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The study of protein—protein interactions (PPIs) is essential
to uncover unknown functions of proteins at the molecular
level and to gain insight into complex cellular networks.
Affinity purification and mass spectrometry (AP-MS), yeast
two-hybrid, imaging approaches and numerous diverse
databases have been developed as strategies to analyze
PPls. The past decade has seen an increase in the number
of identified proteins with the development of MS and
large-scale proteome analyses. Consequently, the false-
positive protein identification rate has also increased.
Therefore, the general consensus is to confirm PPl data
using one or more independent approaches for an accurate
evaluation. Furthermore, identifying minor PPls is funda-
mental for understanding the functions of transient inter-
actions and low-abundance proteins. Besides establishing
PPl methodologies, we are now seeing the development of
new methods and/or improvements in existing methods,
which involve identifying minor proteins by MS, multidi-
mensional protein identification technology or OFFGEL
electrophoresis analyses, one-shot analysis with a long
column or filter-aided sample preparation methods. These
advanced techniques should allow thousands of proteins to
be identified, whereas in-depth proteomic methods should
permit the identification of transient binding or PPIs with
weak affinity. Here, the current status of PPl analysis is
reviewed and some advanced techniques are discussed
briefly along with future challenges for plant proteomics.
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Abbreviations: AP-MS, affinity purification and mass spec-
trometry; AQUA, absolute quantitation; BiFC, bimolecular
fluorescence complementation; BN-PAGE, blue native-PAGE;
CCB, Coomassie Brilliant Blue; DSP, di-thiobis-succinimidyl-
propionate; FASP, filter-aided sample preparation; GFP,
green fluorescent protein; HA, hemagglutinin; His, histidine;
LG, liquid chromatography; MS, mass spectrometry; MudPIT,
multidimensional protein identification technology; NPC,
nuclear pore complex; Nup, nucleoporin; PPI, protein—pro-
tein interaction; RFP, red fluorescent protein; TAP, tandem
affinity purification; Y2H, yeast two-hybrid.

Introduction =

The availability of the complete genome sequences of several
model organisms (Arabidopsis Genome Initiative 2000, Goff
et al. 2002, Yu et al. 2002, International Rice Genome
Sequencing Project 2005) has made proteomics an important
tool for understanding various plant physiological phenomena
at the molecular level (Agrawal and Rakwal 2008). During the
early days of plant proteomics, organ and organelle proteomes
were studied by applying the rapidly developing techniques of
mass spectrometry (MS) analyses coupled with one-dimensional
gel electrophoresis (commonly referred to as SDS-PAGE) or
two-dimensional gel electrophoresis to reduce sample complex-
ity (van Wijk 2001, Warnock et al. 2004, Agrawal et al. 2011a).
Alternatively, separation by HPLC of trypsin-digested peptides in
solution and their direct identification by MS as a shotgun ana-
lysis has allowed the identification of complex peptide mixtures
(Wolters et al. 2001, Wienkoop and Weckwerth 2006, Haynes
and Roberts 2007). Besides their application to study the whole
plant or plant organ development, proteomic techniques have
been widely exploited to investigate biotic or abiotic stress
responses in plants (Jorrin et al. 2007, Baginsky 2009, Agrawal
et al. 2011a, Kosova et al. 2011). More recently, substantial
improvements in MS and other technical advances related to
proteomics have permitted various functional analyses such as
the identification of post-translational modifications and pro-
tein quantification in a wide range of organisms. These aspects
have been recently reviewed (Ahrens et al. 2010, Cox and Mann
2011, Nakagami et al. 2011) and therefore will not be dealt with
in this review. Here, the current state, limitations and future
directions of the protein—protein interaction (PPI) approach
in plant biology is presented and discussed.

