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Diversity of Serine Hydrolase Activities of
Unchallenged and Botrytis-infected
Arabidopsis thaliana*□
S

Farnusch Kaschani‡§, Christian Gu‡§, Sherry Niessen¶, Heather Hoover¶,
Benjamin F. Cravatt¶, and Renier A. L. van der Hoorn‡储**
Activity-based protein profiling is a powerful method to
display enzyme activities in proteomes and provides crucial information on enzyme activity rather than protein or
transcript abundance. We applied activity-based protein
profiling using fluorophosphonate-based probes to display the activities of Ser hydrolases in the model plant
Arabidopsis thaliana. Multidimensional protein identification technology and in-gel analysis of fluorophosphonatelabeled leaf extracts revealed over 50 Ser hydrolases,
including dozens of proteases, esterases, and lipases,
representing over 10 different enzyme families. Except for
some well characterized Ser hydrolases like subtilases
TPP2 and ARA12, prolyl oligopeptidase acylamino acidreleasing enzyme, serine carboxypeptidase-like SNG1
and BRS1, carboxylesterase-like CXE12, methylesterases
MES2 and MES3, and S-formylglutathione hydrolase, the
majority of these serine hydrolases have not been described before. We studied transiently expressed SNG1
and investigated plants infected with the fungal pathogen
Botrytis cinerea. Besides the down-regulation of several
Arabidopsis Ser hydrolase activities during Botrytis infection, we detected the activities of Botrytis-derived cutinases and lipases, which are thought to contribute to
pathogenicity. Molecular & Cellular Proteomics 8:
1082–1093, 2009.

Serine hydrolases comprise a large collection of enzymes
from different structural classes that fulfill diverse biochemical
roles such as proteases, lipases, esterases, and transferases.
The Arabidopsis genome encodes for hundreds of serine
hydrolases that belong to dozens of large multigene families
(1). Common to these enzymes is that the active site contains
an activated serine residue that performs the nucleophilic
attack on the substrate, resulting in a covalent intermediate.
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To study the diverse roles of serine hydrolases in plants and
in other organisms in detail, it is essential to display the activities
of these enzymes because enzyme activities depend on various
post-translational processes like phosphorylation, nitrosylation,
processing, cofactors, and inhibitors, and prediction of enzyme
activities from transcriptomics or proteomics data can be misleading. Serine hydrolase activities can be displayed through
activity-based protein profiling (ABPP).1 ABPP is based on the
use of fluorescent or biotinylated small molecules that irreversibly react with the active site of enzymes in a mechanism-dependent manner and has been pioneered by Cravatt and Bogyo
and co-workers (2, 3). Active site accessibility and reactivity is
an important indication for enzyme activity (4). Labeled enzymes
can be displayed on protein gels and blots or identified by mass
spectrometry.
A frequently used probe for serine hydrolases is based on
fluorophosphonate (FP), which is also the reactive moiety in
the broad range serine hydrolase inhibitor diisopropyl fluorophosphonate. When used on mammalian extracts, FP probes
display dozens of serine hydrolase activities, including proteases, lipases, and esterases (5, 6). FP probes do not label
zymogen or inhibitor-bound serine hydrolases demonstrating
that FP probes label only active enzymes (6). Serine hydrolase
profiling with FP has proved extremely useful to detect altered
enzyme activities and identify inhibitors. For example, FP
profiling has been used to find diagnostic markers for cancer
invasiveness (7, 8) and to detect the selectivity of drugs that
target e.g. fatty acid amide hydrolase (9, 10).
In plants, the roles of Ser hydrolases are even more diverse
because many of these enzymes act in the production of
elaborate secondary metabolites. Carboxypeptidase-like
SNG1, for example, acts as an acyltransferase in the production
of sinapoylmalate (11), and some GDSL lipase-like proteins act
as sinapine esterases (12). Furthermore carboxylesterase-like
CXE12 activates herbicides by hydrolysis (13), and several

1
The abbreviations used are: ABPP, activity-based protein profiling; Bio, biotin; CXE, carboxylesterase; FP, fluorophosphonate; MES,
methylesterase; MudPIT, multidimensional protein identification technology; PEG, polyethylene glycol; POPL, prolyl oligopeptidase-like
protein; Rh, rhodamine; SCPL, serine carboxypeptidase-like protein;
dpi, days postinfection; SCX, strong cation exchange; 1D, one-dimensional; Rubisco, ribulose-bisphosphate carboxylase/oxygenase.
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methylesterases hydrolyze methylated phytohormones like salicylic acid, jasmonic acid, and indoleacetic acid (14).
To study the role of serine hydrolases in plants further, we
applied serine hydrolase profiling using FP-based probes
on Arabidopsis leaf extracts. So far, serine hydrolase profiling in plants was limited to a single study where four
FP-labeled enzymes were identified from Arabidopsis leaf
extracts. These labeled proteins were prolyl oligopeptidase
At1g76140, carboxypeptidase CXE12 (At3g48690), serine
hydrolase At5g20060, and a GDSL lipase (13). In this study,
we used multidimensional protein identification technology
(MudPIT) and in-gel digestions to identify over 50 serine
hydrolase activities in Arabidopsis leaf extracts. The serine
hydrolase activities that were identified are classified and
studied in plants during infection with the necrotrophic
pathogen Botrytis cinerea.
EXPERIMENTAL PROCEDURES

