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ɄŮɟɑɚɖɣɖ 

ȼ ˊɟɞɓɚɖɛŬŰɘəɐ ŬɜŬŭɑˊɚɤůɖ ˊɟɤŰŮɥɜɩɜ əŬɘ ɖ ŮˊɘəŮɑɛŮɜɖ ůɡůůɤɛɎŰɤůɐ Űɞɡɠ 

ŬˊɞŰŮɚŮɑ əɞɘɜɧ ɛɞɟɘŬəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ ɛɘŬɠ ˊɚɖɗɩɟŬɠ Ŭɜɗɟɩˊɘɜɤɜ ŬůɗŮɜŮɘɩɜ ˊɞɡ 

ɞɜɞɛɎɕɞɜŰŬɘ ŬůɗɏɜŮɘŮɠ ˊɟɞɓɚɖɛŬŰɘəɐɠ ŬɜŬŭɑˊɚɤůɖɠ ˊɟɤŰŮɥɜɩɜ (protein misfolding diseases, 

PMDs). ɆŰɘɠ PMDs ́ ŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ŬůɗɏɜŮɘŮɠ ɛŮ ˊɞɘəɑɚŮɠ ˊŬɗɞɚɞɔɑŮɠ əŬɘ ůɡɛˊŰɩɛŬŰŬ, ɧˊɤɠ 

ɖ ɜɧůɞɠ Alzheimer, ɖ ɜɧůɞɠ Parkinson, ɖ əɡůŰɘəɐ ɑɜɤůɖ əŬɘ ɞ əŬɟəɑɜɞɠ. ȷɜŮɝɎɟŰɖŰŬ ɛŮ Űɖɜ 

ˊŬɗɞɔɏɜŮůɐ Űɞɡɠ, ɖ ůɡɜŰɟɘˊŰɘəɐ ˊɚŮɘɞɣɖűɑŬ Űɤɜ PMDs ŮɑɜŬɘ Ůˊɑ Űɖɠ ˊŬɟɞɨůɖɠ ŬɜɑŬŰɖ əŬɘ 

ŮˊɘɓɎɚɚŮɘ ɏɜŬ ŰŮɟɎůŰɘɞ əɞɘɜɤɜɘəɞ-ɞɘəɞɜɞɛɘəɧ ŬɜŰɑəŰɡˊɞ ůŰɖɜ ŬɜɗɟɤˊɧŰɖŰŬ. ɆɡɜŮˊɩɠ, ɖ 

ŬɜŬəɎɚɡɣɖ ɛɞɟɑɤɜ ɛŮ Űɖɜ ɘəŬɜɧŰɖŰŬ ɜŬ Ůˊɘŭɘɞɟɗɩɜɞɡɜ Űɖɜ ŬɜŬŭɑˊɚɤůɐ Űɤɜ ˊɟɞɓɚɖɛŬŰɘəɩɜ 

ŬɡŰɩɜ ˊɟɤŰŮɥɜɩɜ ŬˊɞŰŮɚŮɑ ɛɑŬ Ůɡɞɑɤɜɖ ˊɟɞůɏɔɔɘůɖ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ ɜɏɤɜ űŬɟɛɎəɤɜ əŬŰɎ 

Űɤɜ PMDs. 

ũɘŬ Űɞ ůəɞˊɧ ŬɡŰɧ, ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŭŬəŰɞɟɘəɐ ŭɘŬŰɟɘɓɐ ŬɜŬűɏɟŮŰŬɘ ɖ ŬɜɎˊŰɡɝɖ ɛɑŬɠ 

əŬɘɜɞŰɧɛɞɡ ɓŬəŰɖɟɘŬəɐɠ ˊɚŬŰűɧɟɛŬɠ ɔɘŬ Űɖɜ ŬɜɎəɎɚɡɣɖ Ůɜ ŭɡɜɎɛŮɘ ɗŮɟŬˊŮɡŰɘəɩɜ ŮɜɩůŮɤɜ 

əŬŰɎ Ůɜɧɠ Ůɡɟɏɞɠ űɎůɛŬŰɞɠ PMDs. ɆŮ ŬɡŰɧ Űɞ ůɨůŰɖɛŬ, ɓŬəŰɖɟɘŬəɎ əɨŰŰŬɟŬ Escherichia 

coli ŰɟɞˊɞˊɞɘɐɗɖəŬɜ ɔŮɜŮŰɘəɎ ɩůŰŮ ɜŬ ŮəŰŮɚɞɨɜ ŭɨɞ ŰŬɡŰɧɢɟɞɜŮɠ ŭɘŮɟɔŬůɑŮɠ: (i) ɜŬ ˊŬɟɎɔɞɡɜ 

ůɡɜŭɡŬůŰɘəɏɠ ɓɘɓɚɘɞɗɐəŮɠ ɛŮ ˊɎɜɤ Ŭˊɧ 200 ŮəŬŰɞɛɛɨɟɘŬ ŭɘŬűɞɟŮŰɘəɎ əɡəɚɘəɎ ɞɚɘɔɞˊŮˊŰɑŭɘŬ 

əŬɘ (ii) ɜŬ ŮˊɘŰɟɏˊɞɡɜ Űɖɜ ŰŬɡŰɞˊɞɑɖůɖ Űɤɜ ɓɘɞŭɟŬůŰɘəɩɜ ŮɜɩůŮɤɜ ɛŮ Űɖɜ ɘəŬɜɧŰɖŰŬ ɜŬ 

Ůˊɘŭɘɞɟɗɩɜɞɡɜ Űɖɜ ˊɟɞɓɚɖɛŬŰɘəɐ ŬɜŬŭɑˊɚɤůɖ Űɤɜ ˊɟɤŰŮɥɜɩɜ-ůŰɧɢɤɜ ɐ/əŬɘ ɜŬ ŬɜŬůŰɏɚɚɞɡɜ 

Űɖɜ ˊŬɗɞɚɞɔɘəɐ ůɡůůɤɛɎŰɤůɐ Űɞɡɠ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ Ŭˊɚɧ ůɨůŰɖɛŬ ɔŮɜŮŰɘəɐɠ Ůˊɘɚɞɔɐɠ. 

ɇɞ ůɨůŰɖɛŬ ŬɡŰɧ ůŰɖɟɑɕŮŰŬɘ ůŰɖ ůɨɜŭŮůɖ Űɖɠ ˊɟɞɓɚɖɛŬŰɘəɐɠ ŬɜŬŭɑˊɚɤůɖɠ Űɖɠ ˊɟɤŰŮȶɜɖɠ-

ůŰɧɢɞɡ ɛŮ Űɖɜ ŮɛűɎɜɘůɖ Ůɜɧɠ űɗɞɟɑɕɞɜŰŬ űŬɘɜɧŰɡˊɞɡ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮˊɘŰɟɏˊŮŰŬɘ ɞ 

ŮɜŰɞˊɘůɛɧɠ əŬɘ ɖ Ŭˊɞɛɧɜɤůɖ Űɤɜ ɓɘɞŭɟŬůŰɘəɩɜ ŮɜɩůŮɤɜ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ əɡŰŰŬɟɞɛŮŰɟɑŬ 

ɟɞɐɠ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ, ɛŮɘɩɜŮŰŬɘ ůɖɛŬɜŰɘəɎ ɞ ɢɟɧɜɞɠ əŬɗɩɠ əŬɘ Űɞ 

əɧůŰɞɠ Űɖɠ ŬɜŬəɎɚɡɣɖɠ ˊɘɗŬɜɩɜ ɗŮɟŬˊŮɡŰɘəɩɜ ŮɜɩůŮɤɜ əŬŰɎ Űɤɜ PMDs. 
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ȼ Ůɜ ɚɧɔɤ ɛŮɗɞŭɞɚɞɔɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ əŬŰɎ ŰŮůůɎɟɤɜ ɛɖ-ůɡɜŬűɩɜ ˊɟɤŰŮɥɜɘəɩɜ 

ůŰɧɢɤɜ: (i) ɛɑŬɠ əŬɟəɘɜɞɔɧɜɞɡ ˊŬɟŬɚɚŬɔɐɠ Űɖɠ Ŭɜɗɟɩˊɘɜɖɠ ɞɔəɞəŬŰŬůŰŬɚŰɘəɐɠ ˊɟɤŰŮȶɜɖɠ 

p53 ́ ɞɡ ˊŮɟɘɏɢŮɘ Űɖɜ ŬɜŰɘəŬŰɎůŰŬůɖ Űɖɠ Űɡɟɞůɑɜɖɠ ůŰɖ ɗɏůɖ 220 Ŭˊɧ əɡůŰŮȶɜɖ (p53(Y220C)), 

(ii) Űɞɡ ŬɛɡɚɞŮɘŭɞɨɠ ɓ ˊŮˊŰɘŭɑɞɡ (ȷɓ42) ˊɞɡ ɏɢŮɘ ůɡůɢŮŰɘůɗŮɑ Ůɡɟɏɤɠ ɛŮ Űɖ ɜɧůɞ Alzheimer, 

(iii ) ɛɑŬɠ ɛŮŰŬɚɚŬɔɛɏɜɖɠ ɛɞɟűɐɠ Űɖɠ ŭɘůɛɞɡŰɎůɖɠ Űɞɡ ɡˊŮɟɞɝŮɘŭɑɞɡ 1 ˊɞɡ ˊŮɟɘɏɢŮɘ Űɖɜ 

ŬɜŰɘəŬŰɎůŰŬůɖ Űɖɠ ŬɚŬɜɑɜɖɠ ůŰɖ ɗɏůɖ 4 Ŭˊɧ ɓŬɚɑɜɖ (SOD1(A4V)) əŬɘ ɖ ɞˊɞɑŬ ɏɢŮɘ 

ůɡůɢŮŰɘůɗŮɑ ɛŮ ŭɟɘɛɨŰŬŰŮɠ ɛɞɟűɏɠ Űɖɠ ɜɧůɞɡ Űɞɡ əɘɜɖŰɘəɞɨ ɜŮɡɟɩɜŬ əŬɘ (iv) ɛŮ ɛɑŬ ˊŬɗɞɔɧɜŬ 

ɛɞɟűɐ Űɖɠ ˊɟɤŰŮȶɜɖɠ huntingtin ˊɞɡ ˊŮɟɘɏɢŮɘ 97 əŬŰɎɚɞɘˊŬ ɔɚɞɡŰŬɛɑɜɖɠ (ȼɇɇ-97Q), əŬɘ ɖ 

ɞˊɞɑŬ ɏɢŮɘ ůɡůɢŮŰɘůɗŮɑ ɛŮ Űɖɜ ɜɧůɞ Űɞɡ Huntington. ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞ Ůɜ ɚɧɔɤ ůɨůŰɖɛŬ 

ɐŰŬɜ ŭɡɜŬŰɐ ɖ Ŭˊɞɛɧɜɤůɖ ŰŮůůɎɟɤɜ ŭɘŬəɟɘŰɩɜ ɓŬəŰɖɟɘŬəɩɜ ˊɚɖɗɡůɛɩɜ ˊɞɡ ˊŬɟɎɔɞɡɜ 

əɡəɚɘəɎ ˊŮˊŰɑŭɘŬ ɛŮ Űɖɜ ɘəŬɜɧŰɖŰŬ ɜŬ Ůˊɘŭɘɞɟɗɩɜɞɡɜ Űɖɜ ˊɟɞɓɚɖɛŬŰɘəɐ ŬɜŬŭɑˊɚɤůɖ ɐ/əŬɘ ɜŬ 

ŬɜŬůŰɏɚɚɞɡɜ Űɖɜ ˊŬɗɞɚɞɔɘəɐ ůɡůůɤɛɎŰɤůɐ Űɤɜ ˊɟɤŰŮɥɜɩɜ-ůŰɧɢɤɜ. ɇŬ ŮˊɘɚŮɔɛɏɜŬ əɡəɚɘəɎ 

ˊŮˊŰɑŭɘŬ əŬŰɎ Űɖɠ p53(Y220C) əŬɘ Űɖɠ ȷɓ42 ŮɝŮŰɎůŰɖəŬɜ ˊŮɟŬɘŰɏɟɤ in vitro əŬɘ in vivo ɛŮ 

ůəɞˊɧ Űɖɜ ŮˊɘɓŮɓŬɑɤůɖ Űɖɠ ɓɘɞŭɟŬůŰɘəɧŰɖŰɎɠ Űɞɡɠ. 

ɆɡɔəŮəɟɘɛɏɜŬ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ p53(Y220C), ŮűŬɟɛɞɔɐ Űɖɠ ˊŬɟŬˊɎɜɤ 

ɓɘɞŰŮɢɜɞɚɞɔɘəɐɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ɞŭɐɔɖůŮ ůŰɖɜ ŬɜŬəɎɚɡɣɖ ɏɝɘ ŮɜɩůŮɤɜ ɛŮ ˊɘɗŬɜɐ 

ɓɘɞŭɟŬůŰɘəɧŰɖŰŬ. Ƀɘ ŮɜɩůŮɘɠ ŬɡŰɏɠ ŮɝŮŰɎůŰɖəŬɜ ˊŮɟŬɘŰɏɟɤ ɤɠ ˊɟɞɠ Űɖɜ ɘəŬɜɧŰɖŰɎ Űɞɡɠ ɜŬ 

ŬɡɝɎɜɞɡɜ Űɖ ɗŮɟɛɞŭɡɜŬɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ ˊɟɤŰŮȶɜɖɠ-ůŰɧɢɞɡ, ɜŬ ŬɜŬůŰɏɚɚɞɡɜ Űɖ 

ůɡůůɤɛɎŰɤůɐ Űɖɠ əŬɘ ɜŬ ŬˊɞəŬɗɘůŰɞɨɜ Űɖ űɡůɘɞɚɞɔɘəɐ ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ ůŮ ɛɑŬ əŬɟəɘɜɘəɐ 

ůŮɘɟɎ Ŭɜɗɟɩˊɘɜɞɡ ɛŮɚŬɜɩɛŬŰɞɠ ˊɞɡ űɏɟŮɘ Űɖɜ Y220C ɛŮŰɎɚɚŬɝɖ.  ɆŰɖɜ ˊɚŮɘɞɣɖűɑŬɠ Űɞɡɠ, ɞɘ 

ŮˊɘɚŮɔɛɏɜŮɠ ŮɜɩůŮɘɠ ɓɟɏɗɖəŬɜ ɘəŬɜɏɠ ɜŬ ŮˊɘɓɟŬŭɨɜɞɡɜ Űɞɜ ŬɜŮɝɏɚŮɔəŰɞ ˊɞɚɚŬˊɚŬůɘŬůɛɧ Űɤɜ 

əŬɟəɘɜɘəɩɜ əɡŰŰɎɟɤɜ, ɛŮ ɛɑŬ Ůɝô ŬɡŰɩɜ ɜŬ ˊŬɟɞɡůɘɎɕŮɘ Ŭɝɘɧɚɞɔɖ ŬɜŰɘəŬɟəɘɜɘəɐ ŮˊɑŭɟŬůɖ. 

Ⱥˊɘˊɚɏɞɜ, ɖ ɏɜɤůɖ ŬɡŰɐ ɓɟɏɗɖəŮ ɜŬ ŬɡɝɎɜŮɘ ůɖɛŬɜŰɘəɎ Űɖ ɗŮɟɛɞŭɡɜŬɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ 

p53(Y220C) ɛŮŰŬɚɚŬɔɐɠ, Ůɜɩ ŭɨɞ Ůə Űɤɜ ɡˊɧɚɞɘˊɤɜ ŮɜɩůŮɤɜ ɓɟɏɗɖəŬɜ ɘəŬɜɏɠ ɜŬ 

ŬɜŬůŰɏɚɚɞɡɜ Űɖ ůɡůůɤɛɎŰɤůɖ Űɖɠ ˊɟɤŰŮȶɜɖɠ, ɢɤɟɑɠ ɜŬ ŮˊɖɟŮɎɕɞɡɜ Űɖ ɗŮɟɛɞŭɡɜŬɛɘəɐ Űɖɠ 
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ůŰŬɗŮɟɧŰɖŰŬ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŬɡŰɎ ɡˊɞŭɖɚɩɜɞɡɜ ɧŰɘ Űɞ ɓŬəŰɖɟɘŬəɧ ůɨůŰɖɛŬ ŮˊɘŰɟɏˊŮɘ Űɖɜ 

ŬɜŬəɎɚɡɣɖ Ůɜ ŭɡɜɎɛŮɘ ɗŮɟŬˊŮɡŰɘəɩɜ ŮɜɩůŮɤɜ əŬŰɎ Űɖɠ p53(Y220C) ɛŮŰŬɚɚŬɔɐɠ ɛŮ ˊɘɗŬɜɐ 

ŭɟɎůɖ ɛɏůɤ ŭɘŬűɞɟŮŰɘəɩɜ ɛɞɟɘŬəɩɜ ɛɖɢŬɜɘůɛɩɜ. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ȷɓ42, ɖ ŮűŬɟɛɞɔɐ Űɞɡ ɓŬəŰɖɟɘŬəɞɨ ůɡůŰɐɛŬŰɞɠ ŮˊɏŰɟŮɣŮ Űɞɜ 

ŮɜŰɞˊɘůɛɧ ˊŬɟŬˊɎɜɤ Ŭˊɧ 400 əɡəɚɘəɩɜ ˊŮˊŰɘŭɑɤɜ ɛŮ ˊɘɗŬɜɐ ŭɟɎůɖ əŬŰɎ Űɖɠ ůɡůůɤɛɎŰɤůɖɠ 

Űɖɠ ȷɓ42, ŰŬ ɞˊɞɑŬ ɞɛŬŭɞˊɞɘɐɗɖəŬɜ ůŮ 20 ŭɘŬəɟɘŰɏɠ ɞɘəɞɔɏɜŮɘŮɠ ɓɎůŮɘ Űɖɠ ˊŮˊŰɘŭɘəɐɠ Űɞɡɠ 

ŬəɞɚɞɡɗɑŬɠ. ɆŰɖ ůɡɜɏɢŮɘŬ, ŭɨɞ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɎ ˊŮˊŰɑŭɘŬ Űɤɜ ŭɨɞ ŮˊɘəɟŬŰɞɨɜŰɤɜ 

ɞɘəɞɔŮɜŮɘɩɜ ůɡɜŰɏɗɖəŬɜ ɞɟɔŬɜɘəɎ əŬɘ ŮɝŮŰɎůŰɖəŬɜ ˊŮɟŬɘŰɏɟɤ in vitro əŬɘ in vivo. Ƀɘ ɛŮɚɏŰŮɠ 

ŬɡŰɏɠ ŬɜɏŭŮɘɝŬɜ Űɖɜ ɘəŬɜɧŰɖŰŬ əŬɘ Űɤɜ ŭɨɞ ŮˊɘɚŮɔɛɏɜɤɜ əɡəɚɘəɩɜ ˊŮˊŰɘŭɑɤɜ ɜŬ ŬɜŬůŰɏɚɚɞɡɜ 

Űɖ ůɡůůɤɛɎŰɤůɖ Űɖɠ ȷɓ42 ɛŮ ɛŮɔɎɚɖ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ. Ⱥˊɑůɖɠ, ŰŬ ŭɨɞ ˊŮˊŰɑŭɘŬ 

ɓɟɏɗɖəŬɜ ɜŬ ŮˊɖɟŮɎɕɞɡɜ ůŮ ŭɘŬűɞɟŮŰɘəɧ ɓŬɗɛɧ Űɖɜ ˊɟɤŰɞɔŮɜɐ əŬɘ ŭŮɡŰŮɟɞɔŮɜɐ 

ˊɡɟɖɜɞɔɏɜŮůɖ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ůɡůůɤɛɎŰɤůɖɠ, ɡˊɞŭɖɚɩɜɞɜŰŬɠ ɧŰɘ ɛɧɟɘŬ Ŭˊɧ ŭɘŬűɞɟŮŰɘəɏɠ 

ɞɘəɞɔɏɜŮɘŮɠ ɛˊɞɟŮɑ ɜŬ ŭɟɞɡɜ ɛɏůɤ ŭɘŬűɞɟŮŰɘəɩɜ ɛɖɢŬɜɘůɛɩɜ. ȾŬŰɧˊɘɜ, ɞɘ ŭɨɞ ŮˊɘɚŮɔɛɏɜŮɠ 

əɡəɚɘəɏɠ ŮɜɩůŮɘɠ ɛŮɚŮŰɐɗɖəŬɜ ůŮ ŭɘŬɔɞɜɘŭɘŬəɎ ůŰŮɚɏɢɖ Űɞɡ ɜɖɛŬŰɩŭɖ ůəɩɚɖəŬ 

Caenorhabditis elegans ˊɞɡ ɚŮɘŰɞɡɟɔɞɨɜ ɤɠ ɛɞɜŰɏɚŬ Űɖɠ ɜɧůɞɡ Alzheimer əŬɘ ɓɟɏɗɖəŬɜ 

ɘəŬɜɎ ɜŬ ˊɟɞůŰŬŰŮɨɞɡɜ ŰŬ ɕɩŬ Ŭˊɧ Űɖɜ əɡŰŰŬɟɞŰɞɝɘəɐ ůɡůůɤɛɎŰɤůɖ Űɖɠ ȷɓ42 əŬɗɩɠ 

ɞŭɐɔɖůŬɜ ůŮ ɛŮɑɤůɖ Űɤɜ ŮɜŬˊɞɗɏůŮɤɜ Űɖɠ ˊɟɤŰŮȶɜɖɠ ůŰŬ əɨŰŰŬɟŬ Űɤɜ ůəɤɚɐəɤɜ, Ŭɨɝɖůɖ 

Űɖɠ əɘɜɖŰɘəɧŰɖŰɎɠ Űɞɡɠ əŬɘ ɛŮɑɤůɖ Űɞɡ ɟɡɗɛɧ ˊŬɟɎɚɡůɐɠ Űɞɡɠ. ɇɏɚɞɠ, ŮűŬɟɛɧɕɞɜŰŬɠ 

Ŭɚɚɖɚɞɨɢɘůɖ ɜɏŬɠ ɔŮɜɘɎɠ əŬɘ ůŰɞɢŮɡɛɏɜɖ ɛŮŰŬɚɚŬɝɘɔɏɜŮůɖ ŮˊɘŰŮɨɢɗŮɘ ɖ ɔɟɐɔɞɟɖ ŰŬɡŰɞˊɞɑɖůɖ 

Űɤɜ ůɢɏůŮɤɜ ŭɞɛɐɠ-ŭɟŬůŰɘəɧŰɖŰŬɠ Űɤɜ əɡəɚɘəɩɜ ˊŮˊŰɘŭɑɤɜ əŬɘ ŰŬ ŬˊŬɟŬɑŰɖŰŬ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ ɔɘŬ ɛɏɔɘůŰɖ ŭɟŬůŰɘəɧŰɖŰŬ.  

