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t♦ ❞✐ss❡❝t t❤❡ r♦❧❡ ♦❢ s♣❡❝✐✜❝ ♣r♦t❡✐♥✲♣r♦t❡✐♥ ✐♥t❡r❛❝t✐♦♥s ✐♥ ✐♠♣♦rt❛♥t ❜✐♦❧♦❣✐❝❛❧ ♣r♦❝❡ss❡s✳

❈♦✉♣❧❡❞ ✇✐t❤ st❛t❡✲♦❢✲t❤❡✲❛rt ♠❡t❤♦❞s ❢♦r ♣r♦t❡✐♥ ❡♥❣✐♥❡❡r✐♥❣ ❛♥❞ ❞❡s✐❣♥✱ s✉❝❤ ❛ ♠❡t❤♦❞

✇♦✉❧❞ ❛❧s♦ ❡♥❤❛♥❝❡ ♦✉r ❛❜✐❧✐t② t♦ ❝r❡❛t❡ ♥❡✇ ❛♥❞ s❡❧❡❝t✐✈❡ ✐♥t❡r❛❝t✐♦♥s✱ ❡♥❛❜❧✐♥❣ t❤❡ ❞❡✈❡❧✲

♦♣♠❡♥t ♦❢ ✐♠♣r♦✈❡❞ ♣r♦t❡✐♥ t❤❡r❛♣❡✉t✐❝s✱ ♣r♦t❡✐♥✲❜❛s❡❞ s❡♥s♦rs✱ ❛♥❞ ♣r♦t❡✐♥ ♠❛t❡r✐❛❧s✳

❙❡✈❡r❛❧ ♣r✐♦r ♠❡t❤♦❞s ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ t♦ ♣r❡❞✐❝t ❝❤❛♥❣❡s ✐♥ ♣r♦t❡✐♥✲♣r♦t❡✐♥ ❜✐♥❞✐♥❣

❛✣♥✐t② ✉♣♦♥ ♠✉t❛t✐♦♥ ✉s✐♥❣ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s t♦ ❡st✐♠❛t✐♥❣ ❡♥❡r❣❡t✐❝ ❡✛❡❝ts ✭s❝♦r✐♥❣✮ ❛♥❞

♠♦❞❡❧✐♥❣ str✉❝t✉r❛❧ ❝❤❛♥❣❡s ✭s❛♠♣❧✐♥❣✮✳ ❈♦♠♠♦♥ ❛♣♣r♦❛❝❤❡s ✐♥❝❧✉❞❡ ✇❡✐❣❤t❡❞ ❡♥❡r❣② ❢✉♥❝✲

t✐♦♥s t❤❛t s❡❡❦ t♦ ❞❡s❝r✐❜❡ ♣❤②s✐❝❛❧ ✐♥t❡r❛❝t✐♦♥s ✉♥❞❡r❧②✐♥❣ ♣r♦t❡✐♥✲♣r♦t❡✐♥ ✐♥t❡r❛❝t✐♦♥s✱✷✱✸

st❛t✐st✐❝❛❧ ❛♥❞ ❝♦♥t❛❝t ♣♦t❡♥t✐❛❧s✱✹✕✼ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡s❡ ❛♣♣r♦❛❝❤❡s✱✽✱✾ ❣r❛♣❤✲❜❛s❡❞ r❡♣✲

r❡s❡♥t❛t✐♦♥s✱✶✵ ♠❡t❤♦❞s t❤❛t s❛♠♣❧❡ ❜❛❝❦❜♦♥❡ str✉❝t✉r❡ s♣❛❝❡ ❧♦❝❛❧❧② ❛r♦✉♥❞ ♠✉t❛t✐♦♥s✱✶✶

❛♥❞ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ❛♣♣r♦❛❝❤❡s✳✶✷

❲❡ s❡t ♦✉t t♦ ❞❡✈❡❧♦♣ ❛♥❞ ❛ss❡ss ♠❡t❤♦❞s ❢♦r ❡st✐♠❛t✐♥❣ ❡①♣❡r✐♠❡♥t❛❧❧② ❞❡t❡r♠✐♥❡❞

❝❤❛♥❣❡s ✐♥ ❜✐♥❞✐♥❣ ❢r❡❡ ❡♥❡r❣② ❛❢t❡r ♠✉t❛t✐♦♥ ✭✐♥t❡r❢❛❝❡ ∆∆G✮ ✇✐t❤✐♥ t❤❡ ❘♦s❡tt❛ ♠❛❝r♦✲

♠♦❧❡❝✉❧❛r ♠♦❞❡❧✐♥❣ s✉✐t❡✳ ❘♦s❡tt❛ ✐s ❢r❡❡❧② ❛✈❛✐❧❛❜❧❡ ❢♦r ❛❝❛❞❡♠✐❝ ✉s❡✱ ❛♥❞ ❛❧❧♦✇s ❝♦♠✲

❜✐♥❛t✐♦♥ ♦❢ ✐♥t❡r❢❛❝❡ ∆∆G ♣r❡❞✐❝t✐♦♥s ✇✐t❤ ❘♦s❡tt❛✬s ♣♦✇❡r❢✉❧ ♣r♦t❡✐♥ ❞❡s✐❣♥ ❝❛♣❛❜✐❧✐✲

t✐❡s✱ ✇❤✐❝❤ ❤❛✈❡ ♣r♦✈❡♥ s✉❝❝❡ss❢✉❧ ✐♥ ❛ ✈❛r✐❡t② ♦❢ ❛♣♣❧✐❝❛t✐♦♥s✳✶✸✱✶✹ Pr✐♦r ♣r♦❥❡❝ts ❤❛✈❡ ❛♣✲

♣❧✐❡❞ ❘♦s❡tt❛ ♣r❡❞✐❝t✐♦♥s t♦ ❞✐ss❡❝t ❞❡t❡r♠✐♥❛♥ts ♦❢ ❜✐♥❞✐♥❣ s♣❡❝✐✜❝✐t② ❛♥❞ ♣r♦♠✐s❝✉✐t②✱✶✺✱✶✻

❡♥❤❛♥❝❡ ♣r♦t❡✐♥✲♣r♦t❡✐♥ ❜✐♥❞✐♥❣ ❛✣♥✐t✐❡s✱✶✼✱✶✽ ❛♥❞ t♦ ❞❡s✐❣♥ ♠♦❞✐✜❡❞✶✾ ❛♥❞ ♥❡✇ ✐♥t❡r❛❝✲

t✐♦♥s✱✷✵✕✷✷ ❜✉t ♥♦ ♣r✐♦r ❜❡♥❝❤♠❛r❦✐♥❣ ❡✛♦rt ❤❛s q✉❛♥t✐t❛t✐✈❡❧② ❛ss❡ss❡❞ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢

♣r❡❞✐❝t✐♥❣ ❝❤❛♥❣❡s ✐♥ ❜✐♥❞✐♥❣ ❢r❡❡ ❡♥❡r❣② ✐♥ ❘♦s❡tt❛ ♦♥ ❛ ❧❛r❣❡✱ ❞✐✈❡rs❡ ❜❡♥❝❤♠❛r❦ ❞❛t❛s❡t✱

✐♥ ♣❛rt ❜❡❝❛✉s❡ s✉❝❤ ❞❛t❛s❡ts ❤❛✈❡ ♦♥❧② ❜❡❝♦♠❡ ❛✈❛✐❧❛❜❧❡ ♠♦r❡ r❡❝❡♥t❧②✳ ❚❤❡ ❝✉rr❡♥t st❛t❡✲♦❢✲

t❤❡✲❛rt ❘♦s❡tt❛ ∆∆G ♠❡t❤♦❞✱ ❞❞❣❴♠♦♥♦♠❡r✱✷✸ ❤❛s ♣r♦✈❡♥ ❡✛❡❝t✐✈❡ ❛t ♣r❡❞✐❝t✐♥❣ ❝❤❛♥❣❡s

✐♥ st❛❜✐❧✐t② ♦❢ ♠♦♥♦♠❡r✐❝ ♣r♦t❡✐♥s ❛❢t❡r ♠✉t❛t✐♦♥✱ ❜✉t ❤❛❞ ♥♦t ②❡t ❜❡❡♥ t❡st❡❞ ❛t ♣r❡❞✐❝t✐♥❣

❝❤❛♥❣❡ ♦❢ ❜✐♥❞✐♥❣ ❢r❡❡ ❡♥❡r❣✐❡s ✐♥ ♣r♦t❡✐♥✲♣r♦t❡✐♥ ❝♦♠♣❧❡①❡s✳ Pr✐♦r ✏❝♦♠♣✉t❛t✐♦♥❛❧ ❛❧❛♥✐♥❡

s❝❛♥♥✐♥❣✑ ∆∆G ♠❡t❤♦❞s ✇❡r❡ ❜❡♥❝❤♠❛r❦❡❞ ♦♥ ♠✉t❛t✐♦♥s ✐♥ ♣r♦t❡✐♥✲♣r♦t❡✐♥ ✐♥t❡r❢❛❝❡s✱ ❢♦✲

❝✉s✐♥❣ ♦♥ ♠✉t❛t✐♦♥s t♦ ❛❧❛♥✐♥❡✳✷✹✕✷✻ ❚❤❡ ♦r✐❣✐♥❛❧ ❘♦s❡tt❛ ❛❧❛♥✐♥❡ s❝❛♥♥✐♥❣ ♠❡t❤♦❞✷✹ ❞✐❞ ♥♦t

s❛♠♣❧❡ ❜❛❝❦❜♦♥❡ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠✱ ✇❤✐❝❤ ✐s ❛ ✜rst✲♦r❞❡r ❛♣♣r♦①✐♠❛t✐♦♥ ❢♦r ♠✉t❛t✐♦♥s t♦
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❛❧❛♥✐♥❡ ✭t❤❛t ❛r❡ ♥♦t ❡①♣❡❝t❡❞ t♦ ❝❛✉s❡ ❧❛r❣❡ ❜❛❝❦❜♦♥❡ ♣❡rt✉r❜❛t✐♦♥s✷✼✮✱ ❜✉t ❧❡ss ❧✐❦❡❧② t♦ ❜❡

♣r❡❞✐❝t✐✈❡ ❢♦r ♠✉t❛t✐♦♥s t♦ ❧❛r❣❡r s✐❞❡ ❝❤❛✐♥s ✇❤✐❝❤ ♠✐❣❤t r❡q✉✐r❡ s♦♠❡ ❞❡❣r❡❡ ♦❢ ❜❛❝❦❜♦♥❡

r❡❛rr❛♥❣❡♠❡♥t t♦ ❛❝❝♦♠♠♦❞❛t❡ t❤❡ ❝❤❛♥❣❡✳ ■♥❝❧✉s✐♦♥ ♦❢ r❡❝❡♥t ❘♦s❡tt❛ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ❛♥❞

s❛♠♣❧✐♥❣ ♠❡t❤♦❞ ❞❡✈❡❧♦♣♠❡♥ts✱ ✐♥❝❧✉❞✐♥❣ ♠❡t❤♦❞s t❤❛t ❛tt❡♠♣t t♦ ♠♦r❡ ❛❣❣r❡ss✐✈❡❧② s❛♠✲

♣❧❡ ❝♦♥❢♦r♠❛t✐♦♥❛❧ s♣❛❝❡✱ ❤❛s ♥♦t r❡s✉❧t❡❞ ✐♥ s✐❣♥✐✜❝❛♥t ✐♠♣r♦✈❡♠❡♥t t♦ t❤❡ ❛❧❛♥✐♥❡ s❝❛♥♥✐♥❣

♠❡t❤♦❞✳✷✻

❲❡ s♦✉❣❤t t♦ ❝r❡❛t❡ ❛ ♠❡t❤♦❞ t❤❛t ✇♦✉❧❞ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ❛s♣❡❝ts ♦❢ t❤❡ ❝♦♥❢♦r♠❛t✐♦♥❛❧

♣❧❛st✐❝✐t② ♦❢ ♣r♦t❡✐♥s ❜② r❡♣r❡s❡♥t✐♥❣ str✉❝t✉r❡s ❛s ❛♥ ❡♥s❡♠❜❧❡ ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❢✉❧❧✲❛t♦♠ ♠♦❞❡❧s

t♦ ❡①♣❧♦r❡ ❜✐♦❧♦❣✐❝❛❧❧② r❡❧❡✈❛♥t ❛♥❞ ❛❝❝❡ss✐❜❧❡ ♣♦rt✐♦♥s ♦❢ ❝♦♥❢♦r♠❛t✐♦♥❛❧ s♣❛❝❡ ♥❡❛r t❤❡

❝r②st❛❧❧♦❣r❛♣❤✐❝❛❧❧② ❞❡t❡r♠✐♥❡❞ ✐♥♣✉t str✉❝t✉r❡s✳ ❊♥s❡♠❜❧❡ r❡♣r❡s❡♥t❛t✐♦♥s ❤❛✈❡ ♣r❡✈✐♦✉s❧②

❜❡❡♥ s❤♦✇♥ t♦ ❜❡ ❡✛❡❝t✐✈❡ ❛t ♣r❡❞✐❝t✐♥❣ ❝❤❛♥❣❡s ✐♥ ♣r♦t❡✐♥ st❛❜✐❧✐t✐❡s ❛❢t❡r ♠✉t❛t✐♦♥ ❛♥❞

❛t ♣r❡❞✐❝t✐♥❣ t❤❡ ❡✛❡❝ts ♦❢ ♠✉t❛t✐♦♥ ♦♥ ♣r♦t❡✐♥✲♣r♦t❡✐♥ ❜✐♥❞✐♥❣ ❛✣♥✐t✐❡s✱✷✽ ❛s ✇❡❧❧ ❛s ❛t

