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Protein interactions in the budding yeast have been shown to form a scale-free network, a feature of other organized
networks such as bacterial and archaeal metabolism and the World Wide Web. Here, we study the connections
established by yeast proteins and discover a preferential attachment between essential proteins. The essential-essential
connections are long ranged and form a subnetwork where the giant component includes 97% of these proteins.
Unexpectedly, this subnetwork displays an exponential connectivity distribution, in sharp contrast to the scale-free
topology of the complete network. Furthermore, the wide phylogenetic extent of these core proteins and interactions
provides evidence that they represent the ancestral state of the yeast protein interaction network. Finally, we propose that
this core exponential network may represent a generic scaffold around which organism-specific and taxon-specific
proteins and interactions coalesce.

Introduction

The advent of the genomics era is changing our focus
from describing the molecular components of life in terms
of their individual function to a more systems-level
approach, where the focus is on the interactions between
these components. The study of the complex networks they
define is critical for the understanding of cellular-level and
organism-level processes. Protein-protein interactions
underlie the majority of cellular mechanisms. They form
complex networks that have been shown to have a scale-
free topology (Jeong et al. 2001; Wagner 2001), a property
shared with other organized networks. This topological
property is characterized by a power-law distribution of
the number of connections established by each node. This
attribute is particularly important in biological systems, as it
conveys robustness (i.e., tolerance to errors) (Albert, Jeong,
and Barabasi 2000). In scale-free networks, most nodes
can be removed with little or no effect to the network;
the network remains fully connected. Only the targeted
removal of the most central (connected) nodes causes the
collapse of the system (Albert, Jeong, and Barabasi 2000).
In fact, it has been shown that connectivity (k) and es-
sentiality (e) in the yeast protein interaction network are
positively correlated (Albert, Jeong, and Barabasi 2000).
Thus, the most highly connected proteins are more likely to
be essential (i.e., to have a lethal phenotype).

Independently, it was observed that the yeast in-
teraction network displays an anticorrelation between the
connectivity of a protein (k0) and that of its binding
partners (k1)(Maslov and Sneppen 2002). Hence, highly
connected proteins are connected to proteins of low

connectivity, and vice-versa. Considering these two
results, it follows that essential proteins are more highly
connected, and, therefore, bind to proteins of lower
connectivity that are more likely to be nonessential (n).
Thus, essential proteins should rarely bind other essential
proteins. This prediction is, however, at odds with many
cases of essential proteins that interact with other essential
proteins (e.g., in the context of multiprotein complexes).
Examples are RNA polymerase subunits (Shilatifard,
Conaway, and Conaway 2003), ribosomal proteins (Garrett
1999), and the components of the origin recognition
complex (ORC) (Bielinsky and Gerbi 2001), to name just
a few. Thus, an apparent discrepancy emerges between
topological studies of proteomics data, which suggest that
essential proteins do not frequently interact with each
other, and experimental studies of protein complexes,
which indicate the opposite. This problem arises from the
integration of distinct functional genomics data, which is
critical to our understanding of the evolution of biological
networks (Eisenberg and Levanon 2003; Qin et al. 2003;
Kunin, Pereira-Leal, and Ouzounis 2004; Yook, Oltvai,
and Barabasi 2004).

Methods
Interaction and Phenotypic Data

We obtained protein interaction information for
Saccharomyces cerevisiae from the Database of Interact-
ing Proteins (DIP)(Xenarios et al. 2002). Proteins were
classified as essential (e) or nonessential (n) in glucose-rich
medium, as determined in a genome-wide gene-deletion
study (Winzeler et al. 1999). These form a network of
15,114 interactions (2,543 e:e, 5,580 e:n or n:e, and 6,991
n:n) involving 4,716 proteins, of which 826 are essential.

Assessing Correlations

When assessing the existence of correlations between
two variables, we compute Pearson’s correlation coef-
ficient r. We further report the slope of a linear fit a and
the ranges in which these quantities are computed.

Fitting Connectivity Distributions

We fit the connectivity distribution to two concurrent
models: power-law (P(k)a k2c) and exponential (P(k)a
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exp(2bk)), using standard regression methods. To assess
the goodness-of-fit for each model, we calculate the v2obs
between the data and the model as well as its associated
probability P(v2 . v2obs)—the smaller the observed v2obs,
the larger the P value; that is, the better the analytical
formulations explain the observed distribution.

Phylogenetic Extent

The phylogenetic extent of each protein was deter-
mined as described previously (Peregrin-Alvarez, Tsoka,
and Ouzounis 2003), using as reference the nonredundant
protein sequence database SwAll (SwissProt and TrEMBL)
(Bairoch and Apweiler 2000), which includes 837,986
protein sequences (Bacteria, 336,041; Archaea, 40,517;
Eukaryota, 461,428; Fungi, 27,331; Metazoa, 28,2613;
Protista, 30,467; andViridiplantae, 121,017). P(h) is defined
as the relative frequency of essential or nonessential pro-
teins that have a homolog in the considered taxonomical
groups.