ɆɡɜɞɚɘəɎ, ɖ ɓŬəŰɖɟɘŬəɐ ˊɚŬŰűɧɟɛŬ ˊɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ 

ŬˊɞŰŮɚŮɑ ɛɑŬ ɘŭɘŬɘŰɏɟɤɠ ŮɡˊɟɞůɎɟɛɞůŰɖ ŰŮɢɜɞɚɞɔɑŬ ˊɞɡ ŮˊɘŰɟɏˊŮɘ Űɖɜ ɔɟɐɔɞɟɖ əŬɘ 

ɞɘəɞɜɞɛɘəɐ Ŭɝɘɞɚɧɔɖůɖ ˊŬɟŬˊɎɜɤ Ŭˊɧ 200 ŮəŬŰɞɛɛɡɟɑɤɜ ŭɘŬűɞɟŮŰɘəɩɜ əɡəɚɘəɩɜ ˊŮˊŰɘŭɑɤɜ 

ɛŮ ůəɞˊɧ Űɖɜ ŬɜŬəɎɚɡɣɖ əŬɘ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ ŮɜɩůŮɤɜ ɛŮ Űɖɜ ɘəŬɜɧŰɖŰŬ ɜŬ Ůˊɘŭɘɞɟɗɩɜɞɡɜ 
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Űɖɜ ˊɟɞɓɚɖɛŬŰɘəɐ ŬɜŬŭɑˊɚɤůɖ ɐ/əŬɘ Űɖɜ ůɡůůɤɛɎŰɤůɖ Űɤɜ ˊɟɤŰŮɥɜɩɜ-ůŰɧɢɤɜ. Ⱥɝô ɧůɤɜ 

ɔɜɤɟɑɕɞɡɛŮ, Űɞ ɔŮɔɞɜɧɠ ŬɡŰɧ Űɖɜ əŬɗɘůŰɎ Űɞ ˊɟɩŰɞ ůɨůŰɖɛŬ ůɎɟɤůɖɠ ɛɞɟɑɤɜ ˊɞɡ ɏɢŮɘ 

ŬɜŬűŮɟɗŮɑ ɛɏɢɟɘ ůɐɛŮɟŬ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ˊɞɡ ŮˊɘŰɟɏˊŮɘ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Ůɜɧɠ ˊɟɤŰɞűŬɜɞɨɠ 

Ŭɟɘɗɛɞɨ ŮɜɩůŮɤɜ, ɛŮ əɟɘŰɐɟɘɞ Űɖ ɚŮɘŰɞɡɟɔɘəɧŰɖŰɎ Űɞɡɠ ɏɜŬɜŰɘ Űɖɠ ˊŬɗɞɔŮɜɞɨɠ ˊɟɤŰŮɥɜɘəɐɠ 

ŬɜŬŭɑˊɚɤůɖɠ əŬɘ Űɞ ɞˊɞɑɞ ɏɢŮɘ ˊɘɗŬɜɐ ŮűŬɟɛɞɔɐ ůŮ ɏɜŬ Ůɡɟɨ űɎůɛŬ PMDs. 
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Abstract 

Protein misfolding and aggregation are defining features of a wide range of human 

conditions which have been collectively termed protein misfolding diseases (PMDs). These 

include disorders with diverse pathologies and symptoms, such as Alzheimerôs disease, 

Parkinsonôs disease, cystic fibrosis and cancer. Whichever their pathogenesis however, the vast 

majority of PMDs remain to date incurable and impose a very high socio-economic burden on 

humanity. 

To address this unmet medical need, in this thesis we report the development of a novel 

integrated bacterial platform for the discovery of potential therapeutics against a wide range of 

PMDs. In this system, Escherichia coli cells are genetically engineered in order to perform two 

simultaneous tasks: (i) produce combinatorial libraries of more than 200 million drug-like, 

head-to-tail cyclic oligopeptides using protein-splicing technology and (ii) enable the 

identification of the bioactive cyclic peptides that correct the problematic folding and/or inhibit 

the aggregation of disease-associated misfolding-prone proteins (MisPs) using a genetic assay 

that links the folding of the target MisP with a fluorescent phenotype. In this way, the bioactive 

cyclic peptide hits can be identified in an ultrahigh-throughput manner using flow cytometric 

cell sorting, thus significantly decreasing the overall cost, time and complexity of early drug 

discovery for PMDs. 

We utili zed the developed platform against four unrelated targets: (i) a carcinogenic 

variant of the tumour suppressor protein p53, which contains a tyrosine to cysteine substitution 

at position 220 (p53(Y220C)), (ii) the 42 residue form of the amyloid ɓ peptide (Aɓ42), widely 

associated with Alzheimerôs disease, (iii) the Cu/Zn superoxide dismutase 1 containing an 

alanine to valine substitution at position 4 (SOD1(A4V)), which is linked with amyotrophic 

lateral sclerosis and (iv) a pathogenic variant of huntingtin containing a 97-glutamine 
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expansion (HTT-97Q), which is associated with Huntingtonôs disease. This process resulted in 

the isolation of four distinct bacterial populations that produce cyclic peptides with the ability 

to rescue protein misfolding and aggregation of the respective target MisP. The identified hits 

against p53(Y220C) and Aɓ42 were further tested in vitro and in vivo in order to verify their 

bioactivity. 

Specifically, using this system, we were able to identify six putative rescuers of 

p53(Y220C) misfolding, which were further evaluated for their ability to increase the 

thermodynamic stability of the target protein, inhibit its aggregation and restore its 

physiological function in mammalian cell lines. The majority of the selected hits were found 

to affect cancer cell growth, with one of them exhibiting a pronounced anti-cancer effect. 

Furthermore, in vitro evaluation of the selected hits revealed that the latter cyclic peptide was 

able to significantly stabilize p53(Y220C), while two other cyclic peptides were able to 

interfere with the aggregation of p53(Y220C), without affecting its thermodynamic stability. 

This indicates that the bacterial platform enables the identification of bioactive cyclic peptides 

that rescue the pathogenic misfolding of p53(Y220C) by different mechanisms. 

Moreover, using this system we were able to identify more than 400 putative 

modulators of Aɓ42 aggregation, which we divided into 20 distinct clusters sharing similar 

sequence characteristics. Two representative members of the two most dominant clusters were 

chemically synthesized and evaluated in vitro and in vivo. Both selected macrocycles were 

found to potently inhibit the aggregation of Aɓ42 in vitro at sub-stoichiometric ratios, by 

interfering with both the primary and secondary nucleation steps of Aɓ42 aggregation, albeit 

to a different extent.  This suggests that members from different clusters may ameliorate the 

pathogenesis of Aɓ42 by diverse inhibitory mechanisms. Furthermore, when tested in two 

Caenorhabditis elegans models of Alzheimerôs disease both cyclic peptides were able to 

protect from the Aɓ42 aggregation associated cytotoxicity, by decreasing the Aɓ42 deposits 
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found in the wormsô body wall muscle cells, increasing their locomotion and delaying their 

paralysis. Finally, a combination of deep sequencing and site-directed mutagenesis analyses 

allowed the rapid definition of structure-activity relationships and consensus motifs required 

for optimal bioactivity among each selected cluster. 

Overall, the herein described approach represents a highly adaptable ultrahigh-

throughput strategy that enables the facile and cost-effective investigation of more than 200 

million different molecules and the discovery and characterization of potent rescuers of 

pathogenic protein misfolding and/or aggregation. To our knowledge, this constitutes the 

largest functional screen of drug-like molecular entities described to date, with potential 

applicability against a broad range of PMDs. 
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Chapter 1 - Protein misfolding and its 

association with human diseases 

1.1. Protein folding 

Proteins are the most essential molecules in living systems, playing crucial roles in 

every biological process [1]. In order to function, most proteins need to fold into a specific 

three-dimensional structure characterized by good stability under physiological conditions. 

Protein folding is typically a highly efficient but complex process, whose elucidation has been 

of fundamental interest for modern science. Pioneering work from Anfinsen and co-workers in 

the 1960s, suggested that proteins can fold reversibly into their lowest free-energy 

conformation, known as the native state, and all the necessary information for achieving this is 

encoded in the proteinôs amino acid sequence [2]. Shortly afterwards, Levinthal indicated that 

due to the vast number of possible configurations, the time needed for a protein to randomly 

find its native state is exorbitant (e.g. 1052 years for a 100-residue protein), whereas proteins 

usually fold in a timeframe of milliseconds to seconds [3]. He later proposed that folding occurs 

through a predefined and sequential pathway, thus confining the proteinôs conformational 

space and folding time (sequential model) [4]. Since then, many folding mechanism models 

have been proposed, such as the nucleation-growth mechanism [5-7], the diffusion-collision 

model [8,9], the framework model [10], the jigsaw-puzzle model [11], the hydrophobic 

collapse model [12-14] and the nucleation-condensation model [15,16]. However, none of 

these models were able to resolve Levinthalôs paradox. 

In the late 20th century, Sali, Shakhnovich and Karplus proposed a new model known 

as the ñnew viewò [17], providing a definitive solution to the Levinthal paradox. This model, 
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replaces the idea of a pathway containing a predetermined sequence of steps, with a funnel 

describing parallel events. It proposes that proteins fold in a diffusion-like process [18-21], in 

which an ensemble of intermediate conformations navigate the free-energy landscape, all 

finding their way to the same thermodynamically favored native state (Figure 1.1). The energy 

landscape of each protein is encoded by its amino acid sequence and has naturally evolved to 

afford rapid and efficient folding [22]. 

 

Figure 1.1. Schematic representation of a complex energy landscape. The vertical direction of the funnel 

represents the internal free energy and the horizontal plane represents the conformation coordinates. Each 

conformation is represented by a point on the energy surface. N is the native conformation. Hills represent high 

energy conformations (e.g. unfavourable ű ɣ angles); valleys correspond to conformations more favourable than 

others nearby [23]. 

 

However, more recent studies have shown that several proteins self-associate, forming 

insoluble and usually inactive aggregated states that are more thermodynamically favored 

compared to their native state. In these cases, the latter is merely a local minimum in the energy 

landscape, kinetically trapped from the aggregated global minimum [24,25]. Therefore, under 

physiological conditions, proteins adopt their native form only as a metastable state, due to the 

high kinetic barriers associated with aggregation. 
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The aggregation process can be incorporated in a proteinôs folding funnel diagram that 

shows all its possible conformational states (Figure 1.2). The shape of the aggregation funnel 

depends on the propensity of a protein to aggregate as well as the structure of the formed 

aggregates. For example, proteins such as Ŭ-synuclein (Ŭ-syn), that do not form stable native 

states but create highly structured aggregates have a very deep and sharp aggregation funnel 

[26]. 

 

Figure 1.2. Schematic representation of a combined energy landscape for both protein folding and 

aggregation [27].  

 

  



4 

 

1.2. In vivo protein folding and homeostasis 

While the fundamental principles of protein folding are universal, in vivo protein 

folding is governed by many additional factors. Firstly, the cellular environment is 

exceptionally crowded, consisting of ~400 g/l of macromolecules, thus increasing their 

encounter rate and favoring aggregation [28]. Furthermore, a variety of proteins are only 

marginally stable at physiological conditions, being at constant risk of misfolding, while others, 

even in their native-state, can self-assemble, eventually forming native-like toxic aggregates 

[29,30]. Moreover, approximately 15-30% of mammalian proteins are comprised of 

intrinsically disordered proteins - i.e. proteins that partially or entirely lack a unique 3D 

structure - that have been associated with various protein aggregation diseases [31]. Finally, 

the high turnover of proteins in the cell, which requires full or partial unfolding, further 

increases the opportunities for inappropriate intra-molecular interactions leading to misfolding 

and eventually aggregation [32]. The various conformational states that a polypeptide chain 

can assume after its biosynthesis and the in-between transformations of the different states are 

summarized in Figure 1.3. 
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Figure 1.3. Schematic of the possible conformational states that can be adopted by a nascent protein and 

the in-between state transitions. Protein aggregation can result in amorphous, amyloid or native-like deposits, 

all of which have been associated with disease states [30].  
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In order to assist proper in vivo protein folding and to counteract the intrinsic propensity 

of proteins to form thermodynamically stable aggregates, biological systems have evolved a 

quality control system that assists protein folding and prevents protein aggregation. This system 

is referred to as the ñproteostasis networkò and consists of molecular chaperones and co-

chaperones as well as protein degradation processes, such as the ubiquitin-proteasome system 

(UPS), autophagy as well as endoplasmic reticulum-associated degradation (ERAD) (Figure 

1.4 and Figure 1.5) [22,33]. The first discovery of a chaperone system resulted from studies of 

the heat-shock response [34,35]. It was found that cultured cells, as well as whole organisms, 

respond to conditions of increased stress, such as elevated temperature, by increasing the 

concentration of a number of proteins, termed heat-shock proteins (Hsps), which are 

categorized by their size in kDa (e.g. Hsp40, Hsp60, etc.). 

 

Figure 1.4. The proteostasis network (PN). Protein homeostasis is maintained by assuring correct protein 

folding and elimination of toxic aggregates. This is achieved by three mechanisms of the PN involving chaperones: 

proper folding and trafficking (green), conformational maintenance (blue) and degradation by the ubiquitin-

proteasome system or autophagy (red) [33].  
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Figure 1.5. Protein folding in the ER. Nascent polypeptides enter the ER where they acquire their native state 

assisted by molecular chaperones and folding catalysts. Correctly folded proteins are released from the ER, while 

misfolded proteins are targeted for ubiquitination and proteasomal degradation [22]. 

 

To date, more than 330 human molecular chaperones have been identified and have 

been categorized into nine chaperone families: Hsp40, Hsp60, Hsp70, Hsp90, Hsp104, small 

Hsps (sHsps), prefoldin, tetratricopeptide repeat (TRP)-domain-containing and chaperones 

involved in the ñunfolded protein responseò of the ER and mitochondria (UPRER and UPRmt 

respectively) [36]. These act at different stages of the folding process [37], i.e. they may interact 

with the nascent polypeptide chain as it emerges from the ribosome in order to promote its 

folding, they may assist the formation of protein complexes [38], they may inhibit protein 

aggregation of misfolded proteins and finally they may convert toxic oligomers into higher 

order assemblies in order to alleviate their toxicity (Figure 1.4) [39]. Furthermore, chaperones 

also participate in protein degradation via the UPS or autophagy, by either aiding the normal 

catabolism of native proteins after they have fulfilled their functionality or by disassembling 
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aggregated species (Figure 1.4) [33]. Finally, chaperones contribute to the trafficking of 

proteins to their correct location in the cell, and also prevent the secretion of misfolded proteins 

by the Golgi apparatus [22]. Interestingly, recent studies have also revealed that molecular 

chaperones, such as clusterin, are secreted in the extracellular space, where they interact with 

aggregation-prone protein species and inhibit their propagation, thus offering an additional line 

of defense against harmful protein aggregation [40]. Importantly, in all cases, molecular 

chaperones act by guiding proteins to their expected fate rather than by accelerating the 

individual steps of the folding process [22]. The latter is performed by folding catalysts, such 

as peptidyl-prolyl isomerases, that accelerate the cis/trans isomerization of peptide bonds N-

terminal to proline residues [41], and oxidoreductsases and disulphide isomerases that catalyse 

the formation and reorganization of disulphide bonds, respectively [42]. 

The importance of the proteostasis network regarding cellular fitness has been well -

documented as its decline and failure have been repeatedly associated with human diseases 

[33]. Indeed, mutations in parkin, a regulator of protein degradation in the UPS, have been 

directly associated with Parkinsonôs disease [43], while defects in the lysosomal degradation 

of various biomolecules, such as proteins, lipids and glycans, have been associated with over 

70 different human disorders collectively termed as lysosomal storage diseases [44]. It is 

believed that a number of factors, such as aging, genetic mutations, obesity and oxidative stress 

promote protein aggregation and result in the collapse of the proteostasis network [30]. Aging 

in particular is widely considered to be the leading risk factor for protein aggregation as an 

increasing body of evidence links aging with proteostasis network failure. Specifically, in aged 

human brain tissues approximately 30% of chaperones are downregulated [36], while others 

are sequestered by the accumulated protein aggregates, thus decreasing their cellular levels 

[45]. Furthermore, the activity of both the UPS and the autophagy machinery has been found 

to be severely affected by aging, as a result of the decrease of the levels of active proteasome 
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complexes and autophagy-related proteins respectively, amongst other factors [46,47]. It is 

therefore not surprising that a number of late-onset diseases, such as Alzheimerôs disease (AD) 

and Parkinsonôs disease (PD) have been associated with protein aggregation and the collapse 

of the proteostasis network.  

 

1.3. Protein Misfolding Diseases 

The phenomenon of protein misfolding and aggregation is a defining feature of 

numerous human diseases that have been collectively termed protein misfolding diseases 

(PMDs), proteinopathies or conformational diseases [30,44,48-50]. These include conditions 

of very high socioeconomic impact and unmet medical need [30]. Importantly, although for 

some PMDs symptomatic therapies do exist, there are no approved disease modifying therapies 

that can prevent, delay or reverse the progression of the disease for the vast majority of these 

conditions [51-53]. Notable exceptions are tafamidis and migalastat, two small-molecule 

pharmacological chaperones that rescue the misfolding of transthyretin, associated with 

transthyretin familial amyloid polyneuropathy (TTR-FAP), and Ŭ-galactosidase, associated 

with Fabry disease, respectively [54,55], as well as the pharmacological chaperones ivacaftor, 

lumacaftor and tezacaftor, combinations of which have been approved for treatment of cystic 

fibrosis [56-60]. 

PMDs include diseases with diverse pathologies, ranging from neurodegeneration 

disorders to cancer. These can be (i) familial, such as Huntingtonôs disease (HD), (ii) sporadic, 

such as most cases of PD, (iii ) iatrogenic, such as dialysis-related amyloidosis and (iv) 

infectious, such as Creutzfeldt-Jacob disease [30]. All PMDs however, irrespective of their 

pathologies, have been associated with the aberrant folding and/or aggregation of one or more 

misfolded proteins (MisPs). The nature of the associated MisP varies greatly [30]: MisPs can 
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be globular, such as mutants of the tumour suppressor protein p53 associated with certain forms 

of cancer, or intrinsically disordered, such as the amyloid-ɓ peptide (Aɓ) associated with AD. 

Furthermore, MisPs can be localized in (i) the nucleus, such as p53, (ii) the cytosol, such as Ŭ-

syn associated with PD, (iii) it can be membrane-embedded, such as the cystic fibrosis 

transmembrane conductance regulator (CFTR) associated with cystic fibrosis or even (iv) 

extracellularly secreted, such as Aɓ. Understanding more on each MisP contributionôs to its 

respective disease is fundamental for the development of successful therapeutics. 

1.3.1. Mechanisms of PMDs 

As mentioned earlier, the decline of the proteostasis network can result in the 

accumulation of aggregated proteins and the onset of human diseases, but this is by no means 

the only mechanism by which PMDs emerge. Indeed, PMDs can be classified into five 

categories according to their mechanisms of pathogenesis [61]: 

1.3.1.1. Enhancement of the proteostasis network leading to improper protein 

degradation 

Although the proteostasis network is essential for cellular fitness, a hyperactivity of the 

degradation systems can sometimes result in human disease. This occurs through the 

degradation of mutated but still fairly functional proteins, whose total deficiency induces the 

manifestation of a more severe disease. A typical example is cystic fibrosis, a serious disease 

caused by mutations in CFTR, the most common mutation being the deletion of the 

phenylalanine residue at position 508 (ȹF508) [62]. In this case, CFTR(ȹF508) is misfolded 

and degraded by the proteasome before reaching the plasma membrane, where it normally 

functions as a chloride channel. Studies performed by Balch and co-workers [63] as well as 

Cyr and co-workers [64] have demonstrated that inhibition of proteasomal degradation leads 
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to a somewhat stable and partially functional CFTR(ȹF508). This indicates that although 

mutated, the protein is still able to reach its proper location, i.e. the plasma membrane, and 

therefore, a therapeutic strategy targeting the activity of the proteostasis network, would result 

in increased cellular levels of CFTR(ȹF508) that could be valuable for individuals carrying 

this mutation [65].  

Lysosomal storage disorders, such as Fabry disease and Gaucher disease, are also 

associated with enhanced protein degradation [44]. Specifically, in Gaucher disease, mutations 

in ɓ-glucocerebrosidase affect the enzymeôs ability to degrade its substrate, glucosylceramide, 

which results in the latterôs intracellular accumulation and induces of a variety of symptoms, 

such as bone damage, enlarged liver and spleen and hematologic abnormalities in different 

degrees [66]. Studies by Ron and Horowitz [67] have revealed that this variability is strongly 

correlated to the degree of ER retention and proteasomal degradation, as the mutated protein 

can still remain partially functional. Indeed, even individuals with the same genotype can 

exhibit disease heterogeneity due to different extents of ER retention and degradation.  

1.3.1.2. Mutations leading to dominant-negative effects 

An alternative mechanism by which PMDs can manifest is through the antagonism of 

a mutated protein with its wild-type form leading to a dominant-negative phenotype in 

heterozygote individuals. A classic example of this category is the tumour suppressor protein 

p53, a homotetrameric transcription factor that protects the genome from carcinogenesis [68]. 

Mutant forms of p53 have been associated with approximately 50% of human cancer cases, as 

a loss of the proteinôs normal function leads to uncontrolled cell proliferation [68]. Moreover, 

mutant p53 is still able to associate with its wild-type form leading to the formation of 

heterotetramers that similarly do not function properly [69]. In addition, although the cellular 

levels of p53 are strictly regulated by the proteostasis network, mutant p53 is sometimes 
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degraded to a smaller extent leading to a prevalence of the mutant form over the wild-type and, 

thus, decreasing the probability of formation of a functional homotetrameric protein [70]. 

Furthermore, mutant p53 can also co-aggregate with its wild type form as well as with its 

paralogs p63 and p73, leading to intracellular accumulation of aggregated species, that are 

targeted by the proteostasis network [71].  This results in a deficiency of transcription factors 

that control cell growth and apoptosis and therefore the progression of the disease [71].  

Another example of a dominant-negative PMD is epidermolysis bullosa simplex, an 

inherited connective tissue disorder caused by mutant forms of the keratin proteins KRT5 and 

KRT14 [72]. Normally, multiple keratin molecules form filaments that provide structure to the 

skinôs epidermis. On the other hand, mutated keratin is misfolded and creates intracellular 

aggregates [73]. In heterozygote individuals these keratin filaments are constructed by both 

wild-type and mutant forms; this impairs their overall function and causes cells to rupture when 

subjected to mechanical stress [74]. 

1.3.1.3. Aberrant  localization of aggregation-prone proteins  

 After proper folding, proteins are directed to their appropriate location in order to fulfil 

their normal function. Mutations in a number of proteins associated with PMDs have been 

found to destabilize their structure and inhibit their intracellular trafficking. Improper 

localization of misfolded proteins can also result in dual toxicity as the protein will be absent 

from its proper location and therefore will be unable to function normally but furthermore, will  

accumulate at an improper location resulting in protein aggregation and possibly exhibiting a 

dominant-negative phenotype.  

One example of this category is the mutation of Ŭ1-antitrypsin, a serine protease 

inhibitor (serpin). Normally, Ŭ1-antitrypsin is produced in hepatocytes and secreted into the 

bloodstream, where it inhibits the elastolytic destruction of lung tissue. Mutations in this 
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protein can therefore cause liver damage, due to increased protein aggregation, as well as 

emphysema due to uncontrolled elastase activity [75]. 

A different PMD associated with improper localization is synpolydactyly, a congenital 

limb malformation disorder caused by mutations in the transcription factor Hoxd13 [76]. Under 

physiological conditions, Hoxd13 is sequestered in the nucleus where it regulates the 

transcription of a variety of genes involved in the development of limbs. Mutant forms of 

Hoxd13 containing poly-alanine expansions are trafficked from the nucleus into the cytoplasm 

where they form large amorphous aggregates, thus inhibiting their normal function and leading 

to the manifestation of the disease [77]. Interestingly, mutant Hoxd13 is co-aggregated with its 

wild-type form resulting in a dominant-negative phenotype [77]. 