Sample Preparation—The synthesis of the probes has been described previously: FPpBio (15), FPpRh (15), FP-Rh (5), and TriFP (13).
Unless otherwise stated all reagents used in this study are of the
highest grade available. All solvents were MS or HPLC grade.
Plant leaf extracts were obtained by grinding 2 g of frozen leaves of
4-week-old Arabidopsis thaliana ecotype Col-0 in a mortar at room
temperature (22–24 °C) to a homogenous green paste. The paste was
mixed with 5– 6 ml of distilled water or 1⫻ PBS (Invitrogen) and
cleared by centrifugation (5 min at 16,000 ⫻ g). 500-l aliquots were
frozen in liquid nitrogen and stored at ⫺80 °C. The protein concentration was determined by using the Reducing agent Compatible/
Detergent Compatible (RC/DC) Protein Assay (Bio-Rad) following the
manufacturer’s instructions.
Full-length SNG1 cDNA was amplified from an A. thaliana cDNA
library (kindly provided by Dr. Hans Sommer, Max Planck Institute for
Plant Breeding Research) using the primers F340 (forward, 5⬘-ATG
GTC TCG AGC ATA AAG TTT CTG CTT CTG CTT G-3⬘) and F341
(reverse, 5⬘-TTT CTG CAG TTA CAG GGG TTG GCC ACT GAT CCA
C-3⬘). The fragment was cloned into the cloning vector pFK26 (16)
using the XhoI and PstI restriction sites, resulting in pFK56. The
35S::SNG1::terminator cassette was excised from pFK56 with XbaI
and EcoRI and shuttled into pTP5 (16). The resulting binary vector
pFK68 was transformed into Agrobacterium tumefaciens strain
GV3101 pMP90 (17). Transient overexpression of SNG1 was
achieved by co-infiltrating cultures of Agrobacterium strains carrying pFK68 together with cultures carrying silencing inhibitor p19
(18) in fully expanded leaves of 4-week-old Nicotiana benthamiana.
Leaves were harvested after 3 days, and the proteins were extracted as described above.
Infection with B. cinerea—Expanded rosette leaves of 4-week-old
wild-type and pad3 (19) mutant Arabidopsis plants were inoculated
with 6-l droplets of either water or 106 B. cinerea spores/ml (20).
Inoculated plants were kept in trays with transparent covers to maintain high humidity and grown under standard conditions in a growth
chamber. Inoculated leaves were harvested at 5 days postinfection
(dpi) and ground in water as described above.
Activity-dependent Labeling—Small scale activity-dependent labeling reactions with FP were performed in a 50-l format at a final
protein concentration of 1.5 mg/ml in the appropriate 1⫻ buffer (25
mM sodium acetate for pH ⬍ 6 or 50 mM Tris for pH ⫽ 7 and above).
The final concentration of FP used in each labeling reaction was 2 M.
After 1-h incubation at room temperature the labeling reaction was
stopped by adding 50 l of 2⫻ gel loading buffer and heating at 90 °C