Studies on PPIs are critical for understanding the functions
of proteins of particular interest. To date, various methodolo-
gies, including the yeast two-hybrid (Y2H) system, affinity
purification and mass spectrometry (AP-MS) analyses, fluores-
cence imaging such as fluorescence resonance energy transfer
and bimolecular fluorescence complementation (BiFC), com-
putational analysis and protein microarray have been
developed to detect previously uncharacterized or novel PPIs.
The Y2H system has been widely used to examine PPIs in a
pairwise manner (Fields and Song 1989, Uetz et al. 2000).
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More recently, large-scale PPl analyses have been applied to
various organisms, including plants (Parrish et al. 2006,
Schoonheim et al. 2007, Tardif et al. 2007, Suter et al. 2008,
Yu et al. 2008, Bonetta 2010, Arabidopsis Interactome
Mapping Consortium 2011, Seo et al. 2011, Vernoux et al.
2011). However, each of them as a single approach has certain
limitations, e.g. when the expressed protein is toxic to the
organism in which it is being produced. Moreover, most of
these methods are not applicable to the expression and study
of large multimeric protein complexes. Thus, several improve-
ments have been developed to overcome these problems (for a
review see Zhang et al. 2010). The Y2H approach in plants has
been summarized in several excellent reviews (Uhrig 2006,
Lalonde et al. 2008, Morsy et al. 2008, Zhang et al. 2010)
and will not be covered in this review.

In contrast, AP-MS analysis represents one of the major
strategies for PPl analyses. Target proteins fused with FLAG,
c-Myc, histidine (His) and hemagglutinin (HA) are used for
one-step affinity purification (Chang 2006). The tandem affin-
ity purification (TAP) method was also developed as a
two-step affinity purification process to reduce the
false-positive rate (Zhang et al. 2010). AP-MS approaches
are advantageous for identifying the endogenous state of pro-
tein complexes composed of two or more proteins. However,
purifying a protein complex is sometimes difficult, because
the methodology for extracting a specific protein complex is
often not suitable for others. For example, some proteins are
often dissociated from the protein complex, degraded and
aggregated during the extraction procedure. Therefore, an
efficient purification method has to be established for each
protein. In addition, AP-MS approaches have high
false-positive rates even with use of the TAP method
(Zhang et al. 2010). Thus, it has been recommended to
perform AP-MS in combination with other methods for PPI
analyses. Besides the Y2H and AP-MS approaches, several
methodologies for PPI analysis including imaging and database
searching approaches have been recently established
(Shoemaker and Panchenko 2007, Okumoto 2010,
Sadanandom and Napier 2010, Mochida and Shinozaki
2011). The combination of PPI analyses should be useful for
producing informative data with high accuracy. This review
should be useful not only for plant proteomics researchers but
also for plant biologists in general.

Table 1 Summary of PPl analytical techniques

Tandem affinity purification

The TAP method was developed as a major strategy for
AP-MS analysis (Table 1). In this method, protein complexes
are purified from cell extracts in two consecutive steps utiliz-
ing two different affinity tags (Li 2011). This method has been
widely used for PPI analysis in various organisms, because a
much cleaner protein complex is obtained as compared with
the one-step affinity purification (Xu et al. 2010). The
TAP-tag, which consists of the immunoglobulin G-binding
domains of protein A from Staphylococcus aureus, the
Tobacco etch virus protease and calmodulin-binding peptide,
was originally developed in yeast (Rigaut et al. 1999, Gavin
et al. 2002). Thereafter, the TAP-tag was successfully applied
to purify glucocorticoid receptor-interacting proteins (Rohila
et al. 2004) and the mutiprotein COP9 signalosome complex
(Rubio et al. 2005) from plants. So far, the TAP method has
been used to identify PPIs related to disease resistance (Xing
and Chen 2006), the cell cycle (Van Leene et al. 2007),
mitochondrial biogenesis (Van Aken et al. 2007), salt stress
tolerance (Batelli et al. 2007), nucleocytoplasmic transport
(Zhao et al. 2008), post-embryonic development (Xing
et al. 2008a, Xing et al. 2008b), a protein phosphatase inhibi-
tor (Templeton et al. 2011) in Arabidopsis thaliana, and a
protein kinase (Rohila et al. 2006, Rohila et al. 2009) and
photoperiodic flowering (Abe et al. 2008) in rice. In recent
years, there has been an increase in the number of studies on
PPIs that improve the TAP method to optimize plant systems
with the aim to overcome the relatively low yield compared
with that of yeast (Van Leene et al. 2008, Li 2011).

