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Drosophila melanogaster is a proven model system for
many aspects of human biology. Here we present a two-
hybrid–based protein-interaction map of the fly
proteome. A total of 10,623 predicted transcripts were
isolated and screened against standard and normalized
complementary DNA libraries to produce a draft map of
7048 proteins and 20,405 interactions. A computational
method of rating two-hybrid interaction confidence was
developed to refine this draft map to a higher confidence
map of 4679 proteins and 4780 interactions. Statistical
modeling of the network showed two levels of
organization: a short-range organization, presumably
corresponding to multiprotein complexes, and a more
global organization, presumably corresponding to
intercomplex connections. The network recapitulated
known pathways, extended pathways, and uncovered
previously unknown pathway components. This map
serves as a starting point for a systems biology modeling
of multicellular organisms including humans.

Transactions between proteins provide the mechanistic basis
for much of the physiology and function of all organisms.
Comprehensive analysis of the proteome of any organism
presents an extraordinary challenge. The development of
genome-scale protein-interaction maps is a powerful first step
towards addressing this challenge and provides the
framework upon which a systems-biology understanding of
cells and organisms can be developed.

Yeast two-hybrid is a facile method that captures a
significant fraction of meaningful protein-protein interactions
and complexes (1). Two-hybrid can be applied in high
throughput mode across the entire proteome of an organism

to produce a comprehensive protein-protein interaction map
(2, 3). Given the value of the Drosophila system as a model
for human biology, disease, and development, we capitalized
upon the recently available Drosophila genome sequence and
predicted transcriptome (4) to build a genome-scale protein
interaction map. This map and its analyses are presented here.

Cloning of the transcriptome. To begin building the
map, a high throughput effort was mounted to isolate cDNAs
representing each predicted transcript of the genome (Figure
1). These efforts employed pooling and full-genome cloning
in concert for maximum representation and normalization of
the Drosophila proteome, with the concomitant drawback of
possibly identifying non-biologically-relevant interactions
between proteins not simultaneously present in vivo. Primers
were designed to the 5' and 3' ends of 14,202 open reading
frames predicted by release 1 or 2 of the genome sequence (4,
5). The PCR template was a pool of cDNA libraries from
embryonic, larval, pupal, and adult stages. PCR product was
obtained from 12,278 reactions. These products were cloned
into both DNA-binding domain (bait) and DNA-activation
domain (prey) two-hybrid vectors (see supplementary
methods). Clones whose inserts matched the predicted size,
whose 5  and 3  ends matched the predicted sequence, and
which did not self-activate the reporter system as baits were
used further: 11,282 total (9647 both bait and prey; 976 bait
only; 659 prey only).

Construction of a draft map. Two strategies were
performed for two-hybrid screening. First, individual bait
fusions were screened against two cDNA libraries (cDNA
screen). Second, individual bait fusions were screened against
a pool of the 10,306 preys (collection screen). Screening was
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performed by the mating method (3) (see supplementary
methods).

Following screening, prey sequences were obtained from
63,093 diploid clones. Sequences were matched to predicted
transcripts and coding domain sequences from Berkeley
Drosophila Genome Project Genome Annotation Release 3.1
(see supplementary methods for details). Over 90  of the
prey sequences matched at least one transcript or coding
sequence. We constructed a locus-based map, rather than a
transcript-based map because many sequences could not be
unambiguously assigned to splice variants (e.g. if an
interaction occurred through a domain shared by two or more
variants). Prey sequences were mapped successfully for
53,834 diploids, corresponding to unique interactions
involving 7048 of the 13,656 protein-coding gene loci. An
additional 34 interactions were identified between protein-
coding genes and predicted non-protein-coding genes, 33
with RNA genes and 1 with a transposable element. The
entire set of 20,439 interactions is available (Supplementary
table S7).

Automated confidence scoring of two-hybrid
interactions. An important aspect of genome-scale data is the
assignment of confidence metrics to data points. To provide a
uniform basis for assessing the confidence of two-hybrid or
other interaction data types, we developed a systematic
statistical approach. Statistical model building incorporated
experimental data, which had been stored from screening, and
topological criteria, including measures of local clustering (6–
8).

Two training sets were generated for modeling, one by
manual annotation and a second by an automated method.
Self-interactions were excluded from both. The manual
training set was generated as following. An expert biologist
reviewed the list of interactions on the basis of the names of
the proteins in each interaction pair. High confidence
interactions were those published previously and generally
accepted to be correct, or those involving two proteins of the
same complex. Low confidence interactions were those
highly unlikely to occur in vivo, such as an apparent
interaction between a nuclear and an extracellular protein.
High and low confidence assignments were made purely on
the basis of the identities of the proteins in each pair, such
that statistics from screening could be used to predict
interaction confidence.

The automated training set containing both positive and
negative examples was generated by comparing the
Drosophila interactions with physical interactions identified
in yeast through a systematic immunoprecipitation-mass-
spectroscopy-based approach (9, 10). Positive examples were
interacting proteins whose yeast orthologs had reported
interactions (Supplementary table S3, S4). Negative examples
were Drosophila interactions whose yeast orthologs were a

distance of 3 or more protein-protein interaction links apart,
because pairs of yeast proteins selected at random have a
mean distance of 2.8 links. The final positive training set
contained 129 examples (70 manual, 65 automated, 6
common to both), and the final negative training set contained
196 examples (88 manual, 112 automated, 4 common to
both).

A generalized linear model was fit to the training set using
a stepwise procedure to eliminate statistically redundant or
non-informative variables. Significant predictors included the
number of times each interaction was observed in either the
bait/prey or prey/bait orientation, the number of interaction
partners of each protein, the local clustering of the network,
and the gene region (5  UTR / CDS / 3  UTR). While
apparent reading frame of the prey relative to the activation
domain was a significant predictor on its own, other
predictors mask its contribution; retaining reading frame does
not improve the final model. The dividing surface between
high-confidence and low-confidence was designed to be 0.5
(Fig 2A,B). The fully cross-validated false-positive and false-
negative rates for the training set were 16  and 21  (see
supplemental methods).

To validate the biological relevance of the statistical
model, we examined GO annotations for pairs of interacting
proteins binned according to confidence scores (Fig. 2C). The
confidence score for an interaction correlates strongly with
the depth in the hierarchy that two proteins share an
annotation. The correlation increases steeply for confidence
scores of 0.5 and higher, supporting the choice of 0.5 as the
threshold for high-confidence interactions.