An interaction is estimated to be conserved if both
interacting proteins have homologs in a given model
organism with complete genome sequence available, using
Blast (Altschul et al. 1990) with default parameters and at
a threshold value of E, 1025. Similar results are obtained
when more stringent threshold values are used (i.e., E ,
10210 and E , 10220 [data not shown]).

Results and Discussion

To address the apparent contradiction between the
prediction that essential proteins do not frequently interact
based on topological analysis of proteomics data and the
experimental studies of protein complexes that indicate
otherwise, we employ a parallel statistical analysis of the
distribution of connectivity and essentiality in the protein
interaction graph of Saccharomyces cerevisiae. Because
the amount of data is steadily growing, in a first step, we
confirm that the two topological features of the yeast
interaction network described above apply to the current
data set (see Methods). Indeed, we recover the previously
observed positive correlation between the probability of
essentiality and connectivity (Jeong et al. 2001) (data not
shown) and the anticorrelation between the connectivities
of neighboring nodes (Maslov and Sneppen 2002) (see
below). We study the relative frequency of neighbors with
an essential deletion phenotype (f(e1)) as a function of the
phenotype (e0 or n0) and connectivity (k0) of the central
node. We observe that essential proteins are, on average,
more frequently connected to other essential proteins than
are the nonessential proteins: f(e1 j e0) ¼ 0.48 6 0.10 and
f(e1 j n0)¼ 0.27 6 0.10, respectively (P , 10269, two-way
Student’s t-test). This observation (f(e1 j e0) . f(e1 j n0)) is
valid over the full range of connectivity levels considered
(fig. 1). These results indicate a preferential binding be-
tween essential proteins, as represented by the high
frequency at which essential proteins bind each other.

From the model discussed above, we expected to
observe an anticorrelation between the relative frequency
of neighbors with an essential deletion phenotype (f(e1))
and the connectivity (k0) of the central node. We fail to
detect such anticorrelation (data not shown): r ¼ 10.24
and a ¼ 10.001 6 0.001 for k0 � 60 (see Methods),
indicating that globally the connectivity of a node is not
correlated to the phenotype of its binding partners. When
we decompose the data by the phenotype of the central
node (e0 or n0), we observe that at lower connectivity
values (k0 , 30), a weak trend can be detected for essential
(e0) central nodes, and an opposite trend can be detected
for the neighbors of nonessential (n0) nodes (fig. 1).

The preferential attachment of essential proteins and
the absence of anticorrelations between neighbor pheno-
types and central-node connectivities raises the question of
whether the global anticorrelation between k1 and k0 is
independent of the node phenotype; that is, if it is applicable
to all possible types of connections in the network (e0:e1,
e0:n1, n0:e1, and n0:n1). We address this issue by analyzing
the mean connectivity of neighboring nodes (,k1.) as
a function of the connectivity of the central, reference node
(k0), for all types of pairs in the network. The complete
network displays, as previously reported (Maslov and
Sneppen 2002), an anticorrelation between k0 and ,k1.
(fig. 2, open circles). This is characterized by a correlation
coefficient rk0:k1¼20.79 and a slope ak0:k1¼20.226 0.02
between log(,k1.) and log(k0) for k0 � 60. Accordingly,
the log(,k1.):log(k0) correlations for the pairs n0:n1 are
characterized by rkn0:kn1¼20.86 and akn0:kn1¼20.31 6
0.03, for k0 � 60 (not shown). In contrast, e0:e1 connec-
tions do not follow this trend, displaying markedly weaker
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FIG. 1.—High frequency of essential:essential interactions. Fre-
quency f(e1) of essential neighbors as a function of the connectivity k0 of
the reference central node. These data represent the relative frequency of
essential neighbors, averaged over all central nodes with the same
connectivity level and phenotype: filled circles correspond to essential
central nodes (f(e1 j e0) versus k0); open circles correspond to nonessential
central nodes (f(e1 j n0) versus k0). Error bars are the standard deviation
from the mean. The solid line represents the expected frequency fexp of
essential neighbors, based on the observed connectivities of essential (ke)

and nonessential (kn) proteins: f exp ¼
P

keP
keþ

P
kn
. This model assumes

that there is no correlation between the phenotype of neighbors, but takes
into account the higher connectivity of essential proteins and, hence,
availability to establish connections.
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correlations: rke0:ke1¼20.42 and ake0:ke1¼20.09 6 0.03
for k0 � 60 (fig. 2, filled circles). For the pairs n0:e1 and
e0:n1, these correlations display intermediate strength:
rkn0:ke1¼20.73 and akn0:ke1¼20.286 0.04 and rke0:kn1¼
20.59 and ake0:kn1 ¼ 20.18 6 0.04 for k0 � 60, respec-
tively (data not shown).

