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Evolution of a protein domain interaction network*
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In this paper, we attempt to understand complex network evolution from the underlying evolutionary relationship
between biological organisms. Firstly, we construct a Pfam domain interaction network for each of the 470 completely
sequenced organisms, and therefore each organism is correlated with a specific Pfam domain interaction network;
secondly, we infer the evolutionary relationship of these organisms with the nearest neighbour joining method; thirdly,
we use the evolutionary relationship between organisms constructed in the second step as the evolutionary course of
the Pfam domain interaction network constructed in the first step. This analysis of the evolutionary course shows: (i)
there is a conserved sub-network structure in network evolution; in this sub-network, nodes with lower degree prefer to
maintain their connectivity invariant, and hubs tend to maintain their role as a hub is attached preferentially to new
added nodes; (ii) few nodes are conserved as hubs; most of the other nodes are conserved as one with very low degree;
(iii) in the course of network evolution, new nodes are added to the network either individually in most cases or as

clusters with relative high clustering coefficients in a very few cases.
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1. Introduction

The modelling of complex systems as networks
has revealed a set of generic organizing principles;!! 3]
most of these systems are small world, scale-free and
modular, resulting in a hierarchical architecture. It
is believed that the emergence of the ubiquitous topo-
logical properties of real networks originated from net-
work evolution, and enormous evolutionary models
were put forward to explain these phenomena,36
including the Barabasi-Albert (BA) modell® whose
two key points are growth and preferential attach-
ment, and the adaptive network model® in which
both topology and dynamics of the network co-evolved
with each other. For further understanding of network
evolution, new ideas are expected from more empirical
systems.

A variety of biological systems, including protein
domain interaction network and metabolic network,
have been found to exhibit similar large-scale traits
as those found in other disciplines.[”=1Y At the same
time, we have always believed that there exists an un-
derlying evolutionary relationship between organisms,
since Charles Darwin’s ‘The Origin of Species’ was
published. Therefore, biological systems may be good
candidates for research on complex network evolution.

Proteins are composed of evolutionarily conserved

units called domains. Novel yet specific combina-

tions of domains are essential for creating diversity
in proteins. The sequential order of domains in a pro-
tein sequence is known as its protein domain archi-
tecture. Advances in genome sequencing have gen-
erated hundreds of completely sequenced genomes,
and the map between protein domain architectures
and known protein sequences are covered by proteome
annotation.'2-1% Since protein domains are evolu-
tionarily conserved units of protein, interactions be-
tween protein domains are widely studied and relative
achievements are accumulated into databases.[16:17]
This situation makes it possible to construct a protein
domain interaction network for completely sequenced
organisms, and to analyse the evolutionary process of
the network based on the organism evolutionary rela-
tionship.

In this paper, we use the Pfam domain!'¥ interac-
tion network as our research object and attempted to
understand complex network evolution based on the
underlying evolutionary relationship between biolog-
In Section 2, we construct a Pfam
domain interaction network for each of the 470 com-
pletely sequenced organisms depending on both the

ical organisms.

annotation of co-occurrence of Pfam domains within
a protein'? and databases!16:17)
the Pfam domain interaction relationship. This helps

with information on

us to correlate each organism with a specific Pfam
domain interaction network; in Section 3, we infer
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the evolutionary relationship of these organisms with
the nearest neighbour joining method in which organ-
isms are denoted by a vector with its component be-
ing assigned to 1 or 0 depending on the existence or
nonexistence of the corresponding Pfam domain, and
the Hamming distancel'8! between vectors was used
to construct the evolutionary tree of organisms. Our
results show that these 470 organisms are correctly
divided into Archaea, Bacteria, and Eukaryota, and
most of the major groups within these kingdoms were
sorted satisfactorily. Based on the results of Sections
2 and 3, in Section 4, we obtain 3 sub-networks for
Archaea, Bacteria and Eukaryota respectively. They
consist of nodes shared by all organisms of each king-
dom and positioned at the roots of the evolutionary
trees; in Section 5, we analyse the evolutionary process
of the Pfam domain interaction network and attempt
to understand how and where new nodes are added to
the network; finally, in Section 6, we draw a conclusion
from our results.

