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Protein aggregation is the phenomenon of protein self-association potentially leading to detrimental effects on
physiology, which is closely related to numerous human diseases such as Alzheimer’s and Parkinson’s disease. Despite
progress in understanding the mechanism of protein aggregation, how natural selection against protein aggregation acts
on subunits of protein complexes and on proteins with different contributions to organism fitness remains largely
unknown. Here, we perform a proteome-wide analysis by using an experimentally validated algorithm TANGO and
utilizing sequence, interactomic and phenotype-based functional genomic data from yeast, fly, and nematode. We find
that proteins that are capable of forming homooligomeric complex have lower aggregation propensity compared with
proteins that do not function as homooligomer. Further, proteins that are essential to the fitness of an organism have
lower aggregation propensity compared with nonessential ones. Our finding suggests that the selection force against
protein aggregation acts across different hierarchies of biological system.

Proteins are essential working machineries in living
organisms. To be functionally active, a protein needs to fold
into a unique 3-dimensional structure. Cells possess a wide
variety of protective mechanisms to facilitate efficient pro-
tein folding in a crowded environment and degrade those
proteins when the folding is unsuccessful. It is estimated
that more than 30% of the newly synthesized proteins
are degraded by proteasome due to translation errors or im-
proper folding (Schubert et al. 2000). Misfolded proteins
that escape the quality control mechanisms can form aggre-
gates and thereby lead to malfunctioning of associated
biological processes (Chiti and Dobson 2006). Protein ag-
gregation has been associated with more than 30 diseases
(Chiti and Dobson 2006).

In addition to the production of misfolded proteins
during protein synthesis, there are other occasions when
proteins may form aggregates: mounting evidence shows
that partial folding or unfolding may be frequent in various
cellular functions, such as cell signaling (Dixon et al. 2004;
Sawada et al. 2006), transcription (Radhakrishnan et al.
1997), and trafficking/translocation (Daughdrill et al.
1997). As a result, the exposure of certain protein regions
that are buried in the native structure may cause inappro-
priate interactions with other identical molecules, leading
to the formation of aggregates.

Given the compromising effects that protein aggrega-
tion has on normal cellular functions, it remains a key ques-
tion how natural selection acts against protein aggregation
to reduce its negative effects. Recent studies have revealed
selection pressures at both sequence and structure level to
prevent aggregation (Otzen et al. 2000; Richardson JS and
Richardson DC 2002; Steward et al. 2002; Parrini et al.
2005; Monsellier and Chiti 2007). For example, at sequence
level, Broome and Hecht (2000) showed that alternating po-
lar and nonpolar amino acids are disfavored by evolution-
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ary selection in natural protein to avoid aggregation.
Rousseau et al. (2006) illustrated that the regions flanking
the sequences with high aggregation propensity are often
enriched by proline or charged residues to inhibit aggrega-
tion. Monsellier et al. (2007) found that the clustering of
residues with high aggregation propensity in primary se-
quence is negatively selected. Structurally, the aggrega-
tion-prone sequences are usually buried in the native
state and therefore are protected from forming aggregates
when the native state is stable (Linding et al. 2004).
The peripheral strands in B-sheet proteins, which can poten-
tially form intermolecular interactions, are protected by var-
ious sequence and structure features such as inward-
pointing charged residues, proline, and loop coverage
(Richardson JS and Richardson DC 2002; Wang and
Hecht 2002).

In addition, several proteome-wide analyses have of-
fered significant insight into the relationship between selec-
tion against aggregation and genomic context or organism
complexity (Bastolla et al. 2004; Tartaglia et al. 2005).
Here, to shed light on how selection against protein aggre-
gation acts on subunits of protein complexes and on proteins
with different contributions to organism fitness, we analyze
the proteomes of 3 organisms: Saccharomyces cerevisiae,
Drosophila melanogaster, and Caenorhabditis elegans, by
combining sequence, interactomic and phenotype-based
functional genomic data.

Some proteins form homooligomers to perform cellu-
lar functions. As the formation of functional homoo-
ligomers and usually nonfunctional aggregates, both
result from protein self-association, these 2 processes es-
sentially compete with each other (fig. 1) (Ding et al.
2002). Therefore, to function effectively, it is plausible that
proteins, which form homooligomeric complexes, are sub-
ject to higher selection pressure against forming aggregates
as compared with other proteins that do not form oligomers.

To test this hypothesis, we compare the aggregation
propensity of proteins that have experimental evidence
of self-interactions with those that lack such evidence.
The aggregation propensity of individual proteins is calcu-
lated by an experimentally validated algorithm TANGO
(see Methods). To measure the relative aggregation propen-
sity of each protein in a given organism, we use the ratio
between its TANGO score and the maximal TANGO score
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Fic. 1.—There is a competition between the formation of physio-
logical oligomers and “aberrant” oligomers that are on the pathway of
forming aggregates.

in the corresponding organism. The experimental evi-
dence for protein self-interaction is collected from the data
sets of protein—protein interactions from S. cerevisiae,
D. melanogaster, and C. elegans (see Methods). We find
that the former class of proteins has significantly lower
aggregation propensities (0.25 £ 0.19s. ccrevisiaes 0.14 £

0.14p. petanogaster- and 0.25 £ 0.18¢, ¢jegans) than the latter
(032 * 0255 cerevisiaes 031+ 025D melanogasters and 0.37 +
0.27¢. ¢tegans)» Which was supported by a histogram compar-
ison (fig. 2) and Kolmogorov—Smirnov test (Ps. cerevisiaze <
4 x 107 PD melanogaster < 4 x 10 7 PC elegans <
3 x 107 ) suggesting a higher selection pressure against
protein aggregation for self-interacting proteins. In addi-
tion, we show that this observation is not due to the con-
founding factors such as difference in the size (length)
distribution of these 2 protein classes or differential enrich-
ment of natively unfolded proteins (Supplementary Material
online).

