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Keywords:
 In the past decade, improvements in genome annotation, protein fractionation methods
and mass spectrometry instrumentation resulted in rapid growth of Drosophila proteomics.
This review presents the current status of proteomics research in the fly. Areas that have
seen major advances in recent years include efforts to map and catalog the Drosophila
proteome and high-throughput as well as targeted studies to analyze protein–protein
interactions and post-translational modifications. Stable isotope labeling of flies and other
applications of quantitative proteomics have opened up new possibilities for functional
analyses. It is clear that proteomics is becoming an indispensable tool in Drosophila systems
biology research that adds a unique dimension to studying gene function.
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1. Introduction

In the past twodecades, high-throughput approaches to studying
cellular functions havemoved from the analysis of genomes and
transcriptomes to the realm of proteins. Proteomics is now a
rapidly evolving field of research, thanks to such advances as
mass spectrometry identification of proteins, improvements in
.

er B.V. All rights reserved
methods to analyze protein–protein interactions, and develop-
ment of high-throughput approaches to synthesize and purify
proteins for microarray and crystallography applications. Proteo-
mics is an integral part of systems-level analysis of cellular
functions, promising to shed light on regulatory mechanisms
that are beyond the reach of genomics and transcriptomics [1].

The fruit fly Drosophila melanogaster has been a workhorse
model organism for over 100 years, first as a favorite system to
study fundamental genetic principles, and more recently as an
experimentally tractable organism to analyze higher eukaryotic
.
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genomes and to model human diseases [2,3]. The past 10 years
witnessed the birth and rise of Drosophila as amodel system for
proteomics studies. Examination of PubMed (http://www.ncbi.
nlm.nih.gov/pubmed/) references shows that by the end of 2009
articles onDrosophilaproteomics comprisedapproximately 1.1%
of all publishedpapers onproteomics,whichmayseemat a first
glance like a lownumber (Fig. 1A). However, plotting cumulative
percentages of the respective groups of articles shows that
Drosophila proteomics is growing at a rate that is very close to
that of the general field of proteomics (Fig. 1B). In fact,
proteomics in the fly compares favorably to the whole field of
Drosophila research which constitutes approximately 0.5% of all
papers in PubMed.

Efforts to characterize the Drosophila proteome that have
been carriedout to date can begrouped into the followingareas
of investigation: i) mapping and cataloging the proteome,
ii) analysis of protein–protein interactions, iii) analysis of post-
translational proteinmodifications; iv) quantitative analysis of
the proteome, and v) functional studies that often combine
more than one approach. In this review, I describe how these
studies contribute to our knowledge of the organization and
function of the Drosophila proteome. I also summarize chal-
lenges and future directions for Drosophila proteomics.
2. Advantages of using flies as a platform for
proteomics research

Protein identification by mass spectrometry has become a
primary method of analysis in proteomics [1]. This method
relies on genome annotation to provide accurate gene models
that correctly predict protein coding regions. The Drosophila
genome [4] is arguably one of the best annotated, thanks to
extensive curation and annotation carried out at FlyBase, a
central repository of genomic and proteomic information on
Fig. 1 – Growth of Drosophila proteomics: a view from PubMed. (A)
10 years. Cumulative numbers of papers as referenced in PubMed
including the year shown, ending with 2009. Gray circles, papers f
squares, papers found using the search term “DrosophilaAND (prot
growing at the same rate as thewhole field of proteomic research. C
year shown.Thenumber ofpaperspublished through2009wasset
as in (A). Growth of a mature field is shown for comparison (gray t
Drosophila (http://flybase.org/). In addition to a well-annotated
genome, Drosophila offers a unique possibility to rapidly move
from high-throughput screening to functional assays, because
mutant alleles and transgenic constructs, including inducible
RNAi reagents, are available for most genes. Knowledge of
cellular mechanisms obtained in flies is in many cases
applicable to human biology, because many of the regulatory
mechanisms and signaling pathways are conserved between
flies and mammals. This property makes Drosophila an
attractive model system for several human diseases [3,5].

Proteomics studies often require significant amounts of
starting material that is subjected to various types of fraction-
ation, and fortunately, Drosophila development lends itself to
large-scale biochemical experiments. The life cycle includes
four distinct developmental stages: embryo (first 24 h of
development after egg laying), three larval stages separated by
molts (combined duration is 4 days), pupal stage during which
metamorphosis occurs (4–4.5 days), and an adult that under
normal laboratory conditions lives for about a month [6]. These
different developmental stages of the life cycle can be easily
separated and collected in large quantities as synchronized
populations of individuals. As an additional benefit, availability
of widely used cultured cell lines (such as Schneider's S2 and
Kc167 lines) facilitates proteomic analyses in Drosophila. These
and other cell lines are available from the Drosophila Genomics
Resource Center (https://dgrc.cgb.indiana.edu/).
3. Mapping and cataloging the fly proteome

Some statistics on theD.melanogaster genomeandproteomeare
summarized in Table 1. The fly genome is rather compact at
1.8×108 bases, which is an order of magnitude smaller than the
mammalian genome [4]. A recent FlyBase annotation (release
5.25) lists 13,781 protein coding genes (gene models), which
Most of the papers on proteomics were published in the past
(http://www.ncbi.nlm.nih.gov/pubmed/), published by and
ound using the search term “proteomic OR proteomics”. Black
eomicORproteomics)”. (B) The field ofDrosophila proteomics is
umulative percent of all papers published by and including the
as 100%.Gray circles andblacksquares indicate samesearches
riangles, papers found using the search term “ribosome”).

http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/pubmed/
http://flybase.org/
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Table 1 – Statistics of the Drosophila genome and
proteome.
Source: Berkeley Drosophila Genome Project genome
release 5, FlyBase annotations release 5.25.

