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Development of Protein Design Methods and Their Experimental Verification
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We have developed a computational protein design method with backbone
flexibility, which exploits local structural environments in known protein structures together with
energy to guide sequence design. It is based on customized libraries of non-contiguous in-contact
amino acid residue motifs. We have applied this new method in the design of a four-fold symmetric
eight-bladed beta-propeller and a two-fold symmetric double-psi beta-barrel core of RNA polymerase.
These designs have been validated by X-ray crystallography that the experimentally determined
structures closely matches the computationally design models.



Proteins are one of the most important component of living organisms. The ability to design
proteins with a specified structure and thereby conferring it with a desired function would have
tremendous impact on our ability to develop new therapeutics, diagnostics and biosensors.
Researchers have been trying to computationally design proteins for several decades. However,
there exist only a very limited number of experimentally verified computationally designed
proteins, haf of which have been obtained with Rosetta Design. The Rosetta Design approach
startsfrom arigid protein backbone, then searches for optimal sequencesthat are compatible with
the given structure evaluated by an empirically derived energy function. The imposition of rigid
backbone has greatly reduced the conformational space that needsto be searched, whichincreased
the computationa efficiency. However, it also significantly limited the power of this approach to
achieve design goals.

The objective of our proposal isto develop anovel computational method for the de novo design
of proteins that uses discontinuous fragments and flexible backbones to extend the range of
protein design and to validate this method through the computational design and experimental
verification of several novel proteins.

We propose to use alibrary of naturally occurring sequence segments that are known to fold into a
given structural fragments to dramatically reduce the sequence space that has to be searched.
Specifically, we plan to use customized libraries of non-contiguous in-contact amino acid residue
motifs. We then use an evolutionary approach such as the estimation of distributions algorithm to
efficiently search the sequence space by learning from previous populations.

We have developed FRAGGER, which is a protein fragment picker that allows protein fragment
databases to be created and queried. All fragment lengths are supported and any set of PDB files
can be used to create a database. FRAGGER can efficiently search afragment database with a
query fragment and a distance threshold. Matching fragments are ranked by distance to the
query. The query fragment can have structura gaps and the allowed amino acid sequences
matching a query can be constrained via aregular expression of one-letter amino acid codes.
FRAGGER aso incorporates atool to compute the backbone RMSD of one versus many
fragments in high-throughput. FRAGGER should be useful for protein design, loop grafting and
related structural bioinformatics tasks.

We have developed a computational protein design method with backbone flexibility called
SHADES, which is a data-driven method that exploits loca structura environments in known
protein structures together with energy to guide sequence design. It is based on customized
libraries of non-contiguous in-contact amino acid residue motifs. We have tested SHADES on a
public benchmark of 40 proteins selected from different protein families and showed excellent
results. WD40 proteins are a subfamily of propeller proteins, with a pseudo-symmetrical fold
made up of subdomains called blades. By computationally reverse-engineering the duplication,
fusion and diversification events in the evolutionary history of a WD40 protein, a perfectly
symmetrical homolog called Tako8 was made. We have used SHADES to redesign Tako8 to
create ka8, a four-fold symmetrical protein in which neighbouring blades carry compensating
charges. These artificial eight-bladed rings may find applications in bionanotechnology and as
models to study the folding and evolution of WD40 proteins.

We have developed a protein sequence fitness scoring function that implements sequence and
corresponding secondary structural information at tripeptide levels to differentiate natural and
non-natural proteins. The proposed fitness function is extensively validated on a dataset of about
210,000 natural and non-natural protein sequences and benchmarked with existing methods for
differentiating natural and non-natural proteins. The high sensitivity, specificity and percentage



accuracy of the fitness function demonstrates its potential application for sampling the protein
sequences with higher probability of mimicking natural proteins. The protein seguence
characterization aided by the proposed fitness function could facilitate the exploration of new
perspectivesin the design of novel functional proteins.

Modern proteins with complex structures are thought to have evolved from small and smple
ancient proteinswith prototype folds. How such prototype proteins emerged on the primitive earth
remains enigmatic. RNA polymerases are ancient proteins found in all kingdoms of life and have
a large complex structure consisting of multiple domains. We hypothesize that the double-psi
beta-barrel (DPBB) domain at the core of RNA polymerase is the ancestor of modern RNA
polymerases. We have designed a two-fold symmetric protein of the DPBB fold, which consists
of a duplicated half DPBB sequence. The design of completely symmetrical DPBB sequences
were carried out using the “reverse engineering evolution” computational protein design approach.
We aligned the orthologous sequences of DPBB to generate a phylogenetic tree. The aigned
sequences and constructed phylogenetic tree were used together to generate putative ancestral
consensus sequences. The predicted ancestral sequences were then mapped onto a symmetrical
DPBB backbone structural model and their energieswere calculated. Thetop-scored designswere
selected for experimental validation based on the Rosetta scores, RMSD from design template,
predicted solubility and visual inspection. These designs have been validated by X-ray
crystdlography that the experimentaly determined structures closely matches the
computationally design models. This design provided support for the notion that modern day
complex proteins could have been evolved from the gene duplication, fusion and diversification
events from ancestral simpler proteins.
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