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We previously demonstrated that salicylic acid-binding pro-
tein 2 (SABP2) of tobacco is an integral component of systemic
acquired resistance (SAR). SABP2 is a methyl salicylate (MeSA)
esterase that has high affinity for SA, which feedback inhibits its
esterase activity. MeSA esterase activity is required in distal,
healthy tissue of pathogen-infected plants to hydrolyze MeSA,
which functions as a long-distance, phloem-mobile SAR signal;
this hydrolysis releases the biologically active defense hormone
SA. In this study, we examined the inhibitory interaction of SA
with SABP2, and identified a synthetic SA analog, 2,2,2,2'-
tetra-fluoroacetophenone (tetraFA) that, like SA, competitively
inhibits the activity of SABP2 and targets esterases, which uti-
lize MeSA as a substrate. However, in contrast to SA, tetraFA
does not induce downstream defense responses and, there-
fore, is effective in planta at blocking SAR development in
tobacco mosaic virus (TMV)-infected tobacco and Pseudomo-
nas syringae-infected Arabidopsis. These results confirm the
importance of SABP2 and MeSA for SAR development in
tobacco and establish similar roles for MeSA and the
orthologs of SABP2 in Arabidopsis. Moreover, they demon-
strate that tetraFA can be used to determine whether MeSA
and its corresponding esterase(s) play a role in SAR signaling
in other plant species. In planta analyses using tetraFA, in
conjunction with leaf detachment assays and MeSA quantifi-
cation, were used to assess the kinetics with which MeSA is
generated in pathogen-infected leaves, transmitted through
the phloem, and processed in the distal healthy leaves. In
TMV-infected tobacco, these studies revealed that critical
amounts of MeSA are generated, transmitted, and processed
between 48 and 72 h post primary infection.
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Systemic acquired resistance (SAR)* in plants is a state of
heightened defense that provides long-lasting, broad spectrum
resistance to microbial pathogens and is activated systemically
following a primary (1°) infection (1). In many aspects, SAR
resembles the immune response in animals, which is composed
of both innate and adaptive components (2). The immediate,
innate response is nonspecific and mediated by humoral, chem-
ical, and cellular barriers, whereas the adaptive immune system
involves the recognition of specific “non-self” antigens in the
presence of “self”; this allows the development of immunologi-
cal memory (3). However, plants lack mobile defender cells and
instead rely on the innate immunity of each cell, which can be
activated in uninfected tissues by systemic signal(s) originating
from the site of infection (4).

A number of studies have provided important insights into
the immune response occurring in infected plant cells (4-6).
Plants have evolved several layers of immunity that recognize
pathogen-associated molecular patterns or pathogen effector
molecules (or their altered host targets) through receptors,
such as receptor kinases containing a leucine-rich repeat
domain or resistance proteins containing a nucleotide-binding
site and leucine-rich repeats. This alarm system activates
pathogen-associated molecular pattern-triggered immunity
(non-host/basal resistance) or effector-triggered immunity
(resistance gene-mediated resistance), respectively. Both forms
of resistance are associated with physiological changes in the
infected cells, such as a rapid increase in reactive oxygen spe-
cies, ion fluxes, the accumulation of salicylic acid (SA), the syn-
thesis of anti-microbial phytoalexins and the induction of
defense-associated genes, including several families of patho-
genesis-related genes. These immune responses also are often
associated with programmed cell death at the sites of pathogen
entry, which leads to the formation of necrotic lesions; this
phenomenon is known as the hypersensitive response. In addi-
tion, the uninfected portions of the plant frequently develop
SAR, which is accompanied by increases in SA levels and
heightened pathogenesis-related gene expression.

*The abbreviations used are: SAR, systemic acquired resistance; SA, salicylic
acid; MeSA, methyl salicylate; SABP2, salicylic acid-binding protein 2; TMV,
tobacco mosaic virus; FA, fluoroacetophenone; tetraFA, 2,2,2,2'-tetraflu-
oroacetophenone; AtMES, Arabidopsis methyl esterases; SAMT, SA car-
boxylmethyltransferase; pNP, para-nitrophenol; Bicine, N,N-bis(2-hydroxy-
ethyl)glycine; hp1°i, hours post primary infection.
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Kinetics of SAR Signal Movement

A number of studies have demonstrated that SA plays a crit-
ical role in the resistance signaling pathway(s) (1, 7). Exog-
enously supplied SA enhances disease resistance and induces
pathogenesis-related gene expression in a wide variety of plant
species. Confirmation of SA as a critical resistance signal came
from analyses of transgenic tobacco and Arabidopsis express-
ing the bacterial nahG gene, which encodes the SA-degrading
enzyme salicylate hydroxylase. These plants failed to accumu-
late SA after pathogen infection, displayed reduced resistance
toavirulent and virulent pathogens, and did not develop SAR or
express pathogenesis-related genes in their distal leaves (8 —10).
Similar results were observed in tobacco deficient for pheny-
lalanine ammonia-lyase, a key enzyme for SA biosynthesis (11),
and in the sid1 and sid2/eds5 Arabidopsis mutants, which are
impaired in SA biosynthesis (12). However, results from graft-
ing experiments argued that SA was not the critical long-dis-
tance signal for SAR; tobacco leaves expressing the nahG trans-
gene were able to transmit an SAR signal following infection by
tobacco mosaic virus (TMV), despite suppressed SA levels (8).
Rather, arecent study demonstrated that a key signal for SAR in
tobacco is methyl salicylate (MeSA), a methyl ester of SA that
moves from the infected tissue through the phloem to the dis-
tal, systemic tissue (13).