for 10 min. The samples were then briefly centrifuged (1 min at
16,000 ⫻ g at room temperature), and 35–50 l of the supernatant
was loaded on a 10% denaturing protein gel and separated by
electrophoresis at 250 V for 3.5 h. Labeled proteins were in-gel
visualized by fluorescence using a Hitachi FMBio IIe flatbed laserinduced fluorescence scanner (MiraiBio).
MudPIT Sample Preparation and On-bead Digestion—Large scale
activity-dependent labeling reactions for MudPIT experiments were
performed in 1-ml final volume at a protein concentration of 1.5 mg/ml
in 1⫻ PBS with either 5 l of a 1 mM FPpBio (5 M FPpBio final) or 5
l of DMSO (negative control) at room temperature for 2 h. Membranes were solubilized with 100 l of 10% Triton X-100 (0.9% final
concentration) and incubated at 4 °C for 1 h more.
Labeled proteins were affinity-purified as follows. The reaction
solution was diluted with 1.4 ml of 1⫻ PBS, briefly vortexed, and
applied to a pre-equilibrated PD-10 column (Amersham Biosciences
catalog number 17-0851-01). The flow-through was discarded. Proteins were eluted from the column with 3.5 ml of 1⫻ PBS. The
desalted protein solution was mixed with 184 l of 10% SDS and
heated at 90 °C for 8 min to denature and unfold proteins. The
solution was diluted with 5 ml of 1⫻ PBS. Biotinylated proteins were
captured by adding 100 l of a 50% avidin-Sepharose matrix (prewashed three times with 1⫻ PBS) (Sigma catalog number A9207) and
incubated at room temperature for 1 h. The avidin beads were collected by centrifugation (4.5 min at 11,000 rpm) and washed successively two times with 10 ml of 1% SDS, two times with 10 ml of 6 M
urea, and finally two times with 10 ml of 1⫻ PBS.
The affinity beads were resuspended in 160 l of 6 M urea, and
captured proteins were first reduced with tris(2-carboxyethyl)phosphine (11 mM; 25 min at 22 °C) and then alkylated with iodoacetamide
(13.5 mM; 25 min at 22 °C in the dark). The reaction solution was
discarded, and the beads were resuspended in 400 l of 1 M urea in
1⫻ PBS supplemented with 5 mM CaCl2 and 1.3 ng/l trypsin (Promega catalog number V511A). The suspension was vigorously
shaken at 37 °C for 16 h. The on-bead digestion was stopped by
adding 25 l of 100% formic acid (Acros Organics catalog number
147932500). The reaction solution was cleared by centrifugation (5
min at 16,000 ⫻ g at room temperature), and the supernatant was
transferred into a fresh 1.5-ml tube (Beckman catalog number
357448). Samples were stored at ⫺80 °C until analysis by mass
spectrometry. Sample peptides were loaded onto a custom-made
biphasic column of a desalting column followed by a separating
column (21) Separating columns (100-m inner diameter, 365-m
outer diameter fused silica capillary tubing (Polymicro Technology))
were generated to have a 5-m tip using a CO2 laser puller (Sutter
Instrument P-2000 CO2 laser puller (Novato, CA)). Separating columns were packed with 10 cm of Aqua 5-m C18 (Phenomenex)
slurry followed by 3 cm of SCX slurry (Whatman). Desalting columns
(250-m inner diameter, 365-m outer diameter fused silica capillary
tubing (Polymicro Technology)) were packed with 3 cm of Aqua 5-m
C18. Both the separating and desalting column were equilibrated into
an aqueous buffer (Buffer A: 95% H2O, 5% acetonitrile, 0.1% formic
acid). Peptides were loaded onto the equilibrated desalting column,
and Buffer A was run through the desalting column for 5 min. Finally
the separating column was attached in tandem to the separating
column. Peptides were analyzed in a five-step MudPIT experiment
where the ammonium acetate concentration (0, 25, 50, 80, and 100%)
was gradually increased to elute peptides from the SCX column into
the C18 resin followed by an organic gradient to elute the peptides
from the C18 resin in the mass spectrometer for analysis (22).
In-gel Digestion—Affinity purification of hydrolases labeled with
TriFP was carried out in the same way as described above except that
beads were washed six times with 1% SDS. The beads were then
resuspended in 50 l of 2⫻ gel loading buffer supplemented with 5 l
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of 1 M fresh DTT and heated at 90 °C for 5– 6 min. Eluted biotinylated
hydrolases were separated on a 10% acrylamide gel by electrophoresis (3.5 h at 250 V). Labeled proteins were in-gel visualized by fluorescence scanning. The gel was superimposed onto the obtained
printout, and fluorescent gel bands were excised with a razor blade
and placed in a 1.5-ml tube. The slices were washed twice with 500
l of 100 mM ammonium bicarbonate (Sigma catalog number A6141)
for 15 min. Proteins were reduced with 200 l of 10 mM tris(2carboxyethyl)phosphine (Sigma catalog number 98284) at 62 °C for
30 min and alkylated with 200 l of 55 mM iodoacetamide (Sigma
catalog number I1149) in the dark at 22 °C for 30 min. The gel slices
were washed 3 ⫻ 15 min in 50:50 acetonitrile, 100 mM ammonium
bicarbonate and twice in 50 l of 100% acetonitrile to dry the gel
slices. Acetonitrile was removed, and the slices were dried in a
SpeedVac (Savant DNA120 SpeedVac Concentrator, Thermo Electron Corp.). The dried gel slices were incubated with 20 l of 25 mM
ammonium bicarbonate containing 10 ng/l trypsin (Promega catalog
number V511A) for 10 min. The slices were covered with 25 mM
ammonium bicarbonate, briefly vortexed, and incubated for 12–16 h
at 37 °C under vigorous shaking. The supernatant was transferred to
a new tube, and the gel slices were incubated with 5% formic acid
(Acros Organics catalog number 147932500) for 15 min at 22 °C and
extracted three times with 100% acetonitrile for 5 min. The supernatants were combined with the overnight digestion and concentrated in
a SpeedVac to a final volume of 10 l. The peptide mixture was then
loaded onto a custom-made column. Columns (100-m inner diameter, 365-m outer diameter fused silica capillary tubing (Polymicro
Technology)) were packed with 10 cm of Aqua 5-m C18 (Phenomenex) slurry and finally equilibrated into Buffer A.
Mass Spectrometry—Experiments were performed on a Thermo
Linear Trap Quadrupole (LTQ) XL mass spectrometer that was coupled to a Quaternary Agilent 1200 Series pump where the flow was
split (0.1 ml/min split to 200 nl/min) before the analytical column. The
LTQ XL mass spectrometer was operated using Xcalibur software
(version 2.4). The mass spectrometer was set in the positive ion
mode, survey scanning between m/z of 400 and 1800, with an ionization potential of 2.72 kV. Peptides were separated using either a
single reverse phase C18 column (gel spots; as described above) or a
biphasic C18 SCX column and analyzed using a repeating cycle
consisting of a full survey scan (3.0 ⫻ 104 ions) followed by seven
product ion scans (1.0 ⫻ 104 ions) where peptides are isolated based
on their intensity in the full survey scan (threshold of 1000 counts) for
tandem mass spectrum (MS2) generation that permits peptide sequencing and identification. CID collision energy was set to 35% for
the generation of MS2 spectra. During MS2 data acquisition dynamic
ion exclusion was set to 60 s with a list of excluded ions consisting of
300 members maximum.
Peptide and Protein Identification—The MS2 spectra data were
extracted using RAW Xtractor (version 1.9.1), which is publicly available. MS2 spectra data were searched using the SEQUEST algorithm
(version 3.0) (23) against a custom-made database containing A.
thaliana sequences from the TAIR8_pep_20080412 database (version
April 2008, 32,825 entries) and B. cinerea sequences from database
botrytis_cinerea_1_proteins (version July 2008, 16,448 entries) that
were concatenated to a decoy database in which the sequences for
each entry in the original database were reversed. In total the search
database contained 98,546 protein sequence entries (49,273 real
sequences and 49,273 decoy sequences). SEQUEST searches allowed for oxidation of methionine residues (16 Da), static modification
of cysteine residues (57 Da; due to alkylation), no enzyme specificity,
and a mass tolerance set to ⫾1.5 Da for precursor mass and ⫾0.5 Da
for product ion masses. The resulting MS2 spectra matches were
assembled and filtered using DTASelect (version 2.0.27). Spectral
matches were retained with Xcorr and ⌬Cn values that produced a
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maximum peptide false positive rate of 0.005, calculated from the
frequency of matches to the decoy reverse database (24, 25). For
each MudPIT analysis, the peptide false positive rate was calculated
by dividing hits to the decoy database, multiplied with 100, by the hits
to the forward database (summarized at the bottom of supplemental
Table S1). For this analysis, tryptic, half-tryptic, and non-tryptic peptides were each individually evaluated using the DTASelect (version
2.0.27) software. In our data set the identification of non-tryptic peptides included half-tryptic peptides from the N and C termini of the
identified proteins. Other non-tryptic peptides (14 in the MudPIT
analysis) that were identified may represent endogenous activities of
cellular proteases or peptides generated by in-source fragmentation.
Finally protein identification required the matching of at least two
peptides per protein not shared with any other unrelated protein in
the database (matches to isoforms coming from the same gene
locus were allowed). All peptide data are available as supplemental
Tables S3 (MudPIT) and S4 (in-gel digestion).
MudPIT Quantification Using Spectral Counts—The spectral count
information stored in the DTAselect-filter.txt files was extracted by
using the Perl script dtarray2.pl. The resulting dtarray2.txt file was
loaded into Excel (Microsoft Corp.) and further ordered. The number
of unique peptides was determined using a custom made Perl script.
Proteins with less than two unique peptides were not further analyzed. In cases where several isoforms of a protein were reported only
the isoform with highest spectral count value was kept. The spectral
counts from the five independent experiments for one protein entry
treated with FP or treated with DMSO were summed up. The remaining proteins were divided into four groups depending on the number
of times they were observed in independent MudPIT runs. True FP
targets were defined as proteins with spectral counts in at least three
of five FP-treated samples and in none of the no-probe controls.
Proteins found less than three times but that were only found in the
FP-treated sample were considered putative FP targets. Proteins with
spectral counts in the DMSO-treated samples were considered to be
background proteins (supplemental Table S1). The matching PFAM
family for each protein was independently determined using a Webbased interface with the default settings (26).
Phylogenetic Trees/Reconstruction—To recreate the phylogenetic
trees for S8 (27), S9 (28), S10 (29), carboxylesterase (CXE) (30),
and methylesterase (MES) (31) the published gene identifiers were
used to extract the respective sequences from the TAIR8_pep_
20080412.FASTA database. Sequences from other organisms and
sequences from pseudogenes were excluded. The full-length sequences were loaded into ClustalX2.09 (32) and aligned following the
guidelines in Hall (33). The unrooted consensus tree from 1000 bootstrap trees was then generated, and the resulting file was exported to
Adobe Illustrator for further editing. The alignment files as well as the
fully annotated trees are provided as supplemental Figs. S2 and S3.
Sequences for calculating the phylogenetic trees of GDSL lipases and
pectin acetylesterases were retrieved using the sequences from the
identified FP targets. A list of homologous proteins was generated by
searching homologous protein sequences using BLASTP against the
TAIR8 protein database. Entries with E-value ⬎10 –50 were removed
to obtain a list of highly homologous proteins. Unique sequence tags
were extracted with a custom-made Perl script, and the phylogenetic
trees were calculated as described above.
RESULTS