Most PMDs associated with misfolded membrane proteins fall into this category. For 

example, retinitis pigmentosa, a group of retinal degenerative diseases characterized by 

progressive vision loss, has been associated with over 120 point mutations in rhodopsin, a G-

protein-coupled receptor (GPCR) composed of the apoprotein opsin and the 11-cis-retinal 

chromophore [78]. Class II mutations in rhodopsin lead to a misfolding of the receptor and an 

inability to incorporate into the plasma membrane where it normally functions [78]. In addition, 

these mutants form intracellular aggregates that impair cell fitness, eventually leading to 

apoptosis [78,79]. 

Another example is Charcot-Marie-Tooth disease (CMTD), associated with mutations 

in the gene encoding the peripheral myelin protein 22 (PMP22). PMP22 is normally 

synthesized in Schwann cells and trafficked to the plasma membrane, where it plays a crucial 

role in the development and maintenance of myelin [80]. In individuals with CMTD type 1E, 

point mutations in PMP22 lead to failure of protein trafficking from the ER to the plasma 

membrane and thus cause protein accumulation in the ER-Golgi intermediate compartment 
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[80]. Furthermore, mutant PMP22 may co-aggregate with wild-type PMP22, exhibiting a 

dominant-negative toxic effect [81]. Both mechanisms result in defective myelin stability, with 

mild to severe symptoms of neuropathy. 

Similarly, a rare neurological disorder called episodic ataxia type-2 is associated with 

mutations in the voltage-gated calcium channel (CaV) [82]. The most common mutations 

appear in the CaV2.1. subunit affecting protein folding and resulting in ER sequestration and 

proteasomal degradation. In addition, mutant CaV2.1. subunits bind to their wild-type 

counterparts and induce their degradation, thus decreasing overall channel activity even in 

heterozygotes [83].  

1.3.1.4. Alterations on the proteinôs physiological structure leading to a novel toxic 

function 

Another mechanism associated with PMD pathogenesis involves the acquisition of 

protein conformations that deviate from their proper 3D structure and lead to a novel 

pathogenic function and cellular toxicity. A representative example is sickle-cell anemia, the 

first known PMD, which is characterized by decreased red blood cell elasticity that causes 

extreme pain, cell damage and anemia [84,85]. In this disease, a point mutation in 

hemoglobulin of red blood cells exposes a hydrophobic region onto the proteins surface 

ultimately resulting in protein aggregation [84,85]. Interestingly, the disease manifests only in 

homozygote individuals indicating that hemoglobulinôs aggregation does not operate via a 

dominant-negative mechanism.  

Another example is apolipoprotein E, a lipid transport molecule that exists in three 

common variants known as E2, E3 and E4. The ApoE4 variant represents a major risk factor 

for AD and corresponds to a more rigid protein structure stabilized by a salt bridge that is 

missing in the wild-type ApoE3 [86]. As ApoE4 is not as flexible, its binding to lipid molecules 
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is affected resulting in disruption of mitochondrial function [87] and reduction of neurite 

outgrowth [88]. Furthermore, ApoE4 has been associated with enhanced levels of the Aɓ42 

peptide, whose aggregation has been strongly implicated in AD [89]. 

A noteworthy class of proteins with aberrant folding that leads to disease pathogenesis 

are oncogenic proteins, which are mutated in a diversity of cancers leading in uncontrolled cell 

proliferation. A representative example of this class is the non-receptor tyrosine kinase SRC. 

Mutant SRC is highly unstable compared to its wild-type form and thus activates the Hsp90 

chaperone to assist its folding and proper membrane localization [90]. In this manner, Hsp90 

ultimately increases the mutant SRC activity and leads to cancer development. 

Importantly, a specific PMD can occur through different mechanisms according to the 

nature of the proteinôs mutation. For example, in the case of retinitis pigmentosa, Class IV 

mutations result in correct overall protein folding and localization but constitute the protein 

unable to associate with its chromophore substrate [78]. This structural alteration eventually 

leads in decreased protein stability and tissue degeneration. 

1.3.1.5. Amyloid accumulation 

Probably the most studied mechanism of PMD pathogenesis is associated with the 

formation of intracellular or extracellular amyloid deposits. These assemblies are characterized 

by a highly ordered cross-ɓ architecture consisted of parallel or antiparallel ɓ-sheets whose 

constituent ɓ-strands are perpendicular to the fibril axis [30,91,92]. Notably, this is a common 

feature of amyloid fibrils formed by proteins with different primary sequences, indicating that 

the overall structure is held together by interactions of the polypeptide backbone, common in 

all proteins [91]. On the contrary, side chain variations affect spacing of the ɓ-strands, and 

kinetics of the amyloid formation mechanism amongst others [93].  
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The formation of an amyloid fibril is a multistep process involving three macroscopic 

stages: a lag phase, a growth phase and the final equilibration phase. These are characterized 

by four microscopic stages, i.e. primary nucleation, secondary nucleation, elongation and 

fragmentation involving a variety of protein species ranging from oligomers to higher order 

aggregates (Figure 1.6) [94]. 

 

Figure 1.6. Schematic of the amyloid aggregation mechanism. The aggregation process initiates from a 

monomeric unfolded, partially folded or correctly folded precursor that self-associates forming various oligomeric 

species, prefibrillar assemblies and ultimately amyloid fibrils. Black and green arrows represent primary and 

secondary pathways respectively. ThT fluorescence is commonly used to follow the aggregation reaction. Adapted 

from [95]. 

 

The formation of amyloid fibrils has been associated with over 50 PMDs with very 

different pathologies, ranging from neurodegenerative disorders to cataract [30]. These have 

been collectively termed amyloidoses and can be either localized or systemic, i.e. the amyloid 

deposits may appear only in a specific tissue/organ, or in multiple organs respectively. 

Neurodegenerative PMDs (NPMDs) have been extensively studied in recent times, due 

to the dramatic increase of their incidence rate and the financial burden that they impose to the 

health care system, attributed mainly to the increased aging populations [96]. Each of these 
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NPMDs, although exhibiting diverse pathologies, they are all associated with the intracellular 

or extracellular formation of amyloid aggregates of different proteins, which can be 

intrinsically disordered, aberrantly overexpressed, or mutated [30]. For example, AD has been 

linked with the aggregation ȷɓ, PD with Ŭ-syn and HD with polyglutamine expansions of 

huntingtin (polyQ-HTT). Interestingly, some aggregation-prone proteins have been associated 

with multiple NPMDs suggesting that their misfolding may not be a cause but an effect of 

disease-related cell stress, however, resulting in further increased tissue damage and faster 

progression of the disease [97].  

Two representative examples of systemic amyloidosis are light chain amyloidosis (AL) , 

associated with mutations in the immunoglobulin light chains (LC) that increase their 

aggregation propensity [98] and TTR-FAP, associated with destabilizing mutations in the 

tetrameric transporter transthyretin [99]. In both cases, amyloid accumulation appears in 

various organs and results in extensive tissue damage and organ failure.  

Interestingly, although in some diseases, such as AL amyloidosis and cataract, toxicity 

is caused by fibril accumulation [98,100,101], in others, such as TTR-FAP, AD and PD, 

amyloid deposits are believed to be a protective cellular mechanism that sequesters the truly 

toxic oligomeric, or in TTR-FAP also monomeric, species mitigating their pathology [39,102]. 

However, even in these cases, the amyloid fibrils may be involved in the transmission of protein 

aggregation between cells, contributing in disease progression [103-106]. 

Notably, the formation of amyloid fibrils is not always associated with a pathogenic 

state. Indeed in several living systems, including bacteria, yeasts and humans, a number of 

endogenous proteins are converted into amyloid fibrils that fulfil a specific function. Proteins 

that form functional amyloids in microbes and humans are summarized in Table 1.1 and Table 

1.2 [30,107]. 
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Table 1.1. List of proteins forming functional amyloids in microbes and their physiologic role [107]. 

Protein name Species Physiological role 

Curli 
Escherichia coli, 

Salmonella enterica 

Biofilm formation and interaction with 

host 

FapC Pseudomonas species Biofilm formation 

TasA Bacillus subtilis Biofilm formation 

MTP 
Mycobacterium 

tuberculosis 
Pili formation, Cell adhesion 

Als Candida albicans Cell adhesion 

Chaplin Streptomyces coelicolor 

Formation of hydrophobic layer that 

enables aerial growth and 

differentiation 

Hydrophobin Fungi Coat formation 

Microcin E492 Klebsiella pneumoniae Sequestration of toxic species 

HpaG Xanthomonas species Virulence factor 

Sup35p Saccharomyces cerevisiae Regulation of translation termination 
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Table 1.2. List of polypeptides forming functional amyloids in humans and their physiologic role [30].  

Peptide or protein name Physiological role 

Intralumenal domain of melanocyte 

protein PMEL 

Production of fibrous striations inside 

melanosomes, upon which melanin granules form 

Various peptide hormones in pituitary 

secretory granules 
Natural storage in pituitary secretory granules 

Receptor-interacting serine/threonine-

protein kinase 1/3 (RIP1/RIP3) 

Mediation of the tumor necrosis factorïinduced 

programmed cell death 

Fragments of prostatic acid 

phosphatase and semenogelins 

Unknown for humans, utilized by the HIV virus 

for infection 

 

1.3.2. PMDs with  respect to gain and loss of function 

The aforementioned mechanisms involving PMDs can have two distinct impacts on the 

associated proteins: (i) loss of physiological function or (ii) gain of toxic function. In loss-of-

function PMDs, the associated protein is misfolded and unable to fulfil its physiologic role thus 

resulting in the progression of disease. Examples of this category include cystic fibrosis, 

phenylketonuria and lysosomal storage disorders, such as Gaucher disease and Fabry disease 

[108,109]. In gain-of-toxic-function diseases, the affected MisPs form toxic aggregated species 

that impair cell fitness and result in a pathological phenotype. These diseases include sickle-

cell anemia, type 2 diabetes and neurodegenerative diseases, such as AD and amyotrophic later 

sclerosis (ALS) [30]. Importantly, some proteins may exhibit both a loss-of-function and a 

gain-of-toxic-function phenotype. As mentioned earlier, mutation in both p53 and Ŭ1-

antitrypsin inhibit the proteinsô physiological functions but also lead to the formation of 

intracellular aggregates contributing to the diseasesô progression [71,75]. Examples of PMDs 

with their associated protein and underlying mechanism are presented in the following table.   
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Table 1.3. Examples of protein misfolding diseases and their associated MisPs [30,110].  

Associated diseases Peptide or protein name 

Gain-of-function diseases 

Alzheimer disease Amyloid-ɓ peptide (Aɓ), tau protein 

Parkinson disease Ŭ-synuclein (Ŭ-syn), tau protein 

Transmissible spongiform 

encephalopathy 
Prion protein (PrP) 

Huntington disease 
poly-glutaminated huntingtin exon 1 (polyQ-

HTT) 

Light-chain amyloidosis Fragments of immunoglobulin light chains 

Heavy-chain amyloidosis (mainly renal) Fragments of immunoglobulin heavy chains 

AA amyloidosis 
Full or N-term fragments of serum amyloid A 

protein 

Type 2 diabetes Islet amyloid polypeptide (IAPP) 

Amyotrophic lateral sclerosis Cu/Zn superoxide dismutase 1 (SOD1) 

Sickle cell anemia Hemoglobin 

Familial amyloidotic polyneuropathy Transthyretin (TTR) 

Dialysis-related amyloidosis ɓ2-microglobulin (ɓ2-m) 

Fibrinogen amyloidosis (mainly renal) Fragments of fibrinogen Ŭ-chain 

Spinocerebellar ataxia 1 Ataxin-1 

Loss-of-function diseases 

Cystic fibrosis 
Cystic fibrosis transmembrane conductance 

regulator 

Gaucherôs disease Glucocerebrosidase 

Fabry disease Ŭ-galactosidase 

Hypogonadotropic hypogonadism Gonadotropin-releasing hormone 

Nephrogenic diabetes insipidus Vasopressin receptor 2 

Retinitis pigmentosa Rhodopsin 

Both Loss- and Gain-of-function diseases 

Ŭ1-Antitrypsin deficiency Ŭ1-Antitrypsin 

Cancer Transcription factor p53 
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1.3.3. p53-related cancer as a PMD 

The tumor suppressor protein p53 is a transcription factor with a leading role in 

protecting cells from carcinogenesis, thus often called the ñguardian of the genomeò [68]. Upon 

cellular stress, such as DNA damage or hypoxia, p53 is activated through a cascade of events, 

resulting in the expression of target genes that are involved in cell-cycle arrest, DNA repair, 

and if damage is too extensive, ultimately apoptosis (Figure 1.7) [111].  

 

Figure 1.7. Functions of p53 in response to stress signals [111].  

 

p53 is a homotetrameric protein, whose sequence consists of an intrinsically disordered 

N-terminal transactivation domain, a proline-rich region, a structured DNA-binding core 

domain, a tetramerization domain and an intrinsically disordered C-terminal regulatory domain 

(Figure 1.8) [112]. The DNA-binding core domain consists of a ɓ-sandwich scaffold and a 

DNA-binding surface, which is formed by two loops (L2 and L3) tethered by a zinc atom, and 

a loop-sheet-helix motif (Figure 1.9) [112]. Besides this structured region, p53ôs high level of 

intrinsic disorder provides a dual function: (i) enables the interaction with different proteins, 

thus facilitating its diverse biological functions and (ii) lowers the proteinôs stability and half-
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life, thus hindering its uncontrollable function that would otherwise lead to inappropriate 

apoptosis and senescence [113-115]. In order to further avoid hyperactivity of p53, its cellular 

protein levels are strictly controlled by the ubiquitin ligases MDM2 and MDMX, which act by 

targeting p53 for proteasomal degradation and also binding to its transactivation domain and 

inhibiting p53ôs function [116].  

 

Figure 1.8. Schematic of p53ôs domain structure indicating the relative frequency of oncogenic mutations 

for each position [112].  

 

Figure 1.9. Ribbon diagram of the DNA-binding domain of p53 bound to a target DNA sequence. Mutations 

at positions at or near the DNA-binding site, such as R273 and R280, are called contact mutations while those at 

positions located at the periphery of p53C, such as V143, Y220 and F270, are called structural mutations [112].  
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The importance of p53ôs guardianship is highlighted by the fact that in almost every 

cancer p53 is inactivated either by mutations in the TP53 gene or by deregulation of its 

signaling pathways [117]. Notably, while in most cases TP53 mutations are acquired, in a rare 

hereditary syndrome called Li-Fraumeni, germ-line mutations in TP53 result in the 

development of various types of cancer starting at a young age [118]. The vast majority of 

TP53 mutations appear at the proteinôs DNA-binding core domain (p53C) as illustrated in 

Figure 1.8. These can be divided into two categories: contact mutations, which appear at or 

near the DNA-binding domain of p53 and directly abolish DNA-p53 binding, and structural 

mutations, which appear at the periphery of the core domain and create local conformational 

changes to p53 (Figure 1.9) [119]. Due to the marginal stability of p53, these changes can result 

in the denaturation and, therefore, inactivation of p53 at body temperature, whereas the protein 

remains active at lower temperatures [119]. Interestingly, second-site mutations that increase 

p53ôs thermodynamic stability, have also been found capable of rescuing the misfolding of 

structural mutants of p53 and restoring their proper function [120]. 

The most common structural mutant of p53 is the substitution of tyrosine at position 

220 with cysteine p53(Y220C), appearing in ~ 100,000 new cancer cases each year [112]. This 

substitution results in the development of a crevice at the periphery of p53ôs core domain that 

destabilizes it thermodynamically by ~ 4 kcal/mol, making more than 80% of the protein 

unfolded at body temperature [121]. Therefore, protein misfolding results in a loss-of-function 

phenotype and uncontrolled cell proliferation. At the same time, p53(Y220C) has been found 

to acquire a gain-of-toxic-function phenotype, as it interact with p63 and p73 isoforms 

inhibiting their normal function [122] and also to accumulate in tumour cells due to insufficient 

degradation by MDM2 [123]. All together, these features make p53(Y220C) a highly attractive 

target for the discovery of rescuers of protein misfolding. 
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1.3.4. Alzheimerôs disease and the amyloid-ɓ peptide 

Alzheimerôs disease (AD) is a progressive neurodegenerative disorder named after the 

German physician who first described the disease in 1907 [124], with clinical symptoms that 

include progressive cognitive impairment, changes in behaviour and, ultimately, death [125]. 

Currently, it is the most common cause of dementia affecting almost 50 million people 

worldwide, a number that is predicted to rise to over 130 million by 2050 [126,127]. 

Importantly, AD remains to date incurable, despite the enormous efforts for the development 

of prevention and therapeutic strategies, and represents a substantial economic burden on our 

society.  

Age is the strongest risk factor for AD, with the majority of cases manifesting after 65 

years of age (late onset AD), however, in ~ 5% of AD cases, the symptoms can occur before 

the age of 60 (early onset AD) and in some cases as early as 30 years of age [127,128]. Late 

onset AD is considered of a sporadic nature, resulting by a combination of environmental and 

genetic factors, including, but not limited to, the aforementioned ApoE4 risk factor [129]. On 

the contrary, early onset AD is caused by autosomal dominant mutations appearing in three 

distinct genes, namely the APP gene, which encodes the amyloid precursor protein (APP), and 

the PSEN1 and PSEN2 genes, which encode the proteins presenilin 1 and 2 (PS1 and PS2) 

[129]. Importantly, all three proteins are involved in the production of Aɓ, supporting its 

involvement in the pathology of AD (Figure 1.10) [130].  
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Figure 1.10. Schematic of APP processing to release the disease-associated Aɓ peptide. APP is first cleaved 

by ɓ-secretase BACE-1 producing the sAPPɓ fragment and the C terminus CTFɓ. The latter is then processed by 

the ɔ-secretase complex, which includes the PS1 and PS2 subunits. This process results in the release of the 

disease-associated Aɓ peptide. Adapted from [131].  

  

Pathologically, both late and early onset AD are characterized by the presence of 

extracellular amyloid deposits, consisting mainly of Aɓ, as well as intracellular neurofibrillary 

tangles, consisting of hyper-phosphorylated forms of the tau protein (Figure 1.11) [132].  

 

Figure 1.11. Schematic of brain tissue from normal patients and AD patients [133]. 
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Until recently, there was a general consensus that the formation of these Aɓ amyloid 

plaques was responsible for the disease pathogenesis, giving rise to the so-called amyloid 

hypothesis [134]. However, as amyloid plaque density was found to correlate poorly with the 

severity of the disease, research was directed towards other species involved in this aggregation 

process. This ultimately gave rise to the ñtoxic Aɓ oligomerò hypothesis, which stipulates that 

soluble Aɓ oligomeric species, ranging from dimers to larger soluble pre-fibrillar assemblies, 

are actually responsible for the neurotoxicity in AD [135]. Indeed, it is now widely believed 

that the amyloid plaques are probably the consequence of a protective cellular mechanism that 

sequesters the toxic oligomeric Aɓ species, while the occasional adverse effects associated with 

Aɓ fibrils can be attributed to their fragmentation into smaller species with enhanced toxicity 

[39,136].  To corroborate this, accumulating amount of evidence suggests that the observed 

toxicity is inversely correlated to the molecular size of the Aɓ aggregated species (Figure 1.12) 

[137]. 

 

Figure 1.12. Schematic representation of the energy landscape of Aɓ aggregation depicting the relationship 

between the size of Aɓ aggregated species to their associated toxicity [137].   
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The mechanism by which the Aɓ oligomeric species exert their toxicity is largely 

unknown. However, recent studies support that they interact with a wide range of receptors 

causing their malfunction, and also affect the cell membrane permeability, thus impairing 

calcium homeostasis [136,138]. Moreover, Aɓ oligomers have also been associated with the 

degradation of the UPS, which could lead to the intracellular accumulation and subsequent 

aggregation of other proteins, such as tau, resulting in increased cellular toxicity and neuronal 

death [136,138,139]. Interestingly, recent studies suggest that both oligomers and mature fibrils 

are involved in the neuronal transmission of protein aggregation by a prion-like mechanism, 

thus contributing to disease progression [103,136].  

Overall, while the mechanisms that underlie AD are not entirely clear, there is strong 

evidence supporting that Aɓ plays a key role in AD pathogenesis and thus, targeting the 

aggregation of Aɓ represents a highly promising therapeutic approach. 

 

1.4. Therapeutic strategies against PMDs 

As PMDs include notorious and mostly incurable disease with very high socio-

economic impact, there is an unmet medical need to develop effective therapeutics against 

these diseases. While all PMDs are associated with protein aggregation, they have very 

different pathologies and diverse symptoms. For this reason, the approved treatments that are 

currently used vary greatly, ranging from surgery, such as liver transplantation to treat TTR-

FAP [140] and fibrinogen amyloidosis [141] or cataract surgery [142], to substrate reduction 

therapy and enzyme replacement therapy to treat lysosomal storage disorders [143,144]. In the 

following section the most common approaches that are currently followed for the development 

of new and effective therapeutics are presented. 
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1.4.1. Manipulating the proteostasis network 

As mentioned earlier, cells have evolved a robust quality control system comprising of 

molecular chaperones and degradation processes, in order to protect them from aggregation. 

Exploiting this system by either enhancing the function of molecular chaperones or stimulating 

aggregate degradation could be an effective strategy for the treatment of different PMDs. 

Indeed, activation of the heat-shock response has been used as a therapeutic approach against 

various diseases such as AD, PD, HD and cancer. For example, activation of the heat shock 

factor 1 (HSF1) by celastrol has exhibited cytoprotective effects from polyglutamine toxicity 

associated with HD [145]. Likewise, overexpression of Hsp70 has been associated with 

decreased toxicity and neurodegeneration in models of HD and PD [146,147]. Notably, the 

small molecule Hsp70 activator arimoclomol is currently in Phase 3 trials for the treatment of 

ALS. 

On the other hand, inhibition of Hsp90 has been utilized as a therapeutic approach 

against various PMDs. For example, the Hsp90 inhibitor NVP-AUY992 has been found to 

promote degradation of polyQ-HTT [148] and 17-AAG has been found to reduce the levels of 

wild-type and mutant LRRK2, which has been associated with late-onset PD [149], as well as 

several p53 mutants [150]. Notably, ganetespib, another Hsp90 inhibitor, is currently under 

Phase I and Phase II trials for the treatment of various types of cancer such as ovarian, breast 

and lung [151] 

Based on similar principles, activation of the cellular degradation processes can be 

promising for the treatment of PMDs. For example, the immunosuppressant rapamycin has 

been found to induce autophagy and enhance clearance of Ŭ-syn, tau and polyglutamine- or 

polyalanine-expanded proteins, thus mitigating their associated toxicity [152,153]. Likewise, 

activation of UPR-associated transcription factors, has been found to selectively reduce 
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secretion of destabilized TTR mutants and amyloidogenic LC, resulting in their subsequent 

degradation and decreased aggregate formation [154,155].  

1.4.2. Enhancing aggregate clearance by immunization 

Another approach to enhance clearance of protein aggregated species is by utilizing 

antibodies, which bind to such species and promote their degradation by antibody-mediated 

phagocytosis. This approach has been widely used against AD with many antibodies currently 

in clinical trials. For example, antibodies aducanumab and gantenerumab specifically bind to 

aggregated forms of ȷɓ and enhance their clearance resulting in increased cognitive function 

[156,157]. Similarly, the antibody crenezumab binds to ȷɓ oligomers and higher order 

aggregates and antibody BAN2401 selectively recognised Aɓ protofibrils, both preventing 

plaque formation and disease progression [158,159]. On the same note, antibodies against tau, 

such as BIIB076, ABBV-8E12 and RO7105705 have also been studied for the treatment of AD 

and are currently in clinical trials [97].  