✐♠♣r♦✈✐♥❣ ∆Gbinding ❝❛❧❝✉❧❛t✐♦♥s ❜❡t✇❡❡♥ ❦✐♥❛s❡s ❛♥❞ t❤❡✐r ✐♥❤✐❜✐t♦rs✳✷✾

❲❡ ❝❤♦s❡ t♦ s❛♠♣❧❡ ❝♦♥❢♦r♠❛t✐♦♥❛❧ ♣❧❛st✐❝✐t② ✉s✐♥❣ t❤❡ ✏❜❛❝❦r✉❜✑ ♣r♦t♦❝♦❧ ✐♠♣❧❡♠❡♥t❡❞

✐♥ ❘♦s❡tt❛✳✸✵ ❚❤❡ ❜❛❝❦r✉❜ ♠❡t❤♦❞ s❛♠♣❧❡s ❧♦❝❛❧ s✐❞❡ ❝❤❛✐♥ ❛♥❞ ❜❛❝❦❜♦♥❡ ❝♦♥❢♦r♠❛t✐♦♥❛❧

❝❤❛♥❣❡s✱ s✐♠✐❧❛r t♦ t❤♦s❡ s✉❣❣❡st❡❞ t♦ ✉♥❞❡r❧✐❡ ♦❜s❡r✈❡❞ ❝♦♥❢♦r♠❛t✐♦♥❛❧ ❤❡t❡r♦❣❡♥❡✐t② ✐♥

❤✐❣❤✲r❡s♦❧✉t✐♦♥ ❝r②st❛❧ str✉❝t✉r❡s✱✸✶ ❛♥❞ t♦ ❛❝❝♦♠♠♦❞❛t❡ ❡✈♦❧✈❡❞ ❛♥❞ ❞❡s✐❣♥❡❞ ♠✉t❛t✐♦♥s✳✸✷

❇❛❝❦r✉❜ ❡♥s❡♠❜❧❡s ❤❛✈❡ ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ t♦ r❡❝❛♣✐t✉❧❛t❡ ♣r♦♣❡rt✐❡s ♦❢ ♣r♦t❡✐♥s t❤❛t ❤❛✈❡

❜❡❡♥ ❡①♣❡r✐♠❡♥t❛❧❧② ❞❡t❡r♠✐♥❡❞✱ s✉❝❤ ❛s s✐❞❡ ❝❤❛✐♥ ◆▼❘ ♦r❞❡r ♣❛r❛♠❡t❡rs✱✸✸ t♦❧❡r❛t❡❞ s❡✲

q✉❡♥❝❡ ♣r♦✜❧❡s ❛t ♣r♦t❡✐♥✲♣r♦t❡✐♥✸✹ ❛♥❞ ♣r♦t❡✐♥✲♣❡♣t✐❞❡ ✐♥t❡r❢❛❝❡s✱✸✺✱✸✻ ❛♥❞ ❝♦♥❢♦r♠❛t✐♦♥❛❧

✈❛r✐❛❜✐❧✐t② ❜❡t✇❡❡♥ ♣r♦t❡✐♥ ❤♦♠♦❧♦❣s✳✸✼ ❇❛❝❦r✉❜ ❤❛s ❛❧s♦ ♣r♦✈❡❞ ❡✛❡❝t✐✈❡ ✐♥ ❞❡s✐❣♥ ❛♣♣❧✐✲

❝❛t✐♦♥s✱ s✉❝❤ ❛s t❤❡ r❡❞❡s✐❣♥ ♦❢ ♣r♦t❡✐♥✲♣r♦t❡✐♥ ✐♥t❡r❢❛❝❡s✶✾ ❛♥❞ r❡❝❛♣✐t✉❧❛t✐♦♥ ♦❢ ♠✉t❛t✐♦♥s

t❤❛t ❛❧t❡r ❧✐❣❛♥❞✲❜✐♥❞✐♥❣ s♣❡❝✐✜❝✐t②✳✸✽ ❲❤❡♥ ❝♦♠♣❛r❡❞ t♦ ❡♥s❡♠❜❧❡s ❣❡♥❡r❛t❡❞ ✈✐❛ ♠♦❧❡❝✲

✉❧❛r ❞②♥❛♠✐❝s s✐♠✉❧❛t✐♦♥s ♦r t❤❡ ✏P❡rt▼✐♥✑ ♠❡t❤♦❞✱✸✾ ❜❛❝❦r✉❜ ❡♥s❡♠❜❧❡s ✇❡r❡ s❤♦✇♥ t♦

❜❡ t❤❡ ♦♥❧② ❡♥s❡♠❜❧❡s ❝❛♣❛❜❧❡ ♦❢ ❣❡♥❡r❛t✐♥❣ ❤✐❣❤❡r ❞✐✈❡rs✐t② ✭❛s ♠❡❛s✉r❡❞ ❜② ❘▼❙❉✮ ❜❡✲

t✇❡❡♥ ♦✉t♣✉t ♠♦❞❡❧s t❤❛♥ ❢r♦♠ ♦✉t♣✉t ♠♦❞❡❧s t♦ t❤❡ ♦r✐❣✐♥❛❧ ✐♥♣✉t ❝r②st❛❧ str✉❝t✉r❡✳ ❚❤✐s

♦❜s❡r✈❛t✐♦♥ s✉❣❣❡sts t❤❛t ❜❛❝❦r✉❜ ❝♦✉❧❞ ❜❡ ✉♥✐q✉❡❧② s✉✐t❡❞ t♦ ♣r♦❞✉❝❡ ❞✐✈❡rs❡ ❡♥s❡♠❜❧❡s
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t❤❛t ❡✛❡❝t✐✈❡❧② ❡①♣❧♦r❡ t❤❡ ❧♦❝❛❧ ❝♦♥❢♦r♠❛t✐♦♥❛❧ s♣❛❝❡ ❛r♦✉♥❞ ❛♥ ✐♥♣✉t str✉❝t✉r❡✳✸✾ ❚❛❦❡♥

t♦❣❡t❤❡r✱ ✇❡ ❤②♣♦t❤❡s✐③❡❞ t❤❛t t❤❡s❡ ♣r❡✈✐♦✉s❧② ❞❡♠♦♥str❛t❡❞ ♣r♦♣❡rt✐❡s ♦❢ ❜❛❝❦r✉❜ ❡♥s❡♠✲

❜❧❡s ✇♦✉❧❞ ❛❧s♦ ♠❛❦❡ t❤❡♠ ❛♥ ❡✛❡❝t✐✈❡ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ♥❡❛r✲♥❛t✐✈❡ ❝♦♥❢♦r♠❛t✐♦♥❛❧ st❛t❡s

❢♦r ✉s❡ ✐♥ ♣r❡❞✐❝t✐♥❣ ✐♥t❡r❢❛❝❡ ∆∆G ✈❛❧✉❡s✳

▼❡t❤♦❞s

❇❡♥❝❤♠❛r❦ ❞❛t❛s❡ts

❉❡✈❡❧♦♣✐♥❣ ❛♥❞ ❛ss❡ss✐♥❣ t❤❡ ❛❝❝✉r❛❝② ♦❢ ❛ ♥❡✇ ♠❡t❤♦❞ t♦ ♣r❡❞✐❝t ❝❤❛♥❣❡s ✐♥ ❜✐♥❞✐♥❣ ❢r❡❡

❡♥❡r❣② ❛❢t❡r ♠✉t❛t✐♦♥ r❡q✉✐r❡s ❛ ❧❛r❣❡ ❛♥❞ ❞✐✈❡rs❡ ❜❡♥❝❤♠❛r❦ s❡t ❝♦✈❡r✐♥❣ s✐♥❣❧❡ ♠✉t❛t✐♦♥s

t♦ ❛❧❧ ❛♠✐♥♦ ❛❝✐❞ t②♣❡s✱ ♠✉❧t✐♣❧❡ ♠✉t❛t✐♦♥s✱ ❛♥❞ ♠✉t❛t✐♦♥s ❛❝r♦ss ❛ ✈❛r✐❡t② ♦❢ ♣r♦t❡✐♥✲♣r♦t❡✐♥

✐♥t❡r❢❛❝❡s✳ ❚♦ ❢❛❝✐❧✐t❛t❡ ❝♦♠♣❛r✐s♦♥s t♦ ♦t❤❡r ♠❡t❤♦❞s ❛♥❞ t♦ ❛✈♦✐❞ ❜✐❛s❡s s♣❡❝✐✜❝ t♦ ♦✉r

❛♣♣r♦❛❝❤✱ ✇❡ ❝❤♦s❡ t♦ ✉s❡ ❛♥ ❡①✐st✐♥❣ ❜❡♥❝❤♠❛r❦ ❞❛t❛s❡t ❝r❡❛t❡❞ ❜② ❉♦✉r❛❞♦ ❛♥❞ ❋❧♦✲

r❡s✶✶ ❞✉r✐♥❣ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡✐r ❩❊▼✉ ✭❩♦♥❡ ❊q✉✐❧✐❜r❛t✐♦♥ ♦❢ ▼✉t❛♥ts✮ ♠❡t❤♦❞✳ ❚❤❡

❩❊▼✉ ❞❛t❛s❡t ✇❛s ❝✉r❛t❡❞ ❢r♦♠ t❤❡ ❧❛r❣❡r ❙❑❊▼P■ ❞❛t❛❜❛s❡✹✵ ❜② ❛✈♦✐❞✐♥❣ ❛ ❜✐❛s t♦✇❛r❞s

❝♦♠♣❧❡①❡s ✐♥ ✇❤✐❝❤ ❛ s✐♥❣❧❡ ♣♦s✐t✐♦♥ ✐s r❡♣❡❛t❡❞❧② ♠✉t❛t❡❞✱ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ t❤❛t ❛r❡ ♥♦t

♣❡❡r✲r❡✈✐❡✇❡❞✱ r❡❞✉♥❞❛♥❝② ✭❞✉♣❧✐❝❛t❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡s✮✱ ♠✉t❛t✐♦♥s ♦✉ts✐❞❡ ♦❢ ✐♥t❡r❢❛❝❡s✱

♠✉t❛t✐♦♥s ✐♥✈♦❧✈❡❞ ✐♥ ❝r②st❛❧ ❝♦♥t❛❝ts✱ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ ∆∆G ✈❛❧✉❡s ❢♦r ✇❤✐❝❤ ✇✐❧❞✲t②♣❡

❛♥❞ ♠✉t❛♥t ❝♦♥❞✐t✐♦♥s ✭s✉❝❤ ❛s ♣❍✮ ✈❛r✐❡❞✳ ❈♦♥✜❞❡♥❝❡ ✐♥ t❤❡ ✏❦♥♦✇♥✑ ❡①♣❡r✐♠❡♥t❛❧ ∆∆G

✈❛❧✉❡s ✐s ✐♠♣♦rt❛♥t✱ ❛s ✐t ❤❛s ❜❡❡♥ ♣♦✐♥t❡❞ ♦✉t t❤❛t t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞♦❧♦❣② ✉s❡❞ ❝❛♥

❤❛✈❡ ❛ str♦♥❣ ❡✛❡❝t ♦♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ♣r❡❞✐❝t♦rs ♦❢ ❝❤❛♥❣❡s ✐♥ ❜✐♥❞✐♥❣ ❢r❡❡ ❡♥❡r❣②✳✹✶

❚❤❡ ❩❊▼✉ ❞❛t❛s❡t ✇❛s ❛❧s♦ ❝✉r❛t❡❞ t♦ ✐♥❝❧✉❞❡ ❛ r❛♥❣❡ ♦❢ ❜♦t❤ st❛❜✐❧✐③✐♥❣ ❛♥❞ ❞❡st❛❜✐❧✐③✐♥❣

♠✉t❛♥ts✱ s♠❛❧❧ s✐❞❡ ❝❤❛✐♥ t♦ ❧❛r❣❡ s✐❞❡ ❝❤❛✐♥ ♠✉t❛t✐♦♥s✱ s✐♥❣❧❡ ❛♥❞ ♠✉❧t✐♣❧❡ ♠✉t❛t✐♦♥s✱ ❛♥❞ ❛

❞✐✈❡rs✐t② ♦❢ ❝♦♠♣❧❡①❡s✳ ❙♠❛❧❧✲t♦✲❧❛r❣❡ ♠✉t❛t✐♦♥s ❛r❡ ❞❡✜♥❡❞ ❛s t❤♦s❡ ❞❛t❛s❡t ❝❛s❡s ✇❤❡r❡ ❛❧❧

♠✉t❛t✐♦♥✭s✮ ❛r❡ ❛t ♣♦s✐t✐♦♥s ✇❤❡r❡ t❤❡ r❡s✐❞✉❡ s✐❞❡ ❝❤❛✐♥ ✐♥❝r❡❛s❡s ✐♥ ✈❛♥ ❞❡r ❲❛❛❧s ✈♦❧✉♠❡

♣♦st✲♠✉t❛t✐♦♥✳✹✷

❆❢t❡r ❛ r❡✈✐❡✇ ♦❢ t❤❡ ❧✐t❡r❛t✉r❡ ❢r♦♠ ✇❤✐❝❤ t❤❡ ❦♥♦✇♥ ❡①♣❡r✐♠❡♥t❛❧ ∆∆G ✈❛❧✉❡s ♦r✐❣✐✲
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❚❛❜❧❡ ✶✿ ❩❊▼✉ ❞❛t❛s❡t ❝♦♠♣♦s✐t✐♦♥

