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The objective of this study was development of a methodology to design middle-size molecules that inhibit intracellular
proteins.
To achieve the research objective, we recruited a middle-size molecule called peptoid (R. Simon, et al., Proc. Natl. Acad.
Sci. U.S.A. 1992, 89, 9367-9371.) Peptoid has been reported to exhibit high membrane permeability (P. Yu, et al., Nat.
Biotechnol. 2005, 23, 746—751.), therefore peptoid is suitable for inhibiting intracellular PPIs. Peptoid is conformationally
flexible, and therefore peptoids generally does not show high affinity to proteins, which has been limiting the utility of
peptoids for PPI inhibitors (T. Kodadek and P. J. McEnaney, Chem. Commun. 2016, 52, 6038—6059.). Recently, we have
succeeded in generating conformationally constrained peptoids and improving binding affinities of peptoids to proteins (J.
Morimoto, et al., J. Am. Chem. Soc. 2019, 142, 2277-2284.). Altogether, peptoid is potentially useful for realizing middle-
size molecules that inhibit intracellular PPIs.
In this research, we aimed to achieve the following two things.
1. Establishment of in silico design methods for producing PPI inhibitors using peptoids as scaffolds
2. Evaluation of the practical utility of the above method
By achieving the research objectives, we aimed to achieve the following two things.
1. A general method for producing drug candidates for inhibiting intracellular PPIs
2. Evaluation of the practical utility of middle-size molecules for drug discovery
To achieve the objective of this study, we have addressed the four research items. The details of the items are described

below.

1) Development of in silico design method for intracellular PPIs.

We devised in silico methods for designing PPI inhibitors. We aimed to develop methods for producing inhibitors using
MDM?2-p53 interaction as a model target. The peptoid we have been developing is known to maintain the backbone shape
irrespective of the N-substituent structures (J. Morimoto, et al., J. Am. Chem. Soc. 2019, 142, 2277-2284). By utilizing the
structural characteristic, we have devised in silico program that seek the N-substituent patterns on peptoids that well mimic
the orientations and distances of Phe, Trp and Leu residues on p53 that consists of the target PPI. This program overlay the
atoms at the root of the three hot spot residues on p53 and N-substituents and seek the resembled patterns based on the RMSD
values. Using this program, we have succeeded in rapidly discovering the peptoid structure that has been previously shown
to work as inhibitors of MDM?2—p53 interaction.

Next, to expand the peptoid-based scaffold structures, we tested whether functional groups can be introduced not only at
amide nitrogens but also at a-carbons. More specifically, we compared the structures of N-methylalanine pentamer and N-
methyl peptides with functional groups larger than methyl groups at a-carbons using DFT calculations, molecular dynamics
simulations and nuclear magnetic resonance measurements. As a result, the peptoid backbone shape was suggested to be
maintained even when functional groups larger than methyl group are introduced at a.-carbons. Consequently, the number of
patterns for displaying functional groups was increased about 10-fold. Based on the result, we developed an in silico method
for finding the patterns that is suitable for mimicking the hot spots on the target PP1. We applied this method for discovery of
inhibitors of MDM?2—p53 interactions and demonstrated that more diverse and stronger inhibitors can be discovered using the

modified method (M. Yokomine, Angew. Chem. Int. Ed. 2022, 61, €202200119).

2) Development of in silico design method for intracellular PPIs.
We next designed inhibitors of multiple PPIs other than MDM?2—p53 to assess the utility of the in silico design method
for producing PPI inhibitors using peptoids as scaffolds. Among the designed ligands, we synthesized peptoids targeting a
PPI involving apoptosis and evaluated the inhibitory activity against the PPI using fluorescence polarization method. As a
result, some of the designed ligands inhibited the target PPI, which demonstrated the general utility of the design method.
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However, the inhibitory activity was weak. Therefore, we attempted to improve the design method by recruiting docking
simulation methods. Even after the attempts, the inhibitory activity is still not high. Therefore, we are going to conduct further
structural analysis and improvement of docking simulation methods to develop better in silico design methods for generating

PPI inhibitors.

3) Evaluation of the utility of the designed peptoids for inhibiting intracellular PPIs.

We next assessed whether the peptoids that exhibited inhibitory activities against purified MDM2 can inhibit the target
PPI intracellularly. We have applied the peptoids to SISA-1 cells that is known to overexpress MDM2 and evaluated the PPI
inhibitory activity. We conducted western blotting to evaluate whether the degradation of p53 protein is suppressed by
inhibition of MDM2—p53 interaction. As a result, the initially designed peptoid did not increase the protein level of p53 in the
cells even at 20 uM concentration, which indicate that it is difficult to produce peptoids that efficiently inhibit the intracellular
PPIs.

We next conducted structural optimization of the peptoids to improve inhibitory activities and membrane permeability to
realize peptoids that inhibit the target PPI inside the cells. We predicted the mode of interaction between the MDM2—p53
inhibitor peptoids and MDM2 using molecular dynamics simulations and we designed derivative peptoids that are expected
to exhibit higher inhibitory activities and membrane permeability. After testing several compounds, we obtained inhibitors
with more than 10-fold higher inhibitory activities. Furthermore, the membrane permeability of the peptoids were measured
with the parallel artificial membrane permeability assay (PAMPA) and found to be 2-3 fold higher than the initially designed
peptoid.

Finally, we evaluated the inhibitory activity of the peptoids against intracellular MDM2-p53 interaction. We found that
the improved ligand increased the p53 protein level in SJISA-1 cells, which suggested that the MDM2-p53 interaction was
inhibited intracellularly. We further assessed whether the MDM2—p53 inhibition by the peptoid induce cellular apoptosis with
Annexin V assay. As a result, the peptoid was found to induce apoptosis to 60—70% of the cells at 10 uM concentration (Y.
Fukuda, et al., Chem. Sci. 2021, 12, 13292-13300).

These results demonstrated that the peptoids designed in silico can inhibit an intracellular PPI. The results so far
demonstrated that middle-size molecules that inhibit intracellular PPI can be rationally designed using the following two-
stage in silico design method for producing intracellular PPIs: Stage 1. Inhibitors are designed using peptoids as scaffolds
based on the similarity of the orientations and distances of hot spot residues with the target PPI; Stage 2. The structures of the

initially designed peptoids are optimized based on molecular dynamics simulations.

4) Evaluation of the effect of tumor suppression effect in rodent

We evaluated the therapeutic effect of the developed peptoids that inhibit MDM2—p53 interactions on tumors in mouse.
As a result, we could not observe obvious inhibitory effect in vivo. This result suggests that the biological stability and
inhibitory activity needs to be improved for peptoids to be used as drugs. It is desirable to modify the peptoid structures to
achieve such characteristics in the future.

In this study, we have succeeded in achieving the two aims. The first aim was development of in silico design method of
PPI inhibitors using peptoids as scaffolds. This was achieved via production of inhibitors against two PPIs. The second aim
was evaluation of the utility of the design method. We achieved this by producing inhibitors that inhibit an intracellular PPI
in cultured cells.

This research proposed one potential solution to development of inhibitors of intracellular PPI which is one of the most
important challenges in drug discovery. The methodology developed in this study is expected to be improved and utilized for

accelerating drug discovery against intracellular PPIs.