Besides AD, immunization has been considered a potential therapeutic approach for 

other PMDs as well. For example, two antibodies, BIIB054 and RO7046015 have been 

developed against aggregated forms of Ŭ-syn and are both currently in Phase 2 trials for the 

treatment of PD [160,161]. Similarly, the Ŭ-miSOD1 antibody, currently in pre-clinical 

development for ALS treatment, selectively recognises misfolded variants of the Cu/Zn 

superoxide dismutase 1 (SOD1), reducing its aggregation and its associated neurodegeneration 

and [162].  

1.4.3. Targeting the production of MisPs 

One of the most obvious approaches towards the prevention of the aggregation of a 

specific disease ïassociated MisP, is the selective decrease of its cellular levels. Indeed this 
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approach has been employed against many PMDs. In the case of Alzheimerôs disease, the 

disease-associated ȷɓ peptide is produced by proteolytic cleavage of the ɓ-secretase (BACE-

1) and a ɔ-secretase (Figure 1.10). Inhibitors of both enzymes have been extensively studied, 

however results so far have been unsatisfactory [97]. Specifically, semagacestat, the only ɔ-

secretase inhibitor that has reached Phase 3 clinical trials, was withdrawn due to adverse 

reactions that led to increased incidence of skin cancer and infections [163], while next-

generation ɔ-secretase inhibitors, such as avagacestat, that were developed in an attempt to 

alleviate these toxic effects, were not able to achieve the intended goals and the related trials 

have since been halted [164]. On the other hand, first-generation BACE-1 inhibitors had 

unfavourable physicochemical properties, while later frontrunners, such as verubecestat, were 

withdrawn from clinical trials due to insufficient efficacy [97,165]. However, other BACE-1 

inhibitors are still being evaluated in clinical trials in the hope of positive effects, also taking 

into account that innovative clinical trial design, including patients in the early and 

asymptomatic disease stages, may play an important role in the trialsô results. 

Notably, proteolysis has been involved in the production of other aggregation-prone 

proteins, besides Aɓ. Some examples include calpain cleavage and caspace-6 processing of 

huntingtin [166,167], caspase-mediated cleavage of the N-terminal segment of polyQ 

expanded ataxin-3 [168,169], proteasome-mediated C-terminal cleavage of Ŭ-syn [170,171], 

caspase-mediated C-terminal processing of tau [172,173] and sequential cleavage of gelsolin 

by furin and MTI-matrix metalloproteinase [174]. However, selective targeting of the 

corresponding proteases with minimal side effects, remains a challenge for drug development. 

Another post-translational modification that results in the production of aggregation-

prone protein species is phosphorylation. Indeed hyper-phosphorylation of tau has been linked 

with many tauopathies, such as AD and frontotemporal dementia with parkinsonism-17, 

implicating the GSK3 and CDK5 kinases among others [175,176]. Interestingly, GSK3 
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inhibition by lithium or the small molecule AR-A014418, resulted in decreased tau 

phosphorylation and reduced neurodegeneration in mice carrying the disease ïassociated 

variant P301L  [177,178].  

 Another approach to reduce the levels of a PMD-associated proteins is using gene 

silencing by RNA interference (RNAi) or antisense drug technology. In 2018, two such 

molecules, the RNAi therapeutic Onpattro and the antisense Tegsedi were approved for the 

treatment of TTR-amyloidosis [179], while three antisense drugs, IONIS-HTTRX, IONIS-

SOD1RX and IONIS-MAPTRX, which target the production of HTT, SOD1 and tau, 

respectively, are currently in clinical trials with very encouraging preliminary results [97]. 

Importantly, the recently developed CRISPR-Cas9 technology has also been used for gene 

editing of proteins associated with PMDs, such as polyQ-HTT [180] and Ŭ1-antitrypsin [181], 

and is believed to hold great promise for next-generation PMD therapeutics [182]. 

1.4.4. Stabilizing the native state of MisPs 

Another approach to targeting PMDs is the stabilization of the native state of globular 

MisPs. One very successful example of this category is tafamidis, an approved small-molecule 

drug for the treatment of TTR-FAP, which functions by stabilizing mutated transthyretin to its 

native homotetrameric form, preventing its misfolding and aggregation and therefore, delaying 

disease progression [54]. Similarly, lumacaftor and tezacaftor, which have recently been 

approved for the treatment of cystic fibrosis, increase the stability of the CFTR(ȹF508) 

mutation and therefore enhance its trafficking to the cellular membrane where it normally 

functions [183,184].  

Other protein targets that could benefit from native state stabilization are destabilized 

mutants of p53, such as the aforementioned p53(Y220C) structural variant. Indeed, Fersht and 

co-workers have already identified two p53(Y220C) stabilizers, PhiKan083 and PK7088, that 
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bind to the mutated protein and restore its apoptotic function [185,186]. However, there is no 

published work involving clinical studies of these molecules. 

Similarly, point mutations in SOD1, which is associated with ALS [187], have been 

found to increase the homodimerôs dissociation rate, leading to misfolding, protein aggregation 

and onset of the disease. In 2005, Lansbury and co-workers identified various small-molecule 

stabilizers of SOD1 mutants [188], however, there results were later disproven and attributed 

to experimental error [189]. Nevertheless, Samar Hasnain and co-workers have recently 

identified another SOD1 stabilizer, ebselen, which rescues the misfolding of mutant SOD1 and 

alleviates the associated toxicity [190]. 

1.4.5. Inhibiting the toxic aggregation of MisPs 

The identification of aggregation inhibitors is probably the most widely used 

therapeutic approach. Indeed an extensive range of compounds have been identified that 

operate either by inhibiting the different stages of the protein aggregation mechanism or by 

directing the protein aggregation to ñoff-pathwayò routes. These can be classified into two 

categories: small chemical compounds and peptides. 

1.4.5.1. Small chemical compound inhibitors 

Small molecules are generally preferred by researchers and pharmaceutical companies 

due to their drug-like properties, such as improved pharmacokinetics and blood-brain barrier 

permeability, and therefore it is not surprising that they have been widely studied as PMD 

therapeutics. Indeed a wide range of small-molecule synthetic and natural compounds have 

been identified as inhibitors of disease-associated protein aggregation, with several of them 

exhibiting a broad activity against PMDs of different pathologies. For example, curcumin has 

been found to inhibit aggregation of Aɓ, Ŭ-syn and the islet amyloid polypeptide (IAPP) [191], 
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while rosmarinic acid inhibits aggregation of Aɓ, tau and crystallin among others [192-194]. 

Likewise, Congo Red has been found to inhibit fibrillogenesis of Aɓ, Ŭ-syn, polyQ-HTT and 

protein kinase Cɔ, whose aggregation has been associated with spinocerebellar ataxia type 14 

[195-197]. Furthermore, compounds from the catechol chemical class have been shown to 

inhibit the aggregation of Ŭ-syn, Aɓ and LC [198-200]. 

Moreover, epigallocatechin-3-gallate (EGCG) has been shown to inhibit the associated 

toxicity of various MisPs, such as polyQ-HTT, Ŭ-syn, Aɓ, tau, LC, IAPP and several prions, 

by binding to oligomeric or higher order aggregates and re-directing their aggregation off-

pathway, thereby inhibiting the formation of toxic aggregated species [201]. Similarly, 

resveratrol inhibits mutant p53 aggregation and directs the ȷɓ aggregation off-pathway by 

assisting the production of non-toxic oligomers and fibrils [202,203]. Interestingly, both 

compounds are currently in clinical trials with EGCG examined as a treatment of AD [204] 

and resveratrol for type 2 diabetes, Friedreichôs ataxia, HD and AD among others [205-208]. 

Other noteworthy aggregation inhibitors include myricetin, which inhibits tau and Ŭ-

syn fibrillization [209,210], baicalein and rifampicin, both inhibiting the aggregation of Ŭ-syn 

[210,211], maysin and bexarotene, which inhibit Aɓ oligomer formation [212,213], and 

NPT200-11 and LMTX, which inhibit the aggregation of Ŭ-syn and tau, respectively, and are 

currently in clinical trials for the treatment of the associated diseases [214,215]. Although many 

small molecules have been identified as potent inhibitors, their lack of efficacy in clinical trials, 

increased toxicity, lack of specificity and in most cases unclear mechanism of action, render 

them unsuccessful drug candidates [194]. 

1.4.5.2. Peptide inhibitors 

Another strategy for identifying aggregation inhibitors is the rational design of short 

peptides that target the protein region associated with protein misfolding and the protein-
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protein interactions that result in protein aggregation. These peptides usually include a 

complementary to the MisP segment and a disruptive feature which hinders protein 

aggregation, such as non-natural amino acids, ɓ-sheet breakers, charged residues or bulky 

groups [216]. For example, the peptides KLVFFKKKK and KLVFFEEEE, which comprise of 

the Aɓ16-20 sequence and a short tail of charged amino acids, have been found to inhibit Aɓ 

aggregation and its associated toxicity [217]. The same motif of Aɓ has been utilized by other 

research teams by incorporating bulky groups such as cholic acid [218], N-methyl amino acids 

[219], ɓ-sheet breakers [220,221] and D-amino acids [222,223]. Besides Aɓ16-20, other 

amyloidogenic motifs, such as Aɓ25-35, the GxMxG motif and C-terminal ȷɓ fragments, have 

also been utilized successfully for the rational design of ȷɓ aggregation inhibitors [224-226]. 

Similarly, peptide inhibitors of the aggregation of other disease-associated MisPs have 

also been identified. For example, Eisenberg and co-workers have identified ReACp53, a 17-

residue p53 aggregation inhibitor, which comprises of the p53252-258 aggregation-prone region 

LTIITLE and a poly-arginine tag that creates steric hindrance and inhibits adhering of other 

p53 molecules [227]. Likewise, Engel and co-workers have identified several short peptides 

complementary to the SOD1106-111 aggregation-prone sequence that were able to inhibit protein 

aggregation and affect aggregate morphology [228]. Based on similar principles, Argon and 

co-workers have designed TAT-TISS, an inhibitor of immunoglobulin light chain aggregation 

associated with AL [229]; Fraser and co-workers have designed two hexapeptides that inhibit 

IAPP aggregation associated with type 2 diabetes [230]; Wiman and co-workers have identified 

a peptide that corresponds to the C-terminal p53361-382 section and restores the apoptotic 

function of p53 mutants in cancer cell lines [231]; and López de la Paz and co-workers have 

identified several tau aggregation inhibitors containing D-amino acids [223].  

Besides rational design, combinatorial library screening has also been used for the 

identification of potent peptide inhibitors against PMDs. For example, Moffet and co-workers 
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have identified three short peptide inhibitors that mimic aggregation-prone regions of Aɓ, using 

a high-throughput bacterial screening assay [232], while Kamijo and co-workers identified 

eight peptide Aɓ aggregation inhibitors that were rich in arginine residues, using phage display 

[233].  

In conclusion, peptide aggregation inhibitors have many advantages compared to small 

molecule inhibitors as they are highly specific and exhibit limited toxicity. However, their poor 

pharmacokinetic properties, such as rapid degradation and low cell membrane permeation, 

render them problematic for drug development [234]. Nevertheless, recent advances in peptide 

chemistry, including peptide design, synthesis, formulation and delivery, have revived interest 

in peptide therapeutics, especially for use against difficult targets, such as protein-protein 

interactions and protein aggregation.  
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1.5. Thesis aims and outline 

As discussed in the previous section, a large number of human diseases, named protein 

misfolding diseases (PMDs), arise from a common molecular mechanism, i.e. the inability of 

a specific protein to adopt its proper 3D conformation [235]. These include diseases with 

varying pathologies, such as AD, PD, cystic fibrosis and cancer [30,44,48-50]. Importantly, 

while some of these conditions are rather rare, such as cystic fibrosis [236], others have a 

significant socioeconomic impact, such as AD, which due to the increasing number of patients 

worldwide has been recently referred to as a ñ21st century plagueò [237].  

Despite the many advances in the understanding of the biology and mechanisms that 

underlie PMDs, most of them remain incurable and new disease-modifying agents are in urgent 

demand. The delay in drug development against PMDs can be attributed to a number of factors, 

including limited chemical diversity of the test compounds and time-consuming screening 

methodologies. Indeed, the diversity of the frequently tested small-molecule libraries is usually 

not higher than 105-106 [238]. This number is significantly limited compared to the ~1060 

theoretically possible low-molecular-weight structures [239]. Furthermore, even when larger 

chemical libraries are available, the drug discovery process is hampered by the inability of most 

screening methodologies to identify bioactive hits in a high-throughput manner. To corroborate 

this, the most commonly used functional screening assays utilize multi-well formats and 

therefore become very laborious and impractical for libraries with more that 106-107 members. 

As part of an alternative strategy, some drug discovery programs rely on ultrahigh-

throughput screening technologies, such as phage display, mRNA display and DNA-encoded 

library technology, which enable the generation of vast libraries containing up to 1013 test 

compounds and their subsequent screening for binding affinity to an immobilized target [240]. 

Indeed, these approaches have found great success in many cases and especially against 
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notoriously difficult targets, such as protein-protein interactions [241,242]. However, their 

inability to select for bioactivity rather than mere binding, ultimately increases the cost, 

complexity and time of the hit identification process significantly [241]. Therefore, in order to 

accelerate early drug discovery, ultrahigh-throughput methodologies that allow the deeper 

investigation of chemical space and the identification of hits with the desirable bioactivity are 

urgently required. 

To that end, we have developed a synthetic biotechnology platform that enables the 

biosynthesis of molecular libraries with greatly expanded diversities and their simultaneous 

functional screening for the facile identification of potent aggregation inhibitors. Specifically, 

combinatorial libraries of macrocyclic peptides with expanded diversities are biosynthesized 

in the cytoplasm of Escherichia coli cells and simultaneously screened for their ability to 

correct the problematic folding of disease-associated MisPs, using an ultrahigh-throughput 

screening assay that links the aggregation of MisP with a selectable phenotype. We used this 

system to generate a library of ~200 million peptide macrocycles and to perform simultaneous 

functional screening for the discovery of putative therapeutic compounds against two major 

human diseases, cancer and AD, which although exhibit different pathologies, they have both 

been extensively associated with protein misfolding.  

This thesis is organised in nine chapters. Chapter 1 presented the theoretical background 

related to protein folding and misfolding, the mechanisms by which the latter can lead to human 

disease and the current therapeutic strategies against such diseases. Emphasis was given in the 

two targeted PMDs, i.e. cancer and AD.  

Chapter 2 describes the genetic engineering of E. coli cells in order to produce 

combinatorial libraries of more than 200 million drug-like head-to-tail cyclic peptides. This is 
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performed by utilizing protein splicing elements called inteins, which are widely used in 

protein engineering and biotechnology.  

Chapter 3 describes the development of a generalized genetic assay for monitoring 

protein misfolding in vivo. This assay is based on monitoring the aggregation and misfolding 

of a MisP of interest by measuring the fluorescence levels of E. coli cells that produce 

recombinant fusions of the MisP with a fluorescence protein. The generality of this assay was 

demonstrated by monitoring the aggregation of four unrelated proteins, i.e. p53, Aɓ, SOD1 and 

polyQ-HTT, and variants thereof that have been associated with cancer, AD, ALS and HD 

respectively. 

Chapter 4 describes the combination of the constructed library with the generalized 

genetic assay in order to identify macrocyclic rescuers of protein misfolding and/or aggregation 

in an ultrahigh-throughput manner. This was achieved by introducing fluorescence activated 

cell sorting (FACS) into the system, in order to enable rapid screening of expanded libraries of 

cyclic peptides and selection of hits that enhance bacterial fluorescence due to an aggregation 

inhibitory activity.  This system was successfully applied against four protein targets: 

p53(Y220C), Aɓ42, SOD1(A4V) and HTTex1-97Q, resulting in the selection of numerous 

bioactive or potentially bioactive cyclic peptides. 

Chapter 5 describes the evaluation of the selected hits against p53(Y220C) in vitro and 

in cancer cell lines carrying this mutation. Notably, the majority of the selected hits were found 

to promote cancer cell death, with one cyclic peptide exhibiting a significant anti-cancer effect. 

Moreover, in vitro assessment of the selected hits revealed that the latter macrocycle was able 

to thermodynamically stabilize p53(Y220C), while two other cyclic peptides were able to 

interfere with the aggregation of p53(Y220C) without affecting its thermodynamic stability.  
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Chapter 6 describes the evaluation of the selected hits against Aɓ aggregation, which 

resulted in the identification of >400 putative inhibitors, forming distinct clusters with different 

sequence characteristics. Representative members of the two most dominant clusters were 

tested in vitro and in established Caenorhabditis elegans models of AD and demonstrated their 

aggregation inhibitory and neuroprotective function. Furthermore, a combination of deep 

sequencing and site-directed mutagenesis analyses demonstrated how this system can 

accelerate the determination of structure-activity relationships (SAR) and define consensus 

motifs required for high bioactivity in the discovered molecules.  

Finally, in Chapters 7 and 8, the results presented in the previous chapters and the future 

perspectives are discussed and in Chapter 9 the methods used throughout this thesis are 

presented. 

In conclusion, the work presented in this thesis describes the development of a highly 

adaptable system that enables the discovery and characterization of potent aggregation 

inhibitors in a fully unbiased manner. Importantly, this system allows the facile investigation 

of more than 200 million different molecules and thus comprises the largest, to our knowledge, 

in vivo high-throughput functional screen against protein aggregation that has been reported to 

date. 
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Chapter 2 ï Construction and biosynthesis of a 

combinatorial cyclic peptide library with 

expanded diversity 

2.1. Peptides in drug discovery 

In recent years, there has been a revival of interest in peptide-based molecules in drug 

discovery and development. Specifically, during the past two decades, 35 new peptide drugs 

targeting metabolic diseases, cancer, cardiovascular diseases, infectious diseases and 

neurological disorders amongst others, have entered the market, while over 150 are currently 

in active development [243].  

Overall, peptides possess several favourable characteristics, thus bridging a significant 

gap between small molecule and biological therapeutics. Foremost, the high chemical and 

structural diversity of peptides render them extremely versatile, thus increasing the chances of 

interaction with pharmaceutical targets [244]. Furthermore, their functional groups can be 

altered chemically, producing molecules with improved properties. Moreover, peptides are 

often characterized by high specificity and binding affinity to their targets, due to their 

extensive interaction surface area, as well as low in vivo toxicity due to their nontoxic amino 

acid metabolites [240]. Finally, the small size of peptides enables the interaction with 

intracellular drug targets that are hardly accessible by larger biologics [245]. The last two 

characteristics make peptides ideal candidates against notorious targets, such as protein-protein 
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interactions, as they provide larger interaction surfaces compared to small-molecules and 

enhanced accessibility compared to protein biologics [246]. 

However, linear peptides exhibit some characteristics that are unattractive in drug 

development, i.e. high protease susceptibility, making them highly unstable under 

physiological conditions, and poor oral bioavailability and cell membrane permeability 

compared to small-molecules, making them less suitable against intracellular targets [234]. 

One of the most promising approaches to overcome these obstacles is cyclization of the linear 

peptide. Protecting the amino and carboxyl termini of the peptides by cyclization dramatically 

increases their stability in vivo as it reduces proteolytic degradation by both exopeptidases and 

endopeptidases [247]. Furthermore, in some cases the restricted conformation of cyclic 

peptides and the absence of charged termini have been found to increase membrane 

permeability, although it has been also shown, that there are some exceptions to this rule [248-

251]. Finally, the binding affinity of cyclic peptides is typically highly improved compared to 

their more flexible linear analogues as the propensity for ɓ-turn formation is increased and as 

cyclization enhances the rigidity of their structure resulting in lower entropic penalty upon 

binding to their target and formation of favoured side-chain conformations that facilitate the 

molecular recognition process [244,252]. 

 

2.2. Methods for the preparation of cyclic peptide libraries 

The increased interest in cyclic peptides during the past years has encouraged the 

development of various methods for the production of combinatorial libraries of this type of 

molecules, divided into two main categories: (i) synthetic methods, which include chemical 

synthesis in solution and solid-phase, and (ii) genetic methods, which include cellular display 
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technologies, such as phage, yeast or bacterial display, non-cellular display technologies, such 

as mRNA and ribosome display, and intein-based techniques.  

 

In general, synthetic approaches have many drawbacks compared to genetic methods, 

with the two most important being that the preparation of large cyclic peptide libraries is very 

laborious, and when these are synthesized in pooled formats hit deconvolution is highly 

challenging [253]. However, a very promising synthetic approach has recently emerged, where 

DNA-encoded peptide libraries can be synthesized on solid-phase support using split-and-pool 

synthesis [254]. Using this method libraries of trillions of members have been created and 

screened against various targets, while hit identification can be easily performed through DNA 

sequencing [255-257].  

In both cellular and non-cellular display technologies the same principle applies: a 

library of peptides is first displayed onto the surface of biological entities, such as 

bacteriophages, yeasts, bacteria, mRNAs or ribosomes, then cyclized either via disulphide 

bridges between Cys residues, or via chemical linkers, and finally screened for binding to an 

protein target [258-262]. The top hits can be easily selected through multiple cycles of 

screening and identified through simple sequencing of the respective DNA sequence (Figure 

2.1) [258-262]. In mRNA and ribosome display technologies, the use of flexizymes, i.e. 

flexible tRNA acylation ribozymes, has also enabled the incorporation of a broad range of 

artificial amino acids into the translated peptide sequence, which can then be cyclized via cross-

linking [263]. These have been successfully utilized by the RaPID (Random nonstandard 

peptide integrated discovery) system, a combination of non-standard peptide translation and in 

vitro mRNA display, which has proven highly effective against multiple targets [264]. Notably, 

phage and mRNA display technologies have also enabled the production and screening of 
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bicyclic peptides, that contain either two independent loops or loops knotted in a ɗ 

conformation, by using carefully selected chemical linkers and click chemistry [265,266]. 
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Figure 2.1. Display technologies for the production and high-throughput screening of cyclic peptides. (A) 

In mRNA display, a library of transcribed mRNA is coupled to a pyromycin molecule via a DNA spacer. Upon 

in vitro translation of the mRNA library, pyromycin is coupled to the end of the peptide chain, thus linking each 

translated peptide with it encoding mRNA. The library is then screened for binding affinity to an immobilized 

target and selected hits are reversely transcribed to their respective cDNA and amplified via PCR. After multiple 

rounds of selection the isolated hits are identified via DNA sequencing. (B) Ribosome display is similar to mRNA 

display with the main difference being that the library of transcribed mRNAs is coupled to an RNA spacer without 

a stop codon. This spacer provides sufficient distance between the ribosome and the translated peptide sequence, 

thus enabling its interaction with protein targets, and at the same time prevents the release of the peptide from the 

tRNA/mRNA/ribosome complex, thus enabling phenotype-to-genotype conjugation. (C) In phage display, a 

bacteriophage library is initially produced by coupling a gene library, which encodes the peptides of interest, to 

the gene of a bacteriophage cell surface protein, such as pIII. E. coli cells are then infected with the constructed 

phage library, whose DNA is amplified and translated, leading to the display of the peptide library onto the phagesô 

surface. Phages are then released from the bacteria and screened for binding activity to an immobilized protein 

target. The selected phages subsequently re-infect E. coli cells and after multiple rounds, the enriched population 

is identified via DNA sequencing.  Adapted from [267]. 