Characterization of FP Labeling—In these studies we used
four FP probes that differ only in the linker and reporter tags
(Fig. 1A and supplemental Fig. S1). The linker is either a
hydrophobic C9 hydrocarbon linker or a hydrophilic C8O4
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FIG. 1. FP labeling of Arabidopsis leaf extracts. A, structures of
the activity-based probes used in this study. All carry an FP reactive
group, and some have a PEG (p) linker or hydrocarbon linker and
either Bio or Rh reporter tags or both (TriFP). Complete structures are
given in supplemental Fig. S1. B, comparison of labeling with FP with
and without PEG linker. Arabidopsis leaf extracts were preincubated
with or without 20 M FPpBio or preheated (10 min at 90 °C) and
labeled with 2 M FPpRh or FP-Rh for 2 h. Proteins were separated on
large protein gels, and fluorescent signals were detected by fluorescence scanning. C, FP labeling profile is pH-dependent. Arabidopsis
leaf extracts were labeled with FP-Rh at various pH values and
analyzed on protein gels by fluorescence scanning. Arrow, Rubisco.

polyethylene glycol (PEG; p) linker, which makes the probe
more water-soluble (6). The reporter tag is either biotin (Bio)
for affinity purification or rhodamine (Rh) for fluorescence

detection. The trifunctional TriFP probe contains Bio, Rh, and
FP functional groups (13).
We first compared the labeling profiles of the FPpRh and
FP-Rh probes. Arabidopsis leaf extracts were labeled with
FPpRh or FP-Rh, and labeled proteins were detected on
protein gels by fluorescence scanning. Both FPpRh and
FP-Rh caused similar labeling profiles with strong signals at
26 and 36 kDa and a number of weaker signals at 40 kDa (Fig.
1B, lanes 1 and 4). However, labeling with FPpRh resulted in
stronger signals, especially at high molecular mass with clear
signals at 80, 100, and 170 kDa. Labeling of these proteins
was suppressed if the proteome was pretreated with an excess of FPpBio or heat-inactivated (Fig. 1B, lanes 2, 3, 5, and
6), indicating that labeling with FPpRh or FP-Rh is specific and
dependent on protein activities.
The above experiment was performed at pH 8. Because
protein activities depend on pH, we tested labeling of Arabidopsis leaf extracts at various physiological pH values. This
revealed that the labeling of each signal has its own pH
optimum (Fig. 1C). For example, proteins at 45 kDa were only
labeled at pH 5 and 6, whereas proteins at 26 and 36 kDa
were most strongly labeled at pH8. pH dependence is a
hallmark for activity-dependent labeling because it reflects
that each enzyme has its own pH-dependent activity.
Identification of FP-labeled Proteins—We followed two approaches to identify FP-labeled proteins (Fig. 2). We first
analyzed the full content of FP-labeled proteins using MudPIT
(34). The second approach was to identify FP-labeled proteins
from 1D protein gels and will be discussed later. MudPIT is
based on two-dimensional LC-MS/MS. In this approach, desalted peptide mixtures are first immobilized on a strong
cation exchange resin packed in tandem with a reverse phase
resin. Peptides are released from the strong cation exchange
resin into the reverse phase resin by defined salt plugs. Finally
peptides are separated in the reverse phase and eluted into
the mass spectrometer for analysis using an organic gradient.
To analyze FP-labeled proteins, Arabidopsis rosette extracts
were labeled with FPpBio and purified on avidin beads. These
beads were stringently washed with SDS and urea, and the
immobilized proteins were on-bead digested with trypsin.
Eluted peptide mixtures were analyzed by MudPIT. The generated MS data were matched to a database containing 32,825
Arabidopsis and 16,448 B. cinerea protein sequences (see “Experimental Procedures”). The reverse databases of Arabidopsis
and Botrytis proteins were included in these searches to serve
as a negative control (decoy) and to estimate the false positive
rate. Proteins with at least two independent peptides identified
from the combined database were reported by the search engine. This procedure was performed with five independent FPpBio-labeled extracts and five DMSO-treated negative controls.
Only six of the 3000 peptides matched the decoy database
(supplemental Table S3).
A total of 163 proteins were above these quality criteria in
10 MudPIT experiments. Three proteins were identified in the
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FIG. 3. Classification of FP-labeled proteins by MudPIT. Proteins
purified after incubation with FPpBio or DMSO were identified by
MudPIT and separated into different classes depending on how many
times these proteins were identified in independent labeling experiments. The 45 true FP targets were analyzed further in Fig. 4.