A refined high-confidence map. Applying the statistical
model to the entire data set, we obtained a high confidence
map of 4780 unique interactions involving 4679 proteins
(Fig. 1). The dominant effect of the confidence scores is to
remove highly connected proteins whose interactions may be
non-specific (Fig. 2A,B): while only 23  of the interactions
are retained in the high confidence network, 66  of the
proteins are retained. Based on the classification accuracy for
the training set, we infer that filtering has effected a 3.4-fold
enrichment in the fraction of biologically-relevant
interactions in the high-confidence subset, with 40% of the
retained interactions likely to be biologically relevant (see
supplemental methods). The resulting network consisted of a
giant connected cluster (3039 proteins, 3659 interactions) and
565 smaller clusters (2.8 proteins, 2.0 interactions per cluster
on average).

The distribution of interactions per protein decays faster
than the power law predicted by a “rich-get-richer” model of
scale-free networks (the probability that a recently evolved
protein establishes a connection to a second protein is
proportional to the number of existing interaction partners of
the second protein) (Figure 2D). This rapid decay suggests
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that highly connected proteins may be suppressed in
biological networks, and supports a previous observation that
connections between highly-connected proteins are also
suppressed (11).

Enriched and depleted protein and interaction classes.
Proteins were classified according to a reduced set of GO
categories (Supplementary table S1) and Pfam domains
(release. 8.0). We first identified protein classes significantly
enriched or depleted in the high-confidence network
(Supplementary table S5). Enriched classes relate primarily to
DNA metabolism, transcription, and translation. Depleted
classes are primarily plasma membrane proteins, including
receptors, ion channels, and peptidases. Enrichment and
depletion of specific classes may be due to technical biases of
the two-hybrid assay.

We then classified each interaction according to its
corresponding pair of protein classes to identify class-pairs
that are enriched in the network. Rather than using a
contingency table (12), we used a randomization method to
calculate statistical significance (see supplementary methods).
Enriched class-pairs involving structural domains (Pfam
annotations) may represent binding modules and could
provide the biological rules for building multi-protein
complexes. We identified 67 pairs of Pfam domains enriched
with a p-value of 0.05 or better after correcting for multiple
testing (Supplementary table S6). These include known
domain-pairs (F-box/Skp1, p-value  9 10 20; LIM/LIM-
binding, p-value  5 10 8; actin/cofilin, p-value  2 10 7) as
well as domain-pairs involving domains of unknown function
(DUF227/DUF227, p-value  9 10 5; cullin/DUF298, p-
value  0.0003). An additional 88 domain-pairs are
significant at p  0.05 before correcting for multiple testing
and may represent additional biologically relevant binding
patterns.

Properties of the high-confidence protein interaction
network. Protein networks are of great interest as examples
of small world networks (13–15). Small world networks
exhibit short-range order (two proteins interacting with a third
protein have an enhanced probability of interacting with each
other) but long-range disorder (two proteins selected at
random are likely to be connected by a small number of links,
as in a random network).

Small-world properties arise in part from the existence of
hub proteins, those having many interaction partners. Hubs
are characteristic of scale-free networks, and the
Drosophila network resembles a scale-free network in that the
distribution of interactions per protein decays slowly, close to
a power law (Fig. 2D). To determine the signature of
biological organization in small-world properties beyond
what would be expected of scale-free networks in general, we
calculated properties for both the actual Drosophila network
and an ensemble of randomly rewired networks with the same

distribution of interactions per protein as the original
network. We considered only the giant connected component
to avoid ill-defined mathematical quantities.

The distribution of the shortest path between pairs of
proteins is peaked at 9-10 protein-protein links (Fig. 3A). A
logistic-growth mathematical model for the probability that
the shortest path between two distinct proteins has  links is
N 1 1

K ;N,J , where
K ;N,J N 1 N 1 J  is the number of proteins
within  links of a central protein and the symbol  indicates
differentiation with respect to ,

K d;N,J N N 1 lnJ J 1 N 1 J
2

.

While this model fits the ensemble of random networks, the
fit to the actual network is less adequate.

Small-world properties of biological networks may reflect
biological organization, and hierarchical organization has
been used to describe the properties of metabolic networks
(6). We tested the ability of a simple, two-level hierarchical
model to describe the properties of the Drosphila protein
interaction network. The lower level of organization in this
model represents protein complexes, and the high level
represents interconnections of these complexes. In this case,
the probability Pr( ) that the shortest path has  links is

Pr N1N2 1 1
K ;N2,J2 K ;N1,N2J1

dxK x;N1,N 2J1 K x;N 2,J20

where N1 is the number of cluster, N2 the number of proteins
per cluster, and J1 J2 is the number of neighbors per protein,
with J2 within the same cluster and J1 in other clusters.The 2-
level model provides an improved fit to the distance
distribution for the observed network, although the
improvement is not significant at p  0.05 ( 2 decreases by
2.118 with 2 and 19 df, p-value  0.16; see supplementary
methods for fitting parameters).

Within multi-protein complexes, enhanced connectivity
should yield loops of interacting proteins, which in the
network form triangles, squares, pentagons, etc. An excess of
loops, a signature of clustering, is observed in the Drosophila
network (Fig. 3B).

Quantifying the enhancement of loops provides another
route to extracting parameters for a hierarchical model of
network organization. For the 2-level model in which proteins
are organized into N1 complexes with N2 proteins per
complex, with J1 between-complex links and J2 within-
complex links per protein, the number of loops is

(  loops of perimeter L)
J1 J2

L 2L N1 J2
L 2L exp L2 /2N2

Loops are enhanced until the perimeter of the loop is on
the order of the square root of the number of proteins in a
typical complex. For the actual network, the 2-level model
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provides a significantly better fit than the 1-level model (p
4.5 10 5); for the random network, the fits are
indistinguishable (p  0.996).