Sequenced euchromatic genome 120,381,546 bp
Sequenced heterochromatic genome 19,330,818 bp
Protein coding genes (gene models) 13,781
Protein coding transcripts 21,909
Unique polypeptides 18,358
Average polypeptide length 601 aa
Longest polypeptide 22,971 aa
Shortest polypeptide 11 aa

aa, amino acid.
are predicted to encode 18,358 unique protein isoforms. The
latter number is likely an underestimate due to our limited
knowledge of a full repertoire of splice variants for most
proteins. Systematicmapping of the proteome content presents
a considerable challenge, since expression levels of proteins can
varyover several ordersofmagnitude, andphysiological protein
samplesoftenhaveabewilderingcomplexity [7]. Introductionof
mass spectrometry based protein identification methods has
made high-throughput analysis of proteomes a reality, yet no
single proteome has been completely mapped [1].

Some of the efforts to catalog the proteome content in
Drosophila have focused on the analysis of individual tissues or
organelles (Fig. 2). One of the first attempts to comprehensively
characterize the Drosophila proteome employed 2-dimensional
gel electrophoresis and established a reference protein map of
the larval wing imaginal discs [8]. Since that report, multiple
studies characterized and cataloged the proteome subsets in
Fig. 2 – Biological processes and subsets of theDrosophila proteom
in cultured cells such as the S2 and Kc167 cell lines. Right, stages
See text for description of individual experiments and the corres
different tissues, such as adult heads and embryos [9,10], male
reproductive system [11], sperm [12,13] (also see a review by
T. Karr in this issue), wing imaginal discs [14], and larval
hemolymph [15–21]. Other studies carried out the analysis of
whole secreted neuropeptides, hormones, and peptide precur-
sors by the so-called “peptidomics” approaches [22–27]. At the
subcellular level, researchers analyzed the protein composition
of the Drosophila mitochondria [28], ribosomes [29], and lipid
droplets from the larval fat bodies [30,31].

These focused studies provided representations of the
proteome content in specific organs, tissues, and cellular
organelles. Improvements in the sensitivity and resolution of
mass spectrometers made it possible to carry out large-scale
systematic surveys with the goal of identifying every predicted
protein in the Drosophila proteome. In a seminal study [7],
R. Aebersold et al. described a high-quality catalog of the
D.melanogaster proteome covering 9124 distinct proteins, or 63%
of the protein-encoding gene models, at 1.37% false discovery
rate. This level of proteome coverage has not been achieved for
any other multicellular eukaryote, and was made possible by a
combination of approaches to maximize sample diversity
through analysis of different cell types and developmental
stages, multidimensional biochemical fractionation to reduce
sample complexity, and analysis-driven experimental feedback
strategy in which statistical analysis of prior data guided the
design of the next set of proteomic experiments [7,32]. The data
from this study is publicly available through PeptideAtlas
(http://www.peptideatlas.org/) and is continuously updated. A
recent release increased the coverage to 9263 protein isoforms
corresponding to 8799 (65%) genemodels [33]. There are several
reasons why proteins corresponding to the remaining 35% of
e that were a subject of proteomics studies. Left, experiments
of the fly life cycle, with indicated areas of proteomics studies.
ponding references.

http://www.peptideatlas.org/
image of Fig.�2
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gene models were not observed. These proteins that remain to
be discovered may include polypeptides that are unstable,
expressed at low levels, or those that require further fraction-
ation [33]. Thehope is that additional extraction, separation and
enrichment methods will further improve the coverage of the
proteome.

How does the data from PeptideAtlas advance proteomic
experiments in Drosophila? First, it provides a resource for new
shotgun proteomics studies that can now employ spectral
library searching rather than traditional searches of protein
databases. In a proof of principle experiment, it was shown
that the sensitivity, specificity, and speed of peptide identifi-
cation can be improved by searching pre-acquired spectra that
are processed into consensus spectra [33]. However, it would
seem that proteome coverage would have to be significantly
improved in order for this method to become a truly general
protein identification approach. Second, PeptideAtlas is a
resource for targeted proteomics experiments that make use
of proteotypic peptides (PTPs), which are peptides that can
unambiguously identify a protein of interest in a complex
mixture. The use of PTPs allows for absolute protein quanti-
fication in selected reaction monitoring experiments (SRM,
also known as multiple reaction monitoring, MRM) performed
on triple quadrupole instruments [7,32]. Third, a high-quality
proteome catalog can be used for improving genome annota-
tion, for example by validating features of protein coding gene
models such as splicing isoforms, and even discovering
previously unannotated genes. At present, the information
from PeptideAtlas is being integrated with FlyBase and is now
visible as an option in the “Genome reagents and data” track in
the GBrowse interface. Finally, large-scale proteome mapping
facilitates comparative studies. Thus, a recent deep analysis of
the Caenorhabditis elegans proteomehas revealed a surprisingly
strong overall correlation of protein abundances between
C. elegans and Drosophila (Spearman rank correlation RS=0.79),
which was much higher than the correlation of the cor-
responding transcript levels between the two species (RS<0.5)
[34]. In sum, the Drosophila PeptideAtlas and the associated
software suite form a valuable resource for analyzing the
proteome and designing new proteomic experiments.
4. Analysis of protein–protein interactions in
Drosophila: the yeast two hybrid (Y2H) approaches