 

Using display technologies, libraries of up to 1013 members have been developed and 

screened with great success [240,259,266]. Despite their many advantages and successful 

application against various targets, one important drawback of these approaches is that they 

can only be used for the identification of strong binders and no information on their biological 

function can be acquired. For example, Kiessling and co-workers utilized the phage display 

technology for the identification of Aɓ aggregation modulators using either monomeric or 

aggregated Aɓ [268]. However, none of the peptides that could bind to monomeric Aɓ showed 

any effect on its aggregation, while those with binding affinity to the aggregated states in fact 

accelerated the aggregation reaction. This illustrates that there is no guarantee that the selected 

hits from display assays will have the desirable activity, which ultimately increases the cost, 

complexity and time of the screening process significantly [241].  
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An alternative genetic method for cyclic peptide production is the in vivo split-intein 

circular ligation of peptides and proteins (SICLOPPS) [269,270]. Inteins are protein splicing 

elements that are widely used in protein engineering and biotechnology in applications such as 

tag-less protein purification, segmental isotopic labelling of large proteins for nuclear magnetic 

resonance (NMR) studies, in vitro and in vivo protein semi-synthesis, development of 

molecular switches using conditional protein splicing and last but not least head-to-tail 

cyclization of peptides and proteins [271,272]. Similarly with RNA splicing, protein slicing is 

an autocatalytic process, in which an intervening polypeptide (intein) is self-excised while 

concomitantly ligating its two flanking sequences (exteins) with a native amide bond (Figure 

2.2A).  

While most inteins are encoded by one gene forming a contiguous domain, some inteins 

are naturally, or engineered to be, encoded by two separate genes forming a split intein, which 

comprises an N-terminal (IN) and a C-terminal domain (IC) [273]. These domains remain 

inactive until encountering their counterpart, whereupon they undergo protein trans-splicing 

(Figure 2.2B). The SICLOPPS technique utilises a rearranged split intein so that the IC precedes 

the IN flanking a peptide sequence in the form IC-peptide-IN [274]. Upon interaction of the two 

intein domains, the two ends of the intervening peptide are ligated and a head-to-tail cyclic 

peptide is released (Figure 2.2C). Notably, SICLOPPS has been recently combined with 

ribosome display, leading to the production of bicyclic peptides in the cytoplasm of E. coli 

[275], while inteins have also been used for the semi-synthetic production of macrocyclic 

organic-peptide hybrids (MOrPHs) [276,277] and bicyclic organo-peptide hybrids (BOrPHs) 

[278]. 
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Figure 2.2. Schematic of protein splicing in (A) cis, (B) trans and (C) using the SICLOPPS technology.  

 

The SICLOPPS technology has been successfully employed up to now in E. coli, 

yeasts, human cells and C. elegans, and libraries with up to 107 members for E. coli, 106 for 

yeasts and 105 for human cells have been constructed and subsequently screened against 

different targets [274]. However, compared to other aforementioned techniques, such as 

mRNA display, the theoretical diversity of the cyclic peptide libraries produced via SICLOPPS 

is significantly smaller, restricted by the number of possible combinations of amino acids 

allowed by the specific library design and the maximum transformation efficiency of the host 

organism (~109-1010 transformants for E. coli, ~106 transformants for Saccharomyces 

cerevisiae, ~104 transformants for mammalian cells). Nevertheless, this method is highly 

valuable as the cyclic peptide libraries are produced inside cells, and therefore can be screened 

using cell-based functional assays [274,279]. This is an important advantage as cyclic peptides 

produced by this approach can be selected according to their bioactivity and not just their 
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binding affinity to a given target, eliminating the possibility of identifying cyclic peptides that 

are strong binders but are either completely inactive or with the opposite effect than the 

originally intended.  

A noteworthy application of the SICLOPPS technology in early stage drug discovery 

is for the identification of cyclic peptides that inhibit Ŭ-syn toxicity, which is associated with 

PD [280]. Lindquist and co-workers applied the SICLOPPS technology in S. cerevisiae by 

constructing a library of 5 million cyclic octapeptides and screening them for suppression of 

Ŭ-syn toxicity. This methodology resulted in the identification of two potent suppressors that 

were also able to rescue neuronal degeneration in a C. elegans model of synucleinopathy. 

Furthermore, the peptidic nature of the selected compounds allowed the rapid determination of 

structure-activity relationships, resulting in the identification of a common bioactive motif 

[280]. Recently, one of the selected bioactive sequences was also successfully grafted onto an 

alternative, more rigid macrocyclic peptide scaffold called cyclotide, using intein-mediated 

protein trans-splicing, demonstrating that cyclotide-based libraries can also be used for 

phenotypic screening in yeast [281].  

 

2.3. Construction of a combinatorial cyclic peptide library with 

expanded diversity using the SICLOPPS technology 

The head-to-tail cyclic oligopeptide library presented herein was constructed using the 

SICLOPPS technology and the Synechocystis sp PCC6803 DnaE intein (Ssp DnaE) [282]. This 

intein was selected due to its low toxicity compared to other novel inteins and its relatively low 

sensitivity to the extein sequence, thus allowing the successful cyclization of a wide range of 

peptides [283]. The only requirement in order for the splicing mechanism to occur is the 
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presence of a nucleophile cysteine, serine or threonine as the first amino acid of the extein 

sequence (Figure 2.3). 

We chose to study cyclic tetra-, penta-, hexa- and heptapeptide sequences with the 

general formula NuX1X2..XN, where X is any one of the 20 natural amino acids, N=3-6, and 

Nu=Cys, Ser, or Thr. These molecular libraries have an average molecular weight of <770 Da, 

thus potentially exhibiting the advantages of both small molecules and larger peptides that are 

typically <900 Da [284]. Specifically, tetrapeptides have an average molecular weight of ~ 440 

Da and generally comply with Lipinskiôs rule of 5 for druggability [285], while penta-, hexa- 

and heptapeptides occupy, on average, an area of chemical space beyond the rule of 5 (bRo5 

space), where different rules for drug-likeness apply [286,287]. Furthermore, the maximum 

theoretical diversity of the combined library is more than 200 million different sequences 

(Table 2.1), therefore enabling the investigation of a greatly expanded area of chemical space 

[238].  

 

Table 2.1. Theoretical diversity of the constructed combinatorial cyclo-NuX1X2X3-X6 oligopeptide library. 

Peptide Type General Formula Theoretic Diversity 

Tetrapeptides cyclo-NuX1X2X3 3x203=24,000 

Pentapeptides cyclo-NuX1X2X3X4 3x204=480,000 

Hexapeptides cyclo-NuX1X2X3X4X5 3x205=9,600,000 

Heptapeptides cyclo-NuX1X2X3X4X5X6 3x206=192,000,000 

Combined Library cyclo-NuX1X2X3-X6 202,104,000 
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Figure 2.3. SICLOPPS mechanism standard pathway and side reactions. (1) Formation of an active intein; 

(2) N-to-S acyl shift yields a thioester intermediate; (3) Transesterification with a side-chain nucleophile (Cys, 

Ser or Thr, Z=O or S and R=H or CH3 accordingly) to produce a lariat intermediate; (4) Asn side chain cyclization 

releases the lactone product; (5) Z-to-N acyl shift produces the thermodynamically favored cyclic peptide. 

Adapted from [288]. 
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The libraries of genes encoding these cyclic oligopeptide libraries were constructed 

using degenerate PCR primers, in which the randomized amino acids (X) were encoded using 

random NNS codons, where N=A, T, G, or C and S=G or C. The degenerate codons encode all 

of the 20 natural amino acids without including the stop codons UAA and UGA. Cys, Ser, and 

Thr were encoded on these primers by utilizing the codons UGC, AGC, and ACC, respectively, 

which are the most frequently utilized codons for these amino acids in E. coli. The generated 

peptide-encoding gene libraries were cloned into the vector pSICLOPPS [282], as described in 

the Materials and Methods section, to form the pSICLOPPS-NuX1X2X3X4-X6 vector library 

(Figure 2.4). These vectors express a combinatorial library of fusion proteins comprising four 

parts: (i) the N-terminal domain of the Ssp DnaE intein, (ii) a NuX1X2X3-X6 oligopeptide 

sequence, (iii) the C-terminal domain of the Ssp DnaE intein, and (iv) a chitin-binding domain 

(CBD) for immunodetection and/or purification, under the control of the PBAD promoter and its 

inducer L(+)-arabinose (Figure 2.4). Cloning of the resulting gene libraries into the 

pSICLOPPS plasmid yielded a total of 1.3 × 109 independent transformants as judged by 

plating experiments after serial dilutions.  
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Figure 2.4. Schematic of the generation of the cyclic-NuX1X2X3-X6 peptide libraries via the SICLOPPS 

technology. (Left) Representation of the pSICLOPPS-NuX1X2X3-X6 vector library encoding the combinatorial 

heptapeptide library cyclo-NuX1X2X3-X6. Nu: Cys, Ser, or Thr; X: any of the 20 natural amino acids; NNS: 

randomized codons, where N=A, T, C or G and S=G or C; IC: C-terminal domain of the Ssp DnaE split-intein; 

IN: N-terminal domain of the Ssp DnaE split-intein; CBD: chitin-binding domain. (Right) Peptide cyclization 

using the SICLOPPS construct. Upon interaction between the two intein domains IC and IN, the encoded IC-

NuX1X2X3-X6-IN-CBD fusions undergo intein splicing and peptide cyclization, leading to the production of the 

cyclo-NuX1X2X3-X6 library.  

 

2.4. Quality assessment of the constructed combinatorial library of 

random cyclic oligopeptides. 

In order to assess the quality of our constructed library, we randomly selected a total of 

274 clones from the combined pSICLOPPSNuX1X2X3-X6 library and performed colony PCR 

and diagnostic digestion to verify insert size. Furthermore, we performed sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analyses to verify 

production of the precursor fusion protein (molecular mass ~25 kDa), and processing of the 
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intein by monitoring the appearance of a lower molecular weight band (molecular mass ~20 

kDa), which corresponds to the N-terminal intein domain fused to CBD (IN-CBD) and indicates 

successful intein splicing and cyclic peptide formation (Figure 2.5). This analysis revealed that 

all constructed sub-libraries, apart from cyclo-ThrX1X2X3X4X5, appear to produce a sufficient 

number of cyclic peptides in order to cover the theoretical diversity of each sub-library by at 

least one time (Table 2.2). 

DNA sequencing of the peptide-encoding regions of the pSICLOPPS plasmid from 23 

randomly selected clones revealed the presence of all three Nu amino acids Cys, Ser, and Thr 

at position 1 and a good representation of the twenty natural amino acids at all other positions 

within the tetra-, penta- and hexapeptide sequence, albeit with an over-representation of codons 

corresponding to Gly (Table 2.1 and Table 2.3). 

 

 

Figure 2.5. Indicative western blot analysis using an anti-CBD antibody of fourteen randomly selected 

individual clones from the constructed cyclo-NuX1X2X3X4X5 hexapeptide sub-library, demonstrating that 

individual clones can exhibit variable levels of expression. Lanes 4, 6, 11 and 12 correspond to clones that 

contain stop codons or frameshifts and, thus, do not express a full-length IC-peptide-IN-CBD tetrapartite fusion 

or generate cyclic peptide product.  
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Table 2.2. Quality assessment of the constructed library via molecular biology techniques 
S

u
b-

lib
ra

ry
 

General Formula Transformants 

PCR 

analysis 

and 

diagnostic 

digestion 

SDS-PAGE analysis 

Actual 

Diversity 

Library 

Coverage 

tetra-

partite 

fusion 

precursor 

IN-CBD 

product 

T
e

tr
a

p
e

p
ti
d

e 

CysX1X2X3 770,000 8/13 8/18 6/18 256,667 32.1 

SerX1X2X3 710,000 11/13 10/18 7/18 276,111 34.5 

ThrX1X2X3 500,000 11/13 16/18 13/18 361,111 45.1 

combined 

NuX1X2X3 
1,980,000 30/39 34/54 26/54 893,889 37.2 

P
e

n
ta

p
e

p
ti
d

e 

CysX1X2X3X4 1,236,000 11/15 13/18 13/18 892,667 5.6 

SerX1X2X3X4 604,000 17/25 7/18 6/18 201,333 1.3 

ThrX1X2X3X4 836,000 9/10 15/18 15/18 696,667 4.4 

combined 

NuX1X2X3X4 
2,676,000 37/50 35/54 34/54 1,790,667 11.2 

H
e

x
a

p
e

p
ti
d

e 

Cys-X1X2X3X4X5 12,870,000 9/15 15/18 14/18 10,010,000 3.1 

Ser- 

X1X2X3X4X5 
8,784,000 12/15 10/18 8/18 3,904,000 1.22 

Thr-X1X2X3X4X5 5,316,000 8/15 14/18 5/18 1,476,667 0.5 

combined Nu-

X1X2X3X4X5 
26,970,000 29/45 39/54 27/54 15,390,667 4.8 

H
e

p
ta

p
e

p
ti
d

e 

Cys- 

X1X2X3X4X5X6 
410,450,000 42/90 37/90 37/90 168,740,556 2.6 

Ser- 

X1X2X3X4X5X6 
504,233,600 19/30 17/30 16/30 268,924,587 4.2 

Thr- 

X1X2X3X4X5X6 
319,000,000 21/30 20/30 14/30 148,866,667 2.3 

combined Nu- 

X1X2X3X4X5X6 
1,233,683,600 82/150 74/150 67/150 586,531,809 9.2 
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Table 2.3. Sequencing results of the peptide-encoding regions of 23 randomly selected clones from the 

constructed pSICLOPPS-NuX1X2X3, pSICLOPPS-NuX1X2X3X4, and pSICLOPPS-NuX1X2X3X4X5 vector 

sub-libraries.  

Clone number DNA sequence of peptide-encoding gene Encoded peptide sequence 

C4-1 TGC GGC AAG GTG CGKV 

C4-2 TGC CGC CAC CGG CRHR 

C4-3 AGC GCG TCC GGG SASG 

C4-4 AGC ACG CGC CGG STRR 

C4-5 ACC AAC TGG GTC TNWV 

C4-6 ACC AGG GCC TCC TRAS 

C4-7 AGC CGG GTG CTC SRVL 

C4-8 ACC AAC TGG CCG TNWP 

C5-1 TGC AAC TTG GTC TGG CNLVW 

C5-2 TGC TGC GCG GCG GGG CCAAG 

C5-3 TGC GCG TCG CGG GGG CASRG 

C5-4 AGC TTC GTG GAG GGG SFVEG 

C5-5 ACC TGC CCC GTG TAG TCPV* 

C5-6 ACC CCG GCG CGG TGC TPARC 

C5-7 ACC TCG GGC GCG TAG TSGA* 

C6-1 TGC GGG CGG GGG TGG ACG CGRGWT 

C6-2 TGC TGC AGC GGC TGC CGG CCSGCR 

C6-3 TGC AAG TCG GGG CAC GGC CKSGHG 

C6-4 AGC TTG GTG CCG TAC CTG SLVPYL 

C6-5 AGC GCC TAG GGC GGG CCC SA*GGP 

C6-6 AGC GAG GGG GGG GGG G Frame shift 

C6-7 ACC TCG CTC TAG TCC CAC TSL*SH 

C6-8 ACC AGG GGG GGC AGG GGG TRGGRG 

 *: stop codon 
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To evaluate the quality of the constructed libraries further, we characterized in more 

detail the amino acid diversity encoded within the generated oligopeptide libraries by 

performing deep sequencing analysis of the peptide-encoding region of the combined 

pSICLOPPS-NuX1X2X3-X6 vector library. Out of the ~3.7 million DNA sequences that were 

analysed, ~76% were unique and ~94% of those were found to encode unique cyclic peptide 

sequences (Table 2.4). Again, all amino acids were found to be encoded at every positions of 

the generated library, albeit with an over-representation of residues corresponding to Gly and 

Arg (Figure 2.6).  
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Table 2.4. Deep sequencing analysis of the peptide-encoding regions of ~3.7 million clones from the 

constructed pSICLOPPS-NuX1X2X3-X6 library  

 
Number of 

reads 

Unique DNA 

sequences 

Unique peptide 

sequences 

cyclo-CysX1X2X3 sub-library 619 530 (86%) 438 (83%) 

cyclo-SerX1X2X3 sub-library 1,348 1,018 (76%) 729 (72%) 

cyclo-ThrX1X2X3 sub-library 1,197 1,100 (92%) 867 (79%) 

Combined cyclo-NuX1X2X3 sub-

library 
3,164 2,648 (84%) 2,034 (77%) 

cyclo-CysX1X2X3X4 sub-library 1,456 1,313 (90%) 1,150 (88%) 

cyclo-SerX1X2X3X4 sub-library 2,765 2,304 (83%) 1,761 (76%) 

cyclo-ThrX1X2X3X4 sub-library 2,127 1,902 (89%) 1,626 (85%) 

Combined cyclo-NuX1X2X3X4 sub-

library 
6,348 5,519 (87%) 4,537 (82%) 

cyclo-CysX1X2X3X4X5 sub-library 93,785 76,341 (81%) 60,493 (79%) 

cyclo-SerX1X2X3X4X5 sub-library 73,570 63,493 (86%) 48,843 (77%) 

cyclo-ThrX1X2X3X4X5 sub-library 83,401 73,929 (89%) 58,666 (79%) 

Combined cyclo-NuX1X2X3X4X5 

sub-library 
250,756 213,763 (85%) 168,002 (79%) 

cyclo-CysX1X2X3X4X5X6 sub-library 1,305,675 
1,023,580 

(78%) 
978,803 (96%) 

cyclo-SerX1X2X3X4X5X6 sub-library 1,318,365 885,393 (67%) 824,134 (93%) 

cyclo-ThrX1X2X3X4X5X6 sub-library 769,605 652,099 (85%) 636,647 (98%) 

Combined cyclo-NuX1X2X3X4X5X6 

sub-library 
3,393,645 

2,561,072 

(75%) 
2,439,584 (95%) 

Combined cyclo-NuX1X2X3-X6 

library  
3,653,913 

2,783,002 

(76%) 
2,614,157 (94%) 
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Figure 2.6. Heat map representation of the amino acid distribution at each position of the constructed cyclo-

CysX1X2X3-X6 (top), cyclo-SerX1X2X3-X6 (middle) and cyclo-Thr X1X2X3-X6 (bottom) sub-libraries, as 

demonstrated by the deep sequencing analysis results.  
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However the deep sequencing analysis revealed another important finding: the cyclo-

CysX1X2X3X4X5 and cyclo-SerX1X2X3X4X5 sub-libraries are highly enriched with two DNA 

sequences that encode peptides CGGTGR and SGGTGR and which appear approximately 700 

and 40 times more frequently than the succeeding sequence (Table 2.5). This defect could be 

attributed to an inherited preference in the degenerate PCR primers, or the ability of these 

almost identical sequences to promote E. coli fitness, leading to their enrichment during cell 

growth. Despite this drawback however, our results suggest that we have constructed a very 

high-diversity library, which should be encoding the vast majority of the theoretically possible 

tetra-, penta-, hexa- and heptapeptide cyclo-NuX1X2X3-X6 sequences. 

Table 2.5. Top 10 most frequent sequences of the cyclo-CysX1X2X3X4X5 and cyclo-SerX1X2X3X4X5 sub-

libraries as demonstrated by the deep sequencing analysis 

cyclo-CysX1X2X3X4X5 cyclo-SerX1X2X3X4X5 

R
e

a
d

s 

DNA sequence 
Protein 

sequence R
e

a
d

s 

DNA sequence 
Protein 

sequence 

8153 TGCGGCGGCACCGGGCGC CGGTGR 1459 AGCGGCGGCACCGGGCGC SGGTGR 

12 TGCGCCGGCACCGGGCGC CAGTGR 38 AGCATGCCGTCCAGGGCG SMPSRA 

12 TGCGGCGGCACCGGGCGG CGGTGR 32 AGCGGCGGGCACTTGTGG SGGHLW 

9 TGCCAGCAGATCATGCAG CQQIMQ 21 AGCGGGGGGGGGGGGGGG SGGGGG 

8 TGCGAGGGCACGCCCGCG CEGTPA 19 AGCTGGCCGCGGGGCGCC SWPRGA 

6 TGCGGGAACCACGCGGGC CGNHAG 18 AGCACGGGGTTGAGGATG STGLRM 

6 TGCGGCAACCAGAACTCG CGNQNS 17 AGCGGGGCGATGCGGCTC SGAMRL 

6 TGCCCGCTGCTGCGCCGC CPLLRR 16 AGCTGGCGGAGCGGGGGG SWRSGG 

6 TGCGACAGGGGGTTGTTC CDRGLF 15 AGCTTCTGGGCGTGGAGG SFWAWR 

5 TGCATCGACGCGGAGTCG CIDAES 14 AGCGGCTCCTAGGGGGTG SGS*GV 
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2.5. Discussion 

In conclusion, we have utilized a straightforward biotechnology technique called 

SICLOPPS, which permits the in vivo biosynthesis of libraries of cyclic peptides in a one-pot 

reaction requiring just the pSICLOPPS vector, a few degenerate PCR primers and a couple of 

simple molecular biology steps [274]. Using this technology we constructed a gene library that 

encodes more than 200 million cyclic oligopeptides with the general formula cyclo-NuX1X2X3-

X6, where Nu is Cys, Ser, or Thr and X is any one of the 20 natural amino acids. This is, to our 

knowledge, the largest library of cyclic peptides ever produced using SICLOPPS.  

The quality of this library was then assessed using: (i) molecular biology techniques, 

including colony PCR, diagnostic digestion and SDS-PAGE/western blot analysis and (ii) deep 

sequencing analysis. These techniques complemented each other very well: on the one hand 

colony PCR and diagnostic digestion offer the possibility of detecting the presence of the 

correct insert and estimating the cloning success rate and SDS-PAGE/western blot analysis 

permit the detection of the overexpressed precursor protein and its subsequent processing to 

yield the cyclic peptide. On the other hand, deep sequencing analysis offers the possibility of 

evaluating the diversity of the constructed library and identifying biases in the peptide 

sequences in great detail.  

Overall, our results suggest that we have constructed a very high-diversity library, 

which should be encoding the vast majority of the theoretically possible >200 million cyclo-

NuX1X2X3-X6 sequences. 
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Chapter 3 ï Development of a generalized 

genetic screen for monitoring protein misfolding 

and aggregation 

3.1. Screens for the identification of aggregation inhibitors as 

potential therapeutics against PMDs 

Once a drug target has been identified, the next step in the drug discovery pipeline is 

the development and implementation of screening assays in order to identify hits and, 

subsequently, therapeutic leads. As PMDs have been associated with the misfolding and 

aggregation of one or more MisPs, targeting this aggregation process has been the most widely 

investigated therapeutic approach. Indeed, an extensive number of screening assays have been 

developed against PMDs which can be divided in three categories: in silico, in vitro and cell-

based screening. 

3.1.1. In silico screening assays for the identification of protein aggregation 

inhibitors  

The most broadly used in silico method is structure-based design and high-throughput 

screening (HTS). It consists of using the proteinôs structural data from X-ray, NMR and 

cryogenic electron microscopy (cryo-EM) studies and performing molecular docking to detect 

possible ligand binding in a database of test compounds. Fersht and co-workers have 

successfully used this method to screen a collection of ~ 2 million commercially available drug-

like small molecules and resulted in 80 potential binders against p53C(Y220C). One of these, 
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named PhiKan059, exhibited desirable in vitro results [185]. Subsequently, the same group 

screened a library of designed PhiKan059 analogues and identified PhiKan083, which 

exhibited improved binding affinity, validated by X-ray studies. Importantly, PhiKan083 was 

found able to stabilize p53C(Y220C) in vitro, increasing its half-life significantly [185]. 