The 2-level models based on the distribution of shortest
paths and the distribution of closed loops give differing
estimates of the number of within-complex neighbors per
protein (0.8 vs. 2.2), between-complex neighbors per protein
(0.1 vs. 0.8), and the number of proteins in each complex (7
vs. 40). This difference arises in part because we employed a
continuous model for the shortest path distribution and a
discrete model for the loop distribution. The difference may
also arise because the shortest path distribution depends on
long-range connectivity in the network, the closed loops
distribution depends on short-range connectivity, and
properties of finite, small-world networks, such as the
effective dimensionality, are known to depend on the distance
scale measured. Thus, while the evidence for hierarchical
organization in the network is highly significant, it may be
premature to establish a direct, quantitative connection
between parameters of the mathematical model and the
composition of real protein complexes.

In summary, the statistical analysis shows that the
Drosophila network is a small-world network that displays
two levels of organization: local connectivity potentially
representing interactions occurring within multi-protein
complexes and more global connectivity potentially
representing higher order communication between
complexes.

Global views of the protein interaction map. Two global
views of protein interaction network are illustrated: a protein
class/human-disease-protein view (Fig. 4A) and a subcellular
localization view (Fig. 4B). In both panels, interaction lines
are color coded according to predicted confidence score.

Figure 4A is particularly relevant to understanding human
disease and potential treatment. In Fig. 4A Protein discs are
color-coded according to broad classes of molecular functions
as taken from the Gene Ontology annotations (see legend;
(16)). Many of these classes are suitable targets for the
development of small molecule drugs. Drosophila proteins
with sequence similarity to human disease proteins are
denoted by a star outline (according to the Homophila
database; (17)). The linkage of proteins altered in human
disease to enzyme classes, some of which are druggable,
provides insight into the potential development of
therapeutics for human diseases such as cancer, heart disease,
or diabetes. As shown in Fig. 4A, The homophila gene BCL6
(CG1832), a transcription factor involved in the pathogenesis
of human B-cell non-Hodgkin lymphoma [(17a)] is
connected to calcium-dependent phosphatases CanA1 and
Pp2B-14D. CG1832 is connected via the calcium binding
protein Eip63F-1. Perhaps BCL6 is regulated in a manner
akin to the regulation of NFAT which is dephosphorylated

thereby inducing its nuclear translocation [(17b)]. The results
shown here raise the speculation that therapeutic intervention
of calcineurin phosphatases therefore may be an attractive
strategy to treat lymphomas and other cancer types. Given the
proven utility of Drosophila as a model system, many of the
linkages uncovered in this view should be examined for their
conservation in human cells.

Figure 4B, a global analysis of protein interaction
topology, shows proteins whose sub-cellular localizations are
annotated in the Gene Ontology database along with their
neighboring proteins. Overall the proteins were laid out
according to three broad classes of subcellular localization:
nucleus, cytoplasm, and plasma membrane/extracellular
space.

Analysis of this subcellular localization view allows the
prediction of the subcellular localization, and potential
function, of proteins which have not been studied or
annotated previously. In Fig. 4B, a local protein interaction
network is enlarged which includes, several proteins
annotated as nuclear (Srp54, su(w[a]), CG5343, CG11266,
CG10689). Highly connected to these are several additional
proteins whose localizations are not annotated (CG6843,
CG31211, CG14104, CG10324, CG14490, CG14323).
Analysis of their sequences using PSORT I & II
(http:www.psort.org) indicated that four of the six proteins
have >90% probability of being nuclear (CG6843, CG31211,
CG14104, CG10324). CG14490 and CG14323 are not
necessarily predicted to reside in the nucleus (30% and 10%
predicted probabilities). However, they may represent nuclear
proteins, which lack detectable signatures of nuclear
localization or proteins that shuttle between compartments.

The analysis underlying the figure allows one to query the
relative frequencies with which proteins interact with partners
from the same or different compartments. The biological
expectation is that interactions would be most frequent
between proteins within the same compartment with
interactions between compartments, which represent inter-
compartment communication or protein shuttling, being more
rare. As summarized in supplemental table S6 we observe
strong enrichment of nuclear-nuclear, cytoplasm-cytoplasm,
cytoskeleton-cytoskeleton, and endoplasmic reticulum-
endoplasmic reticulum interactions. Inter-compartment
interactions (e.g. nucleus-plasma membrane, extracellular-
nucleus) tend to be depleted from the data set, consistent with
the view that inter-compartment communication is a
relatively rare regulatory event. While this global analysis
meets with the expectation that interactions within a
compartment would be observed more frequently than those
between compartments, it is gratifying that this is seen
quantitatively in the two-hybrid network generated by high
throughput means. The two-hybrid network maintains a
signature of cellular topology.
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Local pathway views. The refined interaction map
provides an opportunity to magnify and examine local
interaction networks. Here we present five pathways in detail.

Transcription: Two transcription regulatory circuits
involving the well-characterized co-repressors CtBP (c-
Terminal Binding Protein) and Gro (groucho) are depicted in
Figure 5A. The binding partners of the two co-repressors are
largely non-overlapping which concurs with existing
evidence that CtBP and Gro repressors independently mediate
short and long-range transcriptional repression (18). CtBP
interacts with a range of transcription factors including
homeodomain, nuclear hormone receptor, and C2-H2 Zn-
finger proteins, along with the NC2 alpha subunit of the basal
transcriptional machinery. Each CtBP interactor has an
identifiable variant of the known CtBP interaction motif. Gro
interacts with a large group of homeodomain and helix loop
helix domain proteins. Gro interactors are known to interact
through C-terminal WRPW motifs or the engrailed homology
1 (eh1) domains (19, 20). Each HLH protein shown
interacting with Gro (Her, dpn, E(spl), HLHm3, HLHm5,
HLHmdelta) possesses a C-terminal WRPW motif. Among
the homeodomain interactors, three contain a recognizable
eh1 domain (Invected, Unc-4 and Ladybird late [Lbl]). The
previously unrecognized Lbl eh1-domain interacting with Gro
may provide the basis for the Lbl-mediated repression of
target genes, such as even-skipped in the embryonic
mesoderm (21).

Splicing: Figure 5B shows an extensive network of
proteins involved in RNA metabolism. The network captures
the regulation of sex determination from X:A ratio to the
machinery responsible for the splicing of doublesex and
fruitless mRNAs (22, 23). Existing evidence indicates that
both Tra-2 and Rbp1 are substrates of Doa kinase (24). Our
pathway recapitulates known interactions and indicates a
pivotal role of Rbp-1 connecting splicing machinery to the
upstream components of the sex determination pathway (25–
27). Three novel proteins (CG14323, CG6843, CG31211) are
linked to splicing components through an extensive set of
interactions. While these proteins have no recognizable RNA
binding motif, the degree of high confidence connectivity
with other splicing components suggests that they are
complex members. The network also reveals the close
association of G-patch domain proteins with splicing factors
and RNA-binding proteins. The G-patch domain is a
conserved motif found in a variety of eukaryotic RNA
processing proteins (28, 29).

