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Abstract

An analysis of an integrated network of over 150,000 functional and physical interactions in
yeast suggests that the network can be hierarchically decomposed into themes and thematic
maps. This decomposition can be used to explore the organizational principles of integrated

biological networks within cells.

Reconstructing the structures of the regulatory and signaling
networks operating within and between cells is a key com-
ponent of the ‘systems biology’ approach to understanding
biological processes [1]. The multitude of high-throughput
datasets now available for an increasing number of model
organisms has enabled the development of systematic
approaches for this reconstruction task for specific types of
networks. A number of approaches have been developed for
identifying co-regulated gene modules from gene expression
and protein-DNA binding data [2]. Similarly, protein-protein
interaction data have been used to reconstruct signaling net-
works and protein complexes [3]. These reconstructions form
a blueprint of the networks operating within the cell and
can be used as a starting point for further studies on
network function.

One of the key uses of network reconstructions is decipher-
ing the general organizational principles of biological net-
works; these principles that are commonly studied include
topological and functional modularity [4,5], network
redundancy and robustness [6,7], and pathway cross-talk
[8,9]. For certain types of network, including those involved

in metabolism or well-characterized signaling pathways, such
organizational principles can be discovered through a set of
well-established computational methods in an unbiased
fashion [5,10]. There is, however, a need to develop
approaches for discovering fundamental organizational
principles of integrated networks that combine, for
example, signaling and transcriptional pathways.

High-throughput data about a wvariety of interactions
between genes (and gene products) can be used both to
reconstruct networks and to elucidate the organizational
principles of these networks. Information about features
such as protein-protein [11] and protein-DNA [12] interac-
tions can be directly interpreted as physical associations
between macromolecules. In principle, such physical inter-
action data types can be used directly to reconstruct signal-
ing and regulatory networks, but the noisiness of
high-throughput datasets makes the reconstruction task
challenging. Other types of interaction information, such as
the list of genetic interactions obtained from synthetic
lethality screens [13] - showing that combination of muta-
tions in two genes causes lethality while either mutation
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alone does not - do not necessarily indicate direct physical
interactions between the gene products. Links between two
genes can also be derived from computational analysis of
datasets that include information about both genes - for
example, on the basis of high gene expression or sequence
similarity. These types of links are also likely to be indirect
in that, in many cases, a direct physical interaction does not
underlie each functional link [14].

The study by Zhang et al. [15] in Journal of Biology presents a
novel approach for integrating multiple types of biological
interactions so as to reconstruct simultaneously the modular
structures of cellular networks and to identify their organiza-
tional principles. The authors use five different yeast datasets
at the same time in order to allow integrated analysis of mul-
tiple data types and to study the interplay of different biolog-
ical network types. The interaction data types include both
direct physical interactions - protein complexes and protein-
DNA interactions - and indirect functional interactions -
genetic interactions and interactions based on gene-expres-
sion correlation and sequence homology. The overall
approach used in this work (see Figure 1) first decomposes
the combined interaction network into significantly enriched
multi-color ‘network motifs’, in which each color corre-
sponds to one type of interaction data, and then assembles
these motifs into ‘network themes’ consisting of overlapping
motifs. The network themes are further assembled into ‘the-
matic maps’ that represent a bird's-eye view of functional
relationships between different subsystems of the overall
biochemical network.

The network decomposition approach used by Zhang et al.
[15] to untangle the complex network of 154,759 functional
or physical links between a total of 5,831 yeast genes is based
on the concept of network motifs. This concept, first intro-
duced in the context of transcriptional regulatory networks
[16,17], refers to small subnetworks that occur in the overall
network more commonly than is expected by chance. Zhang
et al. [15] extend the concept of a network motif to networks
with multiple types of interaction by considering structurally
similar motifs with different color interactions. The authors
identify enriched three-gene motifs out of the total set of 50
possible three-gene patterns with different types of interac-
tion connecting the genes. Because of the large number of
potential multi-color four-gene motifs, a similar search was
performed for only a small subset of these.

Although network motifs can be considered to be the build-
ing blocks of a graphical representation of biological net-
works, they may not necessarily correspond to functional
building blocks of the actual networks inside a cell. This
observation, originally made in the context of regulatory
networks [18], led Zhang et al. [15] to introduce a new
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concept, the network theme, to describe a collection of
overlapping motifs of the same type. For example, multiple
motifs containing a transcription factor that regulates two
physically interacting proteins can be combined into a
single theme corresponding to a protein complex whose
component proteins are controlled by the same transcrip-
tion factor (Figure 1lab). The same motif-aggregation
process can be applied to other types of multi-color motifs
to identify a range of different types of theme. Many of the
resulting themes correspond directly to modules that can be
identified on the basis of physical interaction data alone,
such as co-regulated gene groups or protein complexes. The
inclusion of functional interaction data, however, allows
the identification of network themes that bridge multiple
types of physical or functional interaction.