The knowledge of protein–protein interactions (PPIs) is an
integral component of systems biology analysis, as cellular
processes are carried out by networks of interacting proteins.
The utility of studying PPIs is already evident even from the
existing incomplete maps. They provide insights into the
organization of biological networks, assist in determining
functions ofmany proteins andprotein complexes, and identify
connections to proteins associated with human diseases [35].

While a complete coverage of the proteome remains a
difficult task,mapping of PPIs presents an even bigger challenge.
Two primary approaches have been utilized to study PPIs in a
high-throughput format: yeast two hybrid analysis (Y2H) and
affinity purification-mass spectrometry (AP-MS) (reviewed in
[36–38]). The largest effort to date to map Drosophila PPIs by Y2H
was reported in [39] (the so-called CuraGen dataset). This project
resulted in a construction of a draft map of 7048 proteins
involved in 20,405 interactions, which corresponds to ∼52%
coverage of predicted gene models. An advantage of the Y2H
approach is that it allows for a numerical estimation of the
confidenceof eachPPIobservation.Applicationofmorestringent
criteria to theGiot et al. data resulted inahigh confidencemapof
4679 proteins and 4780 interactions. It was estimated that 40%
of the interactions in the high confidence map are likely to be
biologically relevant [39]. It shouldbenoted that theestimationof
specificity and sensitivity of PPI maps is still a matter of debate,
with different studies utilizing somewhat different approaches
for obtaining such estimates [40]. Statistical analysis of the
network properties showed that the Drosophila PPI network is
best described by a two-level model: local connectivity likely
representing interactions occurring within multiprotein com-
plexes, and more global connectivity that potentially represents
higher-order communication between complexes [39].

Additional large-scale Y2H projects have expanded the
Drosophila binary PPImap. The Hybrigenics study used 102 bait
proteins and detected over 2300 interactions, of which 710
were of high confidence [41]. Comparison with the CuraGen
map found surprisingly little overlap between the two
datasets. Thus, 30 bait proteins were common to both studies
and yielded 216 PPIs in the CuraGen dataset and 662 PPIs in the
Hybrigenics dataset. Unexpectedly, these two sets shared only
24 interactions [41]. This observation suggests that the two
approaches yielded complementary information on the PPIs in
Drosophila [41]. The Finley laboratory is continuously adding
new interactions from Y2H screens, and is currently reporting
3161 interactions involving 1338 proteins. These data were
obtained in a focused screen with 152 proteins related to cell
cycle regulators [42] and a study that experimentally tested
computationally predicted PPIs [43]. The Finley lab maintains
a user-friendly repository of Drosophila PPIs, the Drosophila
Interactions Database (DroID), with an updatable confidence
score assigned to each interaction (http://www.droidb.org/,
[44]). Drosophila PPIs can also be accessed via centralized
databases such as the BioGRID (http://www.thebiogrid.org/).

Recently, a rigorous statistical approach for estimating a total
number of binary PPIs in an organism's proteome has been
proposed [35,40,45]. Extrapolating from C. elegans estimates, a
completeDrosophilabinaryprotein interactionmap isexpected to
contain approximately 105 pair-wise PPIs. This number makes it
clear that our current coverage of the PPI space is far from
complete, and that new, more efficient strategies for mapping
PPIs have to be developed, in order to reduce analysis costswhile
maximizing the recovery and validationof new interactions. The
study by Schwartz et al. provides a promising strategy for
lowering the cost of completing the PPI maps, in which sample
pooling is combined with prioritized testing and interaction
prediction [43]. The authors point out that due to a high false
negative rate of Y2H approaches (50–80%),multiple independent
assay typeswill likely tobeneeded toachieve complete coverage.
5. Analyzing protein complexes by affinity
purification-mass spectrometry (AP-MS)

The AP-MS approach has emerged as a method that is largely
complementary to Y2H [37,38]. While purification of whole

http://www.droidb.org/
http://www.thebiogrid.org/
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protein complexes does not give information about the binary
interactions within the complex, it benefits from the fact that
the complexes are formed in the natural cellular environment
that provides relevant post-translational modifications and
promotes correct protein folding. Also, some of the complexes
are held together by cooperative interactions of several non-
identical subunits, which cannot be achieved when analyzing
binary interactions. Information about the composition of
protein complexes can help assign function to previously
uncharacterized proteins, based on the “guilt by association”
principle, although Y2H studies can also be used for this
purpose. A recent large-scale analysis of protein complexes in
yeast has revealed modularity in the organization of the
proteome, in which stable invariant core modules can recruit
more variable subunits that may be shared between different
complexes [46]. There is no doubt that large-scale analysis of
the Drosophila proteome by AP-MS would yield valuable
information that would complement the current Y2H data.
Yet no such project has been carried out to date, but as
mentioned below, at least one high-throughput effort is under
way.