To elucidate the mechanism through which SA signals dis-
ease resistance, several potential effector proteins have been
identified in tobacco. These SA-binding proteins (SABPs)
include catalase, ascorbate peroxidase, the chloroplastic car-
bonic anhydrase (SABP3) and SABP2 (14-17). Silencing of
SABP2 in tobacco resulted in the loss of SAR and suppression of
local defense responses, indicating that SABP2 is integral for
plant innate immunity (18). Grafting studies using SABP2-si-
lenced rootstocks or scions further revealed that SABP2 is
required for SAR signal perception in the distal tissue, but not
for SAR signal production in the 1° infected leaves (13). Analysis
of the crystal structure of SABP2, alone or in complex with SA,
indicated that it belongs to the a/B-fold hydrolases superfamily
and that it binds SA in its active-site pocket (19). Biochemical
studies have demonstrated that its preferred substrate is MeSA,
which it cleaves to release SA. SA competes with MeSA for
binding in the active-site pocket of SABP2, which consists of
catalytic triad residues Ser®', Asp>'®, and His**®. During
hydrolysis of MeSA, the hydroxyl group of Ser®' is perfectly
positioned over the carboxyl carbon of MeSA to initiate nucleo-
philic attack, whereas the side chains of Ser®" and Asp>'° form
hydrogen bonds with His*>*® to complete the catalytic triad. In
contrast, SA forms hydrogen bonds with Ala'® and His**%,
which disrupts hydrogen bond formation between the catalytic
triad residues. Because the active-site pocket is too small to
accommodate both the MeSA substrate and the SA product, SA
is a potent inhibitor of the esterase activity of SABP2 (19).

To determine whether an SABP2-like esterase activity is
required for SAR in general, we identified and characterized
several synthetic SA analogs that inhibit the MeSA esterase
activity of SABP2. This approach was chosen as it circumvented
purifying the enzyme, cloning its gene, and/or silencing its
expression. Note that although SA itself is an effective inhibitor
for SABP2, it cannot be used for inhibitory studies because it
triggers the defense signaling pathway downstream of SABP2
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(7). Our results demonstrate that 2,2,2,2'-tetrafluoroacetophe-
none (tetraFA) rather specifically and competitively binds
SABP2 and inhibits its esterase activity. In planta analyses dem-
onstrated that tetraFA can be used on a variety of plant species
to assess the involvement of MeSA in SAR. In addition, tetraFA
was used to determine the time during which the MeSA signal
moves to the distal tissue after the 1° infection.

EXPERIMENTAL PROCEDURES

Reagents—Synthetic ketones, 2,2,2,2'-tetraFA (tetraFA,
=99.0% pure [GC], Chemical Abstract Service Registry
Number 124004-75-7) and 2'-methoxy-2,2,2-triFA (methoxy-
triFA, =99.0% [GC], CASRN. 26944-43-4) were obtained from
Rieke Metals, Inc. (Lincoln, NE), and 2,2,2-triFA (triFA,
=99.0% [GC], CASRN. 434-45-7) was obtained from Sigma. SA
(=99.0%, CASRN. 54-21-7) and MeSA (=99.0% [GC], CASRN.
119-36-8) were obtained from Sigma.

Plant Material, Growth, and Pathogen Infection—Nicotiana
tabacum (tobacco) cv. Xanthi-nc (NN) was grown and inocu-
lated with TMV as described by Guo et al. (20). Arabidopsis
thaliana ecotype Colombia-0 (Col-0) was grown in a 14-h
photo period (140 uE m~?s™ ') at 22 °C in 60% relative humid-
ity. The inoculation of bacteria was carried out by syringe infil-
tration as described by Maldonado et al. (21). See “In Planta
TetraFA Assay” for more details.

Enzyme and Inhibition Assays—The MeSA esterase activity
was determined as described by Forouhar et al. (19). Briefly, a
standard reaction mixture of 50 ul consisted of 0.1 mm MeSA in
0.1 M potassium phosphate buffer (pH 7.5), and 5 mm B-mer-
captoethanol. The reaction was initiated by adding esterase and
incubated for 30 min at ambient temperature. After the reac-
tion was stopped by boiling for 5 min, SA, the product, was
coupled with radioactive [**C]S-adenosylmethionine by using a
recombinant Clarkia breweri SA carboxylmethyltransferase
(SAMT). Radiolabeled [**C]MeSA was then extracted with
ethyl acetate, and radioactivity was determined in a scintillation
counter. Steady-state kinetic parameters were determined by
an initial velocity experiment. Measurements of the k., and
K, app) values for MeSA (5-250 um) were made at 2.5 nmol of
["*C]MeSA and 10 pg of C. breweri SAMT. Kinetic parameters
were calculated to fit untransformed data to v = k_, [S]/(K,, +
[S]) using SigmaPlot (Systat Software, Inc.).

For inhibitory activity of SA or FA to MeSA esterases, initial
velocities were determined using the standard assay system.
Enzyme activities were determined after addition of SA (1-50
um) or FA (0.01-1 mm) to assay solution containing various
MeSA concentrations (5-250 um). Global fitting analysis was
used to simultaneously fit all data to the equation for competi-
tive inhibition, v = V. ([SI/K,, (1 + [1]/K,) + V., using
SigmaPlot.

