
Hypothesis: There are essential non-native intermediate contacts a folding protein makes before 
it reaches its native state, which are conserved and evolutionary optimized for. 
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Background: Given the astronomically large conformational space a linear chain of amino acids 
can adopt, it becomes both a computationally and biologically relevant problem as to how a 
protein folds so quickly without doing an exhaustive search. To solve this problem, Cyrus 
Levinthal suggested that there must be a predefined pathway leading to a uniquely folded 
metastable state. If the final folded protein turns out to be of the lowest configurational energy, 
he suggested that is it merely the consequence of biological evolution and not physical chemistry 
(Levinthal 1968,69). Christian Anfinsen on the other hand, proposed the thermodynamic hypothesis 
(Anfinsen 1973). More specifically taken to mean that a protein can have multiple pathways as it 
folds along a funnel-like energy landscape, at the bottom of which exists the native structure. 
Whatever the pathway, Anfinsen’s proposal that the final structure is defined by the global 
minimum free energy implied that native protein structure can at least be identified given every 
possible conformation. 

Yet even with the recent advent of a special-purpose super-computer that is capable to 
simulate an all-atom molecular dynamics (MD) of a small domain (Shaw 2010), due to the 
computational limitations the physics based approach has been primarily used for energy based 
scoring function, and simplified local space MD simulations for the purpose of force field based 
relaxation and/or refinement of structure. Due to these limitations, the more successful methods 
of modeling larger protein, have incorporated knowledge based on known structures and folds, 
with ab initio prediction delegated to modeling peptides and loop regions (Floudas 2006, 2007).  

Besides knowledge-based approaches, another source of information is the constraints 
under which amino acid sequences evolve. In particular, the co-evolving sites as predicted from 
multiple alignment of homologous sequences.  Yet even with the first application, Gobel et al. 
recognized the not so clear-cut task of separating the structural signal from the functional 
constraints, attributing the latter to substrate interaction as well as for “correct folding.”  

Considering the folding pathway, one could imagine the folding space to be limited by 
non-random interactions en route to the native state. These interactions can be in form of meta-
stable intermediates or simply intermediate contacts that are made along numerous folding 
pathways (2009 review Bartlett et al.) 
AIM 1: Determine the relationship of homologous proteins (and related families of 
proteins) with the intermediate structure. By logic, if intermediate contacts are important one 
would expect them to be conserved and co-evolving along with the native contacts. If these 
intermediate contacts differ from the native ones, they would be detected as “noise” in correlated 
mutation studies. Furthermore, if intermediate states are real and possess local minimum close to 
that of the native structure, mutations could potentially drive the intermediate state to become the 
new global minimum. If this is the mechanism by which proteins evolve, it would be interesting 
to look at related families of proteins, paralogs at varying degree of divergence, to see if an 
“intermediate state” of one protein is the “native state” of another. If this were true, we’d expect 



correlated mutation studies predicting contacts that are found in native structure of a related 
protein family but not in native structure of the family in question. Which would explain why 
studies that combine both orthologs and paralogs, along with “reduction in phylogenetic noise” 
(Ashkenazy et al. 2008, Noivirt et al. 2005) would lead to improved accuracy in contact prediction. 
AIM 2: Using sequence design methods to determine what the original sequences are 
optimized for. Recent advances in NMR spectroscopy have provided means to experimentally 
probe the low population of these supposed “invisible” intermediate states by relaxation 
dispersion (Korzhnev et al. 2010). Perhaps the most interesting are the NON-NATIVE elements and 
contacts of the intermediate form. The availability of experimental methods and data provides 
means to check the predictions. One would expect a sequence to be evolutionary optimized for 
the final/native structure, yet when sequences are designed for a known structure, only a portion 
of the amino acid identities matches the expected frequency (Bazzoli et al. 2011). Thus sequence 
tolerance of given native structure could be used as measure of importance for holding the native 
structure together as opposed to intermediate contacts or other function of the protein. 

For a preliminary study, I used a known native structure (1UZC) of a conserved FF 
domain of Pre-mRNA-processing factor 40 homolog A, and the recently published intermediate 
(2KZG). Using the backrub ensemble generation and sequence design protocol (Kuhlman et al. 2003, 
Friedland et al. 2009) I generated a family of sequences for each of the structure. I found that 12 of 
the 55 sites fell within the expected frequency of the native structure, 9 within the intermediate 
structure and 21 for both. To determine the significance of this data, as a control I would need to 
generate a random set of decoys, and apply the same method. 
AIM 3: Compare folding trajectories of orthologous amino acid sequences. If we could 
better understand the mechanism by which a protein folds, especially if we could identify 
contacts that are important for folding intermediates we could help restrict the folding space. 

Using an ab initio approach, I would simulate folding of orthologous sequences, and then 
select the trajectories in which the product matches the known structure. If the hypotheses proves 
true, assuming the simulations are biologically relevant, we'd expect find the same intermediate 
contacts in all trajectories of the sequences. As a control, unrelated proteins could be used. A 
similar method, as described in my preliminary study, could then be applied to any common 
intermediate structure to determine if the sequence has been optimized for it. 

Broader Impact: With this research I hope to tie in a couple broad fields together: 
Groups interested in protein structure prediction, understanding the fundamental mechanism 
behind folding, those interested in molecular evolution of protein and those working on inferring 
phylogenetic relationship of species from amino acid data sets. 
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