Signal transduction: Signal transduction from the
membrane to downstream cytoplasmic processes is illustrated
in Fig. 5C. The network consists of kinases, adaptor proteins
and downstream effectors. Two src isoforms are observed to
bind adaptor proteins, drk, Socs36E and CG2079, that dock to
phosphotyrosine via SH2/PTB domains and recruit other

proteins via their SH3 domains. Within the Sevenless tyrosine
kinase pathway, Drk is known to recruit dos. (30, 31), while
here drk potentially recruits CG13358 and Nek2 a
serine/threonine kinase. A novel adaptor protein CG2079,
possessing PTB and PH domains similar to those of the IRS
(insulin receptor substrate protein) and DOK (downstream of
kinases) family of adaptor proteins, interacts with two Src
kinases Src64B and Src42A raising the possibility that
CG2079 may link Insulin signaling to Src tyrosine kinases.
Two recently identified mammalian proteins IRS5/DOK4 and
IRS6/DOK5 bind Src kinases upon phosphorylation by
insulin receptor (32). Two novel proteins that interact with
the bifunctional adaptor proteins in the pathway are CG15022
and CG13358. Inspection of their sequences indicated that
they both have poly-proline SH3-binding domains. Further
down in the signal transduction pathway, we see recruitment
of machinery controlling actin organization and vesicular
trafficking.

Calcium regulation: Calcium regulates diverse signaling
pathways by binding calmodulin and other calcium-binding
proteins. Calmodulin and related proteins in turn transduce
signal via effector proteins such as kinases and phosphatases.
Figure 5D illustrates a network of calmodulins (Cam and
And), novel calmodulin-like proteins (CG11165, CG31958,
CG11638), calcium-binding proteins, and the calcineurin
family of calmodulin-dependent ser/thr phosphatases. Two
cell surface ion-channels inx2 and KCNQ interact with
calmodulin proteins. Although regulation of inx2 and KCNQ
by calcium has not been reported in Drosophila, their
mammalian counterparts (connexin and KCNQ) are regulated
by calcium (33–35). A potentially significant link between
the tyrosine transporter hoe1 and two calcineurin
phosphatases is shown. Mutation in human homolog of hoe1
causes ocular albinism.

Cell cycle regulation: Fig 5E shows the network
surrounding the Skp protein complex (SCF complex) that
targets proteins to ubiquitin-mediated proteasomal
degradation (36). Target proteins are recruited to the Skp
complex by F-box proteins (37–39). Among the Skp proteins,
only SkpA is reported in the literature to bind F-box proteins
(40). Two F-box proteins Morgue and Slmb interact with
SkpA in the pathway. Morgue associates with SkpA to
mediate the ubiquitination of DIAP1 and target its
degradation (41). Other significant target proteins in the
pathway include Rca1, CG9790 (CDK regulator) and skl
(sickle). Rca1 is known to regulate the level of cyclin-A
during the cell cycle (42) and is reported to be an inhibitor of
the anaphase-promoting complex (APC) (43). CG9790 gene
is homologous to the CDK regulatory protein, Cks. Human
Cks-1 is an accessory protein of the SCF complex required
for ubiquitin ligation of the CDK inhibitor p27 (44, 45). The
Sickle (skl) protein is a recently described novel DIAP-
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binding protein that induces apoptosis (46, 47). The presence
of skl in the Skp complex suggests that, like Morgue, it may
target DIAP1 to degradation by the SCF complex. As shown
in Fig. 5D, skl protein also interacts with several calmodulin-
binding proteins (Fig. 5C). It is tempting to speculate that skl
may regulate the half-life of these proteins as well. This
network suggests that target proteins may also be recruited to
the Skp complex via Skp-dimerization domain containing
proteins and RNI domain proteins. Of the five RNI domain
proteins in the network, the function of ppa in targeting the
transcription factor paired to degradation has been reported
(48). It is suggested that RNI domain proteins may function
as accessory proteins of the SCF complex.

Diverse pathway examples: In Fig 5F we present a collage
of 10 diverse networks from the dataset. Three of these
pathways are described here with the others described in
supplementary materials.

Innate immunity: The Imd pathway is a well-characterized
Drosophila-signaling complex involved in innate immune
response against gram-negative bacteria (49). The Imd-BG4-
Dredd protein complex activates the transcription factor
Relish by proteolytic cleavage. Their human orthologs RIP-
FADD-Caspase-8, bind each other in the same order,
suggesting that the organization of the two signaling complex
is evolutionarily conserved. These components are connected
intimately to the protein ubiquitination machinery via ari-2
and the E2 class of ubiquitin ligases (Ubc84D and UbcD10).
A recent study has reported that ubiquitin pathway represses
IMD signaling (50) by targeting the transcription factor
Relish. Our findings suggest that the ubiquitin machinery
may target the upstream components of the signaling complex
as well.

EGF receptor localization: The Egf-veli-skf complex is
similar to the well-characterized C. elegans protein complex
of LET-23- LIN-2-LIN-7 involved in the polarized
localization of the LET-23 receptor (EGF receptor) during
vulval development (51). The veli protein is a PDZ domain
protein (similar to Lin-7) that brings together the receptor and
the skf protein. The latter is a guanylate kinase containing
PDZ and SH3 domains (similar to Lin-2). Veli protein has
been suggested to function in Drosophila nervous system.
However, our pathway suggests the existence of a conserved
protein complex that functions in EGF receptor localization.