The esterase and lipase activities were determined colori-
metrically by measuring the liberation of para-nitrophenol
(pNP) from pNP-butyrate (C,) and pNP-myristate (C,,) as
described in Kumar and Klessig (18) with a slight modification.
Briefly, the standard 1-ml reaction mixture consisted of 1 mm
substrate in 50 mMm Bicine (pH 8.0), 0.05% Triton X-100. The
reaction was allowed to proceed for 15 min at 24 °C, and the
amount of pNP was measured at 410 nm. Inhibition assays were
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performed by adding various concentrations of SA or FA to the
standard reaction system. Values from control reactions with-
out SABP2 were subtracted from each reaction.

Structural Modeling of SABP2— An atomic model with suit-
able conformation for tri- and tetraFA was obtained using The
Dundee PRODRG2 Server (davapcl.bioch.dundee.ac.uk/
prodrg). Using the XtalView program (22), each inhibitor was
modeled into the active site of the SABP2 crystal structure in
complex with SA (PDB accession code 1Y7I), using the position
and orientation of SA as the reference. However, to obtain the
most favored model for each inhibitor, several orientations of
each were considered and subject to two cycles of rigorous rig-
id-body refinement using the Crystallography and NMR Sys-
tem (23).

In Planta TetraFA Assay—To address the utility of tetraFA in
planta, we examined if it could inhibit SAR development by
blocking SABP2, or its orthologous proteins, in TMV-infected
tobacco and/or Pseudomonas-infected Arabidopsis. Before or
after the 1° infection (—24, 0, 24, 48, 72, 96, and 120 h post 1°
infection (hp1°i)), which was carried out by inoculating TMV in
the three lower leaves of 6-week old plants, upper-uninfected
leaves were treated with 10 mm HEPES (pH 7.0) in the presence
or absence of 1 mM tetraFA. The treatment of tobacco with
tetraFA was performed by syringe infiltration. Six days after the
1° TMYV infection, those tetraFA- or buffer-treated (control)
leaves were challenged by TMV inoculation (2° infection). The
establishment of SAR was then determined by measuring and
comparing the lesion sizes of TMV-infected leaves with a ver-
nier caliper at 5 days after the infection.

Arabidopsis was treated with tetraFA by using a fine glass
chromatography sprayer. SAR was induced in 2-3-week-old
Arabidopsis plants by infection of 2—3 leaves per plant with
coronatine-deficient Pseudomonas syringae pv. maculicola
(Psm) carrying AvrRpt2 at a concentration of 1 X 10° colony
forming units per ml in 10 mm MgCl,. Mock inoculation was
performed using 10 mm MgCl,. Ten mm HEPES buffer (pH 7.0)
with or without tetraFA (2, 10, or 20 mm) was applied to distal
leaves by repeated spraying at 3, 24, and 48 hp1°i. The 2° chal-
lenge was then performed in tetraFA- or buffer-treated leaves
with 1 X 10° colony forming units/ml of P. syringae pv. tomato
(Pst) DC3000 at 3 days after a 1° infection. In planta bacterial
titers were determined by shaking leaf dics, 4 mm in diameter,
from 2° infected leaves in 10 mm MgCl, supplemented with 0.1
M sucrose at 12 °C for 4 h. The resulting bacterial suspensions
were serially diluted and spots of 10 ul per dilution were grown
on KB medium and counted.

Leaf Detachment Assay— After induction of SAR in 6-week-
old tobacco plants by the inoculation of the three lower leaves
per plant with TMV, these infected leaves were excised from
plants at various time points after a 1° infection (0-120 hp1°i).
Mock inoculation was performed using 10 mm HEPES (pH 7.0).
Six days after SAR induction, three distal leaves, located directly
above the 1° infected ones, were challenged with TMV. To
determine SAR development, lesion sizes formed in 2° chal-
lenged leaves were measured with a vernier caliper at 5 days
after 2° infection.

Collection of Phloem Exudates and MeSA Quantification—
Petiole/phloem exudates were collected in 1 mm EGTA (pH
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FIGURE 1. Inhibition of the MeSA esterase activity of SABP2 by SA. Lines
represent the global fit of all data (n = 3) to the equation for competitive
inhibition. Initial velocities were determined as described under “Experimen-
tal Procedures” at 0 um (open circles), 1 um (open squares), 2.5 um (open trian-
gles), 5 um (closed circles), 10 um (closed squares), and 50 um (closed triangles)
SA.

7.0) for 24 h and MeSA levels were measured using gas chroma-
tography-mass spectrometry (CP-3800/Quadrupode-1200L sys-
tem, Varian) as described previously (13).

RESULTS

SA Competitively Inhibits the MeSA Esterase Activity of
SABP2—Inhibition studies are often used to assess the physio-
logical role and/or functional involvement of catalytic proteins.
Previously, SA was shown to be an endogenous inhibitor of the
MeSA esterase SABP2; SA binds in the active-site pocket of
SABP2 (K, = 90 nm), which results in the inhibition of the
catalytic activity of SABP2 (15, 19). To further understand this
interaction, we determined the effect of increasing SA levels on
the MeSA esterase activity of SABP2 (Fig. 1). The steady-state
kinetic parameters (k,, and K,,,(,,,)) of SABP2 for MeSA were
0.16 s~ ' and 21.5 um, respectively. SA competitively inhibited
this activity with a K; value of 16.4 um. Because this K| value falls
within the range of reported SA levels in tobacco leaves after 1°
infection by TMV (~20-100 um; 8, 10, and 24), it is likely that
the MeSA esterase activity of SABP2 is increasingly inhibited as
infection proceeds and SA levels rise. Indeed, the MeSA ester-
ase activity of SABP2 in the infected leaves is predicted to be
completely inhibited by 72 hp1°i, based on a calculation per-
formed by integrating the kinetic parameters with the level
kinetics of MeSA and SA, where v, = [S]-V,_ . /{(K,,(1 +
[11/K)) + [S]}, vy = [S]* V..ol (K, + [S]), i% = 100 (1 — (v,/v,)).

