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protein structures

Computational design technology to accurately create protein structures de novo with
high thermal stability has greatly advanced in this decade. Based on the technology, I
aimed to develop computational methods to stabilize proteins in a selected state.

In this thesis, I targeted on G-protein coupled receptors (GPCRs) for state-selective
stabilization. GPCRs are the largest membrane protein family encoded by the human
genome. Canonically, GPCRs are activated upon the binding of extracellular ligands,
which induces a conformational change from the inactive state to the active state, leading
to intracellular coupling of G-proteins that trigger downstream biochemical cascades.
Because GPCRs control diverse physiological functions, they have been of major scientific
interest and also among the main drug targets. However, despite their scientific and
pharmacological importance, the innate instability of GPCRs has been problematic for
sample preparation and functional assay. Moreover, GPCRs are in equilibrium between
inactive and active states that exhibit large conformational changes upon state
transitions. The low homogeneity caused by this feature has been problematic for
structure determination and state-specific ligand/antibody screening. In this thesis, I
aimed to develop methods that not only stabilize GPCRs but also stabilize them in a
specific state.

One of the causes of GPCR instability is the intracellular loop 3 (ICL3), an intracellular
loop with varying lengths among different GPCRs that shows high structural flexibility.
In addition, ICL3 connects the two transmembrane helices, transmembrane helix 5 (TM5)
and transmembrane helix 6 (TM6), which move outward upon the conformational change
from the inactive to active state (the agonist-bound G-protein coupled state). I
hypothesized that by redesigning the TM5-ICL3-TM6 region to stabilize TM5 and TM6 in
either the inactive or active state conformation, state-selective stabilization of GPCRs
might be achieved.

I applied two approaches for state-selective stabilization of GPCRs: 1) designing stable
TM5-ICL3-TM6 region by redesigning ICL3 to be short and typical structures, and 2)
designing extremely stable all a-helical proteins that are made to fix the conformation of
TM5 and TM6 by being replaced to ICL3. In this study, I targeted adenosine Aza receptor
(A2aR) and attempted to stabilize it in either the inactive or active state. AzaR is a
prototypical GPCR belonging to class A that constitutes the largest GPCR subfamily
covering approximately 90% of human GPCRs.



My thesis consists of five chapters: Chapter 1 provides a brief overview of GPCRs and
protein design, Chapter 2 describes the redesign of ICL3 for state-selective stabilization
of A2aR, Chapter 3 and 4 focus on the de novo design of fusion partner proteins customized
to stabilize the inactive and active states of A2aR, respectively, and Chapter 5 summarizes
the conclusions of the thesis.

In Chapter 2, the computational strategy for redesigning TM5-ICL3-TM6 region and
experimental results of the redesigned Az2aRs are described. One reason that can explain
the exceptionally high thermal stability of computationally de novo designed proteins is
the use of short and typical loop structures. Therefore, I redesigned the TM5-ICL3-TM6
region of the A2aR to have short and typical loop structures. For state-selective
stabilization, I redesigned the region of the inactive state structure and active state
structure of A2aR, respectively. First, I computationally rebuilt ICL3 between TM5 to TM6
as a short and typical structure. Then, sequence design was performed around the
cytosolic area of TM5-ICL3-TM6. The redesigned A:2aRs with new ICL3 structures,
exhibiting the lowest energy, were selected for experimental characterization. The
redesigned AzaRs were experimentally characterized by Murata group at Chiba University,
and the results suggest that the stability of the redesigned A2aRs was not improved
compared to that of the wild-type. This indicate more stabilization for the redesigned
region is required.

To improve the method, I computationally de novo designed super-stable protein
structures to be replaced to ICL3. In Chapter 3, the computational strategy for the de
novo design of extremely stable all a-helical proteins customized for fusion to A2aR and
the experimental results are described. The fusion partner strategy, which replaces ICL3
with soluble protein domains (fusion partner proteins), has been widely employed for
stabilizing GPCRs. However, this method requires numerous experimental trials and
errors. I aimed to develop a computational method to design fusion partner proteins that
stabilize GPCRs in a specific state. First, I prepared a set of hundreds of all a-protein
backbone models, and selected the backbone models that can be fused into A2aR through
straight helical connections. Next, I designed amino acid sequences for the selected
backbones. Then, I performed experimental characterizations of the designed proteins.
The designed fusion partner protein, named FiX1, folded into a monomeric structure with
high thermal stability (the melting temperature is more than 98 °C), and the chimeric
A2aR with FiX1 (A2aR-FiX1) exhibited higher thermal stability than the wild-type A2aR.
The ligand-binding affinity of A2aR-FiX1 to the inverse agonist was similar to that of the
wild-type AzaR, while the affinity to the agonist was drastically reduced. These results
indicate that the rational stabilization of the A2aR inactive conformational state was
successful.

To investigate the potential of the developed method, in Chapter 4, I computationally de
novo designed super-stable fusion partner proteins to stabilize AzaR in an active state.

The de novo designed fusion partner proteins showed extreme thermostability, and the



chimeric A2aR with a fusion partner protein, A2aR—FaX3, exhibited higher stability than
the wild-type A2aR. However, A2aR-FaX3 did not show ligand-binding affinities against
the inverse agonist and agonist. These results indicate that A2aR-FaX3 was stabilized in
an unexpected state other than the inactive or active state. For stabilizing GPCRs in an
active state, the TM5 and TM6 region needs to be more stabilized. The experimental
characterization of the chimeric A2aRs described in Chapters 3 and 4 was performed by
Murata group at Chiba University.

I succeeded in stabilizing the inactive state of AzaR by the mainchain-level protein
engineering: custom-made design of super-stable fusion partner proteins. The developed
method still needs to be improved to stabilize an active state. However, the method is
expected to be a basic technology for designing rationally stabilized GPCRs in a desired
state, which is thought to be applied in solving structures in specific states or state-
dependent ligand/antibody screening. In addition, this is the first example of rational
state-selective stabilization of proteins only by mainchain-level engineering, not limited
in GPCRs. The method is expected to be utilized to stabilize other proteins in desired

states.
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