Photoreceptor differentiation: The protein complex
associated with Sina functions in Drosophila photoreceptor
differentiation by down regulating the transcription repressor
ttk (tramtrack) in a subset of photoreceptor cells in response
to RAS signaling (52, 53). Our pathway shows that the
adaptor protein phyl (phyllopod) brings together Sina (E3
ligase) and ttk, resulting in the ubiquitination and degradation
of the repressor protein. A recent biochemical analysis has
identified two separate domains in phyl that bind Sina and ttk

(54). A novel interactor in our pathway is rin (rasputin), a
RasGAP protein that functions in eye development as a
regulator of RAS signaling (55). In addition our pathway
suggests a novel function of a yet uncharacterized Drosophila
protein CG13030. The protein shares 45  amino acid
identity to Sina, with a ring finger domain that is similar in
organization to the Sina ring finger domain (C3HC4 type).
Significantly, both the proteins share the same binding
partners. Taking together, the results of pathway analysis and
the domain organization of both proteins suggest that
CG13030 may overlap in function with Sina protein as a
novel regulator of photoreceptor differentiation.

The genome scale network introduced here of course
contains numerous additional local networks that should
prove valuable to the community at large. Our intent is for
this map to serve as a public resource for interested scientists.
We have deposited these interactions with FlyBase, BIND,
and DIP (56).
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Fig. 1. Flow diagram illustrating the process utilized to
generate the genome-scale protein interaction map (See text
for details).

Fig. 2. Confidence scores for protein-protein interactions (A)
Drosophila protein-protein interactions have been binned
according to confidence score for the entire set of 20,405
interactions (black), the 129 positive training set examples
(green), and the 196 negative training set examples (red). (B)
The 7048 proteins identified as participating in protein-
protein interactions have been binned according to the
minimum, average, and maximum confidence score of their
interactions. Proteins with high-confidence interactions total
4679 (66  of the proteins in the network, and 34% of the
protein-coding genes in the Drosophila genome). (C) The
correlation between GO annotations for interacting protein
pairs decays sharply as confidence falls from 1 to 0.5, then
exhibits a weaker decay. Correlations were obtained by first
calculating the deepest level in the GO hierarchy at which a
pair of interacting proteins shared an annotated (interactions
involving unannotated proteins were discarded). The average
depth was calculated for interactions binned according to
confidence score, with bin centers at 0.05, 0.1, ..., 0.95.
Finally, the correlation for the bin centered at x was defined
as [Depth(x) Depth(0)] / [Depth(0.95) Depth(0)]. This
procedure effectively controls for the depth of each hierarchy,
and for the probability that a pair of random proteins shares
an annotation (D) The number of interactions per protein is
shown for all interactions (black circles) and for the high-
confidence interactions (green circles). Linear behavior in this
log-log plot would indicate a power-law distribution.
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Although regions of each distribution appear linear, neither
distribution may be adequately fit by a single power-law.
Both may be fit, however, by a combination of power-law
and exponential decay, Prob(n) n exp n, indicated by the
dashed lines, with r2 for the fit greater than 0.98 in either case
(all interactions:  1.20 0.08,  0.038 0.006; high-
confidence interactions:  1.26 0.25,  0.27 0.05). Note
that the power-law exponents are within 1-  for the two
interaction sets.

Fig. 3. Statistical properties of the refined Drosophila
interaction map. The high-confidence Drosophila protein-
protein interactions form a small-world network with
evidence for a hierarchy of organization. Network properties
are presented for the giant connected component, in which
3659 pairwise interactions connect 3039 proteins into a single
cluster (see text for details). (A) The probability distribution
for the shortest path between a pair of proteins the actual
network (green points) is peaked at 9 11 links, with a mean
of 9.4 links. In contrast, an ensemble of randomly rewired
networks shows a mean separation of 7.7 links between
proteins. Biological organization may be responsible for
flattening the actual network by enhancing links between
proteins that are already close. (B) Clustering, or
enhancement of connections between proteins that are already
close, is analyzed quantitatively by counting the number of
closed loops (triangles, squares, pentagons, etc) in which the
perimeter is formed by a series of proteins connected head-to-
tail, with no protein repeated. The actual network (green
points) shows an enhancement of loops with perimeter up to
10 11 relative to the random network (red points). In both
(A) and (B), the 1-level and 2-level models produce nearly
indistinguishable fits for the random networks, indicating the
absence of structured clustering.

Fig. 4. Global views of the protein interaction map. (A)
Protein family/human disease ortholog view. Proteins are
color-coded according to protein family as annotated by the
Gene Ontology hierarchy. Proteins orthologous to human
disease proteins have a jagged starry border. Interactions
were sorted according to interaction confidence score and the
top 3000 interactions are shown with their corresponding
3522 proteins. This corresponds roughly to a confidence
score of 0.62 and higher. (B) Subcellular localization view.
This view shows the fly interaction map with each protein
colored by its Gene Ontology Cellular Component
annotation. This map has been filtered by only showing
proteins with less than or equal to 20 interactions and with at
least one Gene Ontology annotation (not necessarily a cellular
component annotation). We show proteins for all interactions
with a confidence score of 0.5 or higher. This results in a map
with 2346 proteins and 2268 interactions.

Fig. 5. Local pathway views. (A) Regulation of transcription
repression by Groucho and CtBP proteins. (B) Splicing
complex associated with sex determination. (C) Signaling
complex linking Src kinases with downstream effectors via
adaptor proteins. (D) Regulation of surface transporters and
channels by Calcium signaling. (E) Drosophila Skp pathway.
(F) Examples of local pathway views identified in the
interaction network.
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CG11722