Similarly, Amaro and co-workers have identified a cavity between loop L1 and sheet S3 of p53 

and virtually screened 1,324 compounds identifying stictic acid as a chemical rescuer of the 

misfolding of various p53 mutants [289]. Indeed, in vitro and in vivo studies demonstrated that 

stictic acid was able to stabilize thermodynamically p53 mutants and to partially restore p53 

activity in cancer cell lines. 

On a related note, Vendruscolo, Knowles, Dobson and co-workers have utilized a quasi-

structure-based design approach, where instead of using the structure of primary nuclei of Aɓ, 

which are very difficult to characterize experimentally, they utilized the knowledge gained 

from a known Aɓ aggregation inhibitor, bexarotene, and screened for small molecules that 

shared similar chemical properties [290]. This process resulted in the identification of 12 small 

molecules, whose aggregation inhibitory effects were validated by in vitro chemical kinetic 

experiments and in vivo C. elegans models.  

Another in silico method widely used in drug discovery is fragment-based design, 

which refers to the production of compound fragments from reported active small-molecules 

and their subsequent screening using compound repositories and databases to identify potential 

therapeutics that are chemically related to the initial fragments. Using this approach 

Vendruscolo, Knowles, Dobson and co-workers have generated three distinct fragment-based 

libraries with potential aggregation inhibitors of Aɓ, tau and Ŭ-syn, containing 16,850, 11,800 

and 14,735 compounds, respectively [291]. In vitro studies of the Aɓ library resulted in the 

identification of the aforementioned compound bexarotene as a potent Aɓ aggregation inhibitor 

[212].  
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In conclusion, in silico assays have the great advantage that they can easily and cost-

efficiently screen a huge number of compounds to identify novel therapeutics. Furthermore, 

their ability to screen available databases with approved medications allows for drug 

repositioning, which results in a significant reduction in drug development time and cost. 

However, these assays only identify putative hits and all results need to be subsequently 

validated by in vitro and in vivo assays. Moreover, the limited structural information for the 

majority of disease-associated MisPs renders structure-based design unsuitable for most 

PMDs.  

3.1.2 In vitro  screening assays for the identification of protein aggregation 

inhibitors  

A wide range of techniques have been developed for monitoring protein misfolding in 

vitro, including ones that enable aggregate or protein characterization, such as Thioflavin T 

(ThT) and differential scanning fluorimetry (DSF), methods that provide secondary structure 

information, such as circular dichroism (CD) and Fourier transform infrared spectroscopy 

(FTIR), and techniques that enable the visual representation of the aggregated samples, such 

as transmission electron microscopy (TEM) and atomic force microscopy (AFM) [292].  

ThT binding assays have been excessively used for the identification of aggregation 

inhibitors against PMDs. Vendruscolo, Knowles, Dobson and co-workers have recently 

described in detail the microscopic processes involved in amyloid formation of Aɓ42 as well 

as the rate constants and reaction rates governing each process, thus offering a significant 

advancement in the field [94]. This knowledge was later utilized to identify inhibitors of Aɓ42 

with diverse inhibitory mechanisms [212,290,291,293]. Recently the same group has also 

developed a novel approach termed structure-kinetic activity relationship (SKAR), where a 

parent molecule is chemically modified creating a library of derivative compounds, which are 
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then screened using a ThT assay, ultimately resulting in the rational design of molecules with 

enhanced potency [294]. At the same time, Ventura and co-workers have developed an in-plate 

ThT assay for the rapid identification of Ŭ-syn aggregation inhibitors [295]. Using this assay 

they were able to screen 14,000 compounds resulting in the discovery of 47 novel strong 

modulators of Ŭ-syn aggregation, one of which was shown to protect dopaminergic neurons 

from Ŭ-syn-associated toxicity in a C. elegans in vivo PD model [295,296].  

Another method that has been used for in vitro screening against MisP aggregation is 

DSF, a fluorescence-based assay that enables the identification of compounds that bind to and 

stabilize a test protein. Using DSF, Pérez and co-workers have screened a commercial library 

of 10,000 compounds and identified eight small molecules that stabilize mutants of 

phosphomannomutase 2 (PMM2) that have been associated with congenital disorder of 

glycosylation (CDG), and restore the enzymeôs activity in a cellular model of the disease [297].  

One of the most high-throughput in vitro methods used for the discovery of aggregation 

inhibitors involves screening of phage display libraries. As discussed earlier, this technique 

involves the construction of a rationally or randomly designed library, which is screened in 

vitro for the identification of binders to an immobilized protein target [259]. Using this 

technique, Rotter and co-workers constructed two peptide phage display libraries and identified 

several peptides that could bind to mutant p53 and induce proper folding and restore p53ôs 

activity [298]. Furthermore, Kamijo and co-workers constructed a randomized heptapeptide 

library and identified eight peptide that could bind to Aɓ and inhibit its aggregation, while 

Linse and co-workers screened two commercially available libraries of recombinant antibodies 

and identified secondary nucleation inhibitors of Aɓ aggregation. 

In conclusion, although in vitro assays offer important information on the biophysical 

and biochemical properties of the test proteins and can result in the identification of well-
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characterized inhibitors, they require the availability of purified test protein with reproducible 

behaviour, which in the case of MisPs can be very challenging. Moreover, in vitro assays are 

usually performed in multi-well formats which increases the time and cost of screening or 

requires a high degree of automation. Finally, as notably demonstrated by Kiessling and co-

workers, the inconsistency of display technologies to identify binders with the desirable 

biological activity ultimately renders them as costly and inefficient as other conventional in 

vitro techniques [241,268]. 

3.1.3. Cell based screens for the identification of protein aggregation inhibitors 

While a wide range of techniques exist for the investigation of protein misfolding in 

vitro, the complexity of the cellular environment makes the development of mammalian cell-

based aggregation screening assays considerably more challenging. Indeed various presumed 

protein aggregation inhibitors identified through mammalian assays, were later proven to be 

false positives, due to non-specific biological actions. One notable example is the first p53-

reactivating compound, CP-31398, which although initially reported to stabilize p53 and 

promote p53-mediated apoptosis [299], it was later shown to intercalate with DNA and 

promote cytotoxicity in a p53-independent manner [300]. 

Microbial hosts, such as bacteria and yeasts, offer the opportunity of studying protein 

aggregation in simplified, but still physiologically relevant conditions, as several protein 

folding and misfolding features can be reliably generated in both prokaryotic and eukaryotic 

microorganisms. Most importantly, microbial hosts enable the development of high-throughput 

and affordable screens, which result in biologically active compound hits. Indeed, a wide range 

of microbial screens have been developed for monitoring and rescuing protein misfolding, 

which have been thoroughly reviewed by Skretas and co-workers [96]. A notable example is 

the development of a yeast model of PD, where the increased expression of Ŭ-syn resulted in 
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the formation of Ŭ-syn inclusion bodies and severe cytotoxicity [301]. This system was used to 

screen various small molecule libraries [301-303], as well as an cyclic octapeptide library 

produced via the aforementioned SICLOPPS technology [280], resulting in the identification 

of several biologically active compounds against PD. 

An engineering approach that has been repeatedly used for the identification of protein 

aggregation inhibitors is coupling a disease-associated MisP with a reporter protein (RP), in 

such a way that function of RP will depend on the correct folding of MisP. These fusions can 

be either end-to-end or insertional, meaning that the MisP is inserted into an internal position 

of RP. A widely used end-to-end MisP fusion is with a fluorescent protein, such as the green 

fluorescent protein (GFP). Hecht and co-workers first fused Aɓ42 to GFP and showed that 

bacterial overexpression of Aɓ42-GFP resulted in intracellular insoluble aggregates and lack 

of green fluorescence [304]. Subsequently, they performed a genetic screen resulting in the 

identification of Aɓ42 variants, which contrary to the wild-type protein, exhibited reduced 

aggregation propensity and increased green fluorescence [304] and also, utilized this 

methodology to screen two small-molecule libraries, resulting in the identification of various 

Aɓ aggregation inhibitors, one of which was able to reduce toxicity of Aɓ42 in an in vivo 

Drosophila model of AD [305,306]. Using the same principles, Moffet and co-workers have 

screened two combinatorial peptide library and identified three peptide inhibitors of ȷɓ 

aggregation with diverse mechanisms [232].  

Interestingly, the GFP-based screen has been utilized to monitor the aggregation of 

other disease-associated MisPs, besides Aɓ42. Specifically, Moffet and co-workers 

overexpressed an IAPP-GFP fusion in E. coli cells and performed a genetic screen, which 

resulted in the identification of IAPP variants that, compared to the wild-type protein, exhibited 

reduced protein aggregation and increased green fluorescence [307]. Furthermore, Fersht and 

co-workers demonstrated that the thermodynamic stability of various p53 mutants correlates 
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well with the aggregation propensity of their GFP fusions and their cellular fluorescence, when 

overexpressed in E. coli [308].  

Another noteworthy example is the insertional fusion of MisPs to the ɓ-lactamase (bla) 

enzyme, which provides bacterial resistance to the antibiotic ampicillin. Bardwell and co-

workers first demonstrated that inserting an unstable protein between residues 196 and 197 of 

bla results in increased protein degradation and ampicillin susceptibility [309]. On the contrary, 

when the inserted protein is correctly folded the two bla domains re-associate and confer 

antibiotic resistance. Using this tripartite fusion system, Radford and co-workers identified one 

inhibitors of IAPP and demonstrated that this system can be applied for the identification of 

aggregation inhibitors against various MisPs associated with different PMDs [310]. 

Importantly, by coupling this system with electrospray ionization- ion mobility spectrometry-

mass spectrometry (ESI-IMS/MS) they were able to validate compound-protein binding and 

determine the different aggregation species that were present in the sample, thus enabling the 

selection of hits with the desired mechanism of action [310]. 

An alternative approach for monitoring protein aggregation in vivo is by utilizing 

protein dyes with the ability to specifically bind to hydrophobic surfaces of amyloid or 

amyloid-like aggregates and exhibit increased fluorescence. In this way, by measuring cell 

fluorescence using fluorimetry of flow cytometry, one can monitor the aggregate formation 

inside living cells without the need of purified protein preparations [311]. Thioflavin S (ThS) 

and the recently developed fluorescent dye Proteostat, have both been successfully used for 

monitoring amyloid formation in microorganisms and screening for aggregation inhibitors 

[311-316]. 
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3.2. Development of a generalized genetic screen for monitoring 

protein aggregation in vivo 

As protein misfolding and aggregation are common defining features of all PMDs, we 

attempted to develop a genetic screen with potentially wide applicability, that would facilitate 

monitoring of the misfolding and aggregation of different MisPs associated with PMDs. As the 

aforementioned GFP assay has been successfully employed for monitoring the aggregation of 

Aɓ42, IAPP and certain p53 mutants, we reasoned that by generalizing this system we could 

provide an important tool for identifying protein aggregation inhibitors against multiple PMDs 

that remain incurable.  

Specifically, due to the aggregation propensity of disease-associated MisPs, we 

hypothesized that overexpression of MisP-GFP fusions in E. coli cells would result in the 

accumulation of insoluble inclusion bodies exhibiting decreased fluorescence. Contrary, 

conditions that rescue MisP misfolding and/or inhibit its aggregation would result in the 

formation of soluble MisP-GFP fusions exhibiting enhanced fluorescence (Figure 3.1).  

In order to test this hypothesis we employed the MisP-GFP assay for monitoring the 

misfolding and aggregation of p53, SOD1 and polyQ-HTTex1 variants, which have been 

associated with cancer, ALS and HD respectively. 
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Figure 3.1. Schematic of the MisP-GFP genetic system for monitoring MisP folding and aggregation. 

 

 

3.2.1. Monitoring the aggregation of p53 oncogenic variants 

Structural mutations in the core domain of p53 - that destabilize and subsequently 

inactivate the protein - appear in ~15-20% of human cancer cases and therefore constitute 

important targets for cancer therapy [317]. For this reason, we tested whether the MisP-GFP 

assay could be used for monitoring the aggregation of three p53 core domain structural mutants, 

namely, the substitution of valine at position 143 by alanine (V143A), the substitution of 

tyrosine at position 220 by cysteine (Y220C) and the substitution of phenylalanine at position 

270 by leucine (F270L).  

We started by introducing these mutations into the core domain of wild-type p53 (p53C 

wt) and a highly stabilized variant of p53 (T-p53C), which has wild-type-like properties and, 

as demonstrated by X-ray studies, almost identical structure, apart from the four point 
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mutations (M133L, V203A, N239Y and N268D) that confer additional stability and make the 

protein easier to work with [318,319]. Then, we produced recombinant fusions of the 

constructed p53 variants with GFP and monitored their bacterial fluorescence and protein 

aggregation. Interestingly, we found that the fluorescence intensity of the constructed p53C-

GFP fusions correlated very well with their thermodynamic stability and the accumulating 

amounts of soluble protein (Figure 3.3 and Figure 3.3). These results indicate that the MisP-

GFP assay is able to reliably monitor p53C misfolding and aggregation and therefore could be 

utilized for the discovery of potential rescuers of destabilized forms of p53. 
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Figure 3.2. Monitoring the aggregation of p53 oncogenic variants. (A) Thermodynamic stability of the p53 

core domain variants. ȹȹG represents the change in the free energy of urea-induced unfolding caused by 

mutations in wild-type p53 (ȹȹG= ȹGwt ï ȹGmut) as determined by Fersht and co-workers. [121,320]. (B) 

Relative fluorescence of E. coli BL21(DE3) cells overexpressing p53C-GFP fusions from pETp53C-GFP. Mean 

values ± s.e.m. are reported. 
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Figure 3.3. Solubility analysis of E. coli BL21(DE3) cells overexpressing p53C-GFP fusions. Total (left) and 

soluble (right) lysates of cells overexpressing different p53C-GFP fusions produced as in Figure 3.2B were 

analysed by SDS-PAGE and visualized by western blotting using the anti-GFP antibody. 

 

3.2.2. Monitoring  the aggregation of SOD1 variants  

As mutations in the SOD1 gene that cause thermal destabilization and/or aggregation 

of SOD1 have been widely associated with familial ALS (fALS) [187,321,322], we next tested 

whether we could detect mutation-induced folding changes to SOD1 using the MisP-GFP 

assay. For this reason, we produced end-to end fusions of SOD1 variants with GFP in E. coli 

cells in order to and monitored their fluorescence and the aggregation status of the 

overexpressed fusions. We tested four SOD1 variants, namely the substitution of alanine at 

position 4 by valine (A4V), of glycine at position 37 by arginine (G37R), of glycine at position 

85 by arginine (G85R) and of glycine at position 93 by alanine (G93A). These were selected 

from a set of over 150 fALS-associated SOD1 mutations as they exhibit different aggregation 

propensities and disease phenotypes (Table 3.1) [323,324].  
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Table 3.1. Statistics for fALS patients with the herein studied SOD1 mutations. Adapted from [323]. 

Mutation  
Mean age at onset 

(years) 

Mean life 

expectancy (years) 

SOD1(A4V) 47.0 ± 13.7 1.5 

SOD1(G37R) 29.3 ± 1.2 18 

SOD1(G85R) 55.5 ± 12.6 6.5 

SOD1(G93A) 43.1 ± 16.6 2.5 

 

Indeed, using the MisP-GFP assay, we were able to follow SOD1 aggregation 

efficiently as all variants exhibited decreased levels of GFP fluorescence and solubility, 

compared to the generally non-pathogenic wild-type SOD1 (Figure 3.4). Interestingly, 

SOD1(A4V), which has been associated with the most aggressive type of fALS (Table 3.1) 

exhibited the most pronounced decrease in GFP fluorescence, in relation to the accumulating 

amount of soluble protein (Figure 3.4). Notably, when the SOD1 variants were produced in 

unfused, GFP-free form, their soluble levels were also well-correlated with their aggregation 

propensity as all pathogenic variants exhibited decreased levels of solubility compared to the 

wild-type protein (Figure 3.5).  
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Figure 3.4. Monitoring the folding and misfolding of SOD1 variants using the MisP-GFP assay. (A) Relative 

fluorescence of E. coli BL21(DE3) cells overexpressing SOD1-GFP fusions from pETSOD1-GFP. Mean values 

± s.e.m. are reported from one experiment performed in triplicates. (B) Solubility analysis as in (A), using SDS-

PAGE/western blotting and probing with the anti-GFP antibody. 
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Figure 3.5. Solubility analysis of SOD1 variants overexpressed in E. coli Origami2(DE3). Production of the 

GFP-free SOD1 variants was performed from the corresponding pETSOD1 vectors. Total (left), soluble (middle) 

and insoluble (right) lysates were analysed by SDS-PAGE and visualized by western blotting using the anti-His 

antibody. Experiments were performed by Stefania Panoutsou at the NHRF.  
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3.2.3. Monitoring the aggregation of polyQ-HTT ex1 variants  

HD is an inherited neurodegenerative disease caused by polyglutaminated (polyQ) 

expansions at the N-terminal region of huntingtin (HTT), a highly polymorphic protein 

normally containing less than 35 glutamine residues [325]. These polyQ N-terminal regions, 

which are encoded within the first exon of the corresponding gene (HTTex1), have been found 

to assemble into neurotoxic aggregates, leading to neurodegeneration [326]. Importantly, the 

severity of the HD phenotype is inversely correlated with the length of the polyQ expansion, 

as individuals with longer polyQ expansions develop the disease at younger ages [327].  

In order to test whether we could monitor the aggregation of polyQ variants with 

different lengths using the MisP-GFP assay, we produced end-to-end fusions of polyQ-HTTex1 

with GFP in E. coli cells and monitored their fluorescence and the aggregation status of the 

overexpressed proteins. We assessed three polyQ-HTTex1 variants, one containing a normal 

25Q expansion and two expansions resulting in HD pathogenesis, namely 46Q and 97Q [328]. 

Interestingly, the levels of GFP fluorescence of E. coli cells and the amounts of soluble polyQ-

GFP fusions produced were inversely proportional to the polyQ length (Figure 3.6), suggesting 

that this system is capable of monitoring the aggregation of polyQ-HTTex1 variants and could 

be utilized for discovery of potential polyQ-HTTex1-aggregation inhibitors. 
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Figure 3.6. Monitoring the aggregation of polyQ-HTT  ex1 variants using the MisP-GFP assay. (A) Relative 

fluorescence of E. coli BL21(DE3) cells overexpressing polyQ-HTT ex1-GFP fusions from pETHTTex1-GFP. Mean 

values ± s.e.m. are reported from one experiment performed in triplicates. (B) Solubility analysis of polyQ-HTT 

ex1-GFP variants overexpressed as in (A) using SDS-PAGE/western blotting and probing with the anti-GFP 

antibody.  
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3.2.4. Optimization of the MisP-GFP assay 

As the expression of MisP-GFP has been associated with cell toxicity [329], we opted 

to determine the optimal conditions for the expression of different MisP-GFP constructs. We 

started by testing a range of different expression vectors, inducer concentrations, incubation 

temperatures and incubation periods for the production of fusions of GFP with p53C or SOD1 

variants (Figure 3.7 and Figure 3.8).  

In the case of p53C, these experiments revealed that conditions that enable rapid protein 

production, such as use of T7 promoter, incubation at 37 oC and increased inducer 

concentration, result in increased fluorescence intensity differences between the well-folded 

protein and the destabilized variants (Figure 3.7). Contrary, in the case of SOD1, conditions 

that detain protein expression, such as decreased inducer concentration and incubation at lower 

temperatures, result in enhanced differences in the fluorescence intensity of wild-type SOD1 

and the disease-associated variants (Figure 3.8). These results indicate that, while the MisP-

GFP assay can be utilized against different protein targets, the MisP-GFP expression conditions 

should be independently optimized whenever a new target is pursued. 
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Figure 3.7. Effect of different optimization parameters on the bacterial fluorescence of E. coli BL21(DE3) 

cells producing p53C-GFP fusions. (A) Investigation of different expression vectors, (B) IPTG concentrations, 

(C) incubation temperatures and (D) incubation periods. In all panels, over-expression was performed using the 

pET28 vector, unless otherwise stated and the fluorescence of the bacterial population producing T-p53C was 

arbitrarily set to 100. Mean values ± s.e.m. are presented. Each experiment was performed in triplicates.  
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Figure 3.8. Effect of varying incubation temperatures and IPTG concentrations on the bacterial 

fluorescence of E. coli Origami2(DE3) cells overexpressing SOD1-GFP fusions from the pET28 vector. The 

fluorescence of the bacterial population producing SOD1 wt was arbitrarily set to 100. Mean values ± s.e.m. are 

presented. Each experiment was performed in triplicates.  

 

In parallel, we tested whether the GFP reporter is the most ideal fluorescence partner 

for monitoring protein misfolding and aggregation. For this, we produced recombinant fusions 

of p53C variants with the blue fluorescent protein (BFP) or the red fluorescent protein (RFP), 

and measured their bacterial fluorescence and protein aggregation (Figure 3.9). Interestingly, 

GFP and BFP fusions with T-p53C and T-p53C(Y220C) exhibited similar fluorescence 

intensity differences, indicating that both fluorescent proteins can be appropriately employed 

for monitoring protein misfolding and aggregation (Figure 3.9). Contrary, the differences in T-

p53C-RFP and T-p53C(Y220C)-RFP fluorescence intensities were decreased compared to the 

GFP and BFP fusions, indicating that this fluorescent partner is less efficient for this purpose 

(Figure 3.9).  
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Figure 3.9. Effect of different fluorescent protein partners for monitoring protein aggregation in E. coli 

Tuner(DE3) cells. Protein production was performed using the pET28 vector and the bacterial population 

producing T-p53C was arbitrarily set to 100. Mean values ± s.e.m. are presented. Each experiment was performed 

in triplicates.  
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3.3. Discussion 

In conclusion, in this chapter we describe the development of a generalized genetic 

assay for monitoring the misfolding and aggregation of MisPs associated with different PMDs. 

As a large number of PMDs still remain incurable, the development of such assays constitute 

powerful tools for addressing this unmet medical need and facilitate the identification of 

rescuers of pathogenic protein misfolding and/or aggregation. 

The herein described genetic assay is based on the recombinant production in E. coli 

cells of end-to-end fusions of disease-associated MisPs with the fluorescent protein GFP. In 

this manner, misfolding and/or aggregation of the MisP directly affects the folding and 

fluorescence of GFP, and therefore, by measuring the bacterial fluorescence one can easily 

monitor the folding status of the investigated MisP.  

We illustrate the generality of this assay by targeting three unrelated proteins, p53, 

SOD1 and HTT, whose variants have been associated with cancer, ALS and HD respectively. 

In all cases, we found that the bacterial fluorescence of E. coli cells producing different MisP-

GFP fusions as well as their accumulating soluble protein levels, strongly correlate with the 

aggregation propensity of the investigated MisPs and their associated pathogenicity.  