Identification of Synthetic SA Analogs and Their Inhibitory
Activity on SABP2—Although SA is an effective inhibitor of
SABP2, it cannot be used for in planta studies because it trig-
gers defense responses downstream of SABP2 (for review see
Ref. 7). Thus, we utilized the data base from PubChem.
Substance to identify candidate compounds that could inhibit
SABP2 esterase activity without activating defense responses.
Candidate synthetic molecules were similar in structure to SA
and benzoic acid, except that their hydroxyl groups were
replaced with fluorine (fluoroacetophenone; FA). Due to the
small atomic radius and extreme electronegativity of fluorine, it
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FIGURE 2. Inhibition of the esterase activity of SABP2 by FAs. A, structure of SA and the FAs. Band C, inhibitory activities of SA (open circles), tetraFA (open
triangles), triFA (open diamond), and methoxy-triFA (open squares) toward the general esterase activity of SABP2, using 1 mm pNP-butyrate (C,) as the substrate
(B), or toward MeSA esterase activity, using 0.1 mm MeSA as the substrate (C). D and E, double-reciprocal plots of the effects of tetraFA (D) or triFA (E) on the
MeSA esterase activity of SABP2. Lines represent the global fit of all data (n = 3) to the equation for competitive inhibition. Initial velocities were determined as
described under “Experimental Procedures” at 0 mm (open circles), 0.01 mm (open squares), 0.05 mm (open triangles), 0.1 mm (closed circles), 0.5 mm (closed

squares), and 1 mwm (closed triangles) FA.

was anticipated that fluorine replacement for the hydroxyl
groups might enhance binding in the active-site pocket of
SABP2 (25). Among candidate compounds, three synthetic
compounds were chosen for further analyses based on com-
mercial availability. These were 2’-methoxy-2,2,2-triFA
(methoxy-triFA), 2,2,2,2'-tetraFA (tetraFA), and 2,2,2-triFA
(triFA) (Fig. 24).
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As a first step to examine the potential inhibitory activities of
the FAs, various concentrations of the FAs and SA (0.05-2.0
mm) were added to an SABP2 enzymatic assay using the syn-
thetic substrate pNP-butyrate (C,). As shown in Fig. 2B, the
three FAs inhibited the esterase activity of SABP2 in a con-
centration-dependent manner, and this inhibition was more
effective than that mediated by SA. Unexpectedly, the FAs were
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FIGURE 3. Model of the active-site pocket of SABP2 and the binding
modes of FAs compared with SA. The binding modes of SA (gray), tetraFA
(green, A), and triFA (blue, B) in the active site of SABP2 are depicted; the
catalytic triad residues (Ser®', Asp?'® and His**®) and Ala'® are noted, and the
hydrogen bonds are indicated as dashed lines.

less efficient than SA atinhibiting the esterase activity of SABP2
when MeSA was the substrate (Fig. 2C). The inhibitory kinetics
of tetraFA and triFA, which were stronger inhibitors than
methoxy-triFA, were further analyzed in the presence of MeSA
(Fig. 2, D and E). TetraFA and triFA displayed the same inhib-
itory mechanism as SA, with all three competitively inhibiting
the esterase activity of SABP2. The K; values for tetraFA and
triFA were 131.2 and 303.1 M, respectively (Fig. 2, D and E).
Although these values are >8-fold higher than that of SA (16.4
uM), they raised the possibility that the FAs, particularly tet-
raFA, might block the esterase activity in planta of SABP2.
Given that SABP2 is only required in uninfected distal tissues
for SAR development and MeSA levels in these tissues peak at
~1.5 uM between 48 and 72 hp1°i (13), 0.5 mM tetraFA should
inhibit ~75% of the esterase activity of SABP2 in uninfected
distal tissues, whereas 1.0 mm tetraFA should inhibit ~90%.
The application of 1.0 mm tetraFA to tobacco leaves did not
have any detectable toxic effect (Figs. 5 and 7C), but higher
concentrations (>5.0 mm) caused cell death at the infiltrated
site within 72 h (data not shown).

Structural Modeling of SABP2 with TetraFA and TriFA—To
investigate how tetraFA and triFA inhibit the activity of SABP2,
we used the three-dimensional structure of SABP2 complexed
with SA to model these inhibitors in the active-site pocket of
SABP2 (Fig. 3). Both tetraFA and triFA can be accommodated
readily in the active site and require few conformational
changes in the enzyme. However, one difference in their pre-
dicted interaction with SABP2 is that they are flipped 180° in
comparison to SA. The modeling suggests that the trifluoro
group of the FAs interacts with both Ser®' and His**® of the
catalytic triad, whereas SA hydrogen bonds with Ala'® and
His®*%. His**® makes two hydrogen bonds with tetraFA, but
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only one hydrogen bond with triFA; this difference may
account for the different K values for these inhibitors. Despite
the possible interactions of the tri-fluoro group with both Ser®
and His?®, its bulkiness likely compromises binding, and thus
explains why these inhibitors exhibit higher K; values than SA.