This finding shows that e0:e1 connections between
essential proteins in the network display specific topolog-
ical properties that, because of their small relative weight
(approximately17% of the interactions), are hidden in the
global trend. Moreover, this result provides an explanation
to the preferential attachment of essential proteins. These
proteins, even though they are, on average, more highly
connected than nonessential proteins, are not as con-
strained by the anticorrelation of connectivity between
neighboring nodes as other nodes in the network. Thus,
there is no restriction on their frequent binding to other
essential, highly connected proteins.

The distinct topological properties of e0:e1 binding
within the global network raises the possibility that they
form a subnetwork with distinct topological properties.
In fact, when we remove all the nonessential proteins from
the network, we observe that approximately 97% of the
essential proteins (801/826) are still connected to each other,
forming a fully connected component that is significantly
bigger than any fully connected component created by 1,000
random samplings of the same number of proteins from the
global network (mean size of the largest connected
component is 437 6 43, P , 0.001). Furthermore, in this
subnetwork, the correlations between log(,k1.) and
log(k0) are characterized by r9ke0:ke1¼20.19 and a9ke0:ke1¼

20.03 6 0.03 for k � 30, clearly indicating that these two
variables are not (or only very weakly) correlated (fig. 2).
This argues for the weak anticorrelation observed for e0:e1
pairs in the global network being a consequence of this
intrinsic property of the essential protein subnetwork.
Surprisingly, the connectivity distribution in the essential
subnetwork is well approximated by an exponential curve
(fig. 3), indicating that this subnetwork does not display the
scale-free topology observed in the global network (Jeong et
al. 2001; Wagner 2001). It is interesting to note that the
absence of the scale-free topology appears to be associated
with the absence of anticorrelation between k0 and k1. This
finding raises the possibility that these two properties share
a common biological origin.

By analyzing the topological properties of the inter-
actions between essential proteins, we detected a pref-
erential attachment between these proteins, resulting in
an almost fully connected exponential network. This net-
work includes those proteins involved in processes that
have been proposed to have appeared early in evolution
(e.g., transcription, translation, and replication) (Kyrpides,
Overbeek, and Ouzounis 1999; Makarova et al. 1999;
Harris et al. 2003). Moreover, essential proteins have been
proposed to be under purifying selection; that is, their
amino acid sequence evolves at a slower rate than other
proteins (Hirsh and Fraser 2001), and they may be of wider
phylogenetic extent (Kobayashi et al. 2003), suggest-
ing that they may be of earlier evolutionary origin than
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FIG. 2.—Essential proteins do not obey the global k1:k0 anticorre-
lation rule. Average value of k1 as a function of k0, displayed in a log-log
scale for the global network (open circles) and the subnetwork formed
only between essential proteins (filled circles); that is, all the nonessential
proteins from the graph are removed to account for interactions present in
this subnetwork.
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FIG. 3.—The essential subnetwork is an exponential network.
Connectivity distribution P(k) in the essential subnetwork (filled circles)
plotted in a log-linear scale, showing a clear exponential behavior. Fitting
with an exponential model P(k)a exp(2bk), we obtain b ¼ 0.18 6 0.01
and v2obs ¼ 3.0 (P(v2 � 3.0)¼ 0.96). Note that when fitting with a power
law model P(k)ak2c, we get a significantly larger v2¼ 77 (P(v2 � 77) ,
10212 ); that is, the exponential model explains much better the data. The
inset panel shows in a log-log plot the relative connectivity distribution in
the global network (open circles) displaying a power-law decay,
indicating that the global network is a scale-free network. Note that the
v2 value obtained when fitting with the power-law model (v2 ¼ 43) is
significantly lower than that obtained with the exponential model (v2 ¼
511). In other words, the power-law model is better suited to explain
connectivity distribution of the global network.
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nonessential proteins. This condition would indicate that
the network of essential proteins may represent the
ancestral ‘‘core’’ of protein interactions in eukaryotes.
Several lines of evidence support this hypothesis. First, if
the essential proteins correspond to the components of an
ancestral network, they must be of earlier evolutionary
origin than other proteins. We observe that essential
proteins have a wider phylogenetic extent than non-
essential proteins (fig. 4a), indicating that they are indeed
of earlier origin. They are more likely to be present in the
three domains of life, including the four eukaryotic taxa
considered than are nonessential proteins (Peregrin-
Alvarez, Tsoka, and Ouzounis 2003). Conversely, non-
essential proteins are more likely to be species specific
than are essential proteins, and, hence, of more recent
origin (fig. 4a). Second, if the essential subnetwork indeed