FIG. 2. Two routes for identifying FP targets. Biotinylated proteins
were purified from FP-labeled proteomes (top) using avidin beads.
These proteins were subjected to either on-bead trypsin digestion and
MudPIT analysis (middle) or separated on protein gels and subjected to
in-gel trypsin digestion followed by MS/MS analysis (bottom).

decoy database; 160 proteins were Arabidopsis proteins. Proteins with fewer than two unique peptides were removed. The
remaining 120 Arabidopsis proteins were divided into four
classes based on their distribution over the MudPIT runs (Fig.
3). Proteins that were identified in only one or two MudPIT
runs or with less than 21 spectral counts were not further
analyzed. Of these 53 proteins, 33 were only found in FPpBiolabeled samples, and many of those are putative serine hydrolases (see supplemental Table S1).
Of the 120 identified Arabidopsis proteins, 67 were identified
in three or more MudPIT experiments. Of these, 22 proteins
were found in both the FPpBio-labeled sample and DMSO
control with similar spectral counts and were considered to be
background proteins. These proteins include the small and
large subunits of Rubisco (At1g67090 and AtCg00490, respectively) and protein P of photosystem II (PsbP, At1g06680), which
are highly abundant proteins in a leaf proteome. Among the
background proteins we also found (3-methylcrotonyl)-CoA
carboxylase (At1g03090), acetyl-CoA carboxylase (ACC1,
At1g36160), and biotin carboxyl carrier proteins (BCCP1,
AT5G16390; and BCCP2, At5g15530), which are all endogenously biotinylated proteins, explaining their purification on
avidin columns.
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The remaining 45 Arabidopsis proteins were identified at
least three times with over 20 spectral counts but only in the
FPpBio-labeled samples. These proteins are summarized in
Fig. 4. Significantly, all of these 45 proteins are Ser hydrolases
carrying a nucleophilic Ser residue in their active site center
(Table I). However, the enzymatic functions of these enzymes
are remarkably different (Fig. 4 and Table I). In total we identified six subtilases (family S8, clan SB), four prolyl oligopeptidases-like proteins (POPLs, family S9, clan SC), 12 serine
carboxypeptidase-like proteins (SCPLs, family S10, clan SC),
nine pectin acetylesterase-like proteins, five GDSL-like
lipases, five CXEs, two MESs, and two other Ser hydrolases.
These Ser hydrolases belong to 10 different protein families,
indicated with differently colored domains in Fig. 4C and
summarized in Table I. Seven of these protein families belong
to the ␣/␤-hydrolases (clan CL0028), which have a catalytic
triad in the order of Ser-Asp-His (Table I).
Only nine of these 45 Arabidopsis serine hydrolases have
been characterized previously. These are proteases ARE12,
TPP2, AARE, and BRS1; esterases CXE12, MES2, and MES3;
SNG1; and SFGH (explained in legend of Fig. 4C). Their
biochemical and biological activities are very diverse and are
summarized in the “Discussion.”
To investigate which of the Ser hydrolases are represented
in our analysis, we constructed genome-wide phylogenetic
trees for each of the families and marked them with the
identified enzymes (Fig. 4D and supplemental Fig. S2). This
analysis revealed that the relative representation differs between the enzyme families. For example, we identified nearly
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FIG. 4. Analysis of the Ser hydrolases identified by MudPIT and from
protein gels. A, spectral counts in the
MudPIT analysis. The S.E. is calculated
over all five independent FP labeling experiments. B, proteins that were identified by MudPIT (two-dimensional (2D))
and from 1D protein gel (Fig. 7) are indicated with filled and open circles, respectively. C, identities of the FP-labeled
proteins. The Arabidopsis Genome Initiative (AGI) code for each of the identified
protein is followed by the common
names and a PFAM-predicted structure.
D, the identified proteins represent different subclasses in each of the phylogenetic threes. Phylogenetic trees were
constructed for each of the subfamilies
(see supplemental Fig. S2). The circles
indicate the proteins that were identified as FP-labeled proteins: closed,
found in MudPIT; bordered, found on
1D gel. SFGH, S-formylglutathione
hydrolase; SBT, subtilase; TPP2, tripeptidyl peptidase-2; AARE, acylamino acid
releasing enzyme; POPL, prolyl oligopeptidase-like; SCPL, serine carboxypeptidase-like; SNG1, sinapolyglucose accumulator-1; BRS1, Bri1 suppressor-1;
PAE, pectineacetylesterase; CXE, carboxyesterase; MES, methylesterase;
ACL, acetone cyanohydrin lyase; FSHI,
family of serine hydrolases-I.

all pectin acetylesterases and many SCPLs but only a few
subtilases or POPLs. Within each of these enzyme families,
however, the distribution of the identified proteins is not
clade-specific, which is consistent with the non-selective,
broad reactivity of FP toward Ser hydrolases (5).