2. The Pfam domain interaction

network of an organism

In order to construct a Pfam domain interaction
network for each organism, firstly we have to set up the
mutual interaction relationship of Pfam domains. Ac-
tually, we used two kinds of data resources for this pur-
pose. The first one is a database about tje Pfam do-
main interaction relationship obtained by experiment
or prediction, including DIMA[6l and DOMINE.['7]
These two databases offered us 28874 interactions be-
tween 4958 Pfam domains and 20513 interactions be-
tween 4036 Pfam domains, respectively; the second
one is the co-occurrence of Pfam domains!*”! within
a protein which is parsed from domain architectures
of proteins annotated in the uniprot database.'?) Do-
mains co-occurring within a protein are considered to
be a fully connected graph in which the edge between
two nodes represents a mutual interaction relation-
ship between two domains. This data resource of-
fered us 25386 interactions between 5674 Pfam do-
mains. By merging these data resources together and
removing self-interactions from the final dataset, we
obtained 61373 interactions between 6968 Pfam do-
mains (Table 1). Obviously, in our dataset, the inter-
action relationship not only means physical interac-
tions observed in experiments, but also computation-
ally predicted interactions. However, compared with
the number of possible mutual interaction relationship
$(6968x6968), we find that our data still comprise a
very small subset.

Table 1. Data resources for Pfam domain interaction.

DIMA Domine uniprot  total
domain No. 4958 4036 5674 6968
interaction No. | 28874 20513 25386 61373

On the other hand, several hundred organisms
distributed between viruses, Archaea, Bacteria and
Eukaryota are fully sequential and their protein anno-
tation is maintained in the uniprot database.!'?! These
datasets were further filtered according to the follow-
ing steps: (i) all of the viruses were discarded since
their genomes are very small and they contain very
few Pfam domains; (ii) only a representative example
of organisms that belong to the same genus is reserved
since their Pfam domain sets are similar; (iil) organ-
isms whose Pfam domain numbers are much smaller
than the others are removed from our dataset, since
their evolutionary distances to others are too far and
are arranged in an isolated branch of the evolutionary
tree. Particularly, for Archaea, except for 1 organism
whose Pfam domain number is 347, all of the others
have more than 730 domains; for Eukaryota, except
for 4 organisms whose Pfam domain numbers are less
than 323, all the others have more than 750 domains;
for Bacteria, their domain numbers vary from a few
to thousands. Taking account of these observations,
we chose number 700 as our threshold and organisms
which contain less than 700 Pfam domains were dis-
carded. Finally, we collected 470 organisms, and 46 of
them belong to Archaea, 368 to Bacteria, and 56 to
Eukaryota.

Based on the mutual interaction relationship of
the Pfam domain, we constructed a Pfam domain in-
teraction network for each of the 470 organisms. Our
research shows that at least 95% of the domains of
each organism are involved in a giant connected graph.
Then, after eliminating domains isolated from the gi-
ant graph, we correlated each organism with a specific
network whose nodes and edges represent Pfam do-
mains and interactions between domains respectively.
For an overall survey, we calculated node degree dis-
tribution for each organism. By dividing all organisms
into three kingdoms and normalizing node degree to
[0, 1], all of the node degree distributions of the same
kingdom are arranged in the same plane (Fig. 1). At
the same time, as a reference system, an artificial net-
work was constructed for each kingdom by merging all
organisms’ networks together, and both of its node de-
gree distribution and linear fitted line overlap on the
figure. Generally, for each organism, their node degree
distribution fluctuated around a power law distribu-
tion.
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Fig. 1. Organisms’ degree distributions are shown as scattered circles instead of curves for clarity. The zigzag

line is the node degree distribution of the artificial network, and both its linear fitted line and equation are also

shown in the figure. The z coordinate is the normalized node degree. The y coordinate is degree distribution.

3. Evolutionary relationship be-

tween organisms

In the literature, the evolutionary relationship be-
tween organisms is illustrated as a tree called the
phylogenetic tree, and its construction relies on us-
ing mathematical methods to infer the past from fea-
tures of contemporary organisms. Traditionally, evo-
lutionary tree construction was based on the analy-
sis of morphological characters; the main groups of
animals and higher plants have been classified fairly
easily by using these methods. However, the power
of this approach is restricted in micro-organisms since
very limited morphological features are available. The
introduction of the use of molecular data in phyloge-
netics initiated molecular phylogeny of prokaryotes. 2"
Individual genes with a considerable degree of con-
servation across all organisms were extensively used
for evolutionary tree construction of micro-organisms.
However, as more genes were analysed, contradiction
instead of refinement between phylogenies based on
comparisons of single genes was revealed.2!] With the
advent of the era of complete genome sequences a va-
riety of approaches based on whole genome features
for determining the evolutionary history of organisms
were put forward (see Ref. [22] for review).

