactivation. NdeI (1
unit) was incubated alone or with 0.2–2 �M His6-LAP-A (wild type), R431A
(peptidase-deficient, non-disruption mutant), or K354E (peptidase-deficient,
disruption mutant) as described in the legend to Fig. 1. Control lanes show
supercoiled (SC) plasmid DNA only and DNA after digestion with unheated
NdeI (4.6 kb). FIGURE 5. LAP-A mutants protect CS from thermal aggregation. CS aggre-

gation assays were performed as described in the legend to Fig. 2. A, CS was
heated at 43 °C with 900 nM His6-LAP-A (f); with the non-disruption mutant
protein E429V (�), D347N (Œ), K354R (●), or R431A (�); or alone (�). B, CS
was heated with 900 nM His6-LAP-A (f); with the disruption mutant protein
E429R (�), D347R (Œ), or K354E (●); or alone (�). Data shown are represent-
ative of at least two independent experiments.
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Active Site Mutation of His6-LAP-N Alters Chaperone Activ-
ity and Heat Stability—Despite their strong sequence conser-
vation in the C-terminal catalytic domain (80% identity), His6-
LAP-A and His6-LAP-N have distinct substrate specificities
(14, 34) and distinct protein stabilities, suggesting that LAP-A
and LAP-N may have differences in their structure that could
influence the dependence/independence of LAP-N chaperone
and peptidase activities. To this end, eight substitutionmutants
of the LAP-N residue Lys-357 were characterized. LAP-N Lys-
357 is equivalent to LAP-A Lys-354 (14). Five of the His6-
LAP-N Lys-357 mutations (Lys-3573Glu, Arg, Met, Gly, and
Thr) had corresponding His6-LAP-A Lys-354 mutations. The
His6-LAP-N wild-type and mutant proteins were expressed in
E. coli and purified, and their peptidase activity and oligomeric
states were determined.
Consistent with the peptidase deficiencies of the Lys-354

mutants of His6-LAP-A (34), all eight His6-LAP-N Lys-357
mutants were severely impaired in their ability to cleave Leu-
AMC, with �1.4% of wild-type His6-LAP-N activity (supple-
mental Table 4). However, when quaternary structures were
examined,His6-LAP-NandHis6-LAP-Amutantswere distinct.
All eight of the His6-LAP-N Lys-357 mutant proteins (Lys-357
3 Glu, Arg, Met, Gly, Thr, Cys, Pro, and Leu) assembled into
hexamers (supplemental Fig. S8). This contrasts with the His6-
LAP-A mutants, where only K354R assembled into a stable
hexamer, and the other mutants had full (Lys-3543 Glu and
Gly) or partial (Lys-3543Met, Thr, Cys, Pro, and Leu) disas-
sembly of the hexamer (34) (supplemental Fig. S6).
Although tests for increases in chaperone activity in a disrup-

tion mutant could not be performed for LAP-N, K357E and
K357R allowed direct comparison with His6-LAP-A mutants
K354E and K354R. Therefore, the molecular chaperone activi-
ties of the mutants K357E and K357R were compared with that
of wild-type His6-LAP-N to determine if the potent LAP-N
chaperone activity was independent of its peptidase. In the
NdeI thermal protection assay, wild-type, K357E, and K357R
His6-LAP-N proteins had similar chaperone activity levels,
with thermal protection observed with as little as 0.2 �M His6-
LAP-N (supplemental Fig. S9). Unlike the K354E His6-LAP-A
disassembly mutant, which has enhanced chaperone activity,
the K357E His6-LAP-N did not display molecular chaperone
activity in the CS assay or Luc refolding assay (supplemental
Figs. S10 and S11). Finally, the K357R protein aggregated in the
CS assay, and its chaperone activity could not be assessed; fur-
thermore, K357R was inactive in the Luc refolding assay
because activity levels were similar to the RRL control (supple-
mental Figs. S10 and S11).

