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Selected Publications

Protein molecules spontaneously fold into unique three-
dimensional structures specified by their amino acid sequences 
from random coils to carry out their functions. Many of 
protein studies have been performed by analyzing naturally 
occurring proteins. However, it is difficult to reach funda-
mental working principles of protein molecules only by ana-
lyzing naturally occurring proteins, since they evolved in their 
particular environments spending billions of years. In our lab, 
we explore the principles by computationally designing pro-
tein molecules completely from scratch and experimentally 
assessing how they behave.

Protein design holds promise for applications ranging 
from catalysis to therapeutics. There has been considerable 
recent progress in computationally designing new proteins. 
Many of protein design studies have been conducted using 
naturally occurring protein structures as design scaffolds. 
However, since naturally occurring proteins have evolu-
tionally optimized their structures for their func tions, imple-
menting new functions into the structures of naturally occur-
ring proteins is difficult for most of cases. Rational methods 
for building any arbitrary protein structures com pletely from 
scratch provide us opportunities for creating new functional 
proteins. In our lab, we tackle to establish theories and tech-

nologies for designing any arbitrary protein structures pre-
cisely from scratch. The established methods will open up an 
avenue of rational design for novel functional proteins that 
will contribute to industry and therapeutics.
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1.  Robust Folding of a De Novo Designed 
Ideal Protein Even with Most of the Core 
Mutated to Valine

De novo designed ideal proteins, which are stabilized 
completely consistent local and non-local interactions, exhibit 
a remarkable property of extremely high thermal stability, 
compared with naturally occurring proteins. Whereas non-
local interactions such as tight hydrophobic core packing have 
been traditionally considered to be crucial for protein folding 
and stability, the rules suggest the importance of local back-
bone structures in protein folding. We studied the robustness 
of folding of de novo designed proteins to the reduction of the 
hydrophobic core, by extensive mutation of large hydrophobic 
residues (Leu, Ile) to smaller ones (Val) for one of the designs. 
Surprisingly, even after 10-residue mutations from all of Leu 
and Ile to Val, a mutant with most of the core filled with Val 
was found to not be a molten globule and fold into the same 
backbone structure as the original design, with high stability. 
These results highlight the significance of local backbone 
structures for the folding ability and high thermal stability of 
designed proteins.

Figure 1.  Experimental characterization of the designed protein with 
most of the core mutated to Val. (A) The far-UV CD spectra at various 
temperatures. (B) NMR structure. (C) Hydrophobic core side chains 
are shown in stick. Residues colored in green are valine.

2.  Role of Backbone Strain in De Novo 
Design of Complex α/β Protein Structures

We have elucidated principles for designing ideal proteins 
with completely consistent local and non-local interactions 
which have enabled the design of a wide range of new αβ- 
proteins with four or fewer β-strands. The principles relate 
local backbone structures to supersecondary-structure packing 
arrangements of α-helices and β-strands. Here, we test the 
generality of the principles by employing them to design 
larger proteins with five- and six- stranded β-sheets flanked by 
α-helices. The designs are monomeric in solution with high 
thermal stability, and the nuclear magnetic resonance (NMR) 
structure of one was close to the design model, but for two 
others the order of strands in the β-sheet was swapped. Investi-
gation into the origins of this strand swapping suggests that 
the global structures of the design models are more strained 
than the NMR structures. We incorporated explicit considera-
tion of global backbone strain into our design methodology, 
and succeeded in designing proteins with the original unswapped 
strand arrangements. These results illustrate the value of 
experimental structure determination in guiding improvement 
of de novo design, and the importance of consistency between 
local, supersecondary, and global tertiary interactions in 
determining protein topology. The augmented set of principles 
should inform the design of larger functional proteins.

Figure 2.  (left) The strand order swapping in de novo design of larger 
αβ-proteins has been a long-standing problem for the research team. 
(right) Backbone ensembles generated from folding simulations 
identified that backbone strain caused the strand swapping.
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