In our work, since each organism is correlated
with a specific Pfam domain interaction network, it is
naturally to represent each of them by the set of Pfam
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Fig. 2. A phylogenetic tree where its leaves have been
merged into phyla as far as possible. The first letter of
the genus and the first 8 letters of the species are com-
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domains contained, and to measure their evolutionary
relationship by differences between Pfam domain sets.
Intuitively, the closer two organisms are, the more
Pfam domains they share. Therefore, we constructed
ey DN]
where N equals the total number of Pfam domains

a vector with N components: V' = [Dy, Dy, .

contained in all organisms, and D; represents the ith
Pfam domain. Then, each organism is assigned with
a specific vector with its component which is equal
to 1 if the corresponding Pfam domain is contained
in the organism, or 0 if not. Different kinds of dis-
tance between organisms can be calculated on these
vectors. For simplicity, we use the Hamming distance
definition*® to calculate the evolutionary distance be-

tween two organisms, which is defined as: d(V,,V,) =
N
> |Vai — Viyil|, where V, and V,, are vectors assigned
i=1

to organism x and y respectively, their vector com-
ponents are denoted as V,; and V,;, and the sum-
mation goes through all Pfam domains of a kingdom.
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Then, we obtained a distance matrix between organ-
isms, and the standard neighbour-joining program of
the PHYLIP package (http://www.phylip.com/) can
be used to generate the evolutionary tree.

To show the evolutionary tree of all organisms in
one figure, we tried to merge the leaves (which are or-
ganisms) of the tree into phyla as far as possible and
obtained Fig. 2. We were encouraged by two obser-
vations: (i) at the granularity of phylum, except for a
few individuals that are the only members of a phy-
lum, all organisms were correctly sorted into different
phyla; (ii) at the granularity of kingdom, all organ-
isms were correctly classified into Archaea, Bacteria,
and Eukaryota (marks at the right most side of the
figure; protists, which are traditionally classified into
Eukaryota, are listed separately for clarity). Some-
thing that needed to be analysed further is: some
phyla were separated into different branches of the
tree, especially phyla in Bacteria and Archaea. For
example, proteobacteria is separated into 5 branches.
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Fig. 3. Evolutionary tree of Archaea (46 organisms) and Eukaryota (56 organisms). Organisms’ names are

abbreviated in the same way as those in Fig. 2.
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At the organism level, the phylogenetic tree for
46 organisms of Archaea and 56 organisms of Eukary-
ota is shown in Fig. 3 (for 368 organisms of Bacteria,
the evolutionary tree is too large to be listed here).
Although not every organism appears exactly at its
classical evolutionary position in these trees, most of
the major groups are satisfactorily sorted within these
kingdoms (note: the first letter of the genus and the
first 8 letters of the species are composed together to
represent an organism. Organisms coming from the
same branch and with the same first letter almost cer-
tainly belong to the same genus. This observation was
checked by us one by one). The evolutionary relation-
ship between organisms is used for our further analysis
of network evolution.

4. Conserved sub-network struc-

ture

In our scheme of evolutionary tree construction,
we assumed that the Pfam domain interaction net-
works of different organisms evolve from a common
ancestor who is represented by the root of the evo-
lutionary tree, and leaves of the tree correspond to
organisms, and is characterized by a specific Pfam do-
main interaction network; the branch points of the
tree are actually sub-networks consisting of Pfam do-
mains shared by its two branches. Therefore, the root
of the tree consists of Pfam domains shared by all or-
ganisms and is conserved in evolution. For Archaea,
235 Pfam domains are shared by 46 organisms; for

l

bacteria, 33 domains are shared by 368 organisms; for
Eukaryota, 142 domains are shared by 56 organisms;
and for the three kingdoms, 14 domains are shared
by all 470 organisms. To detect the structure of the
conserved sub-network, we calculated their clustering
coefficients!!] and analysed their k-clique community
structures using CFinder.[?® The results listed in Ta-
ble 2 show that the conserved domains make up a sub-
network with a relatively high clustering coefficient,
and the majority of them are partners of k-clique com-
munities. For Pfam domains conserved by all organ-
isms, it is reasonable to expect that they play key roles
in biological functions. As an example, the functional
annotations about the 14 Pfam domains conserved in
470 organisms are listed in Table 3 (adapted from
(http://pfam.sanger.ac.uk/). Clearly, they are com-
ponents of ATPase, acetytransferase, helicase, hydro-
lase, elongation factor, aminotransferase, etc., which
act as catalysts in biological reactions, such as energy
transformation, protein synthesis and DNA transcrip-
tion.

