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Introduction: Many proteins are composed of
multiple domains, which each perform separate sub-
functions that together contribute to the overall func-
tion of the protein. Domains are also usually structural-
ly independent and have a semi-independent evolu-
tionary history from the rest of the protein. The early
evolution of the proteome likely involved an explora-
tion of domain structure and function prior to the com-
bination of these domains into larger multidomain pro-
teins. The early stages of protein evolution may have
also been influenced by the use of enzyme cofactors
that were important catalysts prior to the emergence of
protein-mediated metabolism'. Here we present results
from two parallel studies revealing trends that poten-
tially shaped the early evolution of the proteome.

Structural complexity and the evolution of new
functions: To study the evolutionary relationship be-
tween protein structure and the evolution of new func-
tions, we created a database of single domain proteins
for which the structure and function are both known.
Single domain proteins contain only one tertiary struc-
ture and therefore allow us to attribute a protein’s func-
tion directly to its structure. We analyzed this database
with two measurements of structural complexity, one
that ranks protein structural classes from simple to
complex and another that measures the metric entropy
of secondary structure elements in mixed o/p architec-
tures. In both cases, we find a positive correlation be-
tween functional breadth and structural complexity in
ancient™ protein superfamilies. In the same superfami-
lies, we also find a positive correlation between func-
tional breadth and cofactor usage.

Comparison Proteins | Correlation | p-value
number of func- | Ancient 0.61 0.03
tions vs. struc-
tural complexity All -0.04 0.38
number of func- | Ancient 0.53 0.06
tions vs. number
of cofactors used All 0.18 0.06

Table 1: The relationships of the number of functions
that can be performed by mixed o/f single domain
proteins in a given superfamily and either the average
structural complexity (defined as metric entropy of
secondary structure) or the number of cofactors used
by proteins in that superfamily. For predicted ancient
protein superfamilies, there is a strong correlation be-
tween functional breadth and structural complexity as
well as functional breadth and cofactor usage. These
relationships are either weaker or non-existent when
non-ancient protein superfamilies are included.

Designed proteins provide a new view of se-
quence space: Protein domains are grouped into su-
perfamilies by sequence similarity. This view of pro-
tein evolution is restricted by a limited sampling from
extant organisms. We used the Rosetta Design’ plat-
form to explore potential sequence space for domain
structures as defined by both the SCOP® and CATH’
databases. In many cases, seemingly unrelated protein
superfamilies are connected by mutual sequence simi-
larity to synthetic sequences. This effect is more fre-
quent among simpler classes of protein structure (e.g.,
100% for those containing only a-secondary structure).
This expanded sequence space thus appears to be more
connected for simpler structures.
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Figure 1: An example of sequence similarity between
seemingly unrelated protein superfamilies from the
four-helical up-and-down bundle fold. Naturally occur-
ring sequences do not show similarity >50% between
members of different superfamilies (left). Synthetic
sequences designed to have a similar structure to one
of the naturally occurring proteins are added and the
new dataset is reanalyzed. In this new dataset, natural-
ly occurring sequences from different superfamilies are
bridged by mutual similarity to synthetic sequences
(right). This effect is seen in both the SCOP and
CATH definitions of this structure.

Conclusion: We have described several trends that
are likely to have shaped the early proteome. Simple
protein structures appear to have a more fluid sequence
space, which could have facilitated evolutionary diver-
gence. However, ancient protein families with complex
structures are more capable of evolving a broad range
of functions and using cofactors to achieve this func-
tional breadth. Organisms able to synthesize more
complex proteins could thus begin to explore a greater
range of potential functions, ultimately leading to a
protein repertoire as sophisticated as that observed in
life, today.
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