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研究成果の概要（和文）：私たちは、バックボーンの柔軟性を備えた計算タンパク質設計法を開発しました。こ
れは、既知のタンパク質構造のローカル構造環境をエネルギーとともに利用して配列設計をガイドするもので
す。 これは、非連続接触アミノ酸残基モチーフのカスタマイズされたライブラリに基づいています。 この新し
い方法を、RNA ポリメラーゼの 4 回対称の 8 ブレード ベータ プロペラと 2 回対称のダブル psi ベータ バ
レル コアの設計に適用しました。 これらの設計は、実験的に決定された構造がコンピュータによる設計モデル
と厳密に一致することが X 線結晶構造解析によって検証されています。

研究成果の概要（英文）：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.

研究分野：計算タンパク質設計

キーワード： 計算タンパク質設計
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研究成果の学術的意義や社会的意義
私たちが開発した柔軟なバックボーン タンパク質設計法は、現在の最先端のタンパク質設計の可能性を拡張し
ました。 それは、新しいバイオ センサー、治療法、および診断法の開発に大きな可能性を示しています。 RNA
 ポリメラーゼの 2 重対称ダブル psi ベータ バレル コアの成功した設計は、現代の複雑なタンパク質は、祖
先のより単純なタンパク質からの遺伝子重複、融合、および多様化イベントから進化した可能性があるという考
えを支持しています。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
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, half of which have been obtained with Rosetta Design. The Rosetta Design approach 
starts from a rigid protein backbone, then searches for optimal sequences that 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 needs to be searched, which increased 
the computational efficiency. However, it also significantly limited the power of this approach to 
achieve design goals.  
 
 
２．研究の目的 
The objective of our proposal is to develop a novel 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.  
 
 
３．研究の方法 
We propose to use a library 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. 
 
 
４．研究成果 
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 a fragment database with a 
query fragment and a distance threshold. Matching fragments are ranked by distance to the 
query. The query fragment can have structural gaps and the allowed amino acid sequences 
matching a query can be constrained via a regular expression of one-letter amino acid codes. 
FRAGGER also incorporates a tool 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 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 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 Ika8, 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 sequence 
characterization aided by the proposed fitness function could facilitate the exploration of new 
perspectives in the design of novel functional proteins. 
 
Modern proteins with complex structures are thought to have evolved from small and simple 
ancient proteins with 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 aligned 
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 energies were calculated. The top-scored designs were 
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 
crystallography that the experimentally 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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