TetraFA Inhibits Esterases with Strong Preference for MeSA as
a Substrate—SABP2 belongs to a superfamily of «/B-fold
hydrolases that share both a similar mode of catalysis and over-
all three-dimensional structure (26). Thus, before the SA ana-
logs could be used for in planta studies, their specificity for
SABP2 inhibition needed to be established. To assess specific-
ity, the effect of tetraFA on the activities of other a/B-fold
hydrolases within the same subgroup of lipases/esterases,
which differ only in their substrate preferences, was deter-
mined (Fig. 4, A-D). These hydrolases included a lipase from
Phixomucor miehei and three Arabidopsis methyl esterases
(AtMES3 (At2g23610), AtMES10 (At3g50440), and AtMES16
(At4g16690)). The AtMESs (numbers 1-18) were initially iden-
tified based on their high sequence homology to SABP2; several
members were characterized biochemically and genetically as
potential orthologs of SABP2 (27). AtMES3, AtMES10, and
AtMES16, however, showed no catalytic activity with MeSA;
rather they preferentially de-methylated methyl indole acetic
acid or methyl jasmonate (28). pNP-myristate (C,,) and pNP-
butyrate (C,) were utilized as substrates for the P. meihei lipase
and the three methyl esterases, respectively. Neither tetraFA
nor SA affected their enzymatic activities. In contrast, AtMES9
(At4g37150), an SABP2 ortholog that displays SA-inhibitable
MeSA esterase activity (27), was inhibited by tetraFA (IC,, = 19
uMm; Fig. 4E). Arabidopsis contains four additional MeSA ester-
ases, which are inhibitable by SA (27). Because AtMES9 has
equal or higher specific activity for MeSA than the other four
MeSA esterases and is inhibited by tetraFA, it is likely that the
activity of all five Arabidopsis esterases is suppressed by tet-
raFA. These results suggest that tetraFA specifically inactivates
SABP2, as well as its orthologs in Arabidopsis.

TetraFA Blocks SAR in TMYV-infected Tobacco—To address
the utility of tetraFA in planta, we first determined whether it
could inhibit SAR development in TMV-infected tobacco,
because both MeSA and the MeSA esterase of SABP2 activity
are essential for this process. In tobacco, SAR is manifested as a
reduction in the size of lesions formed after 2° TMV infection of
the distal leaves on plants that previously received a 1° TMV
infection, as compared with the lesions developed by plants that
were mock-inoculated for the 1° infection and therefore were
encountering the virus for the first time. The reduction in lesion
size occurs because SAR elicited by the 1° infection enables the
plant to restrict viral replication and spread more efficiently the
second time it encounters the virus. Following 1° TMV infec-
tion of three lower leaves, the efficacy of tetraFA (1 mm) was
assessed by its application to healthy distal leaves at 48 and 72
hp1°i; these times were chosen because overexpression of a syn-
thetic SABP2, which is not susceptible to RNA interference-
mediated silencing, in the distal leaves of SABP2-silenced
plants at 24 hp1°i was sufficient to restore SAR (13, 18, 27). At
144 hp1°i, the tetraFA-treated leaves were then challenged with
TMYV (2° infection). SAR was observed in plants that received a
1° and 2° infection with TMV (SAR-induced) but no tetraFA
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FIGURE 4. Specific inactivation of MeSA esterases by tetraFA. The effects of tetraFA and SA on the activities of P. miehei lipase (A), AtMES3 (B), AtMES10 (C),
AtMES16 (D), and AtMES9 (E). A-D, the assays for lipase and esterase activity were performed utilizing pNP-myristate (C,,; A) or pNP-butyrate (C,; B-D),
respectively, as a substrate in the absence of an inhibitor (open circles) or in the presence of 1 mm inhibitor, SA (open squares) or tetraFA (open triangles).
E, inhibition of the esterase activity of AtMES9 by tetraFA was determined using 0.25 mm MeSA as the substrate.

treatment, as their 2° lesions were 43% smaller than those treated with tetraFA failed to develop SAR; their lesions were

formed on plants that were mock inoculated for the 1°infection  nearly as large as those on uninduced plants. Note that tetraFA
(uninduced; Fig. 5). By contrast, SAR-induced plants that were treatment did not affect lesion size in uninduced plants, sug-
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uninduced induced
(1° - mock) (1° - TMV)
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i, C
lesion size (mm) 2.27+0.34 2.09+0.29 1.2910.14
reduction (%) N/A 8.1 43.2
SAR N/A - +

FIGURE 5. TetraFA blocks SAR development in TMV-infected tobacco.
Induced plants received a 1°inoculation of TMV on the three lower leaves per
plant to activate SAR, whereas uninduced plants received a mock 1° inocula-
tion with 10 mm HEPES (pH 7.0) buffer. At 48 and 72 hp1°i, distal leaves were
treated with 1 mm tetraFA or buffer. Six days post 1° TMV infection (dp1°i),
these distal leaves were challenged by a 2° TMV infection. The size of lesions
was measured (in mm = S.D.) and photographed at 5 days post 2° infection.
N/A, not applicable. Reduction (%), percent reduction in the size of 2° TMV
lesions formed on induced versus uninduced plants.
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FIGURE 6. TetraFA blocks SAR in Arabidopsis. SAR was analyzed in mock-
inoculated (white bars) and avirulent Psm AvrRpt2-infected (striped bars) wild
type Col-0 plants. After 1° infection, 10 mm HEPES buffer (pH 7.0) with 0, 2, 10,
or 20 mm tetraFA was applied to distal leaves by repeated spraying at 3, 24,
and 48 hp1°i. Distal leaves were infected at 72 hp1°i with virulent Pst DC3000
and titers of bacteria in the distal challenged tissue were determined at 3 days
post 2° infection.