CG31523

Cap

CG15468

Nipsnap

CG14410
CG15209

CG7970

CG5155

CG15482

CG7658

CG2560

TSG101

CG32737

CG9640

CG8368

Clp

CG12227

mus209

cype

CanA1

CG15124

CG13085

Sema-5c

Ets97D

CG14315

brk

Gas8

CG15032

CG3295

CG14053

EG:BACR7A4.12

CG4582

CG5547

CG11275

CG12992

PGRP-SC1a

CG15080

Aats-val

Doa

CG8282

CG32674

CG17803

CG7382

Prp18

CG13960

CG9173

CG17003

CG14112

EG:22E5.4

odd

CG10703

Or45a

CG8481

CG9312

CG15631

CG8145

Rep1

CG4622

CG5767

CG6418

Syx16

TfIIA-S-2

pUf68

CG8235

HBS1

CG13656

CG5160

Ela

CG10475

BcDNA:LD21503

CG31090

CG31550

CG5050

CG12082

CG1017

CG1138

CG13361

CG9775CG15071

CG6506

CG10508

CG12505

CG14166

CG11776

CG7605

CG4151

CG13032

dsx

Sin

CG15481

CG7809

CG10750

CG13705

CG33017

CG18396

CG11142

Rep4

CG13362

CG9663

Rlip

CG6615

Adf1

Msp-300

zfh1

CG6688

CG15623

LvpH

sip1

CG9025

Prosalpha6T

CG13197

CG15422

gammaTub37C

elB

CG8247

CG14569

Su(var)3-7

Tsp

CG7158

Fcp3C

GstE1

DNApol-alpha73

CG5094

CG7967

CG15634

CG13883

CG8228

Ubp64E

CG8493

BEST:GH09435

CHIP

BEST:CK02137

CG40285

CG6972

abs

CG14641

CG1638

CG14556

CG5189

CG6719

hoe1

Rpb11

KCNQ

CG13871

CG6357

Rox8

CG6283

CG7023

Ufd1-like

CG6156

CG18584

CG14419

mael

CG30342

CG5026

CG17129

CG10855

CG14149

CG8292

CG10032

CG6801

CG15912

eff

CG14154

CG7009

CG10685

Ubc-E2H

CG17266

CG11250

Dmn

CG3610

Su(var)205

CG5913

CG30115

CG8784

CG10034

CG11870

CG14708

CG1249

BcDNA:LD19168

CG32354

pnt
Chi

CG30420

CG5078

CG15578

CG8268

HLH4C

UbcD4

ppa

UbcD2

Klc

CG9083

CG10225

CG7180

asf1

CSN4

CG6617

Akt1

Taf10b
BcDNA:GH02536

Cas

CG8840

CG5147

CG10635

CG2247

Eip55E

CG4643

CG12433

CG9715

BcDNA:LD29885

HLHm7

l(3)07882

TrxT

CG11228

alphaTub67C

CG9699

BcDNA:GH11415

CG12995

CanB

CG7570

CG7371

CG17826

Rca1

BEST:LD07122

CG6429

HLHmbeta

CG15663

CG5380

EG:140G11.5

Amph

Cyp6a22

CG32343

CG5447

CG31217

CG32130

CG10981

CG2256

CG32209

toc

Nmd3

CG11920

CG3075

CG4576

unc-119

CSN3

CG13843

FucTB

Nlp

Syx1A

CG4570

homer

CG8680

CG32392

CG1078

Mlc-c

dap

CG5107

CG17824

CG12857

BG:DS07295.5

cg

pelo

Fs(2)Ket

Hsc70-4

Lim3

CG12537

CG14867

cav

Pp2A-29B

CG1598

RpS3A

Ten-a

Fps85D

ap

CG12609

CG14931

BEST:GM02553

CG17018

CG17522

Lcp3

CG3213

CG13711

CG13097

CG8141

Nedd8

CG13349

CG6873

CG11989

CG5376

CG15753

CG10418

CG13031

CG13186

CG13227

Rala

CG11718

RnrS

CG14620

Fpps

Elongin-C

CG5358

CG13957

CG32352

CG7046

CG17025

CG15119

CG31036

mex1

CG18675

neur

Nle

CG32029

CG15452

Drip

CG1643

CG33193

CG9422

CG4335

CG14207

CG5053

CG9527

eIF2B-gamma

CG3891

EG:115C2.10

CG13133

CG8640

CG14151

Dip3

CG4829

CG10154

usnp

noi

CG14610

peb

chico

CG8086

CG11308

CG5780

CG2091

Su(var)3-9

ire-1

CG9121

CG17777

syt

Sox21b

CG12726

CG32140

kay

CG15764

CG6607

CG4349

CG14471

CG7878

CG11700

eg

CG4300

SamDC

CG12607

BG:DS00941.12

Tim10

CG7611

Cdlc2

Lim1

CG15782

Taf8

CG13200

And

alphaCop

CG31797

CG5468

CG13428

CG6610

CG13579

CG4673

CG17153

BcDNA:GH11023

sns

CG17531

CG14580

CG9283

bsk

Cam

CG6425

CG15234

CG10205

nmd

olf413

CG16719

skpB

CG3683

CG13822

Ccp84Ad

CG4328

CG31232

CG7056

CG5745

CG9938

CG7484

CG8979

CG3680

Ccp84Ab

Rpn12

CG33070

CG18468

CG33209

Taf10

CG11486

lola

CG32104

CG9924

DIP1

CG13857

CG3448

TBPH

DebB

EG:171E4.2

CG10947

CG32158

CG8562

CG12994

EG:22E5.12

tub

CG9757

CG12723

CG15489

Mst33A

CG6416

BG:DS04641.8

CG10396

Ady43A

CG1745

CG9871

CG17600

Hsromega

CG11695

CG9624

CG7840

CG13344

CG5639

CG15126

CG3756

CG9609

CG13047

CG15859

CG12721

Snap

CG13087

CG3560

CG6144

CG15284

CG11581

DnaJ-1

CG5708

CG15781

CG8044

CG4094

CG8541

CG5739

H2.0
emc

rl

Bj1

Or98b

CG2848

CG31961

Sep2

grp

CG14369

geminin

BG:DS07851.5

CG6182

CG31973

CG13045

Nacalpha

CG5315

CG7890

Acp29AB

CG31033

CG3492

CG2948

sage

CG17203

CG2944

CG17032

CG32677

CG14684
CG8902

CG30084

unc-13

EG:196F3.2

wupA

EG:115C2.6

Mat89Bb

CG4641

Mlp84B

Act88F

CG17019

Odc2

Dip-B

CG11253

CG3227

CG8232

CG17494

CG15636

Elongin-B

CstF-50

CG11033

CG7488

spir

CG18745

CG13277

CG13721

Dap160

Tom

CG14688

Prx2540-1

Tre

CG17440

X11L

CG14074

BEST:GH10766

CG15803

CG13504

CG12877

sc

CG18568

Rpn2

BG:DS07486.4

CG13511

CG30161

CG5454

CG5087

CG13935

Gr28b

CG17002

mbo