Comparison with gene expression data from the Mass Parallel Serial Sequencing database and Genevestigator revealed
that the identified Ser proteases are a subset of the expressed
Ser hydrolases (data not shown). The absence of many of the
expressed Ser hydrolases in our FP labeling indicate that
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TABLE I
Protein families identified by FP labeling
Enzymesa

Atb

Bcb

PFAM

Structural clan

Catalytic residuesc

Subtilase
POPL
SCPL
PAE
Lipase
CXE
MES
At5g20060
FSH1
SFGH
S28
Cutinase
Lactamase

6
5
12
9
7
5
3
1
1
1
1
0
0

0
0
1
0
2
0
0
0
0
0
0
2
1

PF00082
PF00326
PF00450
PF03283
PF00657
PF07859
PF00561
PF02230
PF03959
PF00756
PF05577
PF01083
PF00144

None
CL0028: ␣/␤ hydrolase
CL0028: ␣/␤ hydrolase
None
CL0264: SGNH hydrolase
CL0028: ␣/␤ hydrolase
CL0028: ␣/␤ hydrolase
CL0028: ␣/␤ hydrolase
CL0028: ␣/␤ hydrolase
CL0028: ␣/␤ hydrolase
CL0028: ␣/␤ hydrolase
CL0028: ␣/␤ hydrolase
CL0013: ␤-lactamase

Asp-His-Ser
Ser-Asp-His
Ser-Asp-His
Ser-Asp-His
Ser-Gly-Asn-His
Ser-Asp-His
Ser-Asp-His
Ser-Asp-His
Ser-His-Asp
Ser-Asp-His
Ser-Asp-His
Ser-Asp-His
Ser-Asp-His

Total

51

6

14

5

All Ser

a

Abbreviations as in the legend of Fig. 4C.
Number of individual enzymes identified from A. thaliana (At) and B. cinerea (Bc).
c
Bold, catalytic serine residue.
b

FIG. 5. Detailed analysis of SNG1. A, overexpression of SNG1 by agroinfiltration. SNG1 was cloned into an overexpression vector and
transformed into A. tumefaciens. Agrobacterium cultures were infiltrated into leaves of N. benthamiana together with cultures carrying the p19
silencing suppressor. Extracts were generated at 5 days after agroinfiltration and used for FP labeling. B, specific labeling of agroinfiltrated
SNG1. Extracts from agroinfiltrated leaves expressing SNG1 with silencing suppressor p19 or p19 alone were preincubated with or without 20
M FPpBio and labeled with 2 M FPpRh. FP-labeled extracts were treated with or without peptide-N-glycosidase F (PNGaseF), separated on
a protein gel, and detected using fluorescence scanning. Open arrows indicate FP targets of N. benthamiana. C, peptides identified from SNG1.
A tryptic digest of FP-labeled SNG1 isolated from gel was analyzed by MS. Underlined italics, signal peptide; bold, identified peptides;
underlined blue, putative N-glycosylation sites; bold red, catalytic residues.

these enzymes were (i) not active under the tested conditions,
(ii) not abundant enough to be detected, or (iii) not reacting
with the FP probe.
Taken together, FP labeling enables the detection of a
diverse range of Ser hydrolase activities in Arabidopsis. The
fact that each of these enzymes reacts with FP in leaf
extracts demonstrates that their active site is accessible
and reactive toward FP, indicating that these enzymes are
active.
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FP Labeling of Agroinfiltrated SNG1—To confirm and study
FP labeling of one of the enzymes further, we selected
SNG1. SNG1 is a plant-specific acyltransferase that was
previously studied biochemically and shown to act in the
production of sinapoylmalate in Arabidopsis leaves (11). To
produce SNG1 in planta, we cloned the open reading frame
into a binary expression vector and overexpressed it in N.
benthamiana through agroinfiltration (Fig. 5A; Refs. 18 and
35). FPpRh labeling of extracts from leaves producing SNG1
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revealed that there is an additional 50-kDa signal that was
absent in the control (Fig. 5B, lanes 1 and 4). Five additional
signals were also present in the control and are probably
derived from N. benthamiana or A. tumefaciens (Fig. 5B,
lane 4).
Because the protein size is larger than expected and SNG1
carries three putative N-glycosylation sites (Fig. 5C), we
tested whether SNG1 was N-glycosylated. Deglycosylation
using peptide-N-glycosidase F caused a shift of the SNG1specific signal to 45 kDa (Fig. 5B, lane 2), which is close to the
predicted and observed molecular mass of mature SNG1 (11).
Other signals did not shift, indicating that these are not N-glycosylated proteins (Fig. 5B, lanes 2 and 5). Preincubation with
an excess of FPpBio prevents labeling of most of the signals
but only partially suppresses labeling of the SNG1-specific
signal and the 37-kDa signal (Fig. 5B, lanes 3 and 6), which is
presumably because of the high abundance of these proteins
and a lower affinity toward FPpBio compared with other FP
targets.
To confirm that the additional signal represents SNG1, we
labeled SNG1-containing extracts with TriFP, purified biotinylated proteins, and subjected the 50-kDa signal to trypsin
digestion and LC-MS/MS. This yielded six SNG1-specific
peptides (30 spectral counts; sequence coverage, 22%),
demonstrating that this signal indeed represents SNG1 (Fig.
5C and supplemental Table S5). Peptides carrying the putative N-glycosylation site and the active site Ser residue were
not annotated probably because they are modified by N-glycosylation and FP labeling, respectively.
Ser Hydrolase Activities during Fungal Infection—To apply
FP profiling, we investigated changes in Ser hydrolase activities during infection with the necrotrophic fungal pathogen B.
cinerea. Botrytis can penetrate healthy undamaged tissues of
a wide range of plants and fruits and causes severe losses in
the grape and fruit industry (36). Arabidopsis plants are well
protected against Botrytis through the inducible production of
phytoalexins like camalexin. Phytoalexin-deficient mutant
pad3 carries a mutation in CYP71B15, which catalyzes the
last step in camalexin biosynthesis (37, 38). The absence of
camalexin production in pad3 mutant plants explains their
susceptibility for Botrytis infection (19). To investigate Ser
hydrolase activities during infection with Botrytis, we infected
wild-type and pad3 mutant Arabidopsis plants with Botrytis
and performed FP profiling on extracts taken at different days
post-infection (dpi). This analysis revealed no changes in the
FP profile during the first 3 days, consistent with the 3-day
latent period of Botrytis infection (Fig. 6). At 4 and 5 dpi, the
25-kDa signal became weaker in Botrytis-infected leaves (Fig.
6). This process was faster in pad3 mutants than in wild-type
plants. At 5 dpi a number of additional signals appeared in the
pad3 mutant. At this stage, half of the Botrytis-infected leaves
of the pad3 mutant were macerated, whereas the infection in
wild-type plants did not progress beyond the site of the
inoculation (Fig. 7A).