♥ ◆❛♠❡

✶✷✹✵ ❈♦♠♣❧❡t❡ ❞❛t❛s❡t
✼✹✽ ❙✐♥❣❧❡ ♠✉t❛t✐♦♥ t♦ ❛❧❛♥✐♥❡
✷✼✸ ▼✉❧t✐♣❧❡ ♠✉t❛t✐♦♥s
✶✸✵ ❙♠❛❧❧✲t♦✲❧❛r❣❡ ♠✉t❛t✐♦♥✭s✮
✹✺ ▼✉❧t✐♣❧❡ ♠✉t❛t✐♦♥s✱ ♥♦♥❡ t♦ ❛❧❛♥✐♥❡

♥❛t❡❞✱ ✇❡ r❡♠♦✈❡❞ ♦♥❡ ❞❛t❛ ♣♦✐♥t ❢r♦♠ t❤❡ ✶✷✺✹ ♣♦✐♥t ❩❊▼✉ s❡t t❤❛t ✇❡ ❝♦✉❧❞ ♥♦t ♠❛t❝❤

t♦ t❤❡ ♦r✐❣✐♥❛❧❧② r❡♣♦rt❡❞ ❛✣♥✐t② ✈❛❧✉❡✳ ❲❡ ❛❧s♦ r❡♠♦✈❡❞ ✺ ♠✉t❛t✐♦♥s ✇❡ ❞❡t❡r♠✐♥❡❞ t♦ ❜❡

❞✉♣❧✐❝❛t❡s✱ ❛❧♦♥❣ ✇✐t❤ ✽ ♠✉t❛t✐♦♥s t❤❛t ✇❡r❡ r❡✈❡rs❡ ♠✉t❛t✐♦♥s ♦❢ ♦t❤❡r ❞❛t❛ ♣♦✐♥ts✱ ❧❡❛✈✐♥❣

✉s ✇✐t❤ ❛ t❡st s❡t ♦❢ ✶✷✹✵ ♠✉t❛t✐♦♥s ✭❚❛❜❧❡ ✶✮✳ ❲❡ ✉s❡❞ ❙❆❜❉❛❜✹✸ t♦ ❞❡✜♥❡ ❝♦♠♣❧❡①❡s

t❤❛t ❝♦♥t❛✐♥❡❞ ❛t ❧❡❛st ♦♥❡ ❛♥t✐❜♦❞② ❜✐♥❞✐♥❣ ♣❛rt♥❡r✳ ❖✉r ✈❡rs✐♦♥ ♦❢ t❤❡ ❩❊▼✉ ❞❛t❛s❡t ✐s

❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❙✉♣♣♦rt✐♥❣ ■♥❢♦r♠❛t✐♦♥ ❛s ❉❛t❛s❡t ❙✶✳ ❆❧❧ ∆∆G ♣r❡❞✐❝t✐♦♥s ❞❡s❝r✐❜❡❞ ✐♥

t❤❡ ♣❛♣❡r ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❙✉♣♣♦rt✐♥❣ ■♥❢♦r♠❛t✐♦♥✳

❘♦s❡tt❛ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛♥❞ ♣r❡❞✐❝t✐♦♥ ♣r♦t♦❝♦❧

❖✉r ♣r♦t♦❝♦❧✱ ❝❛❧❧❡❞ ✏✢❡① ❞❞●✑✱ ✐s ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤✐♥ t❤❡ ❘♦s❡tt❛❙❝r✐♣ts ✐♥t❡r❢❛❝❡ t♦ t❤❡

❘♦s❡tt❛ ♠❛❝r♦♠♦❧❡❝✉❧❛r ♠♦❞❡❧✐♥❣ s♦❢t✇❛r❡ s✉✐t❡✱✹✹ ✇❤✐❝❤ ♠❛❦❡s t❤❡ ♣r♦t♦❝♦❧ ❡❛s✐❧② ❛❞❛♣t✲

❛❜❧❡ t♦ ❢✉t✉r❡ ✐♠♣r♦✈❡♠❡♥ts ❛♥❞ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ❞❡✈❡❧♦♣♠❡♥t✳ ❚❤❡ ♠❡t❤♦❞ ❝❛♥ ❜❡ r✉♥ ✉s✐♥❣

❛ ❘♦s❡tt❛ ❙❝r✐♣ts ❳▼▲ t❤❛t ✐s ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❙✉♣♣♦rt✐♥❣ ■♥❢♦r♠❛t✐♦♥ ❛s ▲✐st✐♥❣ ✶✳ ❱❡rs✐♦♥

♥✉♠❜❡rs ♦❢ t❡st❡❞ s♦❢t✇❛r❡ ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ ❚❛❜❧❡ ❙✶✳

❋❧❡① ❞❞● ♠❡t❤♦❞ st❡♣s ❛r❡ ♦✉t❧✐♥❡❞ ✐♥ ❋✐❣✳ ✶✳ ❙t❡♣ ✶✿ ❚❤❡ ♣r♦t♦❝♦❧ ❜❡❣✐♥s ✇✐t❤ ❛♥

✐♥✐t✐❛❧ ♠✐♥✐♠✐③❛t✐♦♥ ✭♦♥ ❜❛❝❦❜♦♥❡ φ✴ψ ❛♥❞ s✐❞❡ ❝❤❛✐♥ χ t♦rs✐♦♥❛❧ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠✱ ✉s✲

✐♥❣ t❤❡ ✏❧❜❢❣s❴❛r♠✐❥♦❴♥♦♥♠♦♥♦t♦♥❡✑ ♠✐♥✐♠✐③❛t✐♦♥ ❛❧❣♦r✐t❤♠ ♦♣t✐♦♥✮ ♦❢ t❤❡ ✐♥♣✉t ❝r②st❛❧

str✉❝t✉r❡ ♦❢ t❤❡ ✇✐❧❞✲t②♣❡ ♣r♦t❡✐♥ ❝♦♠♣❧❡①✳ ❚❤✐s ✭❛♥❞ ❧❛t❡r✮ ♠✐♥✐♠✐③❛t✐♦♥s ❛r❡ ♣❡r❢♦r♠❡❞

✇✐t❤ ❝♦♥str❛✐♥ts t❤❛t ❤❛r♠♦♥✐❝❛❧❧② r❡str❛✐♥ ♣❛✐r✇✐s❡ ❛t♦♠ ❞✐st❛♥❝❡ t♦ t❤❡✐r ✈❛❧✉❡s ✐♥ t❤❡

✐♥♣✉t ❝r②st❛❧ str✉❝t✉r❡✳ ▼✐♥✐♠✐③❛t✐♦♥ ✐s r✉♥ ✉♥t✐❧ ❝♦♥✈❡r❣❡♥❝❡ ✭❛❜s♦❧✉t❡ s❝♦r❡ ❝❤❛♥❣❡ ✉♣♦♥

♠✐♥✐♠✐③❛t✐♦♥ ♦❢ ❧❡ss t❤❛♥ ♦♥❡ ❘❊❯ ✭❘♦s❡tt❛ ❊♥❡r❣② ❯♥✐t✮✮✳ ❙t❡♣ ✷✿ ❙t❛rt✐♥❣ ❢r♦♠ t❤❡
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Wild-Type Mutant

 Step 0 
Input starting structure.

Generate pairwise atom constraints. 

 Step 1 - Minimize 
Global minimization of backbone and side chain torsions.

Pairwise atom constraints from Step 0. 

 1x

 Step 2 - Backrub 
Local sampling of backbone and side chain degrees of freedom of pivot residues,

defined as those with neighbor atoms (C-β) within 8Å of mutation positions. 

 1x

Step 3a - Pack
Optimize side chains globally

on wild-type model.
Generate pairwise atom constraints. 

 50x

 Step 3b- Mutate and Pack 
Optimize side chains globally

on mutant model
(using the mutant sequence).

Generate pairwise atom constraints. 

 50x

Step 4a - Minimize
Global minimization 

of backbone and side chains torsions.
Pairwise atom constraints from Step 3a.

 50x

Step 4b - Minimize
Global minimization 

of backbone and side chains torsions.
Pairwise atom constraints from Step 3b.

 50x

Step 5a - Score
Score wild type complex and unbound partners

using Rosetta's all-atom energy function.

 50x

Step 5b - Score
Score mutant complex and unbound partners

using Rosetta's all-atom energy function.

 50x

 Step 6 
Calculate interface ∆∆G score.

 50x  50x

❋✐❣✉r❡ ✶✿ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ ✢❡① ❞❞● ♣r♦t♦❝♦❧ ♠❡t❤♦❞✳
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♠✐♥✐♠✐③❡❞ ✐♥♣✉t str✉❝t✉r❡✱ t❤❡ ❜❛❝❦r✉❜ ♠❡t❤♦❞ ✐♥ ❘♦s❡tt❛✸✵ ✐s ✉s❡❞ t♦ ❝r❡❛t❡ ❛♥ ❡♥s❡♠❜❧❡

♦❢ ♠♦❞❡❧s✳ ■♥ ❜r✐❡❢✱ ❡❛❝❤ ❜❛❝❦r✉❜ ♠♦✈❡ ✐s ✉♥❞❡rt❛❦❡♥ ♦♥ ❛ r❛♥❞♦♠❧② ❝❤♦s❡♥ ♣r♦t❡✐♥ s❡❣♠❡♥t

❝♦♥s✐st✐♥❣ ♦❢ t❤r❡❡ t♦ t✇❡❧✈❡ ❛❞❥❛❝❡♥t r❡s✐❞✉❡s ✐♥ t❤❡ ♥❡✐❣❤❜♦r❤♦♦❞ ♦❢ ❛♥② ♠✉t❛t❡❞ ♣♦s✐✲

t✐♦♥✳ ❚❤❡ ♠✉t❛t✐♦♥ ♥❡✐❣❤❜♦r❤♦♦❞ ✐s ❞❡✜♥❡❞ ❜② ✜♥❞✐♥❣ ❛❧❧ r❡s✐❞✉❡s ✇✐t❤ ❛ ❈✲β ❛t♦♠ ✭❈✲α

❢♦r ❣❧②❝✐♥❡s✮ ✇✐t❤✐♥ ✽ ➴ ♦❢ ❛♥② ♠✉t❛♥t ♣♦s✐t✐♦♥✱ t❤❡♥ ❛❞❞✐♥❣ t❤✐s r❡s✐❞✉❡ ❛♥❞ ✐ts ❛❞❥❛❝❡♥t

◆ ❛♥❞ ❈✲t❡r♠✐♥❛❧ r❡s✐❞✉❡s t♦ t❤❡ ❧✐st ♦❢ ♥❡✐❣❤❜♦r❤♦♦❞ r❡s✐❞✉❡s✳ ❆❧❧ ❛t♦♠s ✐♥ t❤❡ ❜❛❝❦r✉❜

s❡❣♠❡♥t ❛r❡ r♦t❛t❡❞ ❧♦❝❛❧❧② ❛❜♦✉t ❛♥ ❛①✐s ❞❡✜♥❡❞ ❛s t❤❡ ✈❡❝t♦r ❜❡t✇❡❡♥ t❤❡ ❡♥❞♣♦✐♥t ❈✲α

❛t♦♠s✳ ❇❛❝❦r✉❜ ✐s r✉♥ ❛t ❛ t❡♠♣❡r❛t✉r❡ ♦❢ ✶✳✷ ❦❚✱ ❢♦r ✉♣ t♦ ✺✵✱✵✵✵ ❜❛❝❦r✉❜ ▼♦♥t❡ ❈❛r❧♦

tr✐❛❧s✴st❡♣s ✭❚❛❜❧❡ ❙✷ s❤♦✇s t❤❛t ✉s✐♥❣ ❛ ❦❚ ♦❢ ✶✳✻ ❣✐✈❡s s✐♠✐❧❛r r❡s✉❧ts t♦ ❛ ❦❚ ♦❢ ✶✳✷✮✳ ❯♣

t♦ ✺✵ ♦✉t♣✉t ♠♦❞❡❧s ❛r❡ ❣❡♥❡r❛t❡❞✳ ❙t❡♣ ✸❆✿ ❋♦r ❡❛❝❤ ♦❢ t❤❡ ✺✵ ♠♦❞❡❧s ✐♥ t❤❡ ❡♥s❡♠❜❧❡

♦✉t♣✉t ❜② ❜❛❝❦r✉❜✱ t❤❡ ❘♦s❡tt❛ ✏♣❛❝❦❡r✑ ✐s ✉s❡❞ t♦ ♦♣t✐♠✐③❡ s✐❞❡ ❝❤❛✐♥ ❝♦♥❢♦r♠❛t✐♦♥s ❢♦r t❤❡

✇✐❧❞✲t②♣❡ s❡q✉❡♥❝❡ ✉s✐♥❣ ❞✐s❝r❡t❡ r♦t❛♠❡r✐❝ ❝♦♥❢♦r♠❛t✐♦♥s✹✺ ❛♥❞ s✐♠✉❧❛t❡❞ ❛♥♥❡❛❧✐♥❣✳ ❚❤❡

♣❛❝❦❡r ✐s r✉♥ ✇✐t❤ t❤❡ ♠✉❧t✐✲❝♦♦❧ ❛♥♥❡❛❧❡r ♦♣t✐♦♥✱✹✻ ✇❤✐❝❤ ✐s s❡t t♦ ❦❡❡♣ ❛ ❤✐st♦r② ♦❢ t❤❡ ✻