CG11505

BG:DS07486.5

dei

Hn

Act87E

Gnf1

CG12379

CG15707

CG11883

eRF1

FK506-bp2

CG18067

CG4164

CG11125

Oli

BcDNA:GH02439

CG2049

Tim8
CG31721

CG14544

CG31457

tup

CG8924

Vha44

CG14073

CG14119

metl

CG8738

CG10014

CG18375

CG14225

CG8253

CG18506

CG7360

CG4787

CG13972

CG9638

Mekk1

swa

Tm1

RpII18

CG12114

CG15576

CG5945

CG13740

CG2021

CG32756

nonA-l

CG14427

CG14711

CG30147

zen

CG16941

CG30493

eIF2B-epsilon

CG8907

CG10540

CG13339

CG4279

Syx4

EG:EG0003.5

CG14044

CG12567

CG32772

CG18591

Acp95EF

CG13114

CG1900

CG15533

CG32594

CG17765

CG17331

Dhod

CG1950

CG10263

BG:BACR48E02.3

noc

Mdr65

eIF-2alpha

CG31999

CG9344

inaC

snRNP69D

CG32530

CG4866

CG7381

CG15423

Socs44A

CG13541

msb1l

flw

CG13066

CG14855

TpnC47D

Dlc90F

Fmr1

Chrac-16

dik

CG8449

CG8584

Sap47

CG4213

CG9875

CG14870

CG13501

BG:BACR44L22.4

Snap24

CG32477

Ku80

nuf

CG7745

CG32779

CG8788

CG12140

Rad23

CG6333

CG3563

CG31990

CG14961

CG9596

CG14589

CG3279

CG7518

Prosbeta5

CG11301

CG10478

CG32601

ftz-f1

Cpn

skf

CG9572

CG3662

CG15249

Cp38

CG5338

ATPsyn-b

CG5494

imd

CG5104

EG:63B12.4

CG17086

ik2

CG6781

Kr-h2

CG14145

jdp

Acp26Aa

CG15735

CG40278

CG15549

CG13581

Rep

EG:BACR7A4.18

CG12229

CalpA

dup

BG:DS05639.1

bic

CG3645

Stam

CG13474

CG13321

BG:DS08249.3

Usf

CG7379

fd3F

CG10164

CG7101

CG11849

tsr

CG9727

l(3)73Ah

CG10978

CG13223

CG5994

CG9135

CG8500

CG13622

CG8116

CG7768

drongo

CG11835

vir

CG4053

CG12116

mRpS7

cpb

CG8223

NC2alpha

ERR

RhoGEF3

Cad99C

CG12984

CG4818

CG3214

CG13868

Mad

CG12784

ctp

Ssl1

CG2931
CG5903

CG32486

CG11594

CG11350

grim

CG9227

CG15889

NC2beta

Trap36

CG10527

CG6513

CG9933

CG5694

Cp18

CG13928

CG17244

CG7208

CG8993

CG13023

CG18066

CG12034

BG:BACR48E02.1

CG17601

ph-p

Pax

CG33213

CG32951

CG8783

Ubx

CG32169

E5

CG14506

pcl

Gst3-2

Hrs

CG4764

CG4270

CG8736

dia

Ogt

CG3884

drm

CG9837

CG17570

CG5359

CG1630

spag

CG3894

CG9773

CG5890

Odc1
veli

CG7671

CG32956

CG5802

CG11814

Pkc98E

Ubc84D

CG5134

CG5156

CG5555

CG13074

CG4415

CG18349

CycJ

CG17292

CG11711

CG13113

CG3876

dock

CG15610

CG17121

shot

CG6301

CG12932

CG5744

CG5220

Hsp67Bc

cact

CG12724 CG2278

gp210

CG12107

CG12477

ena

CG31792

Hsp83

CG15580

CG13043

Lcp1

D19B

msl-3

CG4788

Ptp61F

CG14204

CG11086

ari-2

CG9282

RpL19

CG9929

CG5625

CG10151

CG9796

Taf11

dl

CG4546

how

CG3999

CG4830

CG17737

Vinc

CLIP-190

p130CAS

inaD

CG13503

lace

Dll

CG10737

jp

mod(mdg4)

CG2316

CG10664

br

lmg

CG9326

Aef1

CG31040

ScpX

CG13964

BcDNA:GH02340

CG12159
CG3338

bab1

Obp58c

UbcD10

CG8417

Hnf4

WASp

CG11362

CG3428

CG5525

CG4561

eIF3-S8

CG9098

CG11249

Nca

Coprox

CG10265
Taf13

CG17181

CG15330

CG7879

ref(2)P

EG:25E8.4

CG13776

BG4

CG32297

Dredd
CG13783

CG8407

rols

CG17625

gsb-n

vnd

CG7564

CG12362

hts

ct

l(3)82Fd

CG7251

ko

CG10208

clt

CG33047

CG11008

CG3353

BcDNA:LD21794

CycT

Nrg

Rpn1

Trfp

Uro

CG13070

CG3611

CG18811

CG5070

CG12333

Cha

CG13022

Peritrophin-15b

RpS9

CG7102

CG4998

CG3367

ATPCL

Aprt

cora

CG11509

CG6905

rec

CG15515

CG3687

BcDNA:GH07688

CG8129

CG8552

DptB

Rho1

BG:DS00797.5

CG4800

Ugt86Dg

rg

CG9665

CG8701

CG8484

E(z)

CG8198

Gl

BcDNA:LD27873

BcDNA:GH05582

CG17530

CG12377

CG15093

mRpL50

CG17985

CG13535

CG16734

CG15546

PGRP-LC

capt

CG5111

CG17108

CG40280

CG7375

Tfb2

CG8934

Obp56d

al

CG6017

CG17085

CG4537

CG4334

ESTS:39C10S

CG1427

meso18E

CG14568

ATPsyn-d

CG3808

CG13567

CG9650

CG10777

gammaTub23C

BEST:GH09393

CG18777

CG4835

CG12106

CG8778

CG7417

CG6762

CG10514

CG8366

Or74a

SelR

CG12656

cenG1A

CG7787

CG18666

CG8780

CG4509

CG32000

EG:BACN32G11.3

Pros26

CG13779

CG8093

fu2

CG17294

CG7236

CG18143CG8414

BcDNA:LD32788

CG7338

CG4804

CG7646

CG30492

CG9809

CG5382

CG11120

Crc

CG10252

CG1231

CG15544

Dref

cpo

CG3760

CG11727

CG9675

alpha-Est9

c(3)G

Tk

CG6767

CG14000

MAGE

snf

CycE

CG5484

CG13886

CG6523

lama

CG14864

Pp1-13C

CG17419

CG11591

HGTX

CG9235

CG15208

CG6755

CG7461

CG7168

CG3941

CG3499

CG11985

Pros45

Zw

CG31188

TfIIB

CG1690

RpL18A

CG2469

pav

CG31176

Trap220

CG31547

PGRP-LB

CG31738

CG13454

Idh

CG15772

Ance-3

CG6685

RpP1

CG3980

CG9342

prod

CG17041

CG7262

GstD6

L

ea

CG2158

mav

CG11769

su(f)