In contrast, low-abundant proteins, such as those
expressed at low copy numbers per cell, are sometimes less
detectable using the TAP method due to the decreased yield
of the target protein complex following the two-step purifi-
cation process. Moreover, the molecular size of the TAP-tag is
largely dependent on a combination of tags, and that could
be one cause for the increased number of false-positive pro-
teins bound to TAP-tags (Li 2011). Therefore, increasing the
amount of starting material (plant sample) for PPl analysis
and purification might ultimately result in false-positive pro-
teins. To overcome this problem, AP-MS methods in conjunc-
tion with cross-linking could be useful for identifying
low-abundant or low-affinity proteins. In one study, RPS2

Method Advantage Disadvantage
AP-MS Identification of endogenous PPls Optimization of protein extraction method for each
protein
Y2H Screening thousands of PPls including weak or transient Toxicity of expressed proteins to yeast or unsuitable
interactions condition for some plant proteins
BN-PAGE Identification of endogenous protein complexes Difficulties during protein sample preparation

Fluorescence imaging

Computational analysis PPl database based on experimental data

Spatial and temporal PPI information in living cells

PPIs of exogenous proteins
Including predicted PPI data
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(a membrane-associated disease resistance protein), localized
on the plasma membrane in low abundance, was purified
with or without the cross-linking reagent di-thiobis-succinimi-
dyl-propionate (DSP) followed by the identification of the
interacting proteins using the AP-MS method (Qi and
Katagiri  2009). Greater —amounts of the known
RPS2-interacting protein RIN4 were purified with DSP than
without DSP. These results suggested that cross-linking
reagents might be useful for purifying interacting proteins
with membrane proteins or transient binding proteins,
because of their stabilizing effect on the protein complex
during purification.

GFP affinity tag purification

Several basic affinity tags such as FLAG, c-Myc, His and HA
have been employed for AP-MS analysis as one-step affinity
tags (Stevens 2000, Terpe 2003, Cho et al. 2006, Ueda et al.
2011). Green fluorescent protein (GFP) has been utilized as a
one-step affinity tag for vacuolar protein sorting 29 (Jaillais
et al. 2007) and PIN-FORMED 1 (PIN1), which has transmem-
brane regions (Mravec et al. 2011) in A. thaliana. Tamura
et al. (2010) recently developed an AP-MS method for
identifying the nuclear pore complex (NPC) using A. thaliana
plants expressing GFP-fused nucleoporins (Nups), which are
components of the NPC. In this method, extracted proteins
are incubated with magnetic beads conjugated to an anti-GFP
antibody for only 10 min, because with a shorter purification
step there will be a high possibility to purify protein com-
plexes in their original state while reducing the false-positive
rate (Cristea et al. 2005). The purified PPIs are then eluted
with 0.1M Na,CO; and neutralized with 1M MES for
in-solution digestion or a sample buffer containing 4% (w/v)
SDS for in-gel digestion after separation by SDS—-PAGE. The
in-solution digestion method has fewer sample preparation
steps for MS analysis. The eluted fraction is digested by tryp-
sin, desalted impurities are removed by acetone precipitation
or C18 resin to avoid interference with peptide ionizations,
and then the solution is directly analyzed by MS, i.e. only one
shotgun analysis is performed per sample. However, protein
sample losses might occur during the desalting step, particu-
larly with lower vyielding fractions. In contrast, the in-gel
digestion method does not require a desalting step prior to
SDS-PAGE, because the impurities included in the samples
migrate faster than proteins during electrophoresis (Fukao
et al. 2009). This also means that impurities do not interfere
with peptide ionizations during MS analysis. Nonetheless,
some proteins cannot be identified even when enough
protein is available due to low peptide coverage from the
SDS-polyacrylamide gel. In addition, proteins of extremely
high and low molecular weights are less easily detectable be-
cause of differences in the rate of entry and movement within
the acrylamide gel. In the AP-MS analysis of GFP-fused RAE1,
seven and five Nups were identified by in-gel digestion and
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In-solution digestion
(110)