FIG. 6. Ser hydrolase activities during the Arabidopsis-Botrytis
interaction. Arabidopsis wild type (Col-0) and pad3 mutant were
infected with droplets containing B. cinerea spores. Leaf extracts
were labeled with FPpRh at different dpi, and fluorescent proteins
were detected on protein gels. Eight bands (1– 8) indicated on the
right are analyzed in Fig. 7.

To identify the enzymes causing the signals in these profiles, we labeled extracts of Botrytis-infected wild-type and
pad3 mutant plants taken at 5 dpi with TriFP and purified the
biotinylated proteins. The profile of the purified TriFP-labeled
sample contained signals in eight regions that correspond
with the time course (compare Fig. 7B with Fig. 6; regions
are numbered 1– 8). Many regions contained multiple Ser
hydrolases and background proteins (listed in supplemental
Table S2). Ser hydrolases with the highest spectral counts
are summarized in Fig. 7C. The size of the open reading
frames corresponds to the position of the protein in the
profile (Fig. 7E).
The Col-0 sample consists almost entirely of Arabidopsis
enzymes (see below), whereas the pad3 sample also contains
several Botrytis enzymes (Fig. 7C, indicated in bold). Signals
in regions 3, 7, and 8 in the pad3 mutants were caused by
Botrytis-derived enzymes. A Botrytis lactamase and a Botrytis
SCPL caused the signal in region 3, and two cutinases caused
the signal in regions 7 and 8. Both lactamases and the cutinases are Ser hydrolases and represent additional PFAM
families (Table I).
The spectral counts of the Arabidopsis Ser hydrolases (Fig.
7D) correspond to the signal intensities of the profile (Fig. 7B).
For example, signals in regions 1 and 2 were caused by prolyl
oligopeptidase At5g36210 and SNG1, respectively (Fig. 7C).
The reduced spectral counts and fluorescent signals (Fig. 7, B
and D) suggest that both enzymes have a reduced activity in
infected pad3 mutants when compared with infected Col-0
plants. Furthermore the down-regulated signal in region 6 was
likely caused by reduced activities of methylesterases MES2
and MES3 (Figs. 5 and 7, B and D). In contrast, S-formylglutathione hydrolase activity causing signals in region 5 was
up-regulated in pad3 when compared with Col-0 (Fig. 7, B
and D). Region 4 consists of multiple bands and multiple
Arabidopsis Ser hydrolases. Some of these hydrolases such
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FIG. 7. Identities of Ser hydrolases
during the Arabidopsis-Botrytis interaction. A, symptoms of Botrytis-infected
Arabidopsis leaves at the time of analysis.
Leaves of wild-type (Col-0) and pad3 mutant plants were infected with Botrytis using a spore-containing droplet. The picture was taken at 5 dpi. B, profile of
purified TriFP-labeled proteins of Botrytisinfected tissues at 5 dpi used for identification. Protein extracts were labeled with
TriFP, and biotinylated proteins were purified and separated on a protein gel. 16
fluorescent bands from eight regions
(1– 8) were excised and digested with
trypsin, and eluted peptides were analyzed by LC-MS/MS. C, Ser hydrolases
identified from the eight regions. Botrytis
proteins are indicated in bold. D, spectral
counts of each identified Ser hydrolase
from the Col-0 and pad3 samples. E,
PFAM structure of each identified Ser hydrolase using the same colors as in Fig. 4.
New PFAM structures are cutinases (pink)
and lactamases (light gray). For protein
abbreviations see legend of Fig. 4C.

as SCPL35 and CXE12 might be differentially active between
Col-0 and pad3. Thus, FP profiling revealed a series of Ser
hydrolase activities that change during Botrytis infection. It
seems likely that these Ser hydrolase activities play a role
during the Botrytis-Arabidopsis interaction.
DISCUSSION