Overall, we demonstrate that the herein described genetic assay can be utilized for 

distinguishing between pathogenic and non-pathogenic MisP variants associated with 

numerous PMDs, and, importantly, for the discovery of potential rescuers of pathogenic protein 

misfolding and/or aggregation. 
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Chapter 4 - Development of an integrated 

bacterial system for the discovery of potential 

PMD therapeutics 

In order to accelerate the early drug discovery process and address the imperative 

medical need for potential therapeutics against PMDs, ultrahigh-throughput methodologies that 

allow deeper investigation of chemical space are urgently required. Towards this, we developed 

a novel ultrahigh-throughput biotechnology system, where E. coli cells are genetically 

engineered in order to perform two simultaneous tasks: (i) produce expanded molecular 

libraries, such as the one presented in Chapter 2 comprising more than 200 million cyclic 

peptides and (ii) enable their direct functional screening using the MisP-GFP genetic assay 

described in Chapter 3.  

This approach enables the identification of cyclic peptides with the ability to bind to 

the MisP of interest and rescue its misfolding and/or aggregation, by monitoring their effect on 

the fluorescence of the recombinant MisP-GFP fusions. Specifically, since the bacterial 

fluorescence of E. coli cells producing MisP-GFP fusions is strongly correlated to the 

aggregation propensity of the MisPs, cells producing such cyclic peptides will exhibit 

significantly increased levels of GFP fluorescence. Importantly, as both cyclic peptide 

production and their functional screening are performed inside living cells, bacterial clones 

producing such cyclic peptides can be isolated in an ultrahigh-throughput manner using 

fluorescence-activated cell sorting (FACS), therefore enabling the rapid and facile 

identification of bioactive hits (Figure 4.1). 
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Figure 4.1. Schematic of the utilized bacterial platform for discovering inhibitors of protein aggregation. 

pMisP-GFP: plasmid encoding a misfolded protein-GFP fusion; pSICLOPPS-NuX1X2X3-X6: vector library 

encoding the combinatorial tetra-, penta-, hexa- or heptapeptide library cyclo-NuX1X2X3-X6; Nu: Cys, Ser, or 

Thr; X: any of the 20 natural amino acids; FSC-H: forward scatter; SSC-H: side scatter; P: sorting gate.  

 

In this chapter we present the employment of this ultrahigh-throughput system for 

identifying folding rescuers and/or aggregation inhibitors against four targets: p53C(Y220C), 

Aɓ42, SOD1(A4V) and HTTex1-97Q, which have been associated with cancer, AD, ALS and 

HD respectively. 
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4.1. Targeting cancer - Identification of p53C(Y220C) folding 

rescuers using the generated ultrahigh-throughput biotechnology 

platform  

For the identification of cyclic peptides that would stabilize the p53C(Y220C) variant 

we performed three attempts. In the first attempt we utilized a two-plasmid system comprising 

a pET28 expression vector producing the p53C(Y220C)-GFP fusion, i.e. pETp53C(Y220C)-

GFP, and the pSICLOPPS vector library described in Chapter 2, that produced the cyclic tetra-

, penta- and hexapeptides, i.e. pSICLOPPS-NuX1X2X3-X6 (Figure 4.2). Protein expression was 

performed at 37 oC using 0.1 mM isopropyl-ɓ-D-thiogalactoside (IPTG) and 0.002 % arabinose 

as described in the Materials and Methods section. Cells were gated on a side-scatter (SSC-H) 

versus forward-scatter (FSC-H) plot in order to eliminate non-cellular events, and were 

subjected to FACS sorting for the isolation of the bacterial population exhibiting the top ~2% 

fluorescence. Under these conditions and after two rounds of sorting, the selected bacterial 

population exhibited a very small fluorescence increase compared to the initial population 

(~10%), while no further fluorescence increase was observed after additional rounds (Figure 

4.3).  
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Figure 4.2. Schematic of the utilized two-plasmid system and the gating strategy for FACS sorting for the 

identification of rescuers of MisP-GFP misfolding and aggregation. pETMisP-GFP: plasmids encoding a 

MisP-GFP fusion; pSICLOPPS-NuX1X2X3-X6: vector library encoding the combinatorial tetra-, penta-, hexa- or 

heptapeptide library cyclo-NuX1X2X3-X6; Nu: Cys, Ser, or Thr; X: any of the 20 natural amino acids; FSC-A: 

forward scatter; SSC-A: side scatter; R1 and RN1: sorting gates.  

 

Figure 4.3. Histograms of BL21(DE3) cells co-expressing p53C(Y220C) and the initial cyclo-NuX1X2X3-X5 

oligopeptide library (grey) or the enriched library after the second round of sorting (green). M=mean GFP 

fluorescence in arbitrary units. FACS sorting was performed at the University of Texas at Austin.  
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We next isolated 140 individual cyclic peptide sequences from the sorted population 

and evaluated their ability to enhance the fluorescence levels of T-p53C(Y220C)-GFP. We 

found that 21 of them exhibited reproducibly a significant fluorescence increase when T-

p53C(Y220C)-GFP was produced from the pETT-p53C(Y220C)-GFP vector, in which case 

protein overexpression is controlled by the T7 promoter (Figure 4.4A). However, these effects 

were found to be promoter-specific, as the selected peptide clones were unable to enhance the 

fluorescence of T-p53C(Y220C)-GFP fusions when produced from the pASKT-

p53C(Y220C)-GFP vector, in which case protein production is controlled by the tetracycline 

(Tet) promoter (Figure 4.4B). Furthermore, the observed phenotypes were found to be p53-

non-specific as the selected peptide clones were also able to increase the fluorescence levels of 

Aɓ42-GFP fusions when produced from the pETAɓ42-GFP vector (Figure 4.4A). In total, 

these results indicate that the selected cyclic peptide clones are probably false-positive hits and 

function in a p53-non-specific manner by probably modulating the protein expression by the 

T7 RNA polymerase/promoter system. 
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Figure 4.4. First attempt of FACS sorting for the identification of p53C(Y220C) folding rescuers. (A) 

Fluorescence of E. coli BL21(DE3) cells co-expressing T-p53C(Y220C)-GFP or Aɓ42-GFP in the presence of 12 

individually selected cyclic peptide sequences from the second round of FACS sorting shown in (A). MisP-GFP 

production was performed from the pET28 vector. (B) As in (A) but using the pASK75 vector for T-

p53C(Y220C)-GFP production. In both panels, the fluorescence of bacterial cells producing T-p53C(Y220C)-

GFP or Aɓ42-GFP together with a random cyclic peptide from the initial unsorted cyclo-NuX1X2X3-X5 library 

(Random 1) was arbitrarily set to 100. Mean ± sem are presented of one experiment performed in triplicates. 
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In our second attempt, we modified our system in order to eliminate the possibility of 

isolating false-positive cyclic peptides with a p53-non-specific effect. For this reason, we 

started by overexpressing the T-p53C(Y220C)-GFP fusion from the pETT-p53C(Y220C)-GFP 

vector and isolated the bacterial population exhibiting enhanced fluorescence via FACS (Figure 

4.5, top). Then, after two rounds of sorting we isolated the so-far enriched population and re-

transformed the selected pSICLOPPS vectors into E. coli cells that carry the pASKT-

p53C(Y220C)-GFP vector and thus produce the same GFP fusion but from the pASK75 vector 

(Figure 4.5, bottom). This procedure could enable the isolation of a bacterial population that 

exhibits increased levels of fluorescence irrespectively of the promoter utilized for 

overexpression.  

 

Figure 4.5. Schematic of the utilized two-plasmid system and the gating strategy utilized in our second 

attempt of FACS sorting for the identification of T-p53C(Y220C) folding rescuers. Initially, overexpression 

of T-p53C(Y220C)-GFP was performed under the control of the T7 promoter (A) and then under the control of 

the Tet promoter (B). pETT-p53C(Y220C)-GFP and pASKT-p53C(Y220C)-GFP: plasmids encoding the T-

p53C(Y220C)-GFP fusion under the control of the T7 or Tet promoter respectively; pSICLOPPS-NuX1X2X3-X6: 

vector library encoding the combinatorial tetra-, penta-, hexa- or heptapeptide library cyclo-NuX1X2X3-X6; Nu: 

Cys, Ser, or Thr; X: any of the 20 natural amino acids; FSC-A: forward scatter; SSC-A: side scatter; R1 and RN1: 

sorting gates.  

  



92 

 

After a total of five rounds of sorting we observed an almost three-fold increase of the 

bacterial fluorescence, which was unaltered after additional rounds (Figure 4.6). We isolated 

530 individual bacterial clones from the enriched bacterial population and 84 of them exhibited 

a significant increase in T-p53C(Y220C)-GFP fluorescence. Importantly, most of the selected 

bacterial clones exhibited a p53-specific effect as indicated by assessing their effect on the 

levels of Aɓ42-GFP fluorescence (Figure 4.7A). 

Next, we opted to determine whether the observed phenotype was dependent on the 

ability of the Ssp DnaE intein to splice and form a cyclic peptide. For this reason, we introduced 

the double amino acid substitution H24L/F26A into the C-terminal domain of the Ssp DnaE 

intein, which is known to abolish asparagine cyclization at the IC/extein junction and prevent 

extein splicing and peptide cyclization [280]. We found one clone (clone 2), which was able to 

increase the fluorescence of T-p53C(Y220C)-GFP in a splicing-dependent manner, indicating 

that intein processing and the possible production of the cyclic peptide is necessary for the 

observed phenotype (Figure 4.7B). However, the above mentioned results were not always 

reproducible. Importantly, sequencing of the selected clone revealed that it encoded the 

CGGTGR peptide sequence, which was the most abundant sequence of the unsorted 

pSICLOPPS vector library, appearing ~700 times more frequently than its succeeding 

sequence (Table 2.5). These observations suggested that the selected clone could, in fact, be a 

false positive and that FACS sorting was not successful in providing an enriched sub-library, 

with enhanced bacterial fluorescence.  
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Figure 4.6. Histograms of BL21(DE3) cells co-expressing T-p53C(Y220C) and the initial cyclo-NuX1X2X3-

X5 oligopeptide library or the enriched libraries after three, four or five rounds of sorting. M=mean GFP 

fluorescence in arbitrary units. FACS sorting was performed at the University of Texas at Austin.  

 

Figure 4.7. Second attempt of FACS sorting for the identification of p53C(Y220C) folding rescuers (A) 

Relative fluorescence of E. coli BL21(DE3) overexpressing T-p53C(Y220C)-GFP (green bars) or Aɓ42-GFP 

(white bars) and four individually selected cyclic peptide clones from the fifth round of FACS sorting shown in 

(Figure 4.6). (B) Relative fluorescence of E. coli BL21(DE3) cells overexpressing T-p53C(Y220C)-GFP and the 

four selected cyclic peptide clones as in (A) and utilizing either a wild-type split Ssp DnaE intein (green bars) or 

the splicing-deficient variant H24L/F26A32 (white bars). The fluorescence of bacterial cells producing T-

p53C(Y220C)-GFP or Aɓ42-GFP together with a random cyclic peptide (Random 1) was arbitrarily set to 100. 

Mean ± sem are presented of one experiment performed in triplicates.  
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As in the first two attempts the isolated bacterial population mostly exhibited a p53-

non-specific fluorescence increase, we decided to further modify our system in order to select 

the bacterial population that exhibits a T-p53C(Y220C)-GFP fluorescence increase but at the 

same time has no effect on the fluorescence of Aɓ42-GFP. For this reason, we chose to insert 

the T-p53C(Y220C)-BFP construct into the pCDF-1b vector and generate a three-plasmid 

system comprising of pCDFT-p53C(Y220C)-BFP, pETAɓ42-GFP and the pSICLOPPS-

NuX1X2X3-X6 vector libraries described in Chapter 2, that produced the cyclic tetra-, penta-, 

hexa- and heptapeptide libraries (Figure 4.9). 

We decided to utilize the pCDF-1b vector as: i) the difference between the levels of 

fluorescence of T-p53C-BFP and T-p53C(Y220C)-BFP were comparable to the ones observed 

when the pET28 vector was used (Figure 3.7 and Figure 4.8), ii) pCDF is compatible with the 

pET28 and pSICLOPPS vectors used so far and iii) it contains the same promoter as pETAɓ42-

GFP, and therefore by selecting a bacterial population with increased BFP fluorescence but 

unaffected GFP fluorescence, the possibility of promoter-specific false-positives is eliminated.  

 

Figure 4.8. Relative fluorescence of E. coli Tuner(DE3) cells overexpressing T-p53C-BFP and T-

p53(Y220C)-BFP from the pCDFT-p53C-BFP and pCDFT-p53(Y220C)-BFP vectors. The fluorescence of 

bacterial cells producing T-p53C-BFP was arbitrarily set to 100. Mean ± sem are presented of one experiment 

performed in triplicates.  
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Figure 4.9. Schematic of the utilized three-plasmid system and the gating strategy for FACS sorting for the 

identification of p53C(Y220C) folding rescuers. pCDFT-p53C(Y220C)-BFP: plasmid encoding the T-

p53C(Y220C)-BFP fusion; pETAɓ42-GFP: plasmid encoding the Aɓ42-GFP fusion; pSICLOPPS-NuX1X2X3-

X6: vector library encoding the combinatorial tetra-, penta-, hexa- or heptapeptide library cyclo-NuX1X2X3-X6; 

Nu: Cys, Ser, or Thr; X: any of the 20 natural amino acids; FSC-A: forward scatter; SSC-A: side scatter; R1 and 

RN1: sorting gates.  

 

Using this three-plasmid system, we simultaneously overexpressed the T-

p53C(Y220C)-BFP and Aɓ42-GFP fusions using 0.1 mM IPTG, as well as the cyclo-

NuX1X2X3-X6 oligopeptide libraries using 0.005 % arabinose as described in the Materials and 

Methods section. For FACS sorting, we first gated cells based on their SSC-H and FSC-H 

properties, and then we isolated the bacterial population exhibiting the top ~2% of BFP 

fluorescence, as well as an unaltered GFP fluorescence (Figure 4.9). After five rounds of 

sorting for the tetra-, penta- and heptapeptide libraries as well as four rounds of sorting for the 

hexapeptide library we observed a significant increase of the bacterial BFP fluorescence, which 
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was unaltered after additional rounds (Figure 4.10). Importantly, this bacterial population did 

not exhibit an increase of the GFP fluorescence, which corresponds to the Aɓ42-GFP fusion.  

 

Figure 4.10. FACS sorting of E. coli Tuner(DE3) cells overexpressing T-p53(Y220C)-BFP, Aɓ42-GFP and 

the cyclo-NuX1X2X3-X6 libraries . Histograms of cells co-expressing T-p53(Y220C)-BFP, Aɓ42-GFP and (A) 

the cyclo-NuX1X2X3 tetrapeptide library, (B) the cyclo-NuX1X2X3X4 pentapeptide library, (C) the cyclo-

NuX1X2X3X4X5 hexapeptide library and (D) the cyclo-NuX1X2X3X4X5X6 heptapeptide library. In all panels, the 

initial library is shown in grey and the enriched sorted library in blue. M=mean BFP fluorescence in arbitrary 

units. FACS sorting was performed at the University of Texas at Austin.  
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We isolated 200 individual bacterial clones from each enriched bacterial population and 

identified six bacterial clones that were able to increase the fluorescence and solubility of T-

p53C(Y220C)-GFP in a p53-specific manner, that was also dependent on peptide cyclization 

as illustrated using the splicing deficient Ssp DnaE intein [280] (Figure 4.11 and Figure 4.12). 

DNA sequencing of the peptide-encoding region of the selected clones revealed the presence 

of four tetrapeptide sequences, termed p53C4-4, p53C4-16, p53C4-19 and p53C4-21 (p53-

targeting cyclic 4-peptide number 4, 16, 19 and 21 respectively), one pentapeptide sequence 

termed p53C5-18 (p53-targeting cyclic 5-peptide number 18) and one heptapeptide sequence 

termed p53C7-10 (p53-targeting cyclic 7-peptide number 10) (Table 4.1). The selected cyclic 

peptides were further evaluated to determine their ability to bind to p53C(Y220C), increase its 

thermodynamic stability and restore its apoptotic function (Chapter 5).  
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A 

 

B 

 

Figure 4.11. Identification of p53C(Y220C) folding rescuers via FACS sorting. (A)Relative fluorescence of 

E. coli Tuner(DE3) cells overexpressing T-p53(Y220C)-GFP (green bars) or Aɓ42-GFP (white bars) and six 

selected cyclic peptide clones isolated from the sorted populations shown in Figure 4.10. (B) Relative fluorescence 

of E. coli Tuner(DE3) cells overexpressing T-p53(Y220C)-GFP and the six selected cyclic peptide clones from 

(A) and utilizing either a wild-type split Ssp DnaE intein (green bars) or the splicing-deficient variant 

H24L/F26A32 (white bars). The fluorescence of bacterial cells producing T-p53(Y220C)-GFP or Aɓ42-GFP 

together with a random cyclic peptide (Random 1) was arbitrarily set to 100. Mean ± sem are presented of one 

experiment performed in triplicates.  
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Figure 4.12. Solubility analysis of E. coli Tuner(DE3) cells overexpressing T-p53C(Y220C)-GFP and the 

five individual cyclic peptide sequences. Western blot analysis of soluble lysates of cells overexpressing T-

p53C(Y220C)-GFP and five of the selected cyclic peptide sequences tested in (Figure 4.11), utilizing either a 

wild-type split Ssp DnaE intein or the splicing-deficient variant H24L/F26A32 (denoted as s.d.). The predicted 

molecular mass of the T-p53C(Y220C)-GFP fusion is ~53 kDa. Blotting was performed using the anti-GFP 

antibody. 

 

Table 4.1. Cyclic oligopeptide sequences encoded by the selected bacterial clones exhibiting enhanced T-

p53C(Y220C)-GFP fluorescence 

Name of isolated 

clone 
DNA sequence of peptide-encoding region 

Encoded peptide 

sequence 

p53C4-4 TGC TTC TCC TCC CFSS 

p53C4-16 TGC CTC GAG CAG  CLEQ 

p53C4-19 TGC CTC CGG CGC CLRR 

p53C4-21 TGC GCG GCC CAG CAAQ 

p53C5-18 ACC CGG GGG GGC TGC TRGGC 

p53C7-10 AGC AAG CGG AGC GGG ATG CAG SKRSGMQ 
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4.2. Targeting AD ï Identification of Aɓ42 aggregation inhibitors 

using the generated ultrahigh-throughput bi otechnology platform 

In order to identify putative Aɓ42 aggregation inhibitors, in this thesis we screened the 

constructed cyclo-NuX1X2X3X4X5X6 heptapeptide sub-library, described in Chapter 2, as 

screening of the cyclic tetra-, penta- and hexapeptides for the same target has been the subject 

of the PhD thesis of Ilias Matis from our lab [330].  

For this reason, we utilized a two-plasmid system comprising a pET28 expression 

vector producing the ȷɓ42-GFP fusion and the pSICLOPPS vector library described in Chapter 

2, which produced the cyclo-NuX1X2X3X4X5X6 heptapeptide sub-library (Figure 4.2). Protein 

expression was carried out at 37 oC using 0.1 mM IPTG and 0.005 % arabinose as described in 

the Materials and Methods section. Cells were gated on a side-scatter (SSC-H) versus forward-

scatter (FSC-H) plot in order to eliminate non-cellular events, and were subjected to FACS 

sorting for the isolation of the bacterial population exhibiting the top ~2% fluorescence. After 

seven rounds of sorting we observed an almost six-fold increase of the bacterial GFP 

fluorescence compared to the initial library (Figure 4.13). No further substantial increase in 

fluorescence was observed after additional rounds of sorting. 
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Figure 4.13. FACS sorting of E. coli Tuner(DE3) cells overexpressing Aɓ42-GFP and the combined cyclic 

heptapeptide library. M: mean GFP fluorescence in arbitrary units. Experiments were performed at the 

University of Texas at Austin.  

 

We randomly selected ten individual clones from the sorted population, isolated their 

peptide-encoding vectors, re-transformed them into fresh E. coli Tuner(DE3) cells carrying 

pETȷɓ42-GFP and induced protein production from both vectors. Interestingly, we found that 

in the presence of all selected cyclic-heptapeptides, the fluorescence of Aɓ42-GFP was 

dramatically increased compared to cells expressing the same ȷɓ42-GFP fusion in the presence 

of two cyclic peptide sequences that were randomly selected from the initial unsorted cyclo-

NuX1X2X3-X5 library (Figure 4.14A). Furthermore, all isolated clones expressed a full-length 

intein-peptide fusion (~25 kDa), which could undergo processing to yield a lower molecular 

weight band corresponding to excised IN-CBD (~20 kDa), thus suggesting successful intein 

processing and possible formation of a cyclic peptide product (Figure 4.14C). Importantly, the 

observed phenotypic effects were found to be Aɓ42-specific, as the selected peptide cloned did 

not enhance the levels of T-p53C(Y220C)-GFP, and also they were dependent on peptide 
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cyclization as illustrated using the splicing deficient Ssp DnaE intein [280] (Figure 4.14 A and 

B).  

A 

 

B 
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Figure 4.14. Identification of Aɓ42 aggregation inhibitors via FACS sorting. (A) Relative fluorescence of E. 

coli Tuner(DE3) cells overexpressing Aɓ42-GFP and ten randomly selected cyclic heptapeptide clones isolated 

after the seventh round of FACS sorting shown in (Figure 4.13) and utilizing either the wild-type split Ssp DnaE 

intein (green bars) or the splicing-deficient variant H24L/F26A32 (white bars). Two randomly selected cyclic 

peptide sequences (random 1 and 2) from the initial unsorted cyclo-NuX1X2X3-X5 library were used as a negative 

control. The fluorescence of the bacterial population producing cyclic peptide random 1 was arbitrarily set to 100. 

Mean values ± s.e.m. are presented (n= 3 independent experiments, each one performed in three replicates). (B) 

Relative fluorescence of E. coli Tuner(DE3) cells overexpressing p53C(Y220C)-GFP and the ten selected cyclic 

heptapeptide clones tested in (A). The fluorescence of the bacterial population producing the random cyclic 

peptide was arbitrarily set to 100. Experiments were carried out in triplicates and the reported values correspond 

to the mean value ± s.e.m. (C) Western blot analysis of the ten selected clones (A) using an anti-CBD antibody. 

The upper band of ~25 kDa corresponds to the IC-peptide sequence-IN-CBD precursor, while the lower band of 

~20 kDa corresponds to the processed IN-CBD product, whose appearance is an indication of successful cyclic 

peptide formation. For each clone, (a) represents a wild-type intein where cyclic peptide formation is allowed, 

while (b) represents the H24L/F26A splicing deficient variant where no cyclic peptide is produced.  

 

Analysis of the expressed ȷɓ42-GFP fusions by SDS-PAGE and western blotting 

revealed that the bacterial clones expressing the selected cyclic heptapeptides produce 

significantly increased levels of soluble ȷɓ42-GFP compared to the random cyclic peptides, 

despite the fact that accumulation of total ȷɓ42-GFP protein remained at similar levels (Figure 

4.15, top). Furthermore, when the same cell lysates were analyzed by native PAGE and western 

blotting, we observed that co-expression of the selected cyclic peptides reduced the 

accumulation of higher-order ȷɓ42-GFP aggregates, which could not enter the gel, and 

increased the amounts of species with higher electrophoretic mobility (Figure 4.15, bottom 

left). These higher electrophoretic mobility species correspond to the fraction of the total ȷɓ42-

GFP that exhibits fluorescence (Figure 4.15, bottom right). Since the solubility and 
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fluorescence of bacterially expressed ȷɓ42-GFP has been found to be inversely proportional 

to the aggregation propensity of ȷɓ42 [304,305], the results described above suggest that ȷɓ42 

aggregation is significantly decreased in the presence of the selected cyclic heptapeptides.  

