Lo L

P

2N

The evolutionary dynamics of the Saccharomyces
cerevisiae protein interaction network

after duplication

Aviva Presser*?, Michael B. Elowitz*, Manolis Kellis'S, and Roy Kishony*l

*School of Engineering and Applied Sciences, Harvard University, Cambridge, MA 02138; 'Broad Institute, Cambridge, MA 02142; *Division of Biology and
Department of Applied Physics, California Institute of Technology, Pasadena, CA 91125; SDepartment of Electrical Engineering and Computer Science,
Massachusetts Institute of Technology, Cambridge, MA 02139; and "Department of Systems Biology, Harvard Medical School, Boston, MA 02115

Edited by Leonid Kruglyak, Princeton University, Princeton, NJ, and accepted by the Editorial Board November 20, 2007 (received for review August 2, 2007)

Gene duplication is an important mechanism in the evolution of
protein interaction networks. Duplications are followed by the
gain and loss of interactions, rewiring the network at some
unknown rate. Because rewiring is likely to change the distribution
of network motifs within the duplicated interaction set, it should
be possible to study network rewiring by tracking the evolution of
these motifs. We have developed a mathematical framework that,
together with duplication data from comparative genomic and
proteomic studies, allows us to infer the connectivity of the
preduplication network and the changes in connectivity over time.
We focused on the whole-genome duplication (WGD) event in
Saccharomyces cerevisiae. The model allowed us to predict the
frequency of intergene interaction before WGD and the post-
duplication probabilities of interaction gain and loss. We find that
the predicted frequency of self-interactions in the preduplication
network is significantly higher than that observed in today’s
network. This could suggest a structural difference between the
modern and ancestral networks, preferential addition or retention
of interactions between ohnologs, or selective pressure to preserve
duplicates of self-interacting proteins.
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Complex biological networks result from the evolutionary
growth of simpler networks with fewer components. Gene
duplication is thought to be a key mechanism by which networks
evolve and new components are added (1-6, 43). These dupli-
cation events can act on a single gene, a chromosomal segment,
or even a whole genome (1, 7-11). After duplication, the
duplicate genes may assume one of several fates, including
differentiation of sequence and function, or loss of one of the
duplicates (12-17, 44). These outcomes are thought to be
affected by genetic factors including redundancy, modulariza-
tion, and expression dosage (9, 12, 15, 18-22, 45).

Little is known about the rules that govern the modification of
gene interactions after a duplication event or the effects of gene
interaction on the fate of duplicate genes. Here, we report a
mathematical framework for inferring the preduplication con-
nectivity properties of a network and for describing its postdu-
plication dynamics. Our method decomposes a protein interac-
tion network into a vector of network motifs and tracks the
evolution of this vector over time. We apply our methodology to
the protein interaction network of Saccharomyces cerevisiae
(23-29), which has undergone a whole-genome duplication
(WGD) event, resulting in hundreds of coordinately duplicated
gene pairs (ohnologs) (8, 9, 11).

Results and Discussion

Network motifs are small subgraphs, or interaction patterns, that
occur in networks more frequently than would be expected by
chance (30). Motifs have been a valuable tool in identifying
functional structure in many biological networks including in
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Fig. 1. Whole-genome duplication (WGD) produces network motifs be-
tween ohnolog pairs. (A) The paths genes take through time after a WGD. In
most cases only one of the duplicated genes is retained (light gray). Surviving
gene duplicate pairs are present as ohnologs in the modern network (white,
dark gray). Interactions between any two pairs of ohnologs form a four-node
subgraph (network motif) in the proteome. (B) Modern ohnolog motifs are
formed through a process of duplication and divergence. Preduplication
self-interacting proteins lead to a postduplication interaction between
ohnologs. If two ancestral genes interacted, 4 interactions are formed be-
tween their pairs of descendants. The duplication step thus yields an initial
ohnolog motif (zero-order motifs), which is subsequently modified over time.
During the divergence step, interactions might be gained (green) and others
are lost (red). Not everything changes: some interactions are retained (black)
and other interactions remain absent (gray).

transcriptional, neural, and developmental networks (30, 31).
We applied the concept of network motifs to WGD genes in S.
cerevisiae and analyzed network motifs composed of pairs of
ohnologs (namely, motifs of interactions within four proteins,
Fig. 14). There are six possible interactions between any four
proteins, hence 64 possible motifs (2°). This number is reduced
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Table 1. Motif distribution in the modern protein interaction network

No. of motifs present

in today’s yeast Modern motif

Motif class no. Motif class proteome frequency (Mmodern)
1 [oe] 81,983 8.15 X 10!
o e
2 o0 17,748 1.76 X 101
[ N ]
3 io 215 2.13 X 1073
[ J
4 o0 925 9.16 X 1072
[ o ]
5 N 14 1.39 X 1074
6 I T 2 1.98 X 105
7 T—o 93 9.21 X 1074
[ J
8 K 15 1.48 X 1074
9 K 6 5.94 X 105
10 ﬁ 0 0
11 Tj 16 1.58 X 104
12 % 0 0
13 N 1 9.90 X 1076
14 m 1 9.90 X 10-©
15 ﬁ 0 0
16 ﬁ 4 3.96 X 1075
17 K 0 0
18 M 1 9.90 X 10-¢
19 m 1 9.90 X 1076

to 19 different motif classes after accounting for the symmetry
between the motif’s ohnolog pairs and the symmetry of the genes
within each ohnolog pair [supporting information (SI) Table 3].

The proteins we considered for our motif analysis are the 450
WGD ohnolog pairs, as listed in Kellis et al. (8). Interactions
between these proteins are listed in the Database of Interacting
Proteins (DIP) (23-29). From these data we determined the
modern distribution (#modern) Of our 19 motif classes (Table 1).
We observe a rich variability in motif prevalences. Even for
motifs with the same number of interactions, we observed that
frequencies vary across several orders of magnitude, indicating
that motif frequencies reflect evolutionary processes rather than
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stochastic effects. We then asked how much of the motif
distribution observed today could be explained by a neutral
model accounting for the evolutionary dynamics of gene dupli-
cation after the WGD event.

We developed a model describing protein connectivity within
the subnetwork of surviving ohnologs (Fig. 14) (5, 36). The
model consists of two steps: duplication and divergence (Fig.
1B). The duplication step assumes that each protein is duplicated
along with all its interactions. Because the two daughter proteins
are initially identical to each other, the resulting interaction sets
are identical. Accordingly, if a protein was self-interacting, each
of its duplicates will be self-interacting, and an interaction will
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