gesting that tetraFA does not directly affect either the multipli-
cation and spread of TMV or the innate immune response.
MeSA Esterase-mediated SAR Development Is Conserved in
Arabidopsis—Whether tetraFA could block SAR development
in other plant species, such as Arabidopsis, was then tested (Fig.
6). Following 1° inoculation with the avirulent bacterial patho-
gen Psm ES4326 cfa6:Km" (avrRpt2) (29) to induce SAR, the
distal leaves of Col-0 plants were treated with various concen-
trations of tetraFA and then challenged with virulent Pst
DC3000 at 72 hp1°i. SAR-induced plants that were not treated
with tetraFA displayed ~25-fold less Pst growth than
untreated, uninduced control plants, which received neither
the 1° infection nor tetraFA treatment. Bacterial growth in
SAR-induced plants treated with tetraFA was comparable with
that in the untreated, uninduced control plants, indicating that
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SAR was effectively blocked by all concentrations of tetraFA
tested. Note that tetraFA did not show any direct effect on the
multiplication of Pst, because similar levels of bacterial growth
were observed in uninduced plants regardless of tetraFA treat-
ment. Moreover, application of tetraFA from 2 to 100 mm to
Arabidopsis leaves did not have detectable toxic effects (supple-
mental Fig. S1). The ability of tetraFA to inhibit SAR in Arabi-
dopsis, which contains four additional SABP2 orthologs that
are at least partially functionally redundant with AtMES9 for
SAR development (27), confirms the importance of MeSA and
MeSA esterases for SAR in Arabidopsis. It also demonstrates
the utility of tetraF A for assessing the involvement of MeSA and
its esterases during SAR activation in various plant species.

SAR Development Requires MeSA Esterase Activity of SABP2
in Distal Tissue between 48 and 72 hp1°i with TMV—To deter-
mine the kinetics of MeSA accumulation and processing/per-
ception in the distal tissue of tobacco plants, distal leaves were
treated with tetraFA at various times after a 1° inoculation with
TMYV or bulffer, followed by a 2° TMV infection at 144 hpl°i
(Fig. 7A). TetraFA treatment blocked SAR development when
applied at 48 hp1°j, as the lesions on these plants were compa-
rable in size to those on uninduced plants, regardless of tetraFA
treatment (Fig. 7, Band C). In contrast, tetraFA treatment at 72,
96, or 120 hp1°i was not effective at blocking SAR development,
suggesting that sufficient amounts of MeSA have been con-
verted to SA in the distal tissues by 72hp1°i, but not by 48 hp1°i.
As previously shown (13), suppression of viral replication in
SAR was confirmed at the molecular level through analysis of
the levels of viral coat protein transcript after challenge infec-
tion of the distal leaves (Fig. 7D).

Because SAR requires systemic movement of a signal from
infected to distal tissue through the phloem (30), the level of
signal delivered to distal tissues may differ depending on their
position and/or distance from 1° infected leaves. Indeed, previ-
ous analyses showed that the leaf located directly above the
inoculated leaf displayed the greatest increase in SA levels (31).
To circumvent any possible effect due to leaf positioning, the
experiments described above were performed by infecting
three lower leaves. In addition, the possibility that leaf position
affected these analyses was tested by applying tetraFA at differ-
ent times to distal leaves in different positions relative to the
three lower 1° inoculated leaves (Fig. 8). Regardless of leaf posi-
tion, loss of SAR was consistently observed only when tetraFA
was applied at 48 hp1°i. Application of tetraFA at earlier time
points (24 h before 1° infection, 0 hp1°i or 24 hp1°i) also failed to
inhibit SAR. Together these results suggest that cleavage of
MeSA by SABP2 is critical in the distal leaves between 48 and 72
hpl°i, and that tetraFA cannot indefinitely block SABP2 activ-
ity, possibly because it is unstable in planta.

The MeSA SAR Signal Is Transmitted to Distal Tissues
between 48 and 72 hpl° with TMV—To assess whether the
movement of an SAR signal, particularly MeSA, corresponds to
the time period when the esterase activity of SABP2 is required,
the kinetics of SAR signaling were monitored by a leaf detach-
ment assay (Fig. 9, A and B). At various times after the 1° inoc-
ulation, the three TMV-infected leaves were excised; the upper
distal leaves were then challenged with TMV at 144 hpl°i.
Plants whose 1° TMV-inoculated leaves were detached at 0, 24,
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FIGURE 7. The MeSA esterase activity of SABP2 is required in distal leaves between 48 and 72 hp1°i for SAR development. A, schematic design for the
time course of tetraFA (1 mm) application. Control leaf (con.) received a buffer (10 mm HEPES, pH 7.0) treatment without tetraFA at 48 hp1°i. B, determination
of lesion sizes in millimeters on the distal leaves at 5 days post 2° infection. Uninduced plants were mock inoculated on the three lower leaves, whereas induced
plants received TMV inoculation on three lower leaves 6 days prior to 2° TMV infection. % red., percent reduction in the size of 2° TMV lesions formed on induced
versus uninduced plants. C, photographs of TMV-induced lesions on distal leaves described in Bat 5 days post 2° infection. Note induced plants without tetraFA
treatment were used as a positive control for SAR (right column). D, RNA-blot analysis of TMV coat protein (CP) transcripts in the distal leaves, at 0 and 4 days post
2° infection, of plants received tetraFA treatment at various times after 1° infection. Five g of total RNA were loaded per lane and ethidium bromide-stained
ribosomal RNA (rRNA) was used as a loading control.
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or 48 hp1°i failed to develop SAR; the 2° lesions on these plants
were as large as those on uninduced plants, which had received
a mock 1° inoculation (Fig. 94). In contrast, SAR was clearly
observed in plants whose 1° infected leaves were detached at or
after 72 hp1°j, as indicated by a ~40% reduction in lesion size.
This result indicates that a sufficient amount of SAR signal was
generated and transmitted from 1°-infected leaves before 72 hp1°i.
Subsequent analysis using additional time points revealed that
enough signal to induce partial SAR was transmitted from the
inoculated leaf by 60 hpl°i (Fig. 9B). As the time before detach-
ment increased, a parallel increase in SAR strength was observed
up to 72 hp1°, at which point SAR was maximal. The timing for
transmission of the SAR signal correlated with the kinetics of
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MeSA accumulation in the phloem (petiole) from the 1° infected
leaves, as MeSA levels increased gradually before peaking at 72
hpl°i (Fig. 9C). Together, these results indicate that a critical
amount of the MeSA signal for SAR has been exported from the
infected leaves between 48 and 72 hp1°i.