pie

CG31729

Cyp307a1

CG31361

CG8335

CG9288

CG9992

CG18343

CG6111

CG17227

CG14965

CG10494

CG16984

pug

CG5798

CG11438

CG15374

CG14584

CG7910

CG11887

CG8388

CG18186

VhaM9.7-1

CG15435

smo

gish

CG6509

Lectin-galC1

CG4563

CG13588

CG14359

CG31657

CG4461

CG33138

CG12560

CG12901

CG9463

CG31052

CG4225

CG6393

CycD

CG6933

CG7987

myotubularin

CG33091

betaggt-II

CG30019

y

CG3911

Cp16

CG6912

scra

CG32823

CG31688

CG6337

CG5984

CG31618

CG2209

Acp70A

CG30118

fax

CG15651

cnn

CG7742

ERp60

CG6904

frc

CG14043

CG17344

Cdk7

CG7949

CG14750

CG14806

CG14545

CG32783

CG11055

EG:171D11.1

CG7903

osk

blow

CG5735

CG10346

CG10465

CG6329

SP555

CG3382

CG13877

rad50

CG12000

CG3355

BEST:LD13441

mRpL11

CG17658

CG14820

RpL12

CG5001

CG15531

mRpL22-24

BcDNA:GH03163

PyK

CG1275

Prat2

Tim17a2

CG8036

CG31909

CG1461

kat80

Vha26

CG14829

CG5789

CG8188

put

CG5762

CG9313

Cyp4p2

CG11652

CG14671

CG33096

CG10889

CG7156

CG8841

regucalcin

CG6441

CG14210

l(2)06225

CG1120

Bap60

TfIIFalpha

CG5734

CG6488

CG7994

CG9853

CG8027

CG6764

CG17723

CG5288

CG15185

CG3501

CG7546

CG6187

CG32744

dynactin-subunit-p25

CG12432

jbug

Sin3A

CG10887

dpn

Sox14

CG11790

mbc

nesprin

CG9465

CG3815

CG5375

CG15459

CG9330

CG9926

CG12262

CG10306

CG1124

CG18646

CG4955

CG14514

Rpn9

CG14480

CG1841

CG15654

CG7335

CG9547

CG17540

CG14120

CSN5

glec

Eig71Ee

CG14102

spn-B

CG15116

CG14989

CG7675

CG15029

CG13636

CG7211

CG14830

can

CG7048

heph

Mst35Ba

CG10470

CG33005

Ahcy89E

DNaseII

CG13659

CG31760

Las

CG14899

lwr

CG7942

BcDNA:GH24095

CG15916

CG32485

CG9170

cad

CG9490

CG33203

CG13913

GABA-B-R2

CG6662

CG30437

rpr

CG13144

GATAe

CG5062

14-3-3epsilon

CG6745

CG10651

hth

SsRbeta

CG11148

CG6576

CG4332

l(2)35Bd

Tfb1

CG6195

CG14193

Cyp6a13

CG4575

CG9626

p115

CG3605

CG5630

CG4785

CG7940

CG9302

CG4612

CG32133

CG17637

Uba1

CG13117

CG4802

CG9192

CG14991

BG:DS01759.2

CG10927

CG9506

drk

CG7725

maf-S

BcDNA:SD06613

CG5973

CG10882

CG10943

CG7229

CG12936

AP-2

CG11305

CG1218

CG15456

RpIII128

CG14542

BcDNA:GH03377

CG17498

CG31191

pip

Aldh-III

CG1213

CG3557

CG13950

CG5846

RpL40

JhI-1

RfC3

CG8025

CG10799

CG12030

CG13155

Idgf2

CG7738

CG33167

CG31102

CG11456

CG4022

CG10632

cl

CG13332

ewg

CG10340

CG14297

gammaSnap

CG3160

Gapdh2

CG32572

CG18178

CG7724

Spn6

RhoGAP88C

Spn1

CG11407

CG6907

Ahcy13

CG7638

z

Trxr-2

CG12375

FucTD

ed

CG14231

CG5844
CG11984

CG10924

CG5642

CG32680

CG12393

CG15863

CG7366

CG13862

CG3376

Ice

RpP0

CG6769

CG2258

CG13510

CG15198

CG5096

blot

Gdi

SH3PX1

CG5038

EG:BACR25B3.4

CG18806

por

robl62A

CG4069

ran-like

alien

CG10301

CG3259

Sry-alpha

Phm

CG6744

RpS14a

CG10534

Ark

l(2)05714

CG12703

CG1874

CG14652

CG11796

Trap80

nod

Obp49a

smt3

CG6950

CG9252

CG32791

Ercc1

CG10198

CG11893

CG18341

Tob

CG6394

sm

CG3842

CG4484

Med6

CG5919

smid

CG15717

CG10662

CG10155

CG17912

Pk61C

CG13966

CG8454

CG14536

Cks

CG11132

CG9603

CG10909

CG40105

e(r)

CG32317

CG3493

Rab2

CG9961

CG9295

CG10238

AnnIX

CG9027

rasp

Rpb10

da

Zpr1

CG12427

CG7239

CG7025

CG10153

Ndae1

CG1845

Tsf1

CG3916

CG14310

CG14985

CG15425

CG17734

CG10335

CG9522

CG31358

EG:BACH7M4.4
CG5280

l(2)02045

CG30393

CG5027

CG8515

CG10042

sfl

AP-1gamma

CG3332

Prosalpha7

Src42A

CG1041

CG4610

CG4661

CG17134

CG18528

ade2

Alp23B

CG31342

hig

BG:DS04095.2

CG3303
CREG

CG8851

CG7313

CG3248

CG14354

CG1814

CG40145

CG7433

CG11968

CG14712

CG32687

CG6119

CG18301

CG6525

fidipidine

CG9207

CG15150

RhoBTB

CG9975

Fmo-2

CG5346

CG11738

dod

CG7182

CG2225

CG33130

CG6090

l(2)04154

CG11269

CG5608
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