❜❡st r♦t❛♠❡r✐❝ st❛t❡s ✈✐s✐t❡❞ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣✳ ❙t❡♣ ✸❇✿ ■♥❞❡♣❡♥❞❡♥t❧② ❛♥❞ ✐♥ ♣❛r❛❧❧❡❧ t♦

st❡♣ ✸❆✱ s✐❞❡ ❝❤❛✐♥ ❝♦♥❢♦r♠❛t✐♦♥s ❢♦r t❤❡ ♠✉t❛♥t s❡q✉❡♥❝❡ ❛r❡ ♦♣t✐♠✐③❡❞ ♦♥ ❛❧❧ ✺✵ ♠♦❞❡❧s✱

✐♥tr♦❞✉❝✐♥❣ t❤❡ ♠✉t❛t✐♦♥✭s✮✳ ❙t❡♣ ✹❆✿ ❊❛❝❤ ♦❢ t❤❡ ✺✵ ✇✐❧❞✲t②♣❡ ♠♦❞❡❧s ✐s ♠✐♥✐♠✐③❡❞✱ ❛❣❛✐♥

❛❞❞✐♥❣ ♣❛✐r✇✐s❡ ❛t♦♠✲❛t♦♠ ❝♦♥str❛✐♥ts t♦ t❤❡ ✐♥♣✉t str✉❝t✉r❡✳ ▼✐♥✐♠✐③❛t✐♦♥ ✐s r✉♥ ✇✐t❤

t❤❡ s❛♠❡ ♣❛r❛♠❡t❡rs ❛s ✐♥ st❡♣ ✶❀ t❤❡ ❝♦♦r❞✐♥❛t❡ ❝♦♥str❛✐♥ts ✉s❡❞ ✐♥ t❤✐s st❡♣ ❛r❡ t❛❦❡♥

❢r♦♠ t❤❡ ❝♦♦r❞✐♥❛t❡s ♦❢ t❤❡ ❙t❡♣ ✸❆ ♠♦❞❡❧✳ ❙t❡♣ ✹❇✿ ❆s ❙t❡♣ ✹❆✱ ❜✉t ❢♦r ❡❛❝❤ ♦❢ t❤❡

✺✵ ♠✉t❛♥t ♠♦❞❡❧s✳ ❙t❡♣ ✺❆✿ ❊❛❝❤ ♦❢ t❤❡ ✺✵ ♠✐♥✐♠✐③❡❞ ✇✐❧❞✲t②♣❡ ♠♦❞❡❧s ❛r❡ s❝♦r❡❞ ✐♥

❝♦♠♣❧❡①✱ ❛♥❞ t❤❡ ❝♦♠♣❧❡① ♣❛rt♥❡rs ❛r❡ s❝♦r❡❞ ✐♥❞✐✈✐❞✉❛❧❧②✳ ❚❤❡ s❝♦r❡s ♦❢ t❤❡ s♣❧✐t✱ ✉♥❜♦✉♥❞

❝♦♠♣❧❡① ♣❛rt♥❡rs ❛r❡ ♦❜t❛✐♥❡❞ s✐♠♣❧② ❜② ♠♦✈✐♥❣ t❤❡ ❝♦♠♣❧❡① ❤❛❧✈❡s ❛✇❛② ❢r♦♠ ❡❛❝❤ ♦t❤❡r✳

◆♦ ❢✉rt❤❡r ♠✐♥✐♠✐③❛t✐♦♥ ♦r s✐❞❡ ❝❤❛✐♥ ♦♣t✐♠✐③❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ ✉♥❜♦✉♥❞ ♣❛rt♥❡rs

❜❡❢♦r❡ s❝♦r✐♥❣✳ ❙t❡♣ ✺❇✿ ■♥ t❤❡ s❛♠❡ ❢❛s❤✐♦♥ ❛s ❙t❡♣ ✺❆✱ ❡❛❝❤ ♦❢ t❤❡ ✺✵ ♠✐♥✐♠✐③❡❞ ♠✉t❛♥t

♠♦❞❡❧s ❛r❡ s❝♦r❡❞ ✐♥ ❝♦♠♣❧❡①✱ ❛♥❞ t❤❡ ❝♦♠♣❧❡① ♣❛rt♥❡rs ❛r❡ s❝♦r❡❞ ✐♥❞✐✈✐❞✉❛❧❧②✳ ❙t❡♣ ✻✿

❚❤❡ ✐♥t❡r❢❛❝❡ ∆∆G s❝♦r❡ ✐s ♣r♦❞✉❝❡❞ ✈✐❛ ❊q✳ ✶✿
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∆∆Gbind = ∆GMUT
bind −∆GWT

bind

= (∆GMUT
complex −∆GMUT

partnerA −∆GMUT
partnerB)

− (∆GWT
complex −∆GWT

partnerA −∆GWT
partnerB)

✭✶✮

❲❡ ❡✈❛❧✉❛t❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♣r♦t♦❝♦❧ ❜② ❝♦♠♣❛r✐♥❣ ♣r❡❞✐❝t❡❞ ∆∆G s❝♦r❡s t♦ ❦♥♦✇♥

❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡s✱ ✉s✐♥❣ P❡❛rs♦♥✬s ❝♦rr❡❧❛t✐♦♥ ✭❘✮✱ ❋r❛❝t✐♦♥ ❈♦rr❡❝t ✭❋❈✮✱ ❛♥❞ ▼❡❛♥ ❆❜✲

s♦❧✉t❡ ❊rr♦r ✭▼❆❊✮✳ ❋r❛❝t✐♦♥ ❈♦rr❡❝t ✐s ❞❡✜♥❡❞ ❛s t❤❡ ♥✉♠❜❡r ♦❢ ❝❛s❡s ✐♥ t❤❡ ❞❛t❛s❡t ❝❛t❡✲

❣♦r✐③❡❞ ❝♦rr❡❝t❧② ❛s st❛❜✐❧✐③✐♥❣✱ ♥❡✉tr❛❧✱ ♦r ❞❡st❛❜✐❧✐③✐♥❣✱ ❞✐✈✐❞❡❞ ❜② t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❝❛s❡s

✐♥ t❤❡ ❞❛t❛s❡t✳ ❙t❛❜✐❧✐③✐♥❣ ♠✉t❛t✐♦♥s ❛r❡ ❞❡✜♥❡❞ ❛s t❤♦s❡ ✇✐t❤ ❛ ∆∆G <= ✲✶✳✵ ❦❝❛❧✴♠♦❧✱

♥❡✉tr❛❧ ❛s t❤♦s❡ ✇✐t❤ ✲✶✳✵ ❦❝❛❧✴♠♦❧ < ∆∆G < ✶✳✵ ❦❝❛❧✴♠♦❧✱ ❛♥❞ ❞❡st❛❜✐❧✐③✐♥❣ ❛s t❤♦s❡ ✇✐t❤

∆∆G >= ✶✳✵ ❦❝❛❧✴♠♦❧✳

▼❆❊ ✭▼❡❛♥ ❆❜s♦❧✉t❡ ❊rr♦r✮ ✐s ❞❡✜♥❡❞ ✐♥ ❊q✳ ✷ ❛s✿

MAE =
1

n

n∑

i=1

|yi − xi| =
1

n

n∑

i=1

|ei| ✭✷✮

✇❤❡r❡ yi ❛r❡ t❤❡ ♣r❡❞✐❝t❡❞ ∆∆G ✈❛❧✉❡s✱ xi ❛r❡ t❤❡ ❦♥♦✇♥✱ ❡①♣❡r✐♠❡♥t❛❧❧② ❞❡t❡r♠✐♥❡❞

✈❛❧✉❡s✱ ❛♥❞ ei ✐s t❤❡ ♣r❡❞✐❝t✐♦♥ ❡rr♦r✳

❘♦s❡tt❛ ❡♥❡r❣② ❢✉♥❝t✐♦♥

❲❡ ✉t✐❧✐③❡❞ ❘♦s❡tt❛✬s ❚❛❧❛r✐s✹✺✱✹✼✱✹✽ ❛❧❧✲❛t♦♠ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ❢♦r t❤❡ ♠♦❞❡❧✐♥❣ st❡♣s✳ ❆s ✇❡

❞♦ ♥♦t ♠♦❞✐❢② ♦✉r ♠♦❞❡❧s ♦❢ t❤❡ ✉♥❜♦✉♥❞ st❛t❡✱ s❡✈❡r❛❧ t❡r♠s ♦❢ t❤❡ ❘♦s❡tt❛ ❡♥❡r❣② ❢✉♥❝t✐♦♥

✇✐❧❧ ❝❛♥❝❡❧ ♦✉t ✐♥ t❤❡ ✜♥❛❧ ∆∆G s❝♦r✐♥❣ ❜❡❝❛✉s❡ t❤❡ ∆G ♦❢ ❢♦❧❞✐♥❣ s❝♦r❡ ♦❢ t❤❡ ✉♥❜♦✉♥❞

♣❛rt♥❡rs ✐s s✉❜tr❛❝t❡❞ ❢r♦♠ t❤❡ t♦t❛❧ s❝♦r❡ ♦❢ t❤❡ ❝♦♠♣❧❡① ✭❊q✳ ✭✶✮✮✳ ❆❢t❡r s✉❜tr❛❝t✐♦♥✱

s❡✈❡♥ s❝♦r❡ t❡r♠s r❡♠❛✐♥✱ ❛♥❞ ❝♦♠❜✐♥❡❞✱ ❜❡❝♦♠❡ t❤❡ ✜♥❛❧ ✐♥t❡r❢❛❝❡ ∆∆G s❝♦r❡✱ ❞♦♠✐♥❛t❡❞

❜② s♦❧✈❛t✐♦♥ ✭❢❛❴s♦❧ ✉s✐♥❣ ❛♥ ✐♠♣❧✐❝✐t s♦❧✈❛t✐♦♥ ♠♦❞❡❧✹✾✮✱ ❤②❞r♦❣❡♥ ❜♦♥❞✐♥❣ ❛♥❞ ❡❧❡❝tr♦st❛t✲

✐❝s✹✼✱✹✽✱✺✵ ✭❤❜♦♥❞❴s❝✿ s✐❞❡ ❝❤❛✐♥✲s✐❞❡ ❝❤❛✐♥ ❤②❞r♦❣❡♥ ❜♦♥❞s❀ ❤❜♦♥❞❴❜❜❴s❝✿ ❤②❞r♦❣❡♥ ❜♦♥❞s
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❜❡t✇❡❡♥ ❜❛❝❦❜♦♥❡ ❛t♦♠s ❛♥❞ s✐❞❡ ❝❤❛✐♥ ❛t♦♠s❀ ❤❜♦♥❞❴❧r❴❜❜✿ ❧♦♥❣✲r❛♥❣❡ ❤②❞r♦❣❡♥ ❜♦♥❞

✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ❜❛❝❦❜♦♥❡ ❛t♦♠s❀ ❢❛❴❡❧❡❝✿ ❈♦✉❧♦♠❜ ❡❧❡❝tr♦st❛t✐❝s✮✱ ❛♥❞ ▲❡♥♥❛r❞✲❏♦♥❡s

❛t♦♠✐❝ ♣❛❝❦✐♥❣ ✐♥t❡r❛❝t✐♦♥s ✭❢❛❴r❡♣ ❛♥❞ ❢❛❴❛tr✿ r❡♣✉❧s✐✈❡ ❛♥❞ ❛ttr❛❝t✐✈❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡

▲❡♥♥❛r❞✲❏♦♥❡s ♣♦t❡♥t✐❛❧✮✳

❙❝♦r❡ ❛♥❛❧②s✐s

❚♦ ✐♥✈❡st✐❣❛t❡ ♣♦t❡♥t✐❛❧ s♦✉r❝❡s ♦❢ ♣r❡❞✐❝t✐♦♥ ❡rr♦r ♦♥ ❛♥ ✐♥❞✐✈✐❞✉❛❧ s❝♦r❡ t❡r♠ ❜❛s✐s✱ ✇❡

✉s❡❞ ❛ ❣❡♥❡r❛❧✐③❡❞ ❛❞❞✐t✐✈❡ ♠♦❞❡❧✺✶ ❛♣♣r♦❛❝❤ t♦ ✜t ❘♦s❡tt❛✬s ♣r❡❞✐❝t❡❞ ∆∆G ✈❛❧✉❡s t♦

❡①♣❡r✐♠❡♥t❛❧❧② ❦♥♦✇♥ ✈❛❧✉❡s✳ ❋✐rst✱ ✇❡ ❛♣♣❧② ❛♥ ✉♥❜✐❛s❡❞ ❧♦❣✐st✐❝ s❝❛❧✐♥❣ t♦ ✐♥❞✐✈✐❞✉❛❧ s❝♦r❡

t❡r♠s✱

ha,b(x) =
2ea

1 + e−xeb
− ea,

✇❤❡r❡ a ✐s t❤❡ s❝❛❧✐♥❣ r❛♥❣❡ ♦❢ t❤❡ s❝♦r❡✱ ❛♥❞ b ✐s t❤❡ st❡❡♣♥❡ss ♦❢ t❤❡ s✐❣♠♦✐❞ s❝❛❧✐♥❣✳ ❇♦t❤

♣❛r❛♠❡t❡rs ❛r❡ tr❛♥s❢♦r♠❡❞ t❤r♦✉❣❤ ❛♥ ❡①♣♦♥❡♥t✐❛❧ t♦ ❡♥s✉r❡ ♥♦♥✲♥❡❣❛t✐✈✐t②✳ ❚❤❡ s❝❛❧✐♥❣

❢✉♥❝t✐♦♥ h ❞♦❡s ♥♦t ✐♥tr♦❞✉❝❡ ❜✐❛s✱ t❤❛t ✐s✱ hθ(0) = 0 ❢♦r ❛♥② θ✳ ❚❤❡ s❝♦r✐♥❣ ♠♦❞❡❧ r❡s✉❧ts

✐♥ ❛ ❣❡♥❡r❛❧✐③❡❞ ❛❞❞✐t✐✈❡ ♠♦❞❡❧ ✭●❆▼✮ ♦✈❡r t❤❡ M s❝♦r❡ t❡r♠s✱

f(x) =
M∑

j=1

hai,bi
(x).