In-gel digestion

(136)

Nup205

Nup160
Nup155
Nupl136 Nup133
Nup107 Nup98a
Nup93b Nup93a
Nup88 Nup75
Nup58 Nup62
ALADIN Nup54
Glel Elys/HOS1
gp210
RAEI1

Tpr/NUA,

Fig. 1 Comparison of identified nucleoporins (Nups) between in-gel
digestion and in-solution digestion methods. The Nups were identi-
fied as follows: seven by in-gel digestion (yellow circles), five by
in-solution digestion (blue circles) and 13 by both methods (merged
region), respectively. The numbers in parentheses show the total
numbers of identified proteins in each method.

in-solution digestion, respectively, and 13 Nups were
commonly identified by both methods (Fig. 1).
These results suggest that the rate of protein identification
depends on the type of method used and that using two
methods can be complementary. Finally, it might be better
to conduct the AP-MS analysis using a suitable method or
both depending on the experimental purpose.

Transgenic plants expressing GFP-tagged protein are often
constructed to analyze the protein locations (Brandizzi et al.
2002). Complementation of mutant phenotypes by expressing
GFP-fused proteins is a good indication of the adequate local-
ization, although we have to consider mislocalization, misfold-
ing and misassembly (Millar et al. 2009, Moore and Murphy
2009). In addition to GFP and its variants such as yellow fluor-
escent protein and cyan fluorescent protein (Cristea et al.
2005), magnetic beads conjugated to an anti-red fluorescent
protein (RFP) antibody also work well for AP-MS analysis
(personal communication). The putative interacting proteins
detected by the GFP-tag method are often confirmed for
co-localization by RFP in a transgenic plant expressing the
GFP-fused protein. Therefore, this transgenic system is also
available for the next AP-MS analysis using the RFP-tag. The
fluorescent protein tag purification method is useful in protein
localization and PPI analyses, saving time.

In contrast to the above application, a GFP-tag may
increase the false-positive rate due to a larger molecular size
as in the case of the TAP-tag, thus making it harder to detect
and identify endogenous interacting proteins (Stevens 2000).
Therefore, it is my recommendation to use other kinds of
basic affinity tags such as FLAG, c-Myc, His and HA in parallel
with GFP and then narrow down the commonly identified
proteins.
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Large-scale PPl analysis using multiple
approaches

As mentioned above, TAP and GFP-tag affinity approaches
have their own advantages and disadvantages (Table 1); thus,
there is no ideal strategy for identifying proteins using a single
method (Millar et al. 2009). A systematic large-scale PPI
analysis by more than one approach is required. To identify
PPIs between core cell cycle proteins, Boruc et al. (2010)
recently conducted a large-scale analysis of Y2H and BiFC as
two independent complementary interaction assays. To evalu-
ate the quality of the data, they compared the resulting inter-
actions with literature-based data and the results of TAP
purification (Boruc et al. 2010, Van Leene et al. 2011). In
another study, mating-based split ubiquitin systems were
developed as a high-throughput screening method for identify-
ing PPIs between membrane proteins and the interface with
signaling proteins (Lalonde et al. 2010). In their work, they
tested 490 A. thaliana open reading frames including
receptor-like kinases, transporters, soluble protein kinases and
phosphatases, glycosyltransferases and proteins of other or
unknown functions. A total of 343 PPls among 179 proteins
were detected among the 90,370 possible PPIs (Lalonde et al.
2010). For example, the interaction between the ammonium
transporter AMT1;1 and two receptor-like kinases was inde-
pendently confirmed by the split luciferase complementation
assay (Kato et al. 2010). These high-throughput analyses have
high potential for identifying complex protein networks in
plant cells.

