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Spatially or chemically isolated functional modules composed of several cellular
components and carrying discrete functions are considered fundamental build-
ing blocks of cellular organization, but their presence in highly integrated
biochemical networks lacks quantitative support. Here, we show that the
metabolic networks of 43 distinct organisms are organized into many small,
highly connected topologic modules that combine in a hierarchical manner into
larger, less cohesive units, with their number and degree of clustering following
a power law. Within Escherichia coli, the uncovered hierarchical modularity
closely overlaps with known metabolic functions. The identified network ar-
chitecture may be generic to system-level cellular organization.

The identification and characterization of
system-level features of biological organiza-
tion is a key issue of postgenomic biology
(/-3). The concept of modularity assumes
that cellular functionality can be seamlessly
partitioned into a collection of modules. Each
module is a discrete entity of several elemen-
tary components and performs an identifiable
task, separable from the functions of other
modules (I, 4—8). Spatially and chemically
isolated molecular machines or protein com-
plexes (such as ribosomes and flagella) are
prominent examples of such functional units,
but more extended modules, such as those
achieving their isolation through the initial
binding of a signaling molecule (9), are also
apparent.

Simultaneously, it is recognized that the
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thousands of components of a living cell are
dynamically interconnected, so that the cell’s
functional properties are ultimately encoded
into a complex intracellular web of molecular
interactions (2—6, 8). This is perhaps most
evident with cellular metabolism, a fully con-
nected biochemical network in which hun-
dreds of metabolic substrates are densely in-
tegrated through biochemical reactions.
Within this network, however, modular orga-
nization (i.e., clear boundaries between sub-
networks) is not immediately apparent. In-
deed, recent studies have demonstrated that
the probability that a substrate can react with
k other substrates [the degree distribution
P(k) of a metabolic network] decays as a
power law P(k) ~ k¥ with y = 2.2 in all
organisms (70, 11), suggesting that metabolic
networks have a scale-free topology (/2). A
distinguishing feature of such scale-free net-
works is the existence of a few highly con-
nected nodes (e.g., pyruvate or coenzyme
A), which participate in a very large num-
ber of metabolic reactions. With a large
number of links, these hubs integrate all
substrates into a single, integrated web in
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which the existence of fully separated mod-
ules is prohibited by definition (Fig. 1A).

Yet, the dilemma of a modular versus a
highly integrated module-free metabolic net-
work organization remains. A number of ap-
proaches for analyzing the functional capa-
bilities of metabolic networks indicate the
existence of separable functional elements
(13, 14). Also, from a purely topologic
perspective, the metabolic network of Esch-
erichia coli is known to possess a high clus-
tering coefficient (/7), a property that is sug-
gestive of a modular organization. In itself,
this implies that the metabolism of E. coli has
a modular topology, potentially comprising
several densely interconnected functional
modules of varying sizes that are connected
by few intermodule links (Fig. 1B). However,
such clear-cut modularity imposes severe re-
strictions on the degree distribution, implying
that most nodes have approximately the same
number of links, which contrasts with the
metabolic network’s scale-free nature (70,
11).

To determine whether such a dichotomy is
indeed a generic property of all metabolic
networks, we first calculated the average
clustering coefficient for 43 different organ-
isms (10, 15, 16) as a function of the number
of distinct substrates N present in their me-
tabolism. The clustering coefficient, defined
as C, = 2n/k(k, — 1), where n denotes the
number of direct links connecting the k, near-
est neighbors of node i (17), is equal to 1 for
a node at the center of a fully interlinked
cluster, and it is 0 for a metabolite that is part
of a loosely connected group (Fig. 2A).
Therefore, C, averaged over all nodes i of a
metabolic network is a measure of the net-
work’s potential modularity. We found that,
for all 43 organisms, the average clustering
coefficient is about an order of magnitude
larger than that expected for a scale-free net-
work of similar size (Fig. 2B), suggesting that
metabolic networks in all organisms are char-
acterized by a high intrinsic potential modu-
larity. We also observed that, in contrast with

Downloaded from www.sciencemag.org on November 26, 2008

1551


http://www.sciencemag.org



http://www.sciencemag.org