Table 2. Features of the conserved Pfam domain sub-

network.
shared domain CcC domain in COMM
Archaea 235 0.23 207
Bacteria 33 0.35 30
Eukaryota 142 0.21 125
ABE 14 0.16 11

CC is the abbreviation of clustering coefficient.
COMM is the abbreviation of k-clique community.
ABS is the abbreviation of Archaea, Bacteria and Eukaryota.

Table 3. Description of the 14 Pfam domains conserved in 470 organisms.

ATPase family associated with various cellular activities

histidine kinase-, DNA gyrase B-, and HSP90-like ATPase

PF00004

PF00583 acetyltransferase (GNAT) family
PF00009 Elongation factor Tu GTP binding domain
PF00118 TCP-1/cpn60 chaperonin family
PF00271 helicase conserved C-terminal domain
PF00702 haloacid dehalogenase-like hydrolase
PF00266 aminotransferase class-V

PF00270 DEAD/DEAH box helicase

PF02518

PF03144 elongation factor Tu domain 2
PF00679 elongation factor G C-terminus
PF00557 metallopeptidase family M24
PF07690 major facilitator superfamily
PF00005 ABC transporter
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5. Network evolution

In order to understand how new nodes are added
to the network, at each branch point of the evolution-
ary tree, we calculated the clustering coefficient!!! of
the sub-network composed of new added nodes. For
example, at branch point ¢ of the evolutionary tree,
network N;(V;, E;) evolved to N;y1(Viy1, Eiy1) and
Nito(Viga, Eiio), where V, and E, represent sets
of network node and edge respectively, and the new
added nodes are denoted by (V;12—V;) and (V;11—V;).
To measure how new nodes are added to networks, we
calculated the clustering coefficients of the two sub-
networks formed by new added nodes. This proce-
dure is repeated at each branch point of the evolu-
tionary tree. Finally, we obtained a distribution about
the clustering coeflicient of new added sub-networks,
and the results are shown in Fig. 4. For Archaea,
Bacteria and Eukaryota respectively, network evolu-
tion occurred at 90, 734 and 110 branch points of the
phylogenetic tree. However, in only 11 branch points
of Archaea, 82 of Bacteria, and 5 of Eukaryota, the
clustering coefficients of the new added sub-network
are greater than 0.1 (the corresponding probabilities
are Parchaeca (CC>0.1)=0.12, Pgacteria (CC>0.1)=0.11
and Pgukaryota (CC>0.1)=0.04, respectively). In these
cases, new nodes are able to be added to the network
as clusters. However, in most cases, the clustering co-
efficient of new added sub-networks is approximately
0, and the majority of the nodes are added to the
network individually.

0.247 —0— Archaea
] —o—Bacteria
0.20 —a— Eukaryota
2 0.161
w0
o
3]
T 0.12
)
=
= 0.081
I
0
E 0.04 :
04 EA%\g»o»o—o»oio—o»o

0 005 010 0.15 020 025 0.30
Clustering coefficient
Fig. 4. Probability distribution of the clustering coeffi-
cient of new added sub-networks in network evolution.
Since the addition of new nodes to the network
will lead to variation of node degree, we use degree