The “affinity” step of AP-MS can be performed by using
a specific antibody against a protein of interest. In such
experiments, native protein complexes are isolated from cells
or tissues, thus maximally approximating the endogenous
cellular conditions. However, this is impractical for large-scale
studies, as antibodies are available for only a fraction of
all proteins. Therefore, medium- to high-throughput AP-MS
Fig. 3 – Outline of the tandem affinity purification (TAP) approach
with the TAP tag and expressed in a tissue or cell line of interest. T
steps. Cleavagewith the TEV protease is used to release the prote
final complexwhich is subjected to protein identification bymass
of the conventional TAP tag (yTAP tag) [58,64] and an improved v
approaches all rely on the use of affinity tags [47,48]. A variety
of affinity tags has been used in Drosophila proteomics
research. Many studies have made use of single tags to
isolate the protein of interest and characterize the associated
cellular proteins by mass spectrometry. The single tags
employed ranged from more “traditional” ones such as FLAG
[49] and β-galactosidase [50], to more recently introduced
biotin ligase recognition peptide (BLRP, also knownasAviTag™)
[51] andTagIt [52]. Lichtyet al. [48] compared theperformanceof
a panel of single tags using extracts from E. coli, Drosophila and
human cells, and concluded that the Strep II tag [53] may
provide an acceptable compromise of excellent purification
with good yields at a moderate cost [48].

Despite the demonstrated success of using single tags
for protein complex purification, double tag combinations
result in a significant reduction of contaminating compo-
nents. Several variations of tandem affinity purification (TAP)
have been proposed [54–57]. The most widely used combina-
tion has been the TAP tag developed by Rigaut et al., which
consists of two Protein A modules and a calmodulin binding
peptide (CBP), separated by a TEV protease cleavage site
[58] (Fig. 3). The TAP tag has been successfully used both in
large-scale studies and focused small-scale experiments in
yeast and mammalian cells [46,59–62]. In the first study to
implement the TAP approach in flies, human TAP-tagged
proteins were expressed in Drosophila cultured cells and used
as baits to recover the associated Drosophila proteins [63]. A
concomitant RNAi-mediated knockdown of the Drosophila
and the structure of the TAP tags. (A) A bait protein is tagged
he bait and associated proteins are purified using two affinity
in complex after the first affinity step. Second elution yields a
spectrometry and database searching. (B) Schematic diagram
ersion, the GS-TAP tag [75,76].

image of Fig.�3
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protein corresponding to the human bait improved the
recovery of the interacting subunits. However, subsequent
studies in mammalian cells that employed controlled over-
expression of the TAP-tagged protein baits showed that
biologically relevant protein complexes can be recovered
without the need to reduce the level of the corresponding
endogenous protein [62]. Ideally, however, the AP-MS
approaches should use organisms in which the tagged protein
is completely replacing its endogenous counterpart, as was
done in the yeast studies, thus obviating potential problems
associated with overexpression.

We have developed vectors for inducible expression of the
TAP-tagged proteins in Drosophila cultured cells and in vivo,
and used the TAP approach to analyze protein complexes in
the Notch signaling pathway [64]. As with the results of any
screening approach, a definitive answer about the validity of
an observed interaction can only be obtained by functional
analysis of the interacting partners in vivo. In subsequent
studies, we used traditional genetic and biochemical
approaches to validate the results of TAP experiments [65,66].
Other reports have used the TAP method and biologically
validated the identified interactions [67–73], demonstrating
that the TAP-MS approach yields meaningful insights into the
organization of the PPI network in flies. More recently, we
showed that TAP-MS also works in another favorite model
organism, zebrafish [74].

The TAP technology was recently improved by using a new
combination of tags. The GS-TAP tag developed by Burck-
stummer et al. consists of two Protein G modules and a
streptavidin binding peptide (SBP), separated by one or two
TEV protease cleavage sites [75] (Fig. 3B). The authors reported
an up to 10-fold increase in the yield of the purified protein
complexes using this new tag combination. We found that the
GS-TAP tag preserves the function of the tagged proteins in
Drosophila by using genetic rescue experiments [76]. While the
GS-TAP procedure indeed results in higher yields of the
purified protein complexes, a major advantage of using this
system is in a dramatically reduced level of recovery of
contaminating proteins, and a corresponding increase in
signal-to-noise ratio for the bona fide protein complex
components, compared to the original TAP tag [76]. The latter
consideration is of particular importance for the subsequent
mass spectrometry applications, where identification of low
abundance interactors may be obstructed by high levels of
contaminants. We found that most of the improvement was
due to the use of the SBP tag [77] in the GS-TAP system rather
than CBP. In pilot experiments under way in our laboratory,
single-step streptavidin-based purifications using the SBP tag
alone or even as part of the larger GS-TAP tag, followed by
elution with biotin, have yielded protein complexes of
sufficient purity for subsequent analysis by mass spectrom-
etry, suggesting that the SBP tag can be used as a viable
alternative to other widely used streptavidin-based systems
such as the Strep II tag.