Cellular function impairment caused by protein aggre-
gate formation may ultimately lead to the decrease of indi-
vidual fitness. Therefore, it is conceivable that the natural
selection against aggregation will be evident in the light of
fitness contribution of individual proteins to an organism.
To assess this reasoning, we further study how proteins that
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have distinct contributions to organism fitness differ in their
inherent aggregation propensities.

With the advent of functional genomic technologies,
the relative contribution of individual genes (proteins) to
overall organism fitness has been evaluated at a genome-
wide scale for both single and multicellular organisms in-
cluding S. cerevisiae and C. elegans. The evaluation was
performed by characterizing the phenotypes (e.g., growth
rate, viability, and embryo morphology) of the organism
when a gene is either completely deleted from the genome
or its transcript is depleted by RNA interference (RNAI)
knockdown. We compare the aggregation propensity of
proteins that are essential to organism fitness (see Methods)
with nonessential ones. We find that the former category of
proteins has significantly lower aggregation g)ropensities
than the latter (ﬁg 3 PS cerevisiae < 5x 107 PC elegans
<3 x 107'%, Kolmogorov—Smirnov test), suggesting that
the sequences of essential proteins are subject to a stronger
selection against aggregation than those of nonessential
ones. We also show that this observation is not attributed
to the confounding factors such as the size (length) of pro-
teins, self-interacting, or differential enrichment of natively
unfolded proteins in the data set (Supplementary Material
online).

In summary, our study reveals stronger selections
against protein aggregation on proteins functioning through
self-assembly and essential proteins compared with non—
self-interacting and nonessential ones, respectively, which
suggests that selection force against protein aggregation
acts across different hierarchies.

Methods

The protein sequences from S. cerevisiae were
obtained from the Saccharomyces genome database
(ftp://genome-ftp.stanford.edu/, 6 October 2006). The pro-
tein sequences of D. melanogaster were obtained from the
Ensembl genome database (ftp://ftp.ensembl.org/, version
Drosophila_melanogaster.BDGP4.3.41). The protein se-
quences of C. elegans were obtained from the WormBase
(available at: ftp://ftp.wormbase.org/, version wormpep176);
(Chen et al. 2005).
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Fic. 2.—The histograms of relative aggregation propensity of proteins that have experimental evidence of self-interactions (open) and those that lack
such evidence (filled) are plotted for (a) Saccharomyces cerevisiae, (b) Drosophila melanogaster, and (c¢) Caenorhabditis elegans with the bin size of 0.25.
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FiG. 3.—The histograms of relative aggregation propensity of proteins that are essential to organismal fitness (open) and nonessential ones (filled)
are plotted for (a) Saccharomyces cerevisiae and (b) Caenorhabditis elegans with the bin size of 0.25.

The aggregation propensity of each protein was cal-
culated by TANGO, which estimates how thermodynam-
ically probable a segment from a protein/peptide is in
a cross-P-aggregate conformation in comparison with
other conformations such as random coils, o-helix, and
B-turn (Fernandez-Escamilla et al. 2004). The TANGO
algorithm has an accuracy of more than 90% in identi-
fying aggregation-prone segments against a set of 176
experimentally validated peptides (Fernandez-Escamilla
et al. 2004).

For S. cerevisiae, we use protein—protein interaction
data sets from Database of Interacting Proteins (DIPs)
(Xenarios et al. 2002), Munich Information Center for Pro-
tein Sequences (Mewes et al. 1998), 2 high-throughput
yeast 2-hybrid (Y2H) experiments (Uetz et al. 2000;
Ito et al. 2001), and 2 mass spectrometry analyses for pro-
tein complex (Gavin et al. 2002; Ho et al. 2002). For
D. melanogaster, we use data sets from DIP and 2 high-
throughput Y2H experiments (Giot et al. 2003; Stanyon
et al. 2004). For C. elegans, we use the data set from
a high-throughput Y2H experiment (Li et al. 2004).

Most of the essential genes of S. cerevisiae were identi-
fied from a comprehensive data set (http://chemogenomics.
stanford.edu/supplements/01yfh/files/orfgenedata.txt) of
single-gene deletion experiment (Deutschbauer et al.
2005) as those genes, which are required for the viability
of S. cerevisiae. We also find other essential genes from the
function annotations in Saccharomyces Genome Database
(ftp://genome-ftp.stanford.edu/). Most of the essential
genes of C. elegans were identified from several large-
scale RNAi screens (Supplementary Material online)
where the phenotype as a result of single-gene knockdown
was directly observed. Wereferto those genes, the knockdown
of which led to lethality as essential genes. We also find other
essential genes that are annotated as “lethal” from the function
annotations in the WormBase (Chen et al. 2005).

Supplementary Material

Supplementary methods, table S1, and figures S1 and
S2 are available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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