❚❤❡ ♣❛r❛♠❡t❡rs θ = (aj, bj)
M
j=1 ❢♦r t❤❡ s❝♦r❡ t❡r♠s ✇❡r❡ s✐♠✉❧t❛♥❡♦✉s❧② s❛♠♣❧❡❞ ✉s✐♥❣ ❛

r❛♥❞♦♠ ✇❛❧❦ ▼❡tr♦♣♦❧✐s✲❍❛st✐♥❣s ▼❈▼❈ ❛❧❣♦r✐t❤♠ ✭t❤❡ ♠❤s❛♠♣❧❡ ❢✉♥❝t✐♦♥ ✐♥ ▼❛t❧❛❜✮

❛ss✉♠✐♥❣ ❛ ●❛✉ss✐❛♥ ❧✐❦❡❧✐❤♦♦❞ ❛s t❤❡ t❛r❣❡t ❞✐str✐❜✉t✐♦♥

p(θ;y) = N(f(xi)|yi, σ
2
n)

✇✐t❤ ❛ ♥♦✐s❡ ✈❛r✐❛♥❝❡ s❡t t♦ σ2
n = 1.0✱ ❛♥❞ ✇❤❡r❡ (xi,yi)

N
i=1 ❛r❡ t❤❡ ❡♠♣✐r✐❝❛❧ ♦❜s❡r✈❛t✐♦♥s yi

t❤❛t ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ♣r♦t❡✐♥ s❝♦r❡ t❡r♠s xi✱ r❡s♣❡❝t✐✈❡❧②✳ ❲❡ s❛♠♣❧❡ ❢♦r 1000 s❛♠♣❧❡s ✇✐t❤

❛ ❜✉r♥✲✐♥ s❡t t♦ 1000 s❛♠♣❧❡s ❛♥❞ ❛ t❤✐♥♥✐♥❣ ♣❛r❛♠❡t❡r ♦❢ 20✳ ❚❤❡ ♣r♦♣♦s❛❧ ❞✐str✐❜✉t✐♦♥ ✇❛s
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s❡❧❡❝t❡❞ t♦ ❜❡ ❛ s②♠♠❡tr✐❝ ✉♥✐❢♦r♠ ❞✐str✐❜✉t✐♦♥ s✉❝❤ t❤❛t [a(s+1), b(s+1)] ∼ U(a(s) ± 2, b(s) ±

2)✳ ❚❤❡ r❡s✉❧t✐♥❣ ▼❈▼❈ s❛♠♣❧❡ r❡♣r❡s❡♥ts ❛❧❧ ❧♦❣✐st✐❝s s❝♦r❡ s❝❛❧✐♥❣s t❤❛t r❡♣r♦❞✉❝❡ t❤❡

❡♠♣✐r✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ❛ss✉♠✐♥❣ ❛♥ ❡rr♦r ♠♦❞❡❧ ✇✐t❤ ♥♦✐s❡ ✈❛r✐❛♥❝❡ σ2
n✳

❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥

❚❤❡ ♦✈❡r❛❧❧ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♣r♦t♦❝♦❧ ✐s s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✷✳ ❲❡ ❝♦♠♣❛r❡ ✹ ♣r❡❞✐❝t✐♦♥

♠❡t❤♦❞s✿ ✭❛✮ ♦✉r ✢❡① ❞❞● ❜❛❝❦r✉❜ ❡♥s❡♠❜❧❡ ♠❡t❤♦❞✱ ✭❜✮ t❤❡ ♣r✐♦r st❛t❡✲♦❢✲t❤❡✲❛rt ❘♦s❡tt❛

♠❡t❤♦❞♦❧♦❣②✱ ❞❞❣❴♠♦♥♦♠❡r✱✷✸ ✭❝✮ ❛ ❝♦♥tr♦❧ ✈❡rs✐♦♥ ♦❢ ♦✉r ✢❡① ❞❞● ♣r♦t♦❝♦❧ ✇❤✐❝❤ ♦♠✐ts

t❤❡ ❜❛❝❦r✉❜ ❡♥s❡♠❜❧❡ ❣❡♥❡r❛t✐♦♥ st❡♣✱ ❧❡❛✈✐♥❣ ♦♥❧② t❤❡ ♠✐♥✐♠✐③❛t✐♦♥ ❛♥❞ ♣❛❝❦✐♥❣ st❡♣s✱ ❛♥❞

✭❞✮ ♣✉❜❧✐s❤❡❞ ❞❛t❛ ❢r♦♠ t❤❡ ❩❊▼✉ ✭③♦♥❡ ❡q✉✐❧✐❜r❛t✐♦♥ ♦❢ ♠✉t❛♥ts✮ ♠❡t❤♦❞✳✶✶ ❉❛t❛ s♣❧✐t ❜②

✐♥♣✉t ♣r♦t❡✐♥✲♣r♦t❡✐♥ ❝♦♠♣❧❡① ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ❙✸✳

❚❤❡ ♥❡✇ ✢❡① ❞❞● ♠❡t❤♦❞ ♦✉t♣❡r❢♦r♠s t❤❡ ❝♦♠♣❛r✐s♦♥ ♠❡t❤♦❞s ♦♥ t❤❡ ❝♦♠♣❧❡t❡ ❞❛t❛s❡t

✐♥ ❡❛❝❤ ♦❢ t❤❡ ❝♦rr❡❧❛t✐♦♥✱ ▼❆❊✱ ❛♥❞ ❢r❛❝t✐♦♥ ❝♦rr❡❝t ♠❡tr✐❝s ✭❚❛❜❧❡ ✷✮✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✇❡ s❡❡

❛ ❧❛r❣❡ ✐♥❝r❡❛s❡ ✐♥ ♣❡r❢♦r♠❛♥❝❡ r❡❧❛t✐✈❡ t♦ t❤❡ ♦t❤❡r ♠❡t❤♦❞s ♦♥ t❤❡ s♠❛❧❧✲t♦✲❧❛r❣❡ s✉❜s❡t

♦❢ ♠✉t❛t✐♦♥s✳ ❚❤✐s ✐s ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ ♦✉r ❡①♣❡❝t❛t✐♦♥s t❤❛t ❜❛❝❦r✉❜ ❡♥s❡♠❜❧❡s s❤♦✉❧❞

❜❡ ❛❜❧❡ t♦ s❛♠♣❧❡ s♠❛❧❧ ❜❛❝❦❜♦♥❡ ❝♦♥❢♦r♠❛t✐♦♥❛❧ ❛❞❥✉st♠❡♥ts r❡q✉✐r❡❞ t♦ ❛❝❝♦♠♠♦❞❛t❡

❝❤❛♥❣❡s ✐♥ ❛♠✐♥♦ ❛❝✐❞ r❡s✐❞✉❡ s✐③❡✳ ◆♦t❛❜❧②✱ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❜❛❝❦r✉❜ ❡♥s❡♠❜❧❡s ♣❡r❢♦r♠s

❜❡tt❡r t❤❛♥ ♦t❤❡r ♠❡t❤♦❞s t❤❛t ✐♥❝❧✉❞❡ ❜❛❝❦❜♦♥❡ ♠✐♥✐♠✐③❛t✐♦♥ st❡♣s ♦♥❧②✱ ✐♥❝❧✉❞✐♥❣ t❤❡

❝✉rr❡♥t st❛t❡✲♦❢✲t❤❡✲❛rt ❘♦s❡tt❛ ❞❞❣❴♠♦♥♦♠❡r ♠❡t❤♦❞✳ ❖♥ t❤❡ s♠❛❧❧✲t♦✲❧❛r❣❡ ♠✉t❛t✐♦♥s

s✉❜s❡t✱ t❤❡ ❞❞❣❴♠♦♥♦♠❡r ♠❡t❤♦❞ ❛❝❤✐❡✈❡s ❛ P❡❛rs♦♥ ❝♦rr❡❧❛t✐♦♥ ♦❢ ♦♥❧② ✵✳✸✶ ❝♦♠♣❛r❡❞ t♦

✵✳✻✺ ✇✐t❤ ✢❡① ❞❞❣✳

P❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ✢❡① ❞❞● ♠❡t❤♦❞ ♦♥ t❤❡ s✉❜s❡t ♦❢ s✐♥❣❧❡ ♠✉t❛t✐♦♥s t♦ ❛❧❛♥✐♥❡ ✐s ❛❧s♦

❝♦♠♣❡t✐t✐✈❡ ♦r ♦✉t♣❡r❢♦r♠s t❤❡ ❛❧t❡r♥❛t✐✈❡ ♠❡t❤♦❞s✳ ❆s ✇❡ ❞♦ ♥♦t ❡①♣❡❝t s✐♥❣❧❡ ♠✉t❛t✐♦♥s

t♦ ❛❧❛♥✐♥❡ t♦ r❡q✉✐r❡ ✐♥t❡♥s✐✈❡ ❜❛❝❦❜♦♥❡ s❛♠♣❧✐♥❣✱ ♦✉r ♠❡t❤♦❞✬s ❡✛❡❝t✐✈❡♥❡ss ♦♥ t❤✐s s✉❜s❡t

s❤♦✇s t❤❛t t❤❡ ♠❡t❤♦❞ ✐s ❢❛✐r❧② r♦❜✉st t♦ t❤❡ ♠✉t❛t✐♦♥ t②♣❡✳ ❆s ✇❡ ❝❤♦s❡ t♦ ♣❡r❢♦r♠ ❜❛❝❦r✉❜

s❛♠♣❧✐♥❣ ♣r✐♦r t♦ ✐♥tr♦❞✉❝✐♥❣ ♠✉t❛t✐♦♥s✱ t❤❡s❡ r❡s✉❧ts ❝♦✉❧❞ s✉❣❣❡st t❤❛t ✢❡① ❞❞● ✐s ❡✛❡❝t✐✈❡
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❚❛❜❧❡ ✷✿ ❙✉♠♠❛r② ♦❢ ♣r❡❞✐❝t✐♦♥ ♣❡r❢♦r♠❛♥❝❡✳ ❋❧❡① ❞❞● ♣r❡❞✐❝t✐♦♥s ✉s❡❞ ✺✵
♠♦❞❡❧s ❛♥❞ ✸✺✵✵✵ ❜❛❝❦r✉❜ st❡♣s✳ ❞❞● ♠♦♥♦♠❡r ♣r❡❞✐❝t✐♦♥s ✉s❡❞ t❤❡ ❞❡❢❛✉❧t ♦❢
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♠❡♥t❡❞ ✐♥ t❤❡ ♦r✐❣✐♥❛❧ ♠❡t❤♦❞✳✷✸ ◆ ❂ ♥✉♠❜❡r ♦❢ ❝❛s❡s ✐♥ t❤❡ ❞❛t❛s❡t ♦r s✉❜s❡t✳
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❜② s❛♠♣❧✐♥❣ ✉♥❞❡r❧②✐♥❣✱ r❡❧❡✈❛♥t ♣❧❛st✐❝✐t② ♦❢ t❤❡ ✐♥♣✉t ❝r②st❛❧ str✉❝t✉r❡ ✐♥st❡❛❞ ♦❢ ❞✐st♦rt✐♥❣

t❤❡ ❧♦❝❛❧ str✉❝t✉r❡ ❛r♦✉♥❞ ❛ ♠✉t❛t✐♦♥ t♦ r❡s♦❧✈❡ ❛ ❝❧❛s❤ ♦r ♣♦♦r ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ ❛ ♠✉t❛♥t

s✐❞❡ ❝❤❛✐♥✳

❲❤✐❧❡ t❤❡ ✢❡① ❞❞● ♠❡t❤♦❞ s❤♦✇s ✐♠♣r♦✈❡❞ ♣❡r❢♦r♠❛♥❝❡ ♦♥ t❤❡ s✉❜s❡t ♦❢ ♠✉❧t✐♣❧❡ ♠✉✲

t❛t✐♦♥s ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝♦♥tr♦❧ ❛♥❞ ❞❞❣❴♠♦♥♦♠❡r ♠❡t❤♦❞s✱ ✢❡① ❞❞❣ ❞✐❞ ♥♦t ♠❛t❝❤ t❤❡

♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❩❊▼✉ ♠❡t❤♦❞ ♦♥ t❤✐s s✉❜s❡t✳ ❚❤✐s r❡s✉❧t ❝♦✉❧❞ ✐♥❞✐❝❛t❡ t❤❛t ❢✉rt❤❡r r❡✲

✜♥❡♠❡♥t ♦❢ t❤❡ ❜❛❝❦r✉❜ ♣❛r❛♠❡t❡rs ✐s r❡q✉✐r❡❞ ✇❤❡♥ s✐♠✉❧t❛♥❡♦✉s❧② s❛♠♣❧✐♥❣ ❝♦♥❢♦r♠❛t✐♦♥❛❧

s♣❛❝❡ ❛r♦✉♥❞ t❤❡ s✐t❡s ♦❢ ♠✉❧t✐♣❧❡ ♠✉t❛t✐♦♥s✳ ❍♦✇❡✈❡r✱ ❛♥❞ r❡♠❛r❦❛❜❧②✱ ✢❡① ❞❞● ♦✉t♣❡r✲