While high-throughput AP-MS data for Drosophila is
conspicuously missing, at least two projects are being carried
out to fill this gap in our knowledge of the fly proteome. A
large-scale multi-laboratory collaborative project, led by S.
Artavanis-Tsakonas and involving the S. Celniker, S. Gygi, and
K. VijayRaghavan labs, is currently under way with the goal of
generating a comprehensive protein complex map of the
Drosophila interactome. A primary approach used is tagging
proteins with an HA tag and analyzing protein complexes by
AP-MS after expression in S2R+ cells. The target bait space
includes approximately 8000 full-length expression constructs
generated by the Berkeley Drosophila Genome Project (http://
www.fruitfly.org/), which corresponds to ∼58% of the gene
models. In a parallel set of experiments, the same set of bait
proteins will be expressed in vivo in transgenic flies, and the
resulting protein complexes will be analyzed by AP-MS.
Completion of this project will provide an unparalleled view
of proteome organization in a higher eukaryote. The data are
being continuously uploaded to the project website, Drosophila
Protein Interaction Map (DPiM, https://interfly.med.harvard.
edu/), and are integrated into FlyBase. In another large-scale
AP-MS project, the Perrimon lab has recently used the TAP
approach for mapping protein complexes and probing their
dynamics in the receptor tyrosine kinase/Ras/ERK signaling
network, using Drosophila S2 cells (A. Friedman, N. Perrimon et
al., submitted).
6. Mapping post-translational modifications
(PTMs) in fly proteins

What is the relationship of the PPI networks generated by
the Y2H and AP-MS approaches to the real interactomes
in living cells? The PPI networks obtained by high-through-
put methods should be interpreted with three caveats:
first, such networks represent an aggregate space of all
possible PPIs in a cell, while not all of the interactions are
realized in a given cell state. Second, these networks
represent a static view of the interactome, whereas in reality
the interconnections between the proteins are highly dy-
namic and are under continuous regulation. Finally, PPI
networks do not necessarily take into account post-transla-
tional protein modifications (PTMs), which can have a major
effect on PPIs. Analysis of PTMs thus offers an opportunity to
add a dynamic layer to our current view of protein inter-
action networks.

In the past few years, major advances in this direction have
been made in Drosophila. Three large-scale studies explored
the Drosophila phosphoproteome. In the first, Kc167 cells were
grown under different conditions (varying nutrient composi-
tion of the medium, inclusion of growth stimulants or
inhibitors in the medium, and inclusion of phosphatase
inhibitors), and phosphorylation sites were determined in
the combined peptide sample by mass spectrometry [78].
Sample fractionation and phosphopeptide enrichment are
required to maximize the coverage of the phosphoproteome.
In the study by Bodenmiller et al., peptides were initially
separated by peptide isoelectric focusing, and then three
different phosphopeptide isolation methods were used as an
enrichment strategy: immobilized metal affinity chromatog-
raphy (IMAC), titanium dioxide (TiO2), and phosphoramidate
chemistry (PAC). This approach resulted in an identification of
10,118 high confidence phosphorylation sites from 3472
gene models and 4583 distinct phosphoproteins [78]. The
data from this project are available via the PhosphoPep
database (http://www.phosphopep.org/). Like the data in

http://www.fruitfly.org/
http://www.fruitfly.org/
https://interfly.med.harvard.edu/
https://interfly.med.harvard.edu/
http://www.phosphopep.org/
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PeptideAtlas, PhosphoPep includes a searchable consensus
spectral library that can be useful for designing targeted mass
spectrometry experiments. In terms of the functional assign-
ment of the phosphorylated proteins, this study found an
enrichment for phosphoproteins involved in regulatory pro-
cesses, such as kinases, transcription factors, ion channels,
and developmental processes. In contrast, phosphoproteins
were depleted in the metabolism and metabolic process
categories. As an example of the utility of this dataset, the
authors analyzed phosphorylation status of the insulin/TOR
pathway and found multiple new phosphorylation sites on
pathway components [78]. Furthermore, the data from this
study was recently used in combination with RNA interfer-
ence screening to study phosphorylation networks regulating
the activity of Drosophila JUN N-terminal kinase (JNK) [79].

In another large-scale systematic study, S. Gygi et al.
analyzed the phosphoproteome of Drosophila embryos [80]. An
enrichment strategy used in this study somewhat differed
from the one by Bodenmiller et al. and employed strong cation
exchange chromatography (SCX) combined with IMAC [80,81].
The authors identified 13,720 unique phosphorylation sites
from 2702 proteins with an estimated false discovery rate of
0.63% at the peptide level. Using the Motif-X algorithm, many
new consensus phosphorylation motifs were extracted from
the dataset. A comparison with the Bodenmiller et al. study
revealed relatively low overlap between the two datasets (27%
of identified phosphorylation sites and 48% of phosphopro-
teins). The numbers of multiple phosphorylated proteins
were also different (13% in Bodenmiller et al. vs. 68% in Zhai
et al.). It is clear that multiple analysis strategies will be
required to reveal the full complexity of the Drosophila
phosphoproteome.

