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Executive Summary

The flexibility of the unstructured regions of proteins links protein dynamics to function. These
unstructured regions have distinct set of motions that can be mapped onto the corresponding functions.
However, the structure-to-function paradigm in proteins and its dynamics remains an uncharted territory
for molecular dynamic exploration. Structural flexibility has been shown to be evolutionarily conserved
and to be the product of molecular evolution. Our investigation of flexible loop regions of proteins strives
to decipher the evolutionary signal embedded in the dynamics of structural change. With this goal in mind,
we simulated the molecular dynamics of well-annotated loops from proteins domains of aminoacyl-tRNA
synthetase enzymes, and in the later phase, of metaconsensus enzymes, amounting to ~9000
nanoseconds of simulation time. The analyses of the resulting molecular trajectories, while in its infancy,
draws attention to patterns that may help explain the evolutionary relation between protein dynamics
and molecular function.



Key Challenges

The protein loops, the major source of overall flexibility in the structure of proteins, have been found to
be important for function and structural stability of these macromolecules [1]. By virtue of this flexibility,
it is possible that there may be characteristic motions associated with loop structures and functions. In
addition, protein dynamics and flexibility have been observed to be strongly conserved [2]. Protein
dynamics and function are also correlated, evident by the similar motions of non-homologous enzymes
with similar functions [3]. Therefore, the conserved nature of protein flexibility and dynamics may hold
the key to unlocking the underlying evolutionary drivers of protein function. The identification of
evolutionary drivers is possible by reconstruction of evolutionary trajectories and is of considerable
importance to synthetic biology and translational medicine [4]. In order to investigate this further, we
performed proof-of-concept molecular dynamics simulations of protein loops in Blue Waters. The study
concluded that the length of flexible intrinsically disordered protein regions impacts folding dynamics [5].
We followed up these experiments with simulations of the loops associated with the aminoacyl-tRNA
synthetase (aaRS) enzymes, as a candidate to study the protein structure-function paradigm at the heart
of the genetic code. This is because the evolutionary origins of the genetic code and aaRS enzymes are
thought to be linked to each other [6]. A preliminary global analysis of variables such as root-mean-square
deviation (RMSD) and radius of gyration (R) show a tendency towards an overall decrease in their values.
Here we extend the initial analysis.

Accomplishments

We used the current allocation to complete our previous round of simulations that required a total of 87
protein loops corresponding to the domains of the aaRS enzymes. These enzymes are responsible for
specifying the specificities of the genetic code, i.e. the recognition and highly specific loading of each
amino acid on the the 3’ end of the specific tRNA molecule. The simulations were performed using the
NAM 2.9 platform with the forcefield parameters described by CHARMM36 on a timescale of 10
nanoseconds for each loop. The loops were classified by the ‘Density Search’ system of classification by
the ArchDB database. They were annotated with molecular functions directly derived from the gene
ontology (GO) database. Global parameters such as RMSD and R was computed for the resulting
simulations. Additionally, local parameters were calculated using RMS fluctuations, principal component
analyses (PCA) and community behavior captured via networks based on residue movements in the
trajectory. The use of PCA is motivated by our objective to map specific motions of the protein associated
with the respective function. The residues in the unstructured region possessed higher values of RMS
fluctuation compared to the bracing secondary structures of the loop. The communities of residues in our
network analyses (figure 3) exhibit interesting behavior in terms of negatively cross-correlated motions
(figure 2). Remarkably, we noted that the betweenness values plotted from the resulting networks for
each of the loops showed high values for residues in the C-terminus secondary structure for the majority
of the structures that were analyzed.



We extended this methodology of simulation to include protein loops associated with domains found in
metaconsensus enzymes [7]. These metaconsensus enzymes belong to EC groups that carry consensus of
three comparative bioinformatics methods based on sequence [8], structure [9] and metabolic reactions
[10]. We performed 116 simulations, each of a duration of about 70-75 nanoseconds. In addition to our
objectives of finding correlations between function and flexibility, the longer timescales for this dataset
provides the grounds to test whether the relatively smaller timescale of 10 nanoseconds can effectively
capture the conformational landscape of the protein loops compared to the longer timescale. We are now
planning to test the presence of patterns in the community structures, refining our approach to map loop
motions onto protein function. Ultimately, we will be plotting results from these analyses onto robust
phylogenomic timelines to study the effect of evolution on protein function [11].

Why it matters

Understanding the structure-function paradigm from an evolutionary perspective represents a
fundamental but uncharted territory of exploration in molecular biology. Since “nothing in biology makes
sense except in the light of evolution” [12], our exploration has the potential to unravel basic knowledge
about mechanisms and dynamics needed for engineering and medical applications. Our preliminary work
substantiates future and more ambitious proposals.

Why Blue Waters

The immense computing power of Blue Waters has been key to enable our structure-function studies of
proteins at the intersection of the evolution of the genetic code and metabolic networks and the structural
dynamics of proteins. Using our current allocation for simulating 13 initial and current 116 protein loops,
including some simulations used for benchmarking and tests, we have performed nearly ~9000
nanoseconds (9 milliseconds) worth of molecular dynamic simulations. Our new set of simulations
provides a means of comparing how loops belonging to proteins with multiple domains behave (including
aaRS enzymes) relative to those possessing single domains among the metaconsensus enzyme groups. In
order to keep pace with the growing availability of proteomics data, it is imperative that substantially
powerful machines such as Blue Waters continue to be developed to explore this “land of opportunity”
[13]. This includes studying complex evolutionary processes that otherwise may not be possible.

Next Generation Work

The results obtained from our preliminary analyses suggests the presence of patterns in the dynamics of
protein structure that are linked to function. There is potential to cover uncharted territory of
evolutionary drivers in protein function and solve one of the most basic yet difficult conundrums in nature:
does “form follow function” or vice-versa?
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FIGURE 1. Protein loop 1B7Y_B_408 corresponding to the a.6.1.1 SCOP domain with residue connections
based on motions during the trajectory. Red denotes positive correlations while blue signifies negative
correlations.




FIGURE 2. Dynamical Cross Correlational Map of the protein residue backbone of 1B7Y_B_408.
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FIGURE 3. All-residue network of 1B7Y_B_408 with highlighted community structures.