❢♦r♠s ❩❊▼✉ ♦♥ t❤❡ s✉❜s❡t ♦❢ ❝❛s❡s ✇✐t❤ ♠✉❧t✐♣❧❡ ♠✉t❛t✐♦♥s ✇❤❡r❡ ♥♦♥❡ ♦❢ t❤❡ ♠✉t❛t✐♦♥s

❛r❡ t♦ ❛❧❛♥✐♥❡ ✭❚❛❜❧❡ ✷✮✳ ❋✐♥❛❧❧②✱ t❤❡ ✢❡① ❞❞❣ ♠❡t❤♦❞ ❛❧s♦ s❤♦✇s ❝♦♥s✐❞❡r❛❜❧❡ ✐♠♣r♦✈❡♠❡♥ts

♦✈❡r ♦t❤❡r ♠❡t❤♦❞s ♦♥ t❤❡ s✉❜s❡t ♦❢ ❛♥t✐❜♦❞②✲❛♥t✐❣❡♥ ❝♦♠♣❧❡①❡s ✭❚❛❜❧❡ ✷✮✳

❋✐❣✳ ✷ ✐❧❧✉str❛t❡s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❢♦r t❤❡ ✢❡① ❞❞● ❛♥❞ ❝♦♥tr♦❧ ♠❡t❤♦❞s ♦♥ t❤❡ ❝♦♠♣❧❡t❡

❞❛t❛s❡t ❛♥❞ s♠❛❧❧✲t♦✲❧❛r❣❡ s✉❜s❡ts ✉s✐♥❣ s❝❛tt❡r♣❧♦ts ❝♦♠♣❛r✐♥❣ ❡①♣❡r✐♠❡♥t❛❧❧② ❞❡t❡r♠✐♥❡❞

❛♥❞ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ❡st✐♠❛t❡❞ ❝❤❛♥❣❡s ✐♥ ❜✐♥❞✐♥❣ ❢r❡❡ ❡♥❡r❣✐❡s ❢♦r ❡❛❝❤ ♦❢ t❤❡ ❝❛s❡s ✐♥ t❤❡

❞❛t❛s❡ts✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ❛ ♥♦t❛❜❧❡ ✐♠♣r♦✈❡♠❡♥t ✇✐t❤ ✢❡① ❞❞● ♦✈❡r t❤❡ ❝♦♥tr♦❧ ❝❛♥ ❜❡ s❡❡♥

❢♦r t❤❡ ✶✸ s♠❛❧❧✲t♦✲❧❛r❣❡ ♠✉t❛t✐♦♥s t❤❛t ✇❡r❡ ❡①♣❡r✐♠❡♥t❛❧❧② ❞❡t❡r♠✐♥❡❞ t♦ st❛❜✐❧✐③❡ t❤❡

♣r♦t❡✐♥✲♣r♦t❡✐♥ ✐♥t❡r❢❛❝❡ s✐❣♥✐✜❝❛♥t❧② ✭∆∆G <= ✲✶✳✵ ❦❝❛❧✴♠♦❧✮✳ ❋♦r t❤✐s s❡t✱ t❤❡ ❝♦♥tr♦❧

♠❡t❤♦❞ ♠✐s❝❧❛ss✐✜❡s ♠♦st st❛❜✐❧✐③✐♥❣ ♠✉t❛t✐♦♥s t♦ ❤❛✈❡ ♠✐♥✐♠❛❧ ❡✛❡❝t ♦r t♦ ❜❡ ❞❡st❛❜✐❧✐③✐♥❣
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❢♦r ❝❤❛❧❧❡♥❣✐♥❣ ❞❡s✐❣♥ ❛♣♣❧✐❝❛t✐♦♥s t♦ ♠♦❞✉❧❛t❡ ❜✐♥❞✐♥❣ ❛✣♥✐t② ❛♥❞ s❡❧❡❝t✐✈✐t②✱ ❛s ✇❡❧❧ ❛s
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(a) Flex ddG - Complete dataset
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(b) Control - Complete dataset
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(c) Flex ddG - Small-to-large mutation(s)
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(d) Control - Small-to-large mutation(s)
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(a) - Complete dataset
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(b) - Small-to-large mutation(s)
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(c) - Multiple mutations, none to alanine

0 10 20 30 40 50
Number of Models

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

Pe
ar

so
n'

s 
R

(d) - Single mutation to alanine

❋✐❣✉r❡ ✸✿ ❈♦rr❡❧❛t✐♦♥ ✭P❡❛rs♦♥✬s ❘✱ ❧❡❢t ②✲❛①✐s✮ ❛♥❞ ▼❆❊ ✭▼❡❛♥ ❆❜s♦❧✉t❡ ❊rr♦r✱ r✐❣❤t ②✲❛①✐s✮
✈s✳ ♥✉♠❜❡r ♦❢ ❛✈❡r❛❣❡❞ ♠♦❞❡❧s ✭①✲❛①✐s✮✱ ♦♥ t❤❡ ❝♦♠♣❧❡t❡ ❩❊▼✉ s❡t✱ ❛♥❞ s✉❜s❡ts✳ P❡❛rs♦♥✬s
❘ ✐s s❤♦✇♥ ❛s ❝✐r❝❧❡s✱ ❛♥❞ ▼❆❊ ❛s ❢❛❞❡❞ ♣❧✉ss❡s✳ Pr❡❞✐❝t✐♦♥s ❣❡♥❡r❛t❡❞ ✇✐t❤ t❤❡ ❋❧❡① ❞❞●
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❊✛❡❝t ♦❢ ❡♥s❡♠❜❧❡ s✐③❡

❲❤✐❧❡ t❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ❛❜♦✈❡ ✉s❡❞ ❛♥ ❡♥s❡♠❜❧❡ s✐③❡ ♦❢ ✺✵ ♠❡♠❜❡rs✱ ✇❡ ♥❡①t ✐♥✈❡st✐❣❛t❡❞

✇❤❛t t❤❡ ✐❞❡❛❧ ❡♥s❡♠❜❧❡ s✐③❡ ✇♦✉❧❞ ❜❡ t♦ ♠❛①✐♠✐③❡ t❤❡ ♣r❡❞✐❝t✐✈❡ ❛❜✐❧✐t② ♦❢ ♦✉r ♠❡t❤♦❞✳ ❋♦r

❡①❛♠♣❧❡✱ ♣r✐♦r ♠❡t❤♦❞s ✉s❡❞ ❡♥s❡♠❜❧❡ s✐③❡s r❛♥❣✐♥❣ ❢r♦♠ t❡♥✸ t♦ t❤♦✉s❛♥❞s✳✷✽ ❆s t❤❡ ❝♦♠✲

♣✉t❛t✐♦♥❛❧ t✐♠❡ r❡q✉✐r❡❞ t♦ r✉♥ ✢❡① ❞❞● ✐♥❝r❡❛s❡s ❧✐♥❡❛r❧② ✇✐t❤ ❡♥s❡♠❜❧❡ s✐③❡✱ ❞❡t❡r♠✐♥✐♥❣

❛♥ ♦♣t✐♠❛❧ s✐③❡ ✐s ♣r❛❝t✐❝❛❧❧② r❡❧❡✈❛♥t✳ ❲❡ t❤❡r❡❢♦r❡ ❡✈❛❧✉❛t❡❞ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ✢❡① ❞❞●

❛s ✇❡ ❛✈❡r❛❣❡ ❛❝r♦ss ❛♥ ✐♥❝r❡❛s✐♥❣ ♥✉♠❜❡r ♦❢ ♠♦❞❡❧s ✭❢r♦♠ ✶ t♦ ✺✵✱ ❋✐❣✳ ✸✮✳ ❚❤❡ ♠♦❞❡❧s ❛r❡

✜rst s♦rt❡❞ ❜② t❤❡ s❝♦r❡ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡♣❛❝❦❡❞ ❛♥❞ ♠✐♥✐♠✐③❡❞ ✇✐❧❞ t②♣❡ ♠♦❞❡❧✱ s✉❝❤

t❤❛t ♣r♦❞✉❝✐♥❣ ❛ ∆∆G ✇✐t❤ ✶ ♠♦❞❡❧ ✇✐❧❧ ♦♥❧② ✉s❡ t❤❡ ❧♦✇❡st ✭❜❡st✮ s❝♦r✐♥❣ ♠♦❞❡❧✱ ✷ ♠♦❞❡❧s

✇✐❧❧ ✉s❡ t❤❡ ✷ ❧♦✇❡st s❝♦r✐♥❣ ♠♦❞❡❧s✱ ❛♥❞ s♦ ❢♦rt❤✳ ❋✐❣✳ ✸✭❛✮ s❤♦✇s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦♥ t❤❡

❝♦♠♣❧❡t❡ ❞❛t❛s❡t✳ ❆s ♠♦r❡ ♠♦❞❡❧s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ✇✐❧❞ t②♣❡ ❝♦♠♣❧❡① s❝♦r❡ ❛r❡ ❛✈❡r❛❣❡❞✱

❝♦rr❡❧❛t✐♦♥ ✇✐t❤ ❦♥♦✇♥ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡s ✐♥❝r❡❛s❡s✳ ❈♦♥✈❡rs❡❧②✱ ♣❡r❢♦r♠❛♥❝❡ ❢♦r t❤❡ ♥♦

❜❛❝❦r✉❜ ❝♦♥tr♦❧ ♠❡t❤♦❞ st❛②s ❛♣♣r♦①✐♠❛t❡❧② ❝♦♥st❛♥t ❛s ♠♦r❡ ♠♦❞❡❧s ❛r❡ ❛✈❡r❛❣❡❞✳ ❚❤✐s

r❡s✉❧t ✐♥❞✐❝❛t❡s t❤❛t s❛♠♣❧✐♥❣ ✇✐t❤ ❜❛❝❦r✉❜ ❛❞❞s ✐♥❢♦r♠❛t✐♦♥ t❤❛t ✐♠♣r♦✈❡s ∆∆G ❝❛❧❝✉❧❛✲

t✐♦♥ ❡✈❡♥ t❤♦✉❣❤ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❛✈❡r❛❣❡❞ ♠♦❞❡❧s ❤❛✈❡ ❤✐❣❤❡r s❝♦r❡s ✭❛✈❡r❛❣❡ ❡♥s❡♠❜❧❡ t♦t❛❧

s❝♦r❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ❙✶✮✳ ❚❤❡s❡ ❤✐❣❤❡r s❝♦r✐♥❣ ♠♦❞❡❧s ✇♦✉❧❞ ❜❡ ❡①❝❧✉❞❡❞ ✐♥ ♠❡t❤♦❞s s✉❝❤

❛s t❤❡ ❘♦s❡tt❛ ❞❞❣❴♠♦♥♦♠❡r ♣r♦t♦❝♦❧✱ ✇❤✐❝❤ t②♣✐❝❛❧❧② ✉s❡ ♦♥❧② t❤❡ ❧♦✇❡st s❝♦r✐♥❣ ✇✐❧❞✲t②♣❡

❛♥❞ ♠✉t❛♥t ♠♦❞❡❧s✳
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❚❤✐s ✇❛s s♦♠❡✇❤❛t ✉♥❡①♣❡❝t❡❞✱ ❛s t❤❡ ♥♦✲❜❛❝❦r✉❜ ❝♦♥tr♦❧ ♠❡t❤♦❞✱ ✇❤✐❝❤ ❞✐❞ ♥♦t s❤♦✇ ❛♥

✐♠♣r♦✈❡♠❡♥t ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❡♥s❡♠❜❧❡ s✐③❡✱ ✐s ❝♦♥❝❡♣t✉❛❧❧② s✐♠✐❧❛r t♦ t❤❡ ❞❞❣❴♠♦♥♦♠❡r
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♣❧❛st✐❝✐t② ✐s ✐♠♣♦rt❛♥t ❢♦r ♣r❡❞✐❝t✐♦♥ ♣❡r❢♦r♠❛♥❝❡✱ ❛♥❞ t❤❛t t❤✐s ❡✛❡❝t ✐s ♠♦st ✐♠♣♦rt❛♥t ❢♦r
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✇❤❡♥ ♠♦r❡ ♠♦❞❡❧s ❛r❡ ❛❞❞❡❞✳

❆✈❡r❛❣✐♥❣ ❛❝r♦ss ✐♥❝r❡❛s❡❞ ♥✉♠❜❡rs ♦❢ ♠♦❞❡❧s ❛❧s♦ ✐♠♣r♦✈❡s ❝♦rr❡❧❛t✐♦♥ ❢♦r t❤❡ s✉❜s❡t

♦❢ s✐♥❣❧❡ ♠✉t❛t✐♦♥s t♦ ❛❧❛♥✐♥❡ ✭❋✐❣✳ ✸✭❞✮✮✳ ❍❡r❡✱ ✐♠♣r♦✈❡♠❡♥ts ❛r❡ s❡❡♥ ✉♣ t♦ ❛✈❡r❛❣✐♥❣

❛❜♦✉t ✶✵ ♠♦❞❡❧s✱ ❛❢t❡r ✇❤✐❝❤ ♣❡r❢♦r♠❛♥❝❡ st❛②s ❛♣♣r♦①✐♠❛t❡❧② ❝♦♥st❛♥t✳ ❚❤✐s ♦❜s❡r✈❛t✐♦♥

✐♥❞✐❝❛t❡s t❤❛t ✐♥❝r❡❛s❡❞ s❛♠♣❧✐♥❣✱ ✐♥ t❤❡ ✈❡r② ❧❡❛st✱ ✐s ♥♦t ❤❛r♠❢✉❧ ❢♦r ❝❛s❡s ✇❤❡r❡ ♦♥❡ ✇♦✉❧❞