In a third global phosphosite mapping experiment, Hilger
et al. detected more than 10,000 phosphorylation sites in
Drosophila S2 cells and then used this dataset in a quantita-
tive proteomics experiment to study the effect of a phospha-
tase knockdown on the phosphoproteome [82] (see below).
SCX in combination with TiO2 chromatography was used to
enrich for phosphopeptides. There was a good overlap with
the other two datasets in terms of identified phosphorylated
proteins (65.9% overlap with Zhai et al., and 75.2% with
Bodenmiller et al.). At the same time, the Hilger et al. study
detected 4691 novel phosphorylation sites, while 5051 (51.8%)
were covered by the other two studies, indicating that our
knowledge of the Drosophila phosphoproteome is not yet
exhaustive. This study also performed a bioinformatics
analysis of the Drosophila phosphoproteome and found that
its overall properties are similar to the human phosphopro-
teome [82]. Moreover, phosphorylation substrates in Drosoph-
ila can largely be predicted by human kinasemotifs, indicating
a high degree of conservation of kinases and their signaling
pathways. Phosphorylation site data from Hilger et al. are
available as part of the Phosida database (http://www.phosida.
com/).

Two recent studies focused on the proteins phosphorylat-
ed on tyrosine residues. Immunoaffinity isolation of the
phosphotyrosine subproteome from Drosophila S2 cells trea-
ted with pervanadate followed by enrichment of phospho-
peptides resulted in identification of 562 non-redundant
phosphotyrosine sites in 245 proteins [83]. Substrate trapping
was further used to identify potential substrates of protein
tyrosine phosphatase dPTP61F [83]. Krishnamoorthy analyzed
tyrosine phosphorylation events in Drosophila S2 cells after
EGFR and insulin-like receptor stimulation [84]. The latter
study also identified conserved tyrosine residues in homol-
ogous human proteins, suggesting that some of the detected
phosphorylation events may be conserved.

In addition to the study of protein phosphorylation,
proteomic approaches are being applied to the analysis of
other types of PTMs in Drosophila. Glycosylation is a PTM
that often plays an important regulatory role in controlling
protein interactions and activity. Mass spectrometry based
approaches have been successfully used to study the struc-
tures of the oligosaccharide groups themselves, but the
identification of glycosylation sites on proteins is only starting
to be explored (reviewed in [85]). A recent study identified 205
glycoproteins carrying N-linked glycans in the Drosophila
central nervous system, and revealed their 307 N-glycan
attachment sites [86]. This study also statistically analyzed
amino acid distribution around the N-linked glycosylation
sites. Analysis of the mucin-type O-glycoproteome of Drosoph-
ila S2 cells identified 21 secreted and intracellular glycopro-
teins [87]. Both of these studies showed that the functional
repertoire of the identified glycoproteins is very diverse [85].
Proteomic approaches have also been used in studies focused
on glycosylation of individual proteins. For example, a recent
report mapped O-mannosylation sites in the Drosophila
Dystroglycan protein and suggested that Drosophila can be a
suitable model for studying molecular and genetic mechan-
isms underlying human dystroglycanopathies [88]. Addition
of specific sugars can dramatically change the activity of
certain proteins. Thus, glycosylation of the Notch receptor is a
critical regulatory mechanism that modulates the affinity and
binding preference of the receptor for its ligands (reviewed in
[89]). Recent studies of Notch glycosylation have included
proteomic experiments to characterize the sites and dynamics
of receptor glycosylation [90–92].

Proteomic approaches also make it possible to analyze
protein modifications that are difficult to study by other
methods. E. Brunner et al. have recently analyzed N-terminal
acetylation in Drosophila Kc167 cells using combined fractional
diagonal chromatography (COFRADIC) followed by mass spec-
trometry [93]. More than 1200 mature protein N termini were
detected, and about 71% of the N-terminal peptides were
found to be acetylated, which is close to the reported frequency
of N-terminal acetylation in humans. An interesting conclusion
from this study is that a proline residue at the first or second
position of the mature protein N terminus prevents amino-
terminal modification by the acetylation machinery. This
property of proline to inhibit N-terminal acetylation, which
the authors named the “(X)PX rule”, extends to all species
analyzed so far and appears to be a general inhibitory signal.
The authors showed that this rule can be used to genetically
engineer a protein to study the biological relevance of the
presence or absence of an acetyl group, thus providing a generic
assay to probe the functional importance of N-terminal
acetylation [93]. Proteomics also helps study PTMs of “difficult”
proteins, such as histones [94].

In summary, analysis of post-translational protein mod-
ifications adds another dimension to our understanding of the

http://www.phosida.com/
http://www.phosida.com/
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proteome, and reveals an enormous regulatory complexity
that underlies protein activities in the cell.
7. Revealing proteome dynamics: quantitative
proteomics in Drosophila

Classical genetic approaches to studying gene function involve
comparisons between the mutant and wild type conditions,
using a variety of functional assays such as organism viability
ormorphology. Tounderstanda global responseof the genome
to a given perturbation or condition, gene expression analysis
via microarrays has been widely used. Yet the effectors of
cellular functions are inmost cases proteins, and therefore the
ability to quantify protein levels on a global scale would
provide the most direct means to characterize gene function.
In recent years, quantitative proteomics approacheshave been
applied with success in Drosophila, opening a new exciting
chapter in fly proteome analysis.