DISCUSSION

Based on their ability to protect proteins from thermal dena-
turation and aggregation and aid in the refolding of denatured
proteins in vitro, plant LAPs are molecular chaperones. LAPs
lack ATP-binding domains (45), and their in vitro chaperone
activity was independent of ATP. Together, these data point to
plant LAPs acting like “holdases” similar to sHSPs (19, 20, 46).
However, LAPs share no sequence similarity with sHSPs. In
particular, they lack the �-crystallin domain that is essential for

sHSP chaperone activity (19). Therefore, LAPs represent a new
class of chaperone proteins within plants.
Each of the tomato and Arabidopsis LAPs displayed distinct

activity profiles with the three model substrates in vitro (sup-
plemental Table 1). LAP-A chaperone activity was detected in
all three assays. The ability of LAP-A to protect NdeI from
denaturation and CS from aggregation was similar to that
reported for the chaperone �-crystallin (39), although the abil-
ity of LAP-A to enable Luc refoldingwas�4-fold lower than the
well characterized PsHsp18.1 (31, 39, 41). The neutral LAPs
(LAP-N, LAP1, and LAP2) demonstrated varied chaperone
activity toward two ormoremodel substrates. Based on the Luc
refolding assay, all three neutral LAPs and LAP-A had similar
chaperone activity levels. Whereas LAP2 protected NdeI at the
same level as LAP-A (1 �M), LAP-N, LAP1, and PsHsp18.1 had
increased chaperone activity toward NdeI (0.2 �M). Finally, of
the neutral LAPs, only LAP-N was able to protect CS from
aggregation, and its activity was comparable with that of
LAP-A. Collectively, these data indicated that the molecular
chaperone activity is functionally conserved within the plant
LAPs. At the present time, it is unclear why the LAP-A and the
neutral LAPs (LAP-N, LAP1, and LAP2) have differences in
their relative chaperone activities as measured with three
model substrates in vitro. This may reflect differences in sub-
strate specificity in vivo and may even suggest different mech-
anisms of action; it is not uncommon for chaperones within the
same family to show such variation (47).
Study of LAP-A active site mutants demonstrated that the

chaperone activity of LAP-A is independent of its peptidase
activity (supplemental Table 2). All seven of the LAP-A active
site mutants showed chaperone activity toward at least two of
the model protein substrates. This demonstrates that key resi-
dues involved in catalysis and zinc ion interaction were not
involved in protein interactions required for chaperone activ-
ity. These data suggest that a different region of LAP-A is
important for chaperone substrate interaction. This molecular
strategy is similar to that used by plastid ATP-dependent pro-
teases, where the peptidase and chaperone domains are inde-
pendent (48).
Analyses of LAP-N active site mutants revealed unantici-

pated conformational and chaperone activity differences from
analogous mutations in LAP-A. LAP-N wild type, K357E, and
K357Rwere functional chaperones in theNdeI assay. However,
unlike theK354ELAP-Aprotein that displayed enhanced chap-
erone activity in all three chaperone assays, theK357Emutation
reduced LAP-N activity in the Luc refolding and eliminated
LAP-N activity in the CS aggregation assays. Furthermore,
K357R LAP-N did not display chaperone activity in the Luc
assays, and it aggregated spontaneously in the CS assay. These
data suggest that, unlike in LAP-A, mutations in the catalytic
site of LAP-N impacted chaperone activity. Because the chap-
erone substrate binding residues are not known in any LAP, it is
unclear if Lys-357 is directly involved in chaperone binding or if
disruption of Lys-357 significantly alters the structure of
LAP-N. If structural changes occur, they must occur at the sec-
ondary or tertiary levels because these mutations did not affect
the oligomeric structure of LAP-N. In fact, unlike LAP-A,
where a majority of substitutions at Lys-354 cause hexamer
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disassembly, none of the LAP-NLys-357mutants disrupted the
LAP-N hexamer. The sensitivity of the LAP-N chaperone to
mutations in a catalytic residuemay be consistent with the facts
that LAP-N is less stable in vitro than LAP-A (14) and the pep-
tidase substrate specificity of LAP-N is distinct from that of
LAP-A (14, 30, 34, 35).
The LAP-A disruption mutants demonstrated that LAP-A

chaperone activity was independent of LAP-A oligomeric sta-
bility (supplemental Table 3). In fact, loss of LAP-A hexameric
structure increased LAP-A chaperone in every assay with one
exception; the E429R protein was unable to protect CS against
heat-induced aggregation. Reduction of the E429R protein’s
chaperone activity toward CS is not simply due to amutation at
this residue because E429V protein had chaperone activity.
Therefore, specificity of chaperone activity must be due to yet
undetermined conformational changes within LAP-A. The
LAP-A data are in marked contrast to the Synechocystis
HSP16.6, which requires oligomeric structure for chaperone
activity (43, 44).
Currently, it is unclear why some substitutions in the active

