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Abstract
Over the past decade, it became evident that proteins perform critical functions as components of
specialized macromolecular complexes. Here, we discuss a recent study by Wan and colleagues,

which highlights the significance of protein complexes by studying their conservation in
organisms separated by up to a billion years of evolution.
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Charles Darwin originally hypothesized in his seminal work On the Origin of Speciesthat
natural selection, more colloquially known as “survival of the fittest," is the primary driver of
evolution [1]. Since Darwin's era, this tenet has been supported by evidence from multiple
scientific disciplines. The use of radiometric dating techniques and expansion of the fossil
record has clarified the structural and ontological relationship between present-day animals
and their ancestors. Yet, we do not have a complete picture of the molecular underpinnings
of biochemical evolution.

One goal at the heart of biochemical evolution is to understand the interplay among central
dogma components and the mechanisms by which new cellular functions have arisen in
species of greater complexity. The development of genome sequencing approaches has
enabled more detailed insight into the molecular “history' of natural selection and DNA-
protein relationships. Born from this work is the idea that genetic mutations resulting in non-
conservative amino acid substitutions would often be deleterious to protein structure and
thus disfavored by natural selection. Yet, paradoxically, this type of amino acid substitution
would have significant potential to create new protein functions. Recent work in bacteria has
shown that one strategy to overcome the inherent negative selectivity against mutations that
disrupt protein structure/function is to increase chaperone activity, albeit at an additional
cellular energy burden [2]. These studies underscore the broader importance of interpreting a
gain or loss of function in the context of protein-protein interactions.
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This is not a trivial task, yet the advent of mass spectrometry-based proteomics, paired with
biochemical fractionation and affinity purification techniques, has rapidly generated large-
scale datasets on intracellular protein-protein relationships [3-5]. These studies have
convincingly supported the idea that proteins rarely function autonomously, but rather as
components of multiprotein complexes and interdependent signaling cascades. So, while the
guiding hand of natural selection preserves positive adaptations to protein structure, it must
also accommodate the secondary effects on physical interacting partners and regulatory
relationships.

Comparative analyses of protein interaction networks within whole organisms have shown
that physical associations (protein complexes) and functional relationships can be conserved
between orthologous groups [6]. Yet, there are many unanswered questions regarding the
scope of protein network conservation across phyla separated by hundreds of millions of
years of evolution. A recent work published in Nature from Wan and colleagues [7]
elegantly tackles this essential aspect of biochemical evolution. To gain insight into the
biochemical evolution of eukaryotes, they studied the protein association networks across
nine unique extant species, ranging from the unicellular slime mold, Dictyostelium
discoideum, to Homo sapiens. The proteome of each organism was biochemically separated,
totaling nearly 6,400 fractions, which were then analyzed by quantitative mass spectrometry,
resulting in the co-fractionation of 13,386 protein orthologue profiles. Using an integrated
computational platform to determine high-confidence intra-species protein associations and
between species conservation, 981 putative conserved multiprotein groups were identified.
In evolutionary terms, the protein components comprising these conserved groups spanned
from 500 million to over 1 billion years old. Strikingly, 490 complexes contained ancient
components (> 1 billion years old) that were ubiquitously expressed in different cell and
tissue types, were frequently abundant, and had low domain complexity. Several core
metazoan macromolecular complexes, such as those involved in metabolic regulation and
RNA transcription, displayed exquisite evolutionary stability. This suggests that once the
physical and functional coordination of complex components have been set by natural
selection, these primordial complexes are rarely re-designed, but refined through the
incorporation of additional components that add specialized functionality (Figure 1).

Importantly, the conserved complexes clustered by Wan and colleagues have statistically
significant overlap with findings from other complementary affinity purification-mass
spectrometry studies, which provide an orthogonal validation of the identified protein
complexes [5]. Yet, a striking aspect of their study was that about two-thirds of the
conserved complexes had not been annotated in protein interaction databases. This includes
a novel "Commander' complex, whose co-fractionation profiles supported a 500 kDa
composition. The identification of each component by mass spectrometry allowed the
authors to design functional studies that uncovered a role for the Commander complex in
embryonic neural development. Using antisense morpholinos to individually knockdown the
COMMD?2 and COMMD3 subunits in tadpoles caused impaired head and eye development
and neural patterning. Further genetic and mechanistic investigation of the members of the
Commander complex is warranted, given the recent reports that linked CCDC22, another
Commander complex component, to human brain developmental disabilities [8].
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Placing this evolutionary conservation in a broader context, the authors noted that the
number of conserved complexes represent an estimated 10 — 25% of all predicted eukaryotic
complexes [9]. Therefore, greater mechanistic understanding of the role for complexes
unique to multicellular organisms in processes such as cell differentiation and adhesion, and
by extension tumorigenesis, will likely come as evolutionarily younger and lower abundance
complexes are characterized. The identification of mixed complexes, containing ancient
components revised with modern gene products during evolution, provides intriguing targets
for understanding protein complex 'speciation’ events. Understanding how and why these
modern components were integrated into ancestral protein complexes would provide the
molecular basis for adaptation of a species to its changing environment. A particularly
relevant example is the continued co-evolution of host-pathogen interactions. The dynamic
assembly of protein complexes plays a critical role in host responses to viral and bacterial
pathogens (e.g., [10]). Correlating the biochemical evolution of protein complexes to the
biological evolution of host-pathogen relationships could aid in the identification of critical
anti-viral host factors. Additionally, this study highlights the need to investigate other
aspects of protein evolution. The increasing depth of analysis afforded by proteomic
technologies has now cataloged hundreds of thousands of post-translational modifications
across species. Classifying post-translational modifications by their degree of conservation
will accelerate the discovery of specific modification sites with critical regulatory roles.
Ultimately, as science continues to reveal the effects of natural selection at the amino acid,
protein, and protein assembly level, a clearer picture of the relationship between
biochemical and biological evolution will emerge.
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Figure 1.
Phylogenetic Relationships and Protein Complex Conservation Among Yeast

(Saccharomyces cerevisiae), Slime Mold (Dictyostelium discoideum), Worms
(Caenorhabditis elegans), and Humans (Homo sapiens). Conserved protein complexes were
determined by biochemical co-fractionation, mass spectrometry, and computational scoring
[7]. Representative complexes were selected to highlight the increasing diversity from lower
to higher order present-day eukaryotes. Lower order eukaryotes tend to possess highly
conserved complexes containing ancient components (orange nodes) that can be traced
through hundreds of millions of years (Mya) of evolution, or a mixture of old and new
components (green nodes). Higher order eukaryotes often retain these protein complexes,
while also possessing complexes that have acquired newer components, reflecting more-
specialized functions. The evolution of ancestral complexes to present-day complexes
remains to be fully understood.
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