Mass spectrometry is not inherently quantitative, and
specialized techniques are required for obtaining informa-
tion about relative protein abundances. Historically, two-
dimensional gel electrophoresis (2-DE) or two-dimensional
differential gel electrophoresis (2D-DIGE) followed by mass-
spectrometric identification of differentially expressed protein
spots has been a method of choice. More recently, protein
labeling approaches have been developed that provide an
ability to compare protein abundances in two samples by using
internal standards in the form of isotopically labeled peptides
whose masses are distinguishable in a mass spectrometer.
Most approaches involve incorporation of a stable isotope label
either in vivo, before protein extraction, or in vitro via chemical
coupling of isotopic tags with predefined masses. Label-free
methods are also being developed. The reader is referred to
recent reviews on the methodology of quantitative proteomics
[1,95]. Below, application of these methods to Drosophila
proteomics is presented.

The 2-DE and 2D-DIGE methods have been employed in
many studies to compare protein levels under different
experimental conditions. This method has been particularly
successful in characterizing proteins and peptides during the
immune response, such as the one induced after infection of
Drosophila larvae, adults, and cultured cells (reviewed in
[96,97]). 2D-DIGE has also been applied to the study of ventral
furrow morphogenesis during gastrulation in the embryo [98].
More than 50 proteins with altered abundance levels or
isoform changes were identified in genetically ventralized vs.
lateralized embryos. A recurring theme in this and other
quantitative proteomics studies that compare protein and
mRNA levels is a low degree of correlation between the
corresponding transcript and protein levels, suggesting that
post-translational regulation plays an important role in
controlling protein abundance, and that proteomic and
transcriptomic approaches are complementary [98–102]. 2-DE
was also used to study changes in larval midgut proteins in
response to dietary Bowman–Birk inhibitor [103] and to
characterize mating-responsive proteins in reproductive tis-
sues in females [99].

A recent introduction of methods that make use of labeling
proteins or peptides with stable isotopes provides the most
unbiased and comprehensive way for absolute quantification
of proteins in complex samples [95,104]. Advances in mass
spectrometry instrumentation and parallel development of
software and automation methods for these types of experi-
ments make it possible to quantify complex protein mixtures
[105]. In vitro (or chemical) labeling approaches, such as
isotope-coded affinity tags (ICAT), isotope-coded protein
labeling (ICPL), isobaric tags for relative and absolute quanti-
fication (iTRAQ), and 18O labeling, introduce an isotopic tag
after protein extraction. These techniques have an advantage
of being completely independent of the source and prepara-
tion of the sample, and are relatively fast. For example, in a
study employing 18O and cleavable ICAT (cICAT) labeling of
proteins extracted from Drosophila cultured cells, the rate of
viral protein production was measured during the course of
infection with the Flock House Virus (FHV) [106]. In the same
study, changes in the host cell proteome were also deter-
mined, which resulted in identification of over 200 proteins
that were either up- or down-regulated in response to viral
infection. A recent report used cICAT labeling and quantitative
mass spectrometry to determine the differences in protein
expression levels between the fat bodies of normal and
starved larvae [107]. Subsequent functional characterization
of candidate differentially expressed proteins established the
role of the lipid desaturase Desat1 in starvation-induced
autophagy. In another study, four-plex iTRAQ isotope labeling
was used in combination with protein complex purification
and phosphatase treatment to determine constituents of
the protein complex, detect changes in protein composition,
and to localize phosphorylation sites and estimate their
respective stoichiometry, in a single experiment [108]. This
analysis showed that hormone stimulation increases the
association of 14-3-3 proteins with the insulin receptor
substrate homolog Chico and modulates several phosphory-
lation sites on the Chico protein. Differential protein labeling
with stable isotopes in vitro using global internal standard
technology (GIST) was applied in a quantitative proteome
analysis of a presymptomatic A53T α-synuclein Drosophila
model of Parkinson disease [109]. A similar approachwas later
used to study the proteome response to panneural expression
of human α-synuclein [110]. In another study, a quantitative
proteomic analysis of Drosophila parkin null mutants and age-
matched controls was performed utilizing both GIST and
extracted ion chromatogram peak area (XICPA) label-free
approaches [111].

An exciting innovation in quantitative proteomics, which
is particularly applicable to Drosophila as a model organism, is
to incorporate stable isotopes into proteins metabolically
(i.e. in vivo), by growing the organism or cells on special
media supplemented with isotopes. The relative abundances
of individual proteins obtained from labeled and unlabeled
samples can then be directly determined by mass spectrom-
etry. Metabolic labeling of flies was achieved by feeding
them uniformly 15N-labeled yeast [112]. Importantly for such
type of analysis, a virtually complete labeling was achieved
in one generation, without any detrimental effects on the
viability of flies or the relative protein abundances [112].
There are distinct advantages tometabolic labeling, compared
to the chemical methods: i) labeling is complete, ii) variation
in sample handling is eliminated because proteins from
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Table 2 – Drosophila proteomics databases.

Purpose of
database

Resource Web page
unlabeled and labeled organisms are processed in the same
reaction tube, and iii) no derivatization steps are needed
after protein extraction. 15N metabolic labeling was used
to measure changes in protein expression levels before and
after thematernal-to-zygotic transition (MZT) in theDrosophila
embryos [101]. This study identified with high confidence
∼350 proteins that increased in abundance, representing a
product of embryonic translation. The group of ∼230 down-
regulated proteins was dominated by maternal factors in-
volved in translational control. Surprisingly, the mRNA levels
of down-regulated proteins remained relatively constant,
indicating a translational control mechanism specifically
targeting these proteins [101]. An ingenious application of
metabolic labeling was used to investigate Drosophila seminal
fluid proteins transferred at mating ([113,114], reviewed in
[115]). In this differential labeling method, female flies were
isotopically labeled with 15N and mated with unlabeled
males. In subsequent mass spectrometry analysis of proteins
from dissected female reproductive tracts female proteins
were not identified because the masses of their peptide
fragments were increased by incorporation of the heavy
nitrogen. These studies identified over 60 proteins not
previously known to be involved in reproduction and discov-
ered 38 previously unannotated genes encoding seminal fluid
proteins [113,114].