site of LAP-A perturb the enzyme’s oligomeric structure. There
is no correlation of charge or hydrophobicity with residue sub-
stitutions and LAP-A disassembly (34). It is even more intrigu-
ing that those same substitutions do not disrupt the oligomeric
structure of LAP-N. Although animal and microbial LAP crys-
tal structures are known (49–52), they are not adequate to pre-
dict the overall structure of LAPs due to the divergence in the
C-terminal catalytic domains (49–59%) and more highly
divergedN-terminal domains (14). Therefore, to determine the
structural changes that occur in the disruptionmutants, crystal
structures of the WT and mutant LAPs of tomato will be
needed.
The enhancement of LAP-A chaperone activity upon disrup-

tion of its oligomeric structure is consistent with the exposure
of new residues or domains that interact with the protein sub-
strate(s). In this manner, the chaperone activity of LAP-A
resembles that of the sHSP class of chaperones. Current sHSP
models propose that under ambient conditions, sHSPs form
large oligomeric structures. During heat stress, these sHSPolig-
omers either increase their subunit exchange rate or dissociate
into smaller complexes, which have chaperone activity (47, 53).
These structural changes are presumed to increase exposure of
hydrophobic residues, which bind to and protect the protein
substrates. Consistent with the sHSPmodel, it is predicted that
when the hexamer of LAP-A is disrupted, more hydrophobic
residues will be exposed on the smaller oligomers (monomers,
dimers, and trimers); these residues could enable association
with unfolded protein substrates.
Given that both the tomato (LAP-A and LAP-N) and Arabi-

dopsis LAPs (LAP1 and LAP2) have substantive molecular
chaperone activity in vitro, it is possible that LAPsmay function
as chaperones in vivo. However, due to the differences in their
subcellular localizations, the peptidase/chaperone substrates of
the Arabidopsis LAP1, which is located in the cytosol (33), are
likely to be distinct from those of the plastid-localized LAP-A,
LAP-N, and LAP2 (6, 18). In addition, it is possible that the
stress-induced LAP-A has a different set of peptidase/chaper-
one substrates from LAP-N and LAP2. Although the roles of

LAP-N, LAP1 and LAP2 are not known, LAP-A has an impor-
tant role in plant defense with potential roles in planta and in
caterpillar digestive tracks.
The tomato LAP-A is induced by herbivory, wounding, salin-

ity, and water deficit and is one of the most abundant proteins
in the chloroplast stroma after these stresses (16, 37); further-
more, LAP-A modulates the late branch of wound signaling
downstream of jasmonic acid perception (8). LAP-A is well
adapted to the alkaline environment of the stroma, exhibiting
maximal peptidase activity at a pHof 9.0 (30). In addition to this
extreme pH environment, during herbivory there are rapid ion
fluxes, changes in redox potential, increases in reactive oxygen
species, and often desiccation at thewound site that also threat-
ens protein integrity (54). Therefore, it is not surprising that
plants up-regulate some chaperones in response to insect feed-
ing and wounding (55–58).
To dissect the roles of LAP peptidase and chaperone activi-

ties, transgenic tomatoes expressing mutant LAP proteins are
being analyzed to reveal if LAP-A acts as a chaperonewithin the
leaf and whether its chaperone activity, peptidase activity, or
both are important for the role of LAP-A in defense in tomato.
Of particular importance will be understanding if LAP-A
undergoes transitions in oligomeric forms in vivo (i.e. mono-
mer/dimer/trimer versus hexamer), which might regulate rela-
tive chaperone and peptidase activities in planta. Therefore,
LAP-Amay represent a newmechanismof stress adaptation (to
alkaline environments). LAP-A could act like other chaperones
that switch from their primary activity to chaperone activity in
response to changes in their environments, such as low pH,
temperature extremes, and reactive oxygen species (24, 26, 27,
59, 60).
Many defense proteins exert their effects within the insect

gut by inhibiting the activity of digestive enzymes or reducing
the quality of the leaf diet by removing essential amino acids or
cross-linking proteins (61–64). Lepidopteranmidguts are alka-
line (65), and due to LAP-A hyperstability within insect diges-
tive track and frass and its alkaline pH optima (30, 66), it has
been proposed that LAP-A may degrade peptides within the
insect midgut (30, 32). Although preliminary data indicate that
artificial diets supplemented with LAP-A do not affect insect
growth and development (8), it is also possible that LAP-A
works in cooperation with other anti-nutritive enzymes. For
example, because LAP-A can also readily hydrolyze N-terminal
Arg, it is possible that LAP-A could act in concert with wound-
induced arginase to deplete essential Arg from the insect diet
(61). However, given the discovery of the chaperone activity of
LAP-A, it is also possible that LAP-A protects defense proteins
that are poorly adapted to the alkaline environment of the
insectmidgut. Alternatively, LAP-Amay aid inmaintaining the
conformation, and thereby assuring the maximal activity, of
defense proteins with alkaline pH optima, such as threonine
deaminase and arginase, which deplete essential amino acids in
the insect midgut (61, 66).
The discovery that LAP-A moonlights as a molecular chap-