DISCUSSION

In this study, we examined the inhibitory interaction of SA
with SABP2, identified a synthetic analog of SA, tetraFA, and
used it to further study SAR development. TetraFA inactivates
SABP2 with a similar mode of action to that of SA, but, unlike
SA, does not induce downstream defense responses. Although
the inhibitory efficiency of tetraFA (K, = 131.2 um) is lower
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24 1.09 + 0.23 49 1.34 + 0.42 35 1.16 £ 0.33 45 1.16 + 0.31 45 42
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no tetraFA 1.26 + 0.32 42 1.09 = 0.19 47 1.12 + 0.24 47 113+ 0.21 46 47
(con.)

FIGURE 8. SABP2 activity in distal leaves is essential between 48 and 72 hp1°i, regardless of leaf position. A, schematic design for in planta tetraFA
treatment (1 mm) of various leaves at different time points. Control leaf (con.) received a buffer treatment without tetraFA at 48 hp1°i. B, determination of lesion
sizes in millimeters on the distal leaves at 5 days post 2° infection. All plants received a 1° TMV inoculation on three lower leaves. At the specified times post 1°
infection, leaves at different positions were treated with buffer or tetraFA. Six days post 1° infection, the buffer- or tetraFA-treated distal leaves received a 2°
TMV infection. % red., percent reduction in size of 2° versus 1° lesions on plants that received either buffer or tetraFA treatment.

than that of SA (K = 16.4 um) toward the MeSA esterase activ-
ity of SABP2, tetraFA specifically inhibited SABP2 and at least
one of its functional Arabidopsis homologs. Among the tested
a/B-fold hydrolases to which SABP2 catalytically and structur-
ally belongs, tetraFA selectively inhibited only esterases that
principally utilize MeSA as a substrate. Exogenous application
of tetraF A was effective in planta in blocking SAR development
in TMV-infected tobacco, where MeSA esterase activity and
MeSA are essential for SAR.

TetraFA treatment also suppressed SAR development in P.
syringae-infected Arabidopsis; this result argues that an
SABP2-like esterase activity plays an essential role for SAR in
this plant species (Fig. 6). Consistent with this conclusion, sev-
eral members of the AtMES family were recently identified as
functional homologs of SABP2 (27). These members share
functional redundancy for MeSA hydrolysis and, most likely,
SAR development. Three of these members, AtMES]1, -7, and
-9, were capable of complementing SAR deficiency in SABP2-
silenced tobacco. Conversely, underexpression of AtMES
genes, including those encoding functional MeSA esterases,
compromised SAR. A data base search (32) revealed that genes
sharing sequence homology with SABP2 are common in many
other plant species, such as tomato (Solanum lycopersicum,
TC165610), potato (S. tuberosum, CK270870), sweet potato
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(Ipomoea batatas, TA2555_4120), cotton (Gossypium hirsu-
tum, TA41446_3635), grape (Vitis vinifera, TA51764._29760),
barrel medic (Medicago truncatula, TA31451_3880), rice
(Oryza sativa, Os01g0787600, AK061058, and CT83232), Zea
mays (EU972429), and Nicotiana benthamiana (EH386450).
These genes have a high degree of sequence similarity with
SABP2 (>70%), suggesting that their encoded proteins share
similar biochemical activities, and that MeSA esterase and its
substrate, MeSA, are general components of plant innate
immunity. Supporting this possibility, SAR in Phytophthora
infestans-infected potato was effectively suppressed by treat-
ment with tetraFA.®

We previously demonstrated that SABP2 is an integral com-
ponent for SAR development in tobacco, and that it mediates
SA signaling via demethylation of MeSA (13, 18, 19). The
reverse reaction, the methylation of SA to MeSA, also is neces-
sary for SAR (13); this reaction is catalyzed by SAMT (33). Suc-
cessful establishment of SAR requires the methyltransferase
activity of SAMT in the pathogen-infected, SAR signal-gener-
ating tissue and esterase activity of SABP2 in the distal, SAR
signal-receiving tissue (13). To facilitate accumulation of suffi-