In addition to the above approaches, classical biochemical
techniques are also applicable to PPl analysis (Miernyk and
Thelen 2008, Peng et al. 2009). Native PPls can be analyzed
by blue native-PAGE (BN-PAGE) or a gel filtration chromatog-
raphy (Table 1; Eubel et al. 2005, Klodmann et al. 2011)
techniques. In BN-PAGE, the solubilized protein samples
obtained by non-ionic detergents are incubated with
Coomassie Brilliant Blue (CBB) G250 anionic dye immediately
before electrophoresis, and then protein complexes of approxi-
mately MegaDalton order can be separated and visualized by
BN-PAGE. The target protein complex is also detectable by
immunoblotting, CBB staining, silver staining or fluorescence
dye (Kang et al. 2011, Suzuki et al. 2011). BN-PAGE has been
the main analytical approach for identifying mitochondrial and
chloroplast protein complexes in plants, and this approach has
recently been extended to the plasma membrane and micro-
somal fraction (Eubel et al. 2005). Furthermore, organelle
proteomics data have been used effectively to evaluate results
of PPI analyses (Lilley and Dupree 2007, Agrawal et al. 2011a).
Several decades ago, organelle isolation methods were estab-
lished to determine proteins related to metabolic pathways and
component protein profiles of organelles and to measure
enzymatic activities to understand organelle functions.
Therefore, organelle proteomics was conducted according to
the development of MS based on previously established meth-
ods, and now several data sets of each organelle are available

(for an in-depth review, see Agrawal et al. 2011a). These data
sets can be utilized to examine whether the target protein and
its interacting partner are localized within the same organelle.

Database analysis

Besides experimental approaches, the importance of computa-
tional analysis is garnering attention and support with the
ever-increasing amount of PPl data (Table 1; Mochida and
Shinozaki 2011). Geisler-Lee et al. (2007) predicted ~20,000
PPIs in A. thaliana from a homologous PPl database in
Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila
melanogaster and Homo sapiens. Furthermore, many databases
have been constructed to better evaluate PPl data derived from
various experiments: TAIR (Swarbreck et al. 2008; http://www
.arabidopsis.org/portals/proteome/proteininteract.jsp), AtPID
(Li et al. 2011; http://www.megabionet.org/atpid/), AtPIN
(Branddo et al. 2009; http://bioinfo.esalq.usp.br/atpin/),
BioGRID (Stark et al. 2011; http://thebiogrid.org/) and PAIR
(Lin et al. 20114, Lin et al. 2011b; http://www.cls.zju.edu.cn/
pair/) specialized to A. thaliana or several organisms including
A. thaliana, and PRIN (Gu et al. 2011; http://bis.zju.edu.cn/
prin/) specialized to rice. As for BioGRID, which was originally
built based on PPI data from S. cerevisae (Breitkreutz et al.
2003), the authors have currently developed a PPl database
for several model organisms including A. thaliana (Stark et al.
2011). This database contains ~300,000 non-redundant PPI
data in version 3.1. It is now possible to obtain the entire data
set free and create custom interaction data sets. PAIR has built a
resource of predicted A. thaliana PPls and currently contains
~150,000 non-redundant PPl data points, and the predicted
PPIs in version 3.3 are expected to cover ~25% of all A. thaliana
PPIs (Lin et al. 2009). In addition, PRIN is the first database for
the rice PPl network, which was built based on PPl data from
S. cerevisiae, C. elegans, D. melanogaster, H. sapiens, Escherichia
coli K12 and A. thaliana (Gu et al. 2011). PRIN currently con-
tains ~80,000 non-redundant rice PPls among approximately
5,000 rice proteins. These databases are frequently updated, and
thus are useful, up-to-date tools for evaluating PPI data.