The most interesting themes identified by Zhang and
coworkers [15] are ones involving genetic interactions.
These include the “alternative subunits’ theme, in which two
genes are connected to each other by synthetic lethal inter-
actions and to other members of the complex by protein-
protein interactions. The second genetic-interaction-based
theme consists of two protein complexes internally con-
nected by protein-protein interactions that are bridged by a
large number of genetic interactions (Figure 1d,e). This
theme indicates a structure in which either of the complexes
is needed to perform an essential function, but the com-
plexes can compensate for one another. Because the same
complex can compensate for the function of more than one
other complex, all the ‘compensatory complex’ themes can
be further assembled into a thematic map (Figure 1f). In
this map, nodes correspond to individual protein com-
plexes and edges to bundles of synthetic lethal interactions
between complexes. The ‘compensatory complex’ map
(Figure 1f) provides a global view of the built-in redundan-
cies in the yeast biochemical network and allows the estab-
lishment of novel links between diverse functional
processes.

Both of the network themes discussed above have genetic
interactions as their core components. The interpretation of
these interactions has attracted increasing attention with the
development of experimental methods for the systematic
discovery of genetic interactions in yeast [13,19-22]. A
recent paper by Kelley and Ideker [23] approaches this inter-
pretation task from a different angle from that of Zhang et
al. [15], but arrives at qualitatively similar results. In their
work, Kelley and Ideker [23] seek to interpret genetic inter-
actions in yeast through the physical interaction network
between this organism’s genes that can be generated from
protein-protein and protein-DNA interaction data, as well
as gene-gene interactions derived from the metabolic
network (that was extracted from the KEGG database [24]).
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Examples of motifs, themes, and thematic maps discovered in Zhang et al. [15]. (a-c) A theme capturing the co-regulation of members of a protein
complex by a pair of transcription factors, and a corresponding thematic map of complex co-regulation relationships. (d-f) The ‘compensatory
complex’ theme and the corresponding thematic map. See text for further details; images reproduced from [15].

They focus on interpreting genetic interaction networks by
‘between-pathways’ or ‘within-pathway’ models encoded in
the network of physical interactions. Within-pathway
models refer to cases where genetic interactions occur
between genes whose gene products participate in the same
pathway or complex, whereas between-pathway models
refer to cases where genetic interactions connect genes
whose gene products operate in two distinct pathways or
complexes. The ‘compensatory complex’ theme described
by Zhang et al. [15] corresponds to the between-pathway

interpretation of a dense bundle of genetic interactions. On
the other hand, the network theme in which components of
the same complex have genetic interactions with each other
corresponds to the within-pathway interpretation of Kelley
and Ideker [23].

Kelley and Ideker [23] constructed a network of all the
between-pathway explanations, identified using their
method, which corresponds to the thematic map of com-
pensatory complexes constructed by Zhang et al. [15]. While
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these two maps share components and interactions, there
also appear to be some differences; these are most likely to
be due to the use of different underlying physical interac-
tion datasets and the different computational methods used
in the two studies. The approach of Zhang et al. [15] inte-
grates a more diverse set of interaction data, including
expression correlations and homology-based links, and
hence can discover network themes that have weaker
support from only one type of data such as protein-protein
interactions. On the other hand, Kelley and Ideker [23] use
an explicit probabilistic model of genetic and physical inter-
actions that allows prediction of new protein functions and
genetic interactions in addition to studying the organiza-
tional principles of the integrated network.

There are a number of future directions that can be taken to
extend the work by Zhang et al. [15] on identifying themes
and constructing thematic maps. Their current work does
not account for metabolic networks that play a key role in
the overall cellular function of yeast and that have connec-
tions to many other types of network. Methods have been
developed for determining functional interactions between
genes in metabolic networks based on the mass-balance sto-
ichiometric structure of the network [10,25]; thus the motif-
based approach could be directly extended to these
networks. Zhang et al. [15] also apply their approach to a
static interaction network, whereas in reality only subsets of
these interactions are active under any particular biological
condition. Extending their analysis to condition-dependent
network structures identified by, for example, combining
gene expression and physical interaction data [26,27],
would allow the identification of condition-dependent the-
matic maps.

Given the generality of the approach introduced by Zhang et
al. [15], it can readily be extended to different types of cellu-
lar networks so as to decipher the interplay of these net-
works as relevant experimental data become available. In
conjunction with complementary methods, such as the one
described by Kelley and Ideker [23], the thousands of physi-
cal and functional interactions that exist within all cells can
begin to be untangled to provide a basis for detailed
network reconstruction and to help elucidate the funda-
mental organizational principles of biological networks.
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