 

 

Figure 4.15. Solubility analysis of E. coli Tuner(DE3) cells overexpressing Aɓ42-GFP and the ten individual 

cyclic peptide sequences. (top) Western blot analysis of total (left) and soluble (right) lysates of cells 

overexpressing Aɓ42-GFP and the ten individual cyclic peptide sequences tested in Figure 4.14. The predicted 

molecular mass of the Aɓ42-GFP fusion is ~32 kDa. (bottom) Western blotting using the anti-Aɓ antibody 6E10 

(left) and in-gel fluorescence (right) analyses of total lysates following native-PAGE of cells co-expressing Aɓ42-

GFP and the ten individual cyclic peptide sequences tested in Figure 4.14. 

 

Importantly, similar results were acquired when ȷɓ42 was produced in unfused, GFP-

free form. When we tested the effects of the selected cyclic heptapeptides on ȷɓ42 aggregation 

with an in vivo assay using whole-cell staining of intracellular formation of ȷɓ42 aggregates 

with thioflavin S (ThS) [313], we observed that co-production of the selected peptides resulted 

in decreased levels of ThS fluorescence, further indicating reduced aggregate formation (Figure 

4.16). 
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Figure 4.16. Emission spectra of E. coli Tuner(DE3) cells overexpressing Aɓ42 along with four of the 

selected cyclic heptapeptide sequences tested in (B) and stained with ThS. The maximum fluorescence of the 

bacterial population producing random 1 was arbitrarily set to 100. Mean values ± s.e.m. are presented (n= 1 

experiment performed in three replicates).  

 

DNA sequencing of the ten selected clones revealed five distinct cyclic heptapeptide 

sequences: cyclo-CKVWQLL (present six times among the sequenced clones), cyclo-

CRVWTEL, cyclo-CKVWMPL, cyclo-CRVWQTV and cyclo-CRIVPSL (Table 4.2). The 

selected cyclic peptides were further evaluated in vitro and in vivo to determine their ability to 

inhibit the aggregation of Aɓ42 and the associated neurotoxicity (Chapter 6). 
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Table 4.2. Cyclic heptapeptide sequences encoded by the selected bacterial clones exhibiting enhanced 

Aɓ42-GFP fluorescence 

Isolated Clone # DNA sequence of peptide-encoding region 
Encoded peptide 

sequence 

1 TGC AGG GTG TGG ACG GAG TTG CRVWTEL 

2 TGC AAG GTG TGG CAG TTG TTG CKVWQLL 

3 TGC AAG GTG TGG CAG TTG TTG CKVWQLL 

4 TGC ATC GTC GTC CCG TCG ATC CIVVPSI 

5 TGC AAG GTC TGG ATG CCG CTC CKVWMPL 

6 TGC AAG GTG TGG CAG TTG TTG CKVWQLL 

7 TGC AAG GTG TGG CAG TTG TTG CKVWQLL 

8 TGC AAG GTG TGG CAG TTG TTG CKVWQLL 

9 TGC CGC ATC GTC CCC AGC TTG CRIVPSL 

10 TGC AAG GTG TGG CAG TTG TTG CKVWQLL 
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4.3. Targeting ALS ï Identification of SOD1(A4V) folding rescuers 

using the generated ultrahigh-throughput biotechnology platform 

For the identification of cyclic peptides that would rescue the misfolding of 

SOD1(A4V) we utilized the two-plasmid system previously described, comprising of a pET28 

expression vector producing the SOD1(A4V)-GFP fusion and the pSICLOPPS vector library 

producing the cyclic tetra-, penta-, hexa- and heptapeptides (Figure 4.2). Protein expression 

was performed at 37 oC using 0.01 mM IPTG and 0.005 % arabinose as described in the 

Materials and Methods section, while FACS gating was performed as mentioned previously 

(Figure 4.2). After four rounds of sorting we observed a staggering, more than 70-fold increase 

of the bacterial GFP fluorescence compared to the initial library (Figure 4.17), while no further 

substantial increase in fluorescence was observed after additional rounds of sorting. The 

evaluation of the tetra-, penta- and hexapeptide sorted libraries has been the subject of Stefania 

Panoutsouôs PhD thesis [330], while the heptapeptide sorted library are currently evaluated as 

part of Maria Giannakouôs PhD thesis at the National Hellenic Research Foundation (NHRF). 
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Figure 4.17. FACS sorting for the identification of SOD1(A4V) folding rescuers. Histograms of 

Origami2(DE3) cells co-expressing SOD1(A4V) and (A) the cyclo-NuX1X2X3 tetrapeptide library, (B) the cyclo-

NuX1X2X3X4 pentapeptide library, (C) the cyclo-NuX1X2X3X4X5 hexapeptide library and (D) the cyclo-

NuX1X2X3X4X5X6 heptapeptide library. In all panels, the initial library is shown in grey and the enriched sorted 

libraries in green. M=mean GFP fluorescence in arbitrary units. FACS sorting was performed at the University of 

Texas at Austin.  
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4.4. Targeting HD ï Identification of HTT ex1-97Q aggregation 

inhibitors using the generated ultrahigh-throughput biotechnology 

platform  

For the identification of cyclic peptides that would inhibit the aggregation of HTTex1-

97Q we utilized the same plasmid system and gating strategy as in the case of SOD1, with the 

only difference being the production of HTTex1-97Q-GFP by the pET28 vector using 0.1 mM 

IPTG (Figure 4.2). After six rounds of sorting we observed an almost five-fold increase of the 

bacterial GFP fluorescence compared to the initial library (Figure 4.18), while no further 

substantial increase in fluorescence was observed after additional rounds of sorting. The sorted 

populations are currently being evaluated for the discovery of putative aggregations inhibitors 

of HTTex1-97Q.  
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Figure 4.18. FACS sorting for the identification of HTT  ex1-97Q aggregation inhibitors. Histograms of 

Tuner(DE3) cells co-expressing HTT ex1-97Q and (A) the cyclo-NuX1X2X3 tetrapeptide library, (B) the cyclo-

NuX1X2X3X4 pentapeptide library, (C) the cyclo-NuX1X2X3X4X5 hexapeptide library and (D) the cyclo-

NuX1X2X3X4X5X6 heptapeptide library. In all panels, the initial library is shown in grey and the enriched sorted 

libraries in green. M=mean GFP fluorescence in arbitrary units. FACS sorting was performed at the University of 

Texas at Austin.  
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4.5. Discussion 

In this chapter we present the development of an ultrahigh-throughput in vivo screening 

system that enables: (i) the construction of cyclic peptide libraries with expanded diversities 

and (ii) their direct functional screening using a FACS-based assay that enables the rapid and 

facile identification of macrocycles with the ability to rescue pathogenic protein misfolding 

and aggregation.  

We employed this system against four MisP targets: p53C(Y220C), Aɓ42, SOD1(A4V) 

or HTTex1-97Q, and isolated four distinct bacterial populations that produce cyclic peptides 

with the ability to rescue protein misfolding and aggregation of the respective MisP of interest. 

Notably, while for the majority of the targets this process was very straightforward, in the case 

of p53C(Y220C), it was rather laborious. However, the high adaptability of the reported 

bacterial system that enables the isolation of bacterial populations with specific properties, 

finally allowed us to isolate a bacterial population with the desired effects on p53C(Y220C) 

misfolding and aggregation.   

The cyclic peptides identified against p53C(Y220C) and Aɓ42 are further evaluated in 

Chapters 5 and 6 respectively, while evaluation of the selected rescuers against SOD1(A4V) 

will be presented in the PhD theses of S. Panoutsou and M. Giannakou. Finally, the identified 

cyclic peptides against HTTex1-97Q aggregation are currently being evaluated in our 

laboratory. 
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Chapter 5 ï Evaluation of the selected cyclic 

peptides on their ability to rescue the misfolding 

of p53(Y220C) in vitro and restore its pro-

apoptotic function in cancer cells lines 

5.1. Biosynthesis and isolation of selected cyclic peptides from 

bacterial cells 

First, we sought to chemically synthesize the selected cyclic peptides, in order to further 

evaluate their ability to bind to T-p53C(Y220C), increase its thermodynamic stability and 

restore its apoptotic function. However, the head-to-tail cyclization of the p53C4-16, p53C5-

18 and p53C7-10 proved very laborious and time consuming, while chemical synthesis of 

cyclic peptides p53C4-14, p53C4-19 and p53C4-21 has not been possible so far. Since in the 

literature efforts to synthesize head-to-tail cyclic peptides with small ring sizes using traditional 

synthetic approaches have been repeatedly highly challenging [331,332], we decided to 

produce the selected cyclic peptides recombinantly in E. coli cells and then isolate them using 

affinity chromatography. As we did not wish to affect the ring size of the selected cyclic 

peptides by introducing a tag, such as the HPQ motif, that would enable direct purification of 

the desirable cyclic peptides [280,333], we opted to isolate the biosynthesized cyclic peptides 

in an indirect manner, by taking advantage of the inteinôs potential for tag-less protein 

purification [334]. For this reason, we overexpressed the tetra-partite fusion protein IC-peptide-
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IN-CBD containing the selected peptide sequences in E. coli and attempted to immobilize the 

precursor protein onto a chitin resin, thus allowing the tag-less purification of the cyclic peptide 

upon intein splicing (Figure 5.1A and B). However, the overexpressed fusion exhibited low 

affinity for the chitin beads, as illustrated by western blotting of the samples collected during 

the purification process (Figure 5.1C), rendering purification of the cyclic peptide by this 

method very difficult. 

 

Figure 5.1. Cyclic peptide production and purification via on-column protein splicing using chitin affinity 

chromatography. (A) Flow chart of the on-column purification process. (B) Schematic of the on-column intein-

mediated circular ligation reaction. (C) Western blotting using the anti-CBD antibody of samples collected during 

the cyclic peptide purification procedure described in (A). Protein overexpression was performed using the pET28 

(left) or pSICLOPPS (right) vector. T: total lysate, S: soluble lysate, FT: flow-though, W1: first wash, W2: second 

wash, E: elution and B: chitin beads after cyclic peptide elution.  
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For this reason, we introduced a polyhistidine tag upstream of the tetra-partite fusion 

and attempted protein purification in a similar manner but using instead immobilized metal 

affinity chromatography (IMAC) and a nickel resin (Ni-NTA) (Figure 5.2A). Indeed, by using 

this method we were able to selectively capture the precursor protein onto the nickel resin and 

upon incubation at room temperature and at a pH permissive for intein splicing for 72 h we 

observed significant intein processing, as indicated by western blotting of the samples collected 

during the purification process (Figure 5.2B). Importantly, mass spectrometry of the elution 

fractions after the on-column splicing reaction verified the presence of the free cyclic peptides 

(Figure 5.3). 

 

Figure 5.2. Cyclic peptide production and purification via on-column protein splicing using IMAC. (A) 

Schematic of the on-column intein-mediated circular ligation reaction. (C) SDS-PAGE of samples collected 

during the cyclic peptide purification procedure of p53C4-4, p53C4-16 and a random peptide from the unsorted 

pSICLOPPS library, as described in (Figure 5.1A) and with the only difference being the utilization of Ni-NTA 

instead of a chitin resin. In all cases, the 1st and 3rd lane depict samples containing nickel resin loaded with the 

soluble lysates, before and after incubation at RT for 90 h in order to induce protein splicing. The 2nd lane 

represents the elution sample containing the free cyclic peptide. 
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Figure 5.3. Full scan spectrum (ESI-MS) of the sample containing the free cyclic peptide after on-column 

intein-mediated circular ligation. The main [M+Na]+ peak represents the single-charged sodium adduct of the 

cyclic peptide. Mass spectrometry experiments were performed by Ms. Eleni Siapi at the NHRF.  

 

5.2. Evaluation of the selected cyclic peptidesô ability to promote 

cell death of a cancer cell line expressing the p53(Y220C) mutation 

In order to evaluate the cyclic peptidesô ability to promote cancer cell death, we 

investigated the effect of the selected peptides on the cell viability of the human melanoma cell 

line WM164 carrying the p53(Y220C) mutation [335]. Cells were grown in 96-well plates for 

24 h and then incubated for 48 h in the presence of 1% or 10% v/v of elution fractions after on-

column purification of the selected cyclic peptides (Figure 5.4). Interestingly, all cyclic 

peptides except the heptapeptide p53C7-10, were found to reduce the viability of WM164 cells 

when administered at the highest concentration. Importantly, p53C4-16 exhibited a significant 

decrease of cell viability of ~55 % compared to the cells treated with random peptide sample 

(Figure 5.4). However, as we were unable to precisely measure the concentration of the cyclic 
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peptides after on-column intein splicing nor determine their ability to permeate cell 

membranes, the reduced effect of the rest of the compounds may be due to insufficient 

intracellular cyclic peptide levels. 

 

Figure 5.4. Viability of melanoma WM164 (p53(Y220C)) cells after treatment for 48 h with 1% or 10% v/v 

of the selected cyclic peptides, as determined by the MTT assay. Cell viability of samples treated with a random 

peptide from the unsorted pSICLOPPS library was arbitrarily set to 100. Mean values ± sd are presented (n=6 

replicate wells per condition). Experiments were performed by Dr. Zacharoula Linardaki under the supervision of 

Dr. Vassiliki Pletsa at the NHRF.  

 

Encouraged by the results presented above, we synthesized p53C4-16 by solid-phase 

chemical synthesis at mg scale (Figure 5.5). To further evaluate the efficacy of p53C4-16, we 

investigated increasing concentrations of synthetic p53C4-16 for their ability to promote cell 

death of the WM164 cancer cell line (Figure 5.6). Notably, the selected cyclic peptide was able 

to affect cell viability in a dose-dependent manner and at concentrations ~100 ɛM (Figure 

5.6A). Furthermore, when co-administered with the widely utilized chemotherapeutic drug 

cisplatin, p53C4-16 was able to further decrease cell viability, resulting in almost complete cell 

death (Figure 5.6B).  
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Figure 5.5. Full scan spectrum (ESI-MS) of the synthesized p53C4-16 by solid-phase chemical synthesis. 

The [M-H]- peak represents the negatively charged cyclic peptide, after one proton is removed. The [2M-H]- peak 

represents the dimer formed by the association of [M-H]- with its neutral counterpart, commonly created due to 

high sample concentration. Solid-phase synthesis and MS analysis were performed by Genscript (USA). 
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A 

 

B 

 

Figure 5.6. Viability of melanoma WM164 (p53(Y220C)) cells after treatment for 48 h with different 

concentration of p53C4-16, as determined by the MTT assay in (A) the absence or (B) the presence of 330 

ɛM (100 ɛg/ml) cisplatin.  p53C4-16 was able to reduce cell viability in a dose-dependent manner and also 

enhance the apoptotic effect of the known chemotherapeutic agent cisplatin. Viability of untreated cells was 

arbitrarily set to 100. Mean values ± sd are presented (n=6 replicate wells per condition). Experiments were 

performed by Dr. Zacharoula Linardaki under the supervision of Dr. Vassiliki Pletsa at the NHRF.  



120 

 

In order to support that p53C4-16 has selective toxicity towards cancer cell lines, we 

determined its effect on the viability of the highly sensitive human mesenchymal stem cells 

derived from Whartonôs Jelly (WJ-MSC) [336]. Indeed, while at the highest concentration 

p53C4-16 exhibits a small cell viability decrease (Figure 5.7), this effect is not considered 

significant enough to support a general cytotoxic effect of the selected cyclic peptide, 

supporting the notion that p53C4-16 is able to selectively promote cell death of cancer cells. 

 

Figure 5.7. Viability of human mesenchymal cells derived from Whartonôs Jelly after treatment for 3 h 

with different concentration of p53C4-16, as determined by the MTT assay. Viability of untreated cells was 

arbitrarily set to 100. Mean values ± sd are presented (n=3 replicate wells per condition). Experiments were 

performed by Elena Taki under the supervision of Dr. Vassilis Zoumpourlis at the NHRF.  
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5.3. Biosynthesis and purification of T-p53C and T-p53C(Y220C) 

for use in in vitro experiments  

For the execution of the following in vitro experiments, we firstly needed to isolate the 

proteins of interest in a pure form. For this reason, we produced fusions of T-p53C or T-

p53(Y220C) along with a His6 affinity tag in E. coli. Upon overexpression, the proteins of 

interest were purified using IMAC (Figure 5.8), followed by size-exclusion chromatography 

using the HiLoad 16/600 Superdex 200 pg column (Figure 5.9) as described in the Materials 

and Methods section. This procedure resulted in the preparation of T-p53C and T-

p53C(Y220C) at high purity.  

 

Figure 5.8. SDS-PAGE of samples collected during protein purification of ɇ-p53C(Y220C)-His6 by Ni-

IMAC after overexpression in E. coli Tuner(DE3).  
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Figure 5.9. Size-exclusion chromatography (SEC) of T-p53C-His6 (top) and T-p53C(Y220C)-His6 (bottom) 

after the IMAC purification shown in Figure 5.8. As expected, in the samples before SEC, T-p53C-His6 was 

mostly present in a monomeric form, while the aggregation prone T-p53C(Y220C)-His6 was present in higher 

order aggregates.  

 

5.4. Evaluation of the selected cyclic peptidesô ability to increase 

the thermodynamic stability of T-p53C(Y220C) in vitro 

In order to investigate the potential of the selected cyclic peptides to increase the 

thermodynamic stability of T-p53C(Y220C), we used differential scanning fluorimetry (DSF) 

and the dye SYPRO orange, which exhibits a significant fluorescence increase upon binding 

to hydrophobic protein regions (Figure 5.10). This method enables the estimation of a proteinôs 
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melting temperature (Tm), which is proportional to its thermodynamic stability, by simply 

monitoring the sampleôs fluorescence levels during thermal unfolding [337].  

 

Figure 5.10. Characteristic diagram of fluorescence intensity vs. temperature of a representative globular 

protein in the presence of SYPRO orange. Initially, SYPRO orange is unable to bind to the folded protein thus 

emitting low levels of fluorescence (represented by green arrows). Upon thermal denaturation, the dye binds to 

the proteinôs exposed hydrophobic regions (depicted in grey) and emits increased levels of fluorescence at 610 

nm (represented by red arrows). Further temperature increase results in protein aggregation and precipitation and 

gradual fluorescence decrease. Adapted from [337].  

 

We first opted to determine the Tm of T-p53C and T-p53C(Y220C) in the absence of 

any test compound using DSF. For this reason we prepared samples of T-p53C and T-

p53C(Y220C) in the presence of SYPRO orange and measured their fluorescence while 

gradually increasing the samplesô temperature using a real-time PCR instrument. This process 

generated a sigmoidal curve whose inflection point (Tm) was calculated by determining the 

maximum of the first derivative [d(RFU)/dT] (Figure 5.11) and for more accurate results by 

fitting the data to the Boltzmann equation using the OriginPro software (Table 5.1 and 

Appendix A). 
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Figure 5.11. Thermal denaturation analysis of T-p53C and T-p53C(Y220C) using DSF. (A) Relative 

fluorescence of T-p53C and T-p53C(Y220C) in the presence of SYPRO orange and during gradual temperature 

increase. (B) Plot of the first derivative of (A) enabling the estimation of Tm values. In both panels mean values 

of one experiment performed in triplicates are presented.  

 

Table 5.1. Calculated Tm values of T-p53C and T-p53C(Y220C) after fitting to the Boltzmann equation 

Sample Calculated Tm (oC) Mean Tm (oC) 

T-p53C 44.01 ± 0.12 44.22 ± 0.11 44.23 ± 0.09 44.15 ± 0.11 

T-p53C(Y220C) 37.95 ± 0.03 37.98 ± 0.03 38.01 ± 0.04 37.98 ± 0.03 

 

 

Next, we studied the effect of p53C4-16 on the Tm of T-p53C(Y220C). Interestingly, 

by increasing the concentration of p53C4-16, we noticed a gradual shift of the fluorescence 

curve of T-p53C(Y220C) in the presence of SYPRO orange, which reached its maximum at 15 

molar equivalents of p53C4-16 (Figure 5.12). At this concentration, p53C4-16 was able to 

increase the Tm of T-p53C(Y220C) by ~0.8 oC, which is comparable to other published small 

molecule re-activators of T-p53C(Y220C) [186]. In addition, in the presence of increasing 

concentrations of p53C4-16 we noticed a gradual decrease in the levels of fluorescence, 
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indicating that the exposed hydrophobic surfaces of T-p53C(Y220C) were reduced and thus, 

that the protein is more stable in the presence of p53C4-16 (Figure 5.12).   

 

 

Figure 5.12. Effect of p53C4-16 to the thermal stability of T-p53C(Y220C) using DSF. (A) Relative 

fluorescence of 15 ɛM T-p53C(Y220C) in the absence or presence of 250 ɛM p53C4-16 as measured using DSF 

and the SYPRO orange dye. (B) Plot of the first derivative of (A) enabling the estimation of Tm values. In both 

panels mean values of one experiment performed in triplicates are presented. (C) Concentration dependent thermal 

stabilization of T-p53C(Y220C) by increasing concentrations of p53C4-16 as measured by DSF.  
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Table 5.2. Calculated Tm values of T-p53C(Y220C) in the absence or presence of increasing concentration 

of p53C4-16, after fitting to the Boltzmann equation. 

Sample Calculated Tm (oC) Mean Tm (oC) 

No peptide 34.19 ± 0.05 34.26 ± 0.06 34.33 ± 0.08 34.26 ± 0.06 

75 ɛM p53C4-16 34.60 ± 0.06 34.37 ± 0.05 34.49 ± 0.06 34.49 ± 0.06 

150 ɛM p53C4-16 34.56 ± 0.06 34.59 ± 0.05 34.63 ± 0.05 34.59 ± 0.06 

250 ɛM p53C4-16 35.02 ± 0.05 35.07 ± 0.06 34.99 ± 0.06 35.03 ± 0.06 

350 ɛM p53C4-16 34.94 ± 0.04 34.99 ± 0.04 35.03 ± 0.05 34.98 ± 0.04 

 

Similarly, we monitored the thermal denaturation of T-p53C(Y220C) in the presence 

of p53C5-18 and p53C7-10. Neither of the cyclic peptides were found able to increase the 

proteinôs Tm even when administered at a 20-fold molar excess in the DSF assay (Figure 5.13, 

Figure 5.14 and Table 5.3). However, the fluorescence levels of samples containing T-

p53C(Y220C), SYPRO orange and increasing concentrations of p53C5-18 were gradually 

decreased compared to the no peptide samples, indicating that the exposed hydrophobic 

surfaces of T-p53C(Y220C) were reduced and thus, that the protein is more stable in the 

presence of p53C5-18 (Figure 5.13). 
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Figure 5.13. Effect of p53C5-18 to the thermal stability of T-p53C(Y220C) using DSF. (A) Relative 

fluorescence of 15 ɛM T-p53C(Y220C) in the absence or presence of increasing concentrations of p53C5-18 as 

measured by DSF and the SYPRO orange dye. (B) Plot of the first derivative of (A) enabling the estimation of 

Tm values. In both panels mean values of one experiment performed in triplicates are presented.  

 

 

Figure 5.14. Effect of p53C7-10 to the thermal stability of T-p53C(Y220C) using DSF. (A) Relative 

fluorescence of 15 ɛM T-p53C(Y220C) in the absence or presence of increasing concentrations of p53C7-10 as 

measured using DSF and the SYPRO orange dye. (B) Plot of the first derivative of (A) enabling the estimation of 

Tm values. In both panels mean values of one experiment performed in triplicates are presented.  

 

 






































































































































































































































