Stoichiometry of the protein complex

Quantification methods for endogenous proteomes in planta
have been established in various studies (Bindschedler and
Cramer 2011). Among them, the multireaction monitoring/
selected reaction monitoring method has been recently applied
to plants (Lehmann et al. 2008, Zulak et al. 2009). Stable
isotope-labeled peptide, also termed the absolute quantitation
(AQUA) peptide, allows for absolute protein quantification as
an internal standard (Brun et al. 2009). This method is effective
for distinguishing and quantifying highly conserved isoforms
(Lehmann et al. 2008) and quantifying proteins, such as
those in allergens, when the absolute amount of protein must
be considered (Stevenson et al.2010). Itis also possible to apply
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this approach to non-model plants when there is some infor-
mation about the amino acid sequences in the target proteins
(Zulak et al. 2009). AQUA has been successfully applied to
quantify plant membrane proteins, such as major transporters
belonging to H*-ATPase AHA, aquaporin PIP, AMT and the
nitrate transporter NRT families (Monneuse et al. 2011).

Recent developments have allowed the quantitative analysis
of protein complexes by AP-MS analysis (Sharon and Robinson
2007, Heck 2008, Kaake et al. 2010, Schmidt et al. 2010).
However, stoichiometry analyses within protein complexes
remain a challenge because of poor stability, which is probably
affected by solute condition and contamination by false-
positive proteins during purification. Recently, Olinares et al.
(2011) successfully applied the QconCAT method to determine
the subunit stoichiometry of the affinity-purified chloroplast
ClpP/R protease in A. thaliana.

The stable isotope-labeled AQUA peptide can be chemically
synthesized in vitro (Brun et al. 2009). On the other hand, all
genes encoding several target peptides are concatenated and
cloned collectively into one vector and expressed in E. coli as an
artificial protein (QconCAT protein; Beynon et al. 2005, Kito
et al. 2007). Therefore, peptides derived from the artificial
QconCAT protein by trypsin digestion should yield a fraction
in which tryptic peptides are equally enriched and theoretically
have the same stoichiometry. Absolute quantification using
concatenated signature peptides encoded by QconCAT genes
would be difficult, because there is a possibility of protein
contamination from E. coli during purification. Nevertheless,
the QconCAT method should be utilized more commonly as
an internal standard for highly accurate relative quantification,
because preparation of the QconCAT protein is much cheaper
than synthesizing the AQUA peptide. Quantification methods
utilizing internal standards coupled with MS have also been
used rather than immunoblotting or enzyme-linked immuno-
sorbent assay (Lehmann et al. 2008).

Label-free relative quantification methods may also be used
(Ishihama et al. 2005, Cox and Mann 2008). For example, the
dynamin-like protein DRPTA was identified as a PINT auxin
efflux carrier-interacting protein by AP-MS analysis (Mravec
et al. 2011). PINT-associated proteins have been purified
from A. thaliana plants carrying the GFP-fused PIN1 and
identified by liquid chromatograpy (LC)-MS. DRP1A was
identified as one of the most enriched proteins compared
with the wild-type plant as a negative control by the label-free
relative quantification method using MaxQuant software.
Stoichiometry analysis is a promising method for identifying
component exchange within protein complexes depending
on environmental stress and developmental stages.