Stable isotope labeling with amino acids in cell culture
(SILAC, [116]) has been recently used in Drosophila in combi-
nation with other approaches to obtain systems-level under-
standing of gene function. In one study, a combined use of
SILAC and RNAi-mediated knockdown of a chromatin remo-
deling protein ISWI in S2 cells identified ∼300 proteins that
were significantly up- or down-regulated, about 8% of the
detected proteome [102]. Affymetrix-based transcriptomics
performed in the same system showed only a limited
correlation between mRNA and protein level changes, sug-
gesting an importance of post-transcriptional regulation in
determining protein levels in the cell [102]. In another study,
SILAC was used in combination with the RNAi-mediated
knockdown of phosphatase Ptp61F in S2 cells, and changes in
protein phosphorylation were quantified [82]. This study
also identified more than 10,000 phosphorylation sites (see
above). Interestingly, apart from Ptp61F itself, the proteome
was minimally affected by the knockdown, whereas 288
of 6478 high confidence phosphorylation sites changed
significantly [82]. This work represents proof of principle
that the combination of large-scale phosphoproteomics and a
loss of function approach can contribute to elucidating the
role of key players in phosphorylation-dependent signaling
networks.
Central information
repository

FlyBase http://flybase.org/
FlyMine http://www.flymine.org/

Proteome cataloging
and annotation

PeptideAtlas http://www.peptideatlas.org/
PhosphoPep http://www.phosphopep.org/
Phosida http://www.phosida.com/

Protein–protein
interactions

DroID http://www.droidb.org/
BioGRID http://www.thebiogrid.org/
DPiM https://interfly.med.harvard.edu/

Protein expression
and localization
patterns

FlyTrap http://flytrap.med.yale.edu
In situ atlas
of gene
expression

http://www.fruitfly.org/insitu
8. Summary and outlook

It is clear that in the past decade the young field of Drosophila
proteomics has blossomed into an active area of research.
Proteomics is improving genome annotation and is providing
insights into gene function that are not obtainable by other
means of analysis. The future of proteomics in flies is bright
but there are a few challenges along the way. About a third of
the proteome is still undiscovered in shotgun experiments
[33], so additional fractionation methods and possibly instru-
ment improvements are needed before we can “see” every
protein in the fly. Resources such as PeptideAtlas, PhosphoPep
and Phosida form a foundation for moving from the discovery
phase towards directed, hypothesis-driven proteomics [117].
Completion of large-scale PPI studies such as the Drosophila
Protein Interaction Map will provide a new level of knowledge
about protein complexes. Proteome cataloging and annotation
efforts will also facilitate comparative studies with other
animal groups [34] and with the other sequenced Drosophila
species [118].

Proteomics, like other high-throughput methods, gener-
ates large amounts of data. Presenting and organizing data
from proteomics experiments and integrating the results
from different types of high-throughput screens remains a
challenge. Some of the data, for example from PeptideAtlas,
is already being incorporated into FlyBase, but other kinds
of databases may provide an additional representation of
the data obtained in proteomics studies. While certain data-
bases focus on one aspect of the analysis such as PPIs (e.g.
DroID), others synthesize multiple sources of information
into one meta-database (e.g. FlyMine, http://www.flymine.
org/). Proteomics experiments in Drosophila are augmented by
the resources that emphasize protein localization, such as
the FlyTrap (http://flytrap.med.yale.edu, [119–121]) and an
atlas of gene expression patterns (http://www.fruitfly.org/
insitu, [122]). Drosophila proteomics resources are listed in
Table 2, and the reader is further referred to two recent
reviews on bioinformatics and proteomics tools for Drosophila
[123,124], as well as a review by L. Martens in this issue.

One area that should see rapid growth is Drosophila
quantitative proteomics. The range of experiments that are
possible withmetabolically labeled flies is now only limited by
researcher's imagination. Quantitative proteomics also offers
a means to analyze PPIs, PTMs and other functional relation-
ships in the mutant vs. wild type condition [1]. We should see
new functional studies that combine proteomics with the
analysis of other types of networks — genetic, phenotypic,
transcriptional, andmetabolic. Proteomics in Drosophila is well
under way to help realize the promise of systems biology,
which is to define cellular functions for every gene product in
the organism.

http://www.flymine.org/
http://www.flymine.org/
http://flytrap.med.yale.edu
http://www.fruitfly.org/insitu
http://www.fruitfly.org/insitu
http://flybase.org/
http://www.flymine.org/
http://www.peptideatlas.org/
http://www.phosphopep.org/
http://www.phosida.com/
http://www.droidb.org/
http://www.thebiogrid.org/
https://interfly.med.harvard.edu/
http://flytrap.med.yale.edu
http://www.fruitfly.org/insitu
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