❡①♣❡❝t str✉❝t✉r❛❧ ❝❤❛♥❣❡s t♦ ❜❡ r❡❧❛t✐✈❡❧② s♠❛❧❧ ♦♥ ❛✈❡r❛❣❡✳

❋r♦♠ ❛ ♣r❛❝t✐❝❛❧ st❛♥❞♣♦✐♥t✱ ❣❡♥❡r❛t✐♥❣ ✷✵✲✸✵ ♠♦❞❡❧s s❤♦✉❧❞ ❝♦♥st✐t✉t❡ s✉✣❝✐❡♥t s❛♠✲

♣❧✐♥❣ ❢♦r ♠♦st ❝❛s❡s✳ ❙♦rt✐♥❣ t❤❡ ❣❡♥❡r❛t❡❞ ♠♦❞❡❧s ❜② s❝♦r❡ ❛♥❞ s❡❧❡❝t✐♥❣ t❤❡ ❜❡st s❝♦r✐♥❣

✷✵✲✸✵ ♦✉t ♦❢ ✺✵ ♠♦❞❡❧s ❞♦❡s ♥♦t ❛♣♣❡❛r t♦ ❜❡ ♥❡❝❡ss❛r②✱ ❛s ♥♦t s♦rt✐♥❣ t❤❡ ♠♦❞❡❧s ❜② s❝♦r❡

✭❋✐❣✳ ❙✸✱ ❚❛❜❧❡ ❙✻✮ ❣✐✈❡s s✐♠✐❧❛r r❡s✉❧ts t♦ s♦rt✐♥❣ t❤❡ ♠♦❞❡❧s ✭❋✐❣✳ ✸✮✳

❊✛❡❝t ♦❢ ❡①t❡♥t ♦❢ ❜❛❝❦r✉❜ s❛♠♣❧✐♥❣ ✐♥ ❡❛❝❤ tr❛❥❡❝t♦r②

❚❤❡ ❡①t❡♥t ♦❢ s❛♠♣❧✐♥❣ ❝❛♥ ❛❧s♦ ❜❡ ❝♦♥tr♦❧❧❡❞ ❜② ❝❤❛♥❣✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ▼♦♥t❡ ❈❛r❧♦ st❡♣s

✐♥ t❤❡ ❜❛❝❦r✉❜ s✐♠✉❧❛t✐♦♥s✳ ❋✐❣✳ ✹ s❤♦✇s t❤❡ ❡✛❡❝t ♦❢ ✐♥❝r❡❛s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ❜❛❝❦r✉❜ ▼♦♥t❡

❈❛r❧♦ st❡♣s ✭✇❤✐❧❡ ❛✈❡r❛❣✐♥❣ ❛❧❧ ✺✵ ♠♦❞❡❧s ❛t ❡❛❝❤ ♦✉t♣✉t st❡♣✮ ♦♥ ✢❡① ❞❞● ♣❡r❢♦r♠❛♥❝❡✱

❝♦♠♣❛r❡❞ t♦ ❛ ❝♦♥tr♦❧ ♠❡t❤♦❞ ✇✐t❤ ③❡r♦ ❜❛❝❦r✉❜ st❡♣s t❤❛t ✉s❡s ♦♥❧② ♠✐♥✐♠✐③❛t✐♦♥ ❛♥❞ s✐❞❡
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(a) - Complete dataset

0 10000 20000 30000 40000 50000
Backrub Step

0.40

0.45

0.50

0.55

0.60

0.65

0.70

Pe
ar

so
n'

s 
R

(b) - Small-to-large mutation(s)
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(c) - Multiple mutations, none to alanine
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(d) - Single mutation to alanine
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❍♦✇❡✈❡r✱ ❢♦r t❤❡ s✉❜s❡ts ♦❢ s♠❛❧❧✲t♦✲❧❛r❣❡ ♠✉t❛t✐♦♥s ✭❋✐❣✉r❡ ✹❜✮ ❛♥❞ ♠✉❧t✐♣❧❡ ♠✉t❛t✐♦♥s✱

♥♦♥❡ t♦ ❛❧❛♥✐♥❡ ✭❋✐❣✳ ✹❝✮✱ ♣❡r❢♦r♠❛♥❝❡ ✐♥❝r❡❛s❡s ❝♦♥s✐❞❡r❛❜❧② ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♥✉♠❜❡rs ♦❢

▼♦♥t❡ ❈❛r❧♦ st❡♣s✳ ❚❤✐s ✐♥❝r❡❛s❡ ✐♥ ♣❡r❢♦r♠❛♥❝❡ ✐s s✐♠✐❧❛r t♦ ✇❤❛t ✇❛s ♦❜s❡r✈❡❞ ✇✐t❤

❛✈❡r❛❣✐♥❣ ♦✈❡r ♠♦r❡ ♠♦❞❡❧s ❢♦r t❤❡s❡ s✉❜s❡ts ✭❋✐❣✳ ✸❜✱❝✮✳ P❡r❢♦r♠❛♥❝❡ ❧❡✈❡❧s ♦✛ ❛t ❛r♦✉♥❞

✸✵✱✵✵✵ ❜❛❝❦r✉❜ ▼♦♥t❡ ❈❛r❧♦ st❡♣s✳

❚❤❡ ✐♥❝r❡❛s❡❞ ♣❡r❢♦r♠❛♥❝❡ ❞♦❡s ♥♦t ❛♣♣❡❛r t♦ ❜❡ s✐♠♣❧② ❛ r❡s✉❧t ♦❢ ❞❡❝r❡❛s✐♥❣ s❝♦r❡s ❛s

t❤❡ s✐♠✉❧❛t✐♦♥ ♣r♦❣r❡ss❡s✱ ❛s t❤❡ ❛✈❡r❛❣❡ s❝♦r❡ ♦❢ t❤❡ ♠✐♥✐♠✐③❡❞ ✇✐❧❞ t②♣❡ ❝♦♠♣❧❡①❡s ❞♦❡s ♥♦t

❞❡❝r❡❛s❡ ✉♥✐❢♦r♠❧② ❛❝r♦ss t❤❡ s❛♠♣❧❡❞ ❡♥s❡♠❜❧❡ ❛s t❤❡ s✐♠✉❧❛t✐♦♥ ♣r♦❣r❡ss❡s ✭❋✐❣✳ ❙✶✮✳ ❚❤❡

♣❛✐r✇✐s❡ ❜❛❝❦r✉❜ ❡♥s❡♠❜❧❡ ❘▼❙❉s ❝♦♥t✐♥✉❡ t♦ ✐♥❝r❡❛s❡ t❤r♦✉❣❤♦✉t t❤❡ ❜❛❝❦r✉❜ s✐♠✉❧❛t✐♦♥

❢♦r ❛❧❧ s✉❜s❡ts ✭❋✐❣✳ ❙✹✮✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t ❞✐♠✐♥✐s❤✐♥❣ r❡t✉r♥s ❛t ❃ ✸✵✱✵✵✵ ▼♦♥t❡ ❈❛r❧♦ st❡♣s ✐s

♥♦t ❛ r❡s✉❧t ♦❢ ❢❛✐❧✉r❡ t♦ s❛♠♣❧❡ ♥❡✇ ❝♦♥❢♦r♠❛t✐♦♥s✱ ❜✉t r❛t❤❡r ♠✐❣❤t ✐♥❞✐❝❛t❡ t❤❛t ❝♦♥t✐♥✉❡❞

s❛♠♣❧✐♥❣ ❞♦❡s ♥♦t ❝❛♣t✉r❡ ❛❞❞✐t✐♦♥❛❧ r❡❧❡✈❛♥t ❧♦❝❛❧ ❝❤❛♥❣❡s ✐♥ str✉❝t✉r❡ ✐♥ t❤✐s ❜❡♥❝❤♠❛r❦

s❡t✳

❙❝♦r❡ ❛♥❛❧②s✐s

❆s t❤❡ s❛♠♣❧✐♥❣ ❛♥❞ s❝♦r✐♥❣ ♣r♦❜❧❡♠s ♦❢ ♣r♦t❡✐♥ ♠♦❞❡❧✐♥❣ ❛r❡ ❣❡♥❡r❛❧❧② ❧✐♥❦❡❞✱ ✐t ✐s ♦❢t❡♥

t❤❡ ❝❛s❡ t❤❛t ✐♠♣r♦✈✐♥❣ ♦♥❡ ❡♥❛❜❧❡s ❢✉rt❤❡r ✐♠♣r♦✈❡♠❡♥ts ✐♥ t❤❡ ♦t❤❡r✳

❋✐rst✱ ✇❡ ❝♦♠♣❛r❡❞ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ♦✉r ✢❡① ❞❞● ♠❡t❤♦❞✱ ✇❤✐❝❤ ✇❛s r✉♥ ✉s✐♥❣

❘♦s❡tt❛✬s ❚❛❧❛r✐s✹✺✱✹✼✱✹✽ ❡♥❡r❣② ❢✉♥❝t✐♦♥✱ t♦ ❛♥ ✐❞❡♥t✐❝❛❧ ♣r♦t♦❝♦❧ r✉♥ ✇✐t❤ t❤❡ ♠♦r❡ r❡❝❡♥t❧②

❞❡✈❡❧♦♣❡❞ ❘♦s❡tt❛ ❊♥❡r❣② ❋✉♥❝t✐♦♥ ✭❘❊❋✮✳✺✷ ❲❡ ❞✐❞ ♥♦t ♦❜s❡r✈❡ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ♣❡r❢♦r♠❛♥❝❡

♦♥ t❤❡ ❝♦♠♣❧❡t❡ ❩❊▼✉ ❞❛t❛s❡t✱ ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ❞❡❝r❡❛s❡s ✇❡r❡ s❡❡♥ ❢♦r t❤❡ s✉❜s❡ts ♦❢ s♠❛❧❧✲

t♦✲❧❛r❣❡ ♠✉t❛t✐♦♥s ❛♥❞ ♠✉❧t✐♣❧❡ ♠✉t❛t✐♦♥s ✭❚❛❜❧❡ ❙✽✮✳ ■♥t❡r❡st✐♥❣❧②✱ ✢❡① ❞❞● ♣❡r❢♦r♠❛♥❝❡

✇✐t❤ t❤❡ ❘❊❋ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ✐♥❝r❡❛s❡❞ ♦✈❡r ✉s✐♥❣ t❤❡ ❚❛❧❛r✐s ❡♥❡r❣② ❢✉♥❝t✐♦♥ ✐❢ t❤❡ r❡s♦✲

❧✉t✐♦♥ ♦❢ t❤❡ ✐♥♣✉t ❝r②st❛❧ str✉❝t✉r❡ ✇❛s <= 1.5 ➴✱ ❜✉t t❤✐s s✉❜s❡t ♦❢ t❤❡ ❞❛t❛ ✇❛s r❛t❤❡r

s♠❛❧❧ ✇✐t❤ ♦♥❧② ✺✷ ♠✉t❛t✐♦♥s✳

◆❡①t✱ ✇❡ s♦✉❣❤t t♦ ❛♥❛❧②③❡ ✉♥❞❡r❧②✐♥❣ ❡rr♦rs ♦❢ t❤❡ ❘♦s❡tt❛ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ✭✇❤❡♥ ❛♣✲

♣❧✐❡❞ t♦ ✐♥t❡r❢❛❝❡ ∆∆G✮ ❜② ❛ss❡ss✐♥❣ t❤❡ ✐♥❞✐✈✐❞✉❛❧ t❡r♠s ♦❢ t❤❡ ❡♥❡r❣② ❢✉♥❝t✐♦♥✳ ❚♦ ❞♦

✶✾
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s♦✱ ✇❡ ❝❤♦s❡ t♦ r❡✇❡✐❣❤t t❤❡ t❡r♠s ♦❢ t❤❡ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ✉s✐♥❣ ❛ ♥♦♥✲❧✐♥❡❛r r❡✇❡✐❣❤t✐♥❣

s❝❤❡♠❡ s✐♠✐❧❛r t♦ ●❡♥❡r❛❧✐③❡❞ ❆❞❞✐t✐✈❡ ▼♦❞❡❧s ✭●❆▼s✮✳✺✶ ■♥ t❤✐s r❡✇❡✐❣❤t✐♥❣ ♠❡t❤♦❞✱ ✇❡

✉s❡❞ ▼♦♥t❡ ❈❛r❧♦ s❛♠♣❧✐♥❣ t♦ ✜t ❛ s✐❣♠♦✐❞ ❢✉♥❝t✐♦♥ t♦ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❞✐str✐❜✉t✐♦♥s ♦❢ ❡♥✲

❡r❣② ❢✉♥❝t✐♦♥ t❡r♠s✱ ✇✐t❤ t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥ ♦❢ r❡❞✉❝✐♥❣ t❤❡ ❛❜s♦❧✉t❡ ❡rr♦r ❜❡t✇❡❡♥ ♦✉r

♣r❡❞✐❝t✐♦♥s ❛♥❞ ❦♥♦✇♥ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡s ♦✈❡r t❤❡ ❡♥t✐r❡ ❞❛t❛s❡t✳

❚❤❡ ❡✛❡❝t ♦♥ t❤❡ ♣r❡❞✐❝t✐♦♥s ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✱ ❋✐❣✳ ❙✺✱ ❛♥❞ ❚❛❜❧❡ ❙✾✳ ■♥ ❣❡♥❡r❛❧✱

t❤❡ ●❆▼✲❛❞❥✉st❡❞ ♣r❡❞✐❝t✐♦♥s ❝♦♥t❛✐♥ ❢❡✇❡r ♦✉t❧✐❡rs✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ❡①♣❡r✐♠❡♥t❛❧ ∆∆G