Identification methods for minor proteins

One problem in proteomics is that peptides from abundant
proteins are often preferentially detected by MS compared with
low-abundant proteins due to ionization suppression. In the
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case of plants, chloroplast and storage proteins are the major
abundant proteins in addition to ribosomal and cytoskeletal
proteins (Chen and Harmon 2006). These proteins are often
identified in AP-MS analyses as false-positive proteins. In
addition, peptides derived from keratins also interfere with
peptide detection in MS analyses. Besides improvements in
MS, a number of methodologies have been developed to
solve this problem. Multidimensional protein identification
technology (MudPIT) has been developed and used to separate
peptides in high resolution for shotgun analysis (Whitelegge
2002, Kota and Goshe 2011). In MudPIT, a strong cation
exchange column and a reverse-phase column are combined
for two-dimensional HPLC. This technology has been applied to
leaf and flower proteomics (Lee et al. 2007, Feng et al. 2009), as
well as ubiqutin proteomics in A. thaliana (Maor et al. 2007),
although there are no reports showing the use of MudPIT being
coupled with a PPI analysis.

Furthermore, Miyamoto et al. (2008) proposed the use of a
long monolithic silica-C18 capillary column to separate pep-
tides using a one-shot analysis approach, suggesting that this
reduces total MS analysis time and the number of protein sam-
ples compared with those in the MudPIT technique. Using a
one-shot analysis, 2,602 proteins including 803 membrane
proteins were identified in 4 g of trypsin-digested peptide
from E. coli (lwasaki et al. 2010). In contrast, 1,930 proteins
were identified using MudPIT analysis by merging 30 LC-MS
analysis results from triplicate analyses. More than 42 ug of
protein and 18 h more time are needed for the MudPIT analysis
to obtain results similar to the one-shot analysis.

The OFFGEL electrophoresis approach, which combines
isoelectric focusing using immobilized pH gradient strips with
a liquid phase (Horth et al. 2006, Hubner et al. 2008,
Malmstrom et al. 2009) and filter-aided sample preparation
(FASP; Wisniewski et al. 2009), should be mentioned. The
FASP method was developed to increase the recovery rate of
protein samples including membrane proteins using SDS,
although the MudPIT, the one-shot analysis by long column
and the OFFGEL methods were developed for higher resolution
peptide separation. SDS interferes with trypsin activity during
in-solution digestion, although it is an effective reagent for
extracting insoluble proteins such as membrane proteins. In
the FASP method, the solubilized sample in 4% SDS is used
for in-solution digestion by trypsin after removing SDS and
exchanging buffers (Wisniewski et al. 2009); in that study, the
authors identified 7,093 proteins from Hela cells using this
approach, compared with only 3,979 proteins with the
OFFGEL method. These advanced methods lead to in-depth
proteomics analyses and could allow for the identification of
low-abundance proteins via AP-MS analysis.

Conclusions and future perspectives

Besides the several major approaches for PPl analyses reviewed
here, protein array has been developed (Kersten et al. 2003)
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and has been used successfully to identify PPIs with calmodulins
(Popescu et al.2007) and protein kinases (Popescu et al. 2009)
in A. thaliana. Most PPl methodologies have been developed in
yeast because of its simplicity, and then applied to several
model organisms including A. thaliana and rice. However,
these methods are sometimes not suitable for plant systems.
For example, Ehlert et al. (2006) developed a protoplast
two-hybrid system for confirming PPIs in planta. That system
was successfully established for large-scale PPI analysis of
transcription factors (Wehner et al. 2011).

Development of the plant proteomics field is proceeding at
a slow pace. In particular, proteomic approaches are still
challenging in non-model plants due to the lack of complete
genomic information (Carpentier et al. 2008, Remmerie et al.
2011). Nevertheless, substantial efforts are now in progress to
apply the knowledge from model plants to useful plants such as
crops and fruits (Garcia-Cafas et al. 2011, Langridge and Fleury
2011, Palma et al. 2011). However, there is still a need to per-
form proteomics directly on crops and fruits. It is gratifying that
genome sequences of many useful plants are being gradually
unraveled with the development of next-generation sequen-
cing technology. More recently, the International Plant
Proteomics Organization (www.inppo.com), which is a recent
global initiative to develop and improve connections between
plant proteomics researchers and related fields, has been estab-
lished (Agrawal et al. 2011b). This cooperative framework will
help to develop breakthroughs in the near future.
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