® Patricia Manosalva, S.-W. Park, and D. F. Klessig, unpublished results.
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FIGURE 9. Kinetics of SAR signal movement from 1° infected leaves and MeSA levels in phloem/petiole exudates of these leaves. A and B, SAR
development was affected by the time at which TMV-infected leaves were detached. Primary inoculated leaves were detached from plants at the times
indicated and the distal leaves were challenged with TMV at 6 days post 1° infection. Uninduced plants were mock inoculated on the lower leaves, which were
not excised from plants. Control plants (con.) in B, which did not have their 1° TMV infected leaves detached prior to 2° TMV infection, exhibited the usual level
of % reduction (red.) of size of 2° lesions versus size of 2° lesions on plants receiving a mock 1° inoculation. N/A, not applicable. C, levels of MeSA in petiole

exduates of detached 1° TMV infected leaves from A.

cient levels of MeSA in the 1° infected tissue, we previously
proposed that the activity of SABP2 is feedback inhibited by SA,
its catalytic product (13, 19). Consistent with this model, over-
expression of a mutant SABP2, which fails to bind SA and thus
is not feedback inhibited, suppressed MeSA accumulation in
SABP2-silenced plants and failed to restore SAR proficiency
(13). The kinetic analyses performed in this article further sup-
port this model; we calculate that the increased level of SA
synthesized in pathogen-infected leaves is sufficient to com-
pletely inhibit the activity of SABP2 by 72 hp1°i (Fig. 1). This
finding correlates with the kinetics of MeSA accumulation in
the phloem exudates of infected leaves, because MeSA levels
peaked at 72 hp1°i (Fig. 9C).

In contrast to the inoculated leaf, SA levels in distal leaves
developing SAR range from ~0.5 to 9 um (8, 10, 24). Because
this concentration is too low to effectively inhibit the MeSA
activity of SABP2, SABP2 appears to function exclusively or
predominantly in perceiving/processing an SAR signal. Con-
sistent with this model, MeSA is biologically inactive and must
be converted to active SA to activate or prime downstream
defense responses in the distal tissue (13, 34). Furthermore, the
combined results from in planta inhibition of SABP2 and the
leaf detachment assay indicate that the majority of the SAR
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signal is transported out of the inoculated leaf and perceived/
processed in the distal tissue between 48 and 72 hp1°i. This time
frame correlates with the kinetics of MeSA accumulation in the
phloem exudate of 1° infected leaves (Fig. 9C). Interestingly, a
similar timing for SAR signal transmission was observed in patho-
gen-infected cucumber, as SAR only developed when the infected
leaves remained attached to the plant for 72-96 hp1°i (35). Our
results also suggest that at or around 72 hp1°j, either little to no
additional SAR signal is being transmitted to the systemic tissue
and/or a threshold of SAR signal has been reached in this tissue,
above which the additional signal does not enhance the strength of
SAR development. The decreasing level of MeSA in phloem exu-
dates after 72 hp1°i is consistent with a decrease in signal trans-
mission, but does not exclude the possibility that a threshold of
SAR signal has already been reached.

In comparison to the results presented in this paper and in
previous studies, which argue that MeSA is a phloem-mobile
signal for SAR development (13, 27), other studies have sug-
gested that MeSA is an airborne signal that travels from a
pathogen-infected plant to neighboring plants, where it acti-
vates defense responses (36, 37). However, no such plant-to-
plant signaling was observed in our experiments. Our experi-
ments were carried out in 30-square feet growth chambers,

VOLUME 284 -NUMBER 11+MARCH 13, 2009



where control and test plants were intermingled and confined
within a small space. If volatile MeSA, rather than its liquid
phloem-mobile counterpart, was the predominant form of the
SAR signal, we would have obtained very different results. This
observation suggests that in nature, where conditions are not
highly optimized for transmission of a volatile signal and plants
are generally less confined than in growth chambers, the MeSA
SAR signal is in a liquid form.

In addition to MeSA, several studies have suggested that
other mobile, long-distance signals play a role in activating
SAR. For example, analyses of Arabidopsis dirl-1, sfdl, and
fad7 mutants implicate a lipid or lipid derivative in systemic
signaling (21, 38, 39). The relationship between MeSA and a
lipid-based signal(s) is unclear. The phytohormone jasmonic
acid, which plays an important role(s) in defense against necro-
trophic pathogens and insects, also has been implicated in SAR
signaling (40). Jasmonic acid-mediated induction of the ben-
zoic acid/SA methyltransferase gene in Arabidopsis and tomato
(37,41, 42) suggests one possible mode of interaction between
these two signaling systems.

In summary, we have characterized tetraFA, a synthetic SA
analog that specifically inhibits the MeSA esterase activities of
SABP2 and its orthologs. Its use in planta confirmed both the
importance of MeSA esterase and MeSA for SAR development
in tobacco, and helped establish similar roles for these factors in
Arabidopsis. In addition, the combined results from in planta
tetraFA analyses, leaf detachment assays, and MeSA quantifi-
cation allowed us to explore the dynamics of SAR signal trans-
mission and perception/processing in tobacco. After pathogen
attack, SA is synthesized at the site of infection through an
isochorismate synthase and/or phenylalanine ammonia-lyase
pathway (43, 44) and is a key mediator of immunity. In parallel,
rising SA levels suppress and eventually fully inhibit the ester-
ase activity of SABP2 by 72 hp1°i. This facilitates the build up of
MeSA, which is synthesized from SA by SAMT. MeSA then
moves to distal tissues through phloem and is processed to SA by
active SABP2 in distal tissues; transmission and processing of this
signal occurs mainly between 48 and 72 hp1°i. Moreover, the abil-
ity of tetraFA to block SAR in a variety of plant species argues that
it will be a highly useful tool for assessing the extent to which
different plant species use an SABP2-like esterase activity(s) and
MeSA for SAR activation, regardless of the nature of the inducing
pathogen and/or the local defense response.
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