represents an earlier stage of the extant network, then the
interactions between essential proteins must be of earlier
origin. In fact, we observe that the pairwise conservation
of e:e pairs in the genomes of model eukaryotic organisms
and human is significantly higher than for other types of
pairs (fig. 4b). Similarity of phylogenetic profiles is a way
of predicting association between proteins (Pellegrini et al.
1999) and, thus, can be used to infer that the connections
between essential proteins are specifically conserved and
of earlier origin than those between nonessential proteins
or those between essential and nonessential proteins.
Interestingly, we also observe that e:n pairs appear to be
more phylogenetically extended than n:n pairs (fig. 4b).

These arguments strongly infer that the network of
interactions formed by essential proteins represent the
ancestral form of the extant yeast protein interaction
network. We further speculate, based on the wide phylo-
genetic extent of both essential proteins and their inter-
actions, that the core of the yeast protein interaction network
is shared by other organisms. It may represent a scaffold that
is common to interaction networks in other species, around
which interactions that are organism specific or cell-type
specific coalesce. Indeed, several examples suggest that
speciation has been accompanied by the addition of species-
specific or taxon-specific components to existing core
components of various processes, such as in the case of
the transcriptional apparatus (Coulson, Enright, and Ou-
zounis 2001; Coulson and Ouzounis 2003), the translation
apparatus (Lecompte et al. 2002), or metabolism (Peregrin-
Alvarez, Tsoka, and Ouzounis 2003). Furthermore, the
notion of a conserved genetic core composed of phyloge-
netically extended gene families is commonly accepted
(Makarova et al. 1999; Harris et al. 2003; Peregrin-Alvarez,
Tsoka, and Ouzounis 2003). Our results suggest that a core
set of genes in ancestral genomes coded, as might be
expected, for a fully connected protein interaction network,
whose interactions have been conserved.

The scale-free topology has been suggested to have
emerged early in evolution (Wagner 2003). Our results,
however, do not support this idea—the subnetwork
representing an early stage of the extant network displays
an exponential connectivity distribution (fig. 3). One pos-
sibility is that this development is just a consequence of
‘‘historical noise’’ and that the primitive network was
indeed a scale-free network. However, our interpretation is
supported by previous work, suggesting that this exponen-
tial character may represent the state of an ancestral
network. In mathematical models of network growth, it
has been shown that if the preferential attachment of new
nodes to existing nodes of high connectivity is relaxed,
exponential topologies emerge (Krapivsky, Redner, and
Leyvraz 2000). Furthermore, other modeling results
suggest that an exponential network can also emerge if
rewiring of existing nodes is also considered (Albert and
Barabasi 2000). Note that in this model, rewiring is not
random—it is still constrained by preferential attachment.
In biological terms, the implication is that the gain and loss
of interactions between existing components (rewiring)
within the early network may have played a predominant
role, compared with the addition of new components. This
scenario is plausible, for example, assuming that replication
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FIG. 4.—Essential proteins and their interactions are of earlier origin.
(a) Probability P(h) of essential and nonessential yeast proteins being
conserved in the considered taxonomic groups, based on their individual
phylogenetic extent (see Methods). This result indicates that essential
proteins are more phylogenetically extended and more likely to be of
earlier origin than nonessential proteins. (b) Probability P(h0,h1) of both
yeast proteins in a pair of interacting proteins to have homologs in model
eukaryotic species with an available complete genome sequence.
Essential:essential pairs are more likely to have homologs, suggesting
that their interactions are more likely to be conserved. This is not a simple
consequence of higher conservation of essential proteins, as the observed
probabilities of pairwise conservation of essential interacting proteins are
20% to 50% higher than expected for all the species here considered (not
shown). Note that directionality of interactions is not considered; that is,
pairs n0:e1 and e0:n1, are equivalent (represented as e0:n1).
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is not faithful and that new generations have slightly
changed protein repertoires—some of the components will
lose connections but gain new connections to other nodes.

By combining phenotypic and interaction data, we
have been able to propose novel descriptive attributes of
the yeast protein interaction network. More quantitative
studies, along the lines of the work presented here, will be
needed to determine to what extent the peculiar topological
properties of the essential subnetwork follow from dif-
ferent underlying mechanisms. Furthermore, it remains to
be determined whether in nonbiological systems, such as
the World Wide Web or social networks, there is also
a specific conservation of a core of components and
interactions and whether these also display distinct
topological properties. The analysis presented here may
have consequences for our understanding of the overall
structure and evolution of biological and other organized
networks.
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