✈❛❧✉❡s t❤❛t ❛r❡ r❡❧❛t✐✈❡❧② ♥❡✉tr❛❧ ✭♥❡❛r ③❡r♦✮ ❝❛♥ s♦♠❡t✐♠❡s ❜❡ ♣r❡❞✐❝t❡❞ ❜② ✢❡① ❞❞● t♦

❜❡ ❤✐❣❤❧② ❞❡st❛❜✐❧✐③✐♥❣❀ t❤❡ ●❆▼ ♠♦❞❡❧ r❡❞✉❝❡s t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❡rr♦r ♦❢ ♠❛♥② ♦❢ t❤❡s❡

♦✉t❧✐❡rs✱ ✐♠♣r♦✈✐♥❣ ♦✈❡r❛❧❧ ♣❡r❢♦r♠❛♥❝❡ ✭❋✐❣✳ ✺✮✳ ❚❤❡ ♦✈❡r❛❧❧ ❝♦rr❡❧❛t✐♦♥ ✐♥❝r❡❛s❡s ❢r♦♠ ✵✳✻✹

t♦ ✵✳✻✽ ✭❚❛❜❧❡ ✷ ❛♥❞ ❚❛❜❧❡ ❙✾✮ ✇❤❡♥ r❡✜tt✐♥❣ t❤❡ ✈❛❧✉❡s ❢r♦♠ t❤❡ ❘♦s❡tt❛ ❚❛❧❛r✐s ❡♥❡r❣②

❢✉♥❝t✐♦♥❀✹✺✱✹✼✱✹✽ r❡✜tt✐♥❣ ✈❛❧✉❡s ❢r♦♠ t❤❡ ❘♦s❡tt❛ ❘❊❋ ❡♥❡r❣② ❢✉♥❝t✐♦♥✺✷ ❧❡❛❞s t♦ ❛ s✐♠✐❧❛r

✐♥❝r❡❛s❡ ❢r♦♠ ✵✳✻✸ t♦ ✵✳✻✽ ✭❋✐❣✳ ❙✺✱ ❚❛❜❧❡ ❙✽✱ ❚❛❜❧❡ ❙✾✮✳ ❚❤❡ ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥t ❛❧s♦

✐♥❝r❡❛s❡s ✇❤❡♥ r❡✜tt✐♥❣ t❤❡ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❢♦r t❤❡ ♥♦ ❜❛❝❦r✉❜ ❝♦♥tr♦❧✱ ❜✉t ♦♥❧② t♦ ✵✳✻✷

✭❋✐❣✳ ✺❜✱ ❚❛❜❧❡ ❙✾✮✳

❚❤❡ ✜t ❢✉♥❝t✐♦♥s ✭✜t ❢♦r ❚❛❧❛r✐s✲❞❡r✐✈❡❞ ∆∆G ♣r❡❞✐❝t✐♦♥s✮ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ❙✻✳ ❊①tr❡♠❡

✈❛❧✉❡s ❢♦r ♠♦st s❝♦r❡ t❡r♠s ❛r❡ ❞♦✇♥✇❡✐❣❤t❡❞✱ ❡s♣❡❝✐❛❧❧② ❢♦r t❤❡ ❢❛❴s♦❧ ❛♥❞ ❢❛❴❛tr t❡r♠s✱

✇❤✐❝❤ ♠❛❦❡ t❤❡ ❧❛r❣❡st ❝♦♥tr✐❜✉t✐♦♥s t♦ ♣r❡❞✐❝t❡❞ ∆∆G ✭❋✐❣✳ ❙✼✮✳

❈♦♥❝❧✉s✐♦♥s

❲❡ ❤❛✈❡ s❤♦✇♥ ♦♥ ❛ ❧❛r❣❡✱ ❝✉r❛t❡❞ ❜❡♥❝❤♠❛r❦ ❞❛t❛s❡t t❤❛t t❤❡ ✏✢❡① ❞❞●✑ ♠❡t❤♦❞ ♣r❡s❡♥t❡❞

❤❡r❡ ✐s ♠♦r❡ ❛❝❝✉r❛t❡ t❤❛♥ ♣r❡✈✐♦✉s ♠❡t❤♦❞s ❢♦r ❡st✐♠❛t✐♥❣ ❝❤❛♥❣❡s ✐♥ ❜✐♥❞✐♥❣ ❛✣♥✐t② ❛❢t❡r

♠✉t❛t✐♦♥ ✐♥ ♣r♦t❡✐♥✲♣r♦t❡✐♥ ✐♥t❡r❢❛❝❡s✳ P❛rt✐❝✉❧❛r ✐♠♣r♦✈❡♠❡♥t ✐♥ ♣❡r❢♦r♠❛♥❝❡ ✐s s❡❡♥ ♦♥ t❤❡

s✉❜s❡t ♦❢ s♠❛❧❧✲t♦✲❧❛r❣❡ ♠✉t❛t✐♦♥s✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t r❡♣r❡s❡♥t✐♥❣ ❜❛❝❦❜♦♥❡ ✢❡①✐❜✐❧✐t② ✉s✐♥❣

❜❛❝❦r✉❜ ♠♦t✐♦♥s ✐s ❡✛❡❝t✐✈❡ ✐♥ ❝❛s❡s ✇❤❡r❡ ❜❛❝❦❜♦♥❡ r❡❛rr❛♥❣❡♠❡♥ts ❛r❡ ❡①♣❡❝t❡❞ t♦ ❜❡
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♠✉t❛t✐♦♥s✱ ♠✉t❛t✐♦♥s ✐♥ ❛♥t✐❜♦❞②✲❛♥t✐❣❡♥ ✐♥t❡r❢❛❝❡s✱ ❛♥❞ ❢♦r ❝❛s❡s ✇✐t❤ ♠✉❧t✐♣❧❡ ❝❤❛♥❣❡s

✇❤❡r❡ ♥♦♥❡ ♦❢ t❤❡ ♠✉t❛t✐♦♥s ✐s t♦ ❛♥ ❛❧❛♥✐♥❡ r❡s✐❞✉❡✳

❲❡ ❤❛✈❡ ❛❧s♦ s❤♦✇♥ t❤❛t ♠♦r❡ ❛❝❝✉r❛t❡ ♣r❡❞✐❝t✐♦♥s ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❜② ❛✈❡r❛❣✐♥❣ t❤❡

♣r❡❞✐❝t✐♦♥s ❛❝r♦ss ❛ ❣❡♥❡r❛t❡❞ str✉❝t✉r❛❧ ❡♥s❡♠❜❧❡ ♦❢ ❜❛❝❦r✉❜ ♠♦❞❡❧s✱ ❛♥❞ t❤❛t t❤❡ ♥✉♠❜❡r ♦❢

r❡q✉✐r❡❞ ♠♦❞❡❧s ✐s r❡❧❛t✐✈❡❧② ❧♦✇ ✭✷✵✲✸✵✮✳ Pr✐♦r ♠❡t❤♦❞s t❤❛t ♣r♦❞✉❝❡❞ ∆∆G ♣r❡❞✐❝t✐♦♥s ❜②

❛✈❡r❛❣✐♥❣ ❛♥ ❡♥s❡♠❜❧❡ ♦❢ ♠♦❞❡❧s r❡q✉✐r❡❞ ♦♥ t❤❡ ♦r❞❡r ♦❢ t❤♦✉s❛♥❞s ♦❢ ♠♦❞❡❧s✱✷✽ ✐♥❞✐❝❛t✐♥❣

t❤❛t ❜❛❝❦r✉❜ s❛♠♣❧✐♥❣ ❝❛♥ ❡✣❝✐❡♥t❧② s❛♠♣❧❡ t❤❡ ❧♦❝❛❧ ❝♦♥❢♦r♠❛t✐♦♥❛❧ s♣❛❝❡ ❛r♦✉♥❞ ❛♥ ✐♥♣✉t

✇✐❧❞✲t②♣❡ str✉❝t✉r❡ t❤❛t ✐s r❡❧❡✈❛♥t ❢♦r ✐♥t❡r❢❛❝❡ ∆∆G ♣r❡❞✐❝t✐♦♥✳

❇② ❝r❡❛t✐♥❣ ❛ ♠❡t❤♦❞ t❤❛t ✉s❡s ❜❛❝❦r✉❜ t♦ s❛♠♣❧❡ ❝♦♥❢♦r♠❛t✐♦♥❛❧ s♣❛❝❡ ♠♦r❡ ❜r♦❛❞❧②

t❤❛♥ ♠✐♥✐♠✐③❛t✐♦♥ ❛❧♦♥❡✱ ✇❤✐❧❡ st✐❧❧ st❛②✐♥❣ ❝❧♦s❡ t♦ t❤❡ ❦♥♦✇♥ ✇✐❧❞✲t②♣❡ ✐♥♣✉t str✉❝t✉r❡✱ ✇❡

❤❛✈❡ ❛❧s♦ ❣❡♥❡r❛t❡❞ ❞❛t❛ t❤❛t s❤♦✉❧❞ ♣r♦✈❡ ✉s❡❢✉❧ ❢♦r ❢✉t✉r❡ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ✐♠♣r♦✈❡♠❡♥ts✳

■♥ ♣❛rt✐❝✉❧❛r✱ ✉s✐♥❣ ❘♦s❡tt❛✬s ♥❡✇❡st ❘❊❋ ❡♥❡r❣② ❢✉♥❝t✐♦♥✺✷ ❞♦❡s ♥♦t ✐♠♣r♦✈❡ ♣❡r❢♦r♠❛♥❝❡

♦❢ ♦✉r ♠❡t❤♦❞ ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ ✉s❡ ♦❢ t❤❡ ♣r✐♦r ❚❛❧❛r✐s✹✺✱✹✼✱✺✸ ❡♥❡r❣② ❢✉♥❝t✐♦♥ ✭❚❛❜❧❡ ❙✽✮✱

✐♥❞✐❝❛t✐♥❣ t❤❛t t❤❡ ❜❛❝❦r✉❜ s❛♠♣❧✐♥❣ ♣❛r❛♠❡t❡rs ♠✐❣❤t r❡q✉✐r❡ ❢✉rt❤❡r ❜❡♥❝❤♠❛r❦✐♥❣ ❛♥❞

❛❞❛♣t✐♦♥ t♦ t❤❡ ❘❊❋ ❡♥❡r❣② ❢✉♥❝t✐♦♥✳ ❖✉r ❡rr♦r ❛♥❛❧②s✐s ✈✐❛ ●❆▼✲❧✐❦❡ r❡✇❡✐❣❤t✐♥❣ ❛❧s♦

✐♥❞✐❝❛t❡s ♣♦t❡♥t✐❛❧ ❛✈❡♥✉❡s ❢♦r ❡♥❡r❣② ❢✉♥❝t✐♦♥ ✐♠♣r♦✈❡♠❡♥t ❜② ✐❞❡♥t✐❢②✐♥❣ ✐♠❜❛❧❛♥❝❡s ✐♥

♣r❡❞✐❝t❡❞ ❡♥❡r❣❡t✐❝ ❝♦♥tr✐❜✉t✐♦♥s ❧❡❛❞✐♥❣ t♦ ♦✈❡r❡st✐♠❛t✐♦♥ ♦❢ st❛❜✐❧✐③✐♥❣ ❛♥❞ ❞❡st❛❜✐❧✐③✐♥❣

❡✛❡❝ts✳ ❋✉rt❤❡r ✐♠♣r♦✈❡♠❡♥ts ♠✐❣❤t ❛❧s♦ ❜❡ ♦❜t❛✐♥❡❞ ❜② ♠♦r❡ ❡①♣❧✐❝✐t❧② ✐♥❝❧✉❞✐♥❣ t❤❡ ❡✛❡❝ts

♦❢ ❛❧t❡r✐♥❣ ✇❛t❡r✲♠❡❞✐❛t❡❞ ✐♥t❡r❛❝t✐♦♥s✺✹ ❛♥❞ ♦❢ ❝♦♥❢♦r♠❛t✐♦♥❛❧ ❡♥tr♦♣②✱✷✱✺✺ ❛s ✇❡❧❧ ❛s ❜② ❝♦♥✲

s✐❞❡r✐♥❣ t❤❡ ❝♦♠♠♦♥❧② ♦❜s❡r✈❡❞ s❤♦rt❝♦♠✐♥❣s ♦❢ ❡♥❡r❣② ❢✉♥❝t✐♦♥s ❜❛❧❛♥❝✐♥❣ t❤❡ ♠❛❣♥✐t✉❞❡s

♦❢ ❡❧❡❝tr♦st❛t✐❝ ✐♥t❡r❛❝t✐♦♥s ❛♥❞ ❞❡s♦❧✈❛t✐♦♥ ❝♦sts✳ ❲❡ ❡①♣❡❝t ❡♥❡r❣② ❢✉♥❝t✐♦♥ ✐♠♣r♦✈❡♠❡♥ts

t♦ r❡q✉✐r❡ ♠♦r❡ ❛❝❝✉r❛t❡ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ s✉❜t❧❡ ❝♦♥❢♦r♠❛t✐♦♥❛❧ ❝❤❛♥❣❡s✱ ❛s t❤❡s❡ ❝❤❛♥❣❡s

❝❛♥ ❤❛✈❡ ❛ ❝♦♥s✐❞❡r❛❜❧❡ ✐♠♣❛❝t ♦♥ ❞❡s