variation to locate nodes, to which new nodes were
added. Our analysis started from the root of the
evolutionary tree. Initially, the sub-network at the
root is parsed out and denoted as Ny (Vy, Ep), where
Vo and Ey represent sets of node and edge of the
network respectively. Then each node is assigned
to a value k(v;, 0), which is the degree of node v;
at the branch point (root of the evolutionary tree),
1 =1,...n. In descending order, these nodes are ar-
ranged into a vector [k(vg, 0)k(vy, 0),..., k(v,, 0)]
with k(vg, 0) > k(v1,0) > ... > k(vp,0). Because of
sharing by all organisms (each organism corresponds
to a leaf of the tree), nodes in Vj will appear at each
branch point of the tree, and their node degrees vary
when new nodes are added. Suppose that, at branch
point ¢ of the phylogenetic tree, degrees of nodes in
Vo are [k(vo, t), k(v1t), ..., k(v,t)], and for one of its
two branches, their degrees are [k(vo, t+ 1), k(vit +
1), ..., k(v,t+1)], then [k(vy, t)—k(vo, t+1), k(vy,t)—
E(vi,t+1), ..., k(vn,t) — k(vn, t+ 1)] were recorded
to show where new nodes were added to. For exam-
ple, if the absolute value of k(vq,t) — k(v1,t + 1) is
the biggest of all variations, it means that most new
nodes were added to node v;. This process was re-
peated at each branch point, and the average degree
variation was finally used to indicate the place where
new nodes were most likely be added. Tracing the
network evolution step by step, recording all degree
variations together, and calculating the average de-
gree variation for each conserved node, we obtained
Fig. 5. Obviously, the bigger the node degree is, the
bigger its degree varies, and the more new nodes are
added to.
preferential attachment principle of the BA model.[!

This phenomenon is consistent with the

However, for nodes with lower degree, their average
node degree variations are rather small, which implies
that they prefer to maintain their connectivity in evo-
lution. This observation is different from the pref-
erential attachment principle which claims that node
degree should be proportional to its life span. From
the aspect of network evolution, we concluded that
hubs tend to preserve their role as a hub by connect-
ing with more new added nodes, and nodes with lower
degree survived in evolution by keeping their connec-

tivity stable.
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Fig. 5. Average degree variation of conserved nodes in a sub-network. The z axis represents nodes of the

conserved sub-network sorted by degrees in descending order. The y axis represents average degree variation.

See text for details.

The network structure of each organism can be
regarded as a special evolutionary result which is
achieved by the sub-network Ny (Vp, Ep) in evolution,
and all the network structures constitute a sample
space, in which each sample gives us a distribution
showing how nodes in Vj are distributed at certain de-
gree values. In particular, there are 46 samples for Ar-
chaea, 368 for Bacteria and 46 for Eukaryota. By nor-
malizing the node degree of each organism to a value
between 0 and 1, and dividing the interval [0, 1] into
100 bins, we obtained an average distribution about
the frequency of the conserved node at a certain node
degree level (Fig. 6). The high probabilities at lower
degree levels imply that most conserved nodes tend to
maintain their low degree in network evolution; few
nodes keeping their role as hubs in network evolution

0.124

—o— Archaea
—o— Bacteria
—&— Eukaryota

Probability of conserved node at certain degree

0 02 04 06 08 10
Node degree normalized between [0, 1]

Fig. 6. Distribution of conserved nodes at a certain degree
level.

imply that when new nodes are added they are added
to hubs. This observation is consistent with the result
obtained above.

6. Conclusion

The evolutionary process of complex networks can
help us in many aspects of understanding the mecha-
nisms of complex systems. However, valuable systems
have evolved over a long history and their evolution-
ary process is impossible to trace. Therefore we have
to infer their evolutionary history depending on con-
temporary observation. The underlying evolutionary
relationship between biological organisms makes bio-
logical systems good candidates for research on com-
plex system evolution. In this paper, we attempted
to analyse the evolution of a Pfam domain interac-
tion network based on an inferred evolutionary tree
of organisms, and obtained some interesting observa-
tions, including the conserved sub-network structure,
the fact that nodes with lower degree in a conserved
sub-network prefer to maintain their connectivity in-
variant in evolution, that hubs of the conserved sub-
network are preferentially attached when new nodes
are added to the network, and that, in most cases,
new nodes are added to a network individually, and in
very few cases as clusters.

Initially, we expected that the deviation of net-
work structures between organisms would help us un-
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derstand their dissimilar functions. Therefore, analy-
sis of the variation of network structures in evolution
is available to uncover functional modules of the net-
work. However, our observations on how new nodes
are added to the network in evolution give us a neg-
ative response. Taking into account that our dataset
of the Pfam domain interaction relationship is only
a very small subset of the potential interactions, we
find that our Pfam domain interaction networks for

each organism are far from complete. Alternatively,
maybe the recognition of biological function modules
can only be dealt with on a larger scale instead of an
isolated Pfam domain interaction network.

Although restricted by the current stage of bio-
logical research, we still believe that it is valuable to
investigate biological network structures in the history

of biological evolution.
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