We performed ABPP with FP-based probes to identify activities of over 50 Arabidopsis and Botrytis serine hydrolase
activities in (infected) leaf proteomes. These enzymes represent more than 10 different serine hydrolase families and
include many proteases, lipases, and esterases.
The fact that only Ser hydrolases were found among FPlabeled proteins in the MudPIT analysis is the result of stringent selection of the MudPIT data and illustrates the selectivity of the FP-based probes for reacting with active serine
residues that are part of catalytic triads. This is consistent with
previous findings and explains why this probe is used so
frequently, e.g. to identify differential activities (e.g. Refs. 7
and 8), select specific inhibitors (e.g. Refs. 9 and 39), or
study individual enzymes (e.g. Refs. 40 and 41). In general,
FP probes having a PEG linker label with stronger intensities
and more signals than those with a hydrocarbon linker (Fig.
1B). This was also found in animal proteomes and is probably due to the increased water solubility and accessibility
of this probe (6).
Phylogenetic analysis showed that not all Arabidopsis serine hydrolases were detected. The absence of the other hydrolases can have different reasons. First, many Arabidopsis
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genes are not expressed in leaves or under the conditions
tested. This holds, for example, for many genes encoding
subtilases (27). Second, some serine hydrolases may not be
active under the conditions tested. We showed, for example,
that labeling depends on pH (Fig. 1C), indicating that many
enzymes cannot be labeled at non-optimal conditions. Third,
some enzymes might not be abundant enough to be detected. Many of the 33 putative FP targets that were only
found once or twice in MudPIT runs (Fig. 3) could belong to
this class. Fourth, FP may not react with every serine hydrolase. For example, there are other FP probes available that
label different serine hydrolases (42). Differences in labeling
profiles between FP-Rh and FPpRh indeed indicate that labeling depends on the probe used. However, most clades
within phylogenetic trees were represented, suggesting that
there is limited selectivity of the FP probe and that in principle
many active serine hydrolases could be labeled by FP.
The diversity of serine hydrolase families detected in this
study is striking because we found representatives of 14
different PFAM families (Table I). Most of these hydrolase
families were detected previously with FP-based probes
(e.g. Refs. 7–9 and 39 – 41), but others like pectin acetylesterases and cutinases were not reported as FP targets
before and are plant- and/or pathogen-specific. Most of the
FP-labeled hydrolases share the same ␣/␤-hydrolase fold
and are probably evolutionary related. However, some serine hydrolases belong to different clades and have different
structures. Thus, despite the fact that these proteins belong
to different families and have different structures, they can
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all carry a catalytic serine residue and can all be labeled with
FP-based probes.
Only nine of the 45 detected Arabidopsis enzymes were
previously characterized functionally and/or biochemically
(Fig. 4). ARA12 (SBT1.7) is a secreted subtilase required for
the release of mucilage to break the seed coat during germination but with unknown function in leaves (43, 44). TPP2
(tripeptidyl peptidase-II, SBT6.2) is a large oligomeric cytosolic protease that degrades peptides produced by the proteasome (45). Acylamino acid-releasing enzyme acts as a tetrameric protein complex in the chloroplast stroma and
regulates the turnover of N-acylated proteins through the
hydrolysis of the N-terminal N␣-acylated amino acids (46).
SNG1 (sinapoylglucose accumulator-1, SCPL8) acts as an
acyltransferase in the production of sinapoylmalate, which is
thought to protect leaves from UV irradiation (11, 47). Overexpression of carboxypeptidase BRS1 (Bri1 suppressor-1,
SCPL24) suppresses the dwarfed phenotype of weak bri1
mutants that are hampered in the perception of the steroid
hormone brassinolide (48). CXE12 is a carboxylesterase that
hydrolyzes ester bonds in xenobiotics and natural products
(49). Methylesterases like MES2 and MES3 can hydrolyze
methylsalicylate, methyljasmonate, and methylindoleacetic
acid and are thought to play a role in the regulation of these
plant hormones (14, 31). Finally, S-formylglutathione hydrolase (SFGH) acts as a protein dimer in formaldehyde metabolism by hydrolyzing S-formylglutathione, releasing formic
acid and glutathione (50).
As summarized above, the detected enzymes represent a
diversity of biochemical pathways. However, the biochemical
functions of the majority of the detected serine hydrolases are
unknown. Some of the detected enzymes might belong to the
same biochemical pathway. For example, production of sinapoylmalate involves hydrolysis of sinapine esters and reesterification to malate. This is mediated by the activities of a
GDSL lipase and acyltransferase SNG1, respectively (11, 12).
SNG1 was repeatedly detected in our assays, and it is tempting to speculate that one or more of the detected GDSL
lipases releases sinapate for sinapoylmalate synthesis.
The annotation of biochemical and biological functions of
the detected serine hydrolases requires further functional
analysis. This may not be a simple task because many hydrolases belong to large gene families of which members might
act redundantly. Methylesterases MES1, -7, and -9, for example, act redundantly in the hydrolysis of methylsalicylate
(14). Profiling with FP is a powerful tool to assist in the functional
analysis of serine hydrolases, e.g. to monitor remaining hydrolase activities in genetically modified Arabidopsis plants. FP
profiling can also be used to select for specific inhibitors of
serine hydrolases. Specific inhibitors can be used in chemical
knock-out assays to address the biochemical and biological
roles of the targeted hydrolases. Such approach has been successfully applied to annotate e.g. the biochemical function of
the human serine hydrolase KIAA1363 in lipid metabolism (39).

We analyzed FP-labeled proteomes through both MudPIT
and 1D protein gels. Each approach has its advantages and
disadvantages. The advantage of MudPIT analysis is the large
number of hydrolases that were identified from a single leaf
extract. The robustness of MudPIT analysis is reflected in the
repeated detection of the same 45 hydrolases in independent
MudPIT analyses. The disadvantage of MudPIT is that topological information (size of the protein) is lost, and this method
is not suitable for high throughput analysis. In addition, we
observed a variation in spectral counts between the different
MudPIT experiments that is possibly caused by variation in
labeling or analysis and illustrates that a sufficient number of
replicates is required for quantitative analysis. In contrast,
detecting FP-labeled proteins on 1D protein gels supports
high throughput quantitative analysis and provides topological information. A disadvantage of this method, however, is
that fewer proteins can be detected and that many signals
overlap. The choice of the analysis therefore depends on the
application.
We used 1D protein gel analysis to monitor the infection of
Arabidopsis by B. cinerea and provide a first glimpse into the
differential hydrolase activities during Botrytis infection. Both
Arabidopsis and Botrytis hydrolases were detected in infected
pad3 mutant plants (Fig. 7). Botrytis cutinases and lipases are
thought to play a key role in Botrytis infection process because Botrytis infects by dissolving the cuticle (36). However,
knock-out strains lacking cutinase CutA and lipase lip1 do not
show reduced virulence (51, 52). Our data indicate that CutA
is not the dominant cutinase during infection and that at least
two Botrytis GDSL-like lipases are produced and active during infection. This activity information, combined with the
Botrytis genome sequence, is essential information for focused strategies to further investigate Botrytis pathogenesis.
Several Arabidopsis enzymes show differential activities
during Botrytis infection. For example, spectral counts suggest that activities of methylesterases MES2 and MES3 and of
acyltransferase SNG1 were down-regulated, whereas
S-formylglutathione hydrolase activity increased (Fig. 7). It is
unknown whether these effects are mediated by the pathogen
to promote infection or mediated by the plant to suppress
pathogen invasion. MES2/3 activities, for example, might be
down-regulated by Botrytis to suppress salicylic acid signaling pathways. SNG1 activity, on the other hand, might be
down-regulated to divert metabolic pathways to produce secondary metabolites that are harmful to Botrytis. These initial
FP labeling experiments illustrate the kinds of questions that
are raised by investigating plant-pathogen interactions using
ABPP. However, more experiments are required to confirm
the differential activities and to reveal their molecular mechanisms and biological functions.
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