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Supplementary Figure S1. Identification of amino acids involved in binding with CTLA-4 by 

alanine scanning mutants. 

 (A) List of alanine scanning mutants based on C4m-310044 with affinity as high as that 

of C4m-3127. Alanine substitutions were generated via site-directed mutagenesis, employing a 

pET-based vector to express the MBP-peptide fusion protein as the expression plasmid, the 

corresponding primer sets, and KOD plus DNA polymerase, to ascertain which residues are 

involved in interaction with CTLA-4. All mutations were confirmed using DNA sequence 



analysis. (B) 14 variants shown in (A) were expressed as the MBP-peptide fusion protein. The 

binding activity of each on CTLA-4 was evaluated using lysate ELISA. The BL21(DE3) E. coli 

cells transformed with each alanine scanning mutant were grown in 100 μL of 2xYT/50 μg/mL 

ampicillin at 37 °C until OD600 of 0.5–0.8 was reached. After IPTG (0.5 mM) was added, the 

broth was incubated at 25 °C, with shaking overnight. The cell broth was lysed using lysis buffer 

(5 mg/mL lysozyme (FUJIFILM Wako) in PBS, 50% BugBuster® (v/v) (Merck Millipore) at RT 

for 2 h, with shaking. The lysate was blocked with TBS/0.05% Tween-20/12.5% skim milk by 

incubating at RT for 0.5 h, shaking, then added to CTLA-4-immobilized wells on 384-plate and 

incubated at RT for 1.5 h. After washing and incubation with anti-FLAG M2®-peroxidase 

antibody (1:10,000; Sigma Aldrich) at RT for 1 h, the absorbance at 450 nm/ 650 nm was read 

with a microplate reader through the reaction with 1x TMB substrate solution and 2N 

hydrochloric acid. 

  



 

 

 

 



 

 

 



 

  

 

Supplementary Figure S2. Acceptable amino acid types in positions not involved in binding 

with CTLA-4. Residues highlighted in gray indicate mutated sites. 



 

  

 

Supplementary Figure S3. Frequency of occurrence of amino acids in positions not involved 

in binding with CTLA-4. 

The frequency of the amino acids with aromatic group (Trp, Phe, Tyr), hydrophobic 

group (Val, Leu), and long side chain (Arg) was high in the loop of the cyclic peptide. By 

contrast, the frequency of the amino acids with small side chains (Pro, Ala, Gly, Ser) was high 

in the position immediately adjacent to the C-terminal cysteine. 

 

  



 

 

 

Supplementary Figure S4. 1H NMR spectrum of PGF00432. 



 

Supplementary Figure S5. 13C NMR spectrum of PGF00432. 

  



 

 

Supplementary Figure S6. HRMS spectrum of PGF00432. 
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Supplementary Figure S7. 1H NMR spectrum of PGF00452. 



 

Supplementary Figure S8. 13C NMR spectrum of PGF00452. 

  



 

 

Supplementary Figure S9. HRMS spectrum of PGF00452. 
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Supplementary Figure S10. 1H NMR spectrum of PGF00478. 



 

Supplementary Figure S11. 13C NMR spectrum of PGF00478. 

  



 

 

Supplementary Figure S12. HRMS spectrum of PGF00478. 
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Supplementary Figure S13. 1H NMR spectrum of PGF00506. 



 

Supplementary Figure S14. 13C NMR spectrum of PGF00506. 



 

 

Supplementary Figure S15. HRMS spectrum of PGF00506. 
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