erone in vivo may have important ramifications for plant
defense, and this will need to be tested genetically once the
chaperone domains are identified and LAP-A chaperone
mutants can be created. In addition, understanding the identity
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of in vivo peptidase and chaperone substrates will determine if
these diverse functions target overlapping or unique processes.
This study also demonstrates that the in vitromolecular chap-
erone activity is conserved within the plant LAPs, suggesting
that the novel roles for the neutral LAPs (LAP-N, LAP-1, and
LAP-2) may be revealed. Interestingly, bacterial and archaeal
orthologs of the Arabidopsis LAP2 and LAP3 have been pre-
dicted to have been co-inheritedwithHSP70s (AraNet, score�
2.05), suggesting that LAP chaperone function may have an
ancient evolutionary origin. Future studies will determine if
chaperone activity is an evolutionarily conserved function dis-
played in LAPs from other kingdoms. Because two microbial
enzymes, with structures distinct from LAPs, have dual amin-
opeptidase and chaperone activities (25, 31), it is intriguing to
speculate that aminopeptidase and chaperone activities
co-evolved. If confirmed, LAPswill add to the growing diversity
of multifunctional aminopeptidases.
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8. Fowler, J. H., Narváez-Vásquez, J., Aromdee, D. N., Pautot, V., Holzer,

F. M., andWalling, L. L. (2009) Leucine aminopeptidase regulates defense
and wound signaling in tomato downstream of jasmonic acid. Plant Cell
21, 1239–1251

9. Sánchez-Morán, E., Jones, G. H., Franklin, F. C., and Santos, J. L. (2004) A
puromycin-sensitive aminopeptidase is essential for meiosis in Arabidop-
sis thaliana. Plant Cell 16, 2895–2909

10. Peer, W. A., Hosein, F. N., Bandyopadhyay, A., Makam, S. N., Otegui,
M. S., Lee, G. J., Blakeslee, J. J., Cheng, Y., Titapiwatanakun, B., Yakubov,
B., Bangari, B., and Murphy, A. S. (2009) Mutation of the membrane-
associated M1 protease APM1 results in distinct embryonic and seedling
developmental defects in Arabidopsis. Plant Cell 21, 1693–1721

11. Ross, S., Giglione, C., Pierre, M., Espagne, C., and Meinnel, T. (2005)
Functional and developmental impact of cytosolic protein N-terminal
methionine excision in Arabidopsis. Plant Physiol. 137, 623–637

12. Taylor, A. (1985) Leucine aminopeptidase activity is diminished in aged
hog, beef, and human lens. Prog. Clin. Biol. Res. 180, 299–302

13. Colloms, S. D. (2004) Leucyl aminopeptidase PepA. in Handbook of Pro-
teolytic Enzymes, 2nd Ed. (Barrett, A. J., Rawlings, N. D., and Woessner,
J. F., eds) pp. 905–908, Elsevier Academic Press, San Diego

14. Tu, C. J., Park, S. Y., and Walling, L. L. (2003) Isolation and characteriza-
tion of the neutral leucine aminopeptidase (LapN) of tomato. Plant
Physiol. 132, 243–255

15. Chao, W. S., Pautot, V., Holzer, F. M., and Walling, L. L. (2000) Leucine
aminopeptidases. The ubiquity of LAP-N and the specificity of LAP-A.
Planta 210, 563–573

16. Chao, W. S., Gu, Y. Q., Pautot, V. V., Bray, E. A., andWalling, L. L. (1999)
Leucine aminopeptidase RNAs, proteins, and activities increase in re-
sponse to water deficit, salinity, and the wound signals systemin, methyl
jasmonate, and abscisic acid. Plant Physiol. 120, 979–992

17. Hartl, M.,Merker, H., Schmidt, D. D., and Baldwin, I. T. (2008) Optimized
virus-induced gene silencing in Solanum nigrum reveals the defensive
function of leucine aminopeptidase against herbivores and the shortcom-
ings of empty vector controls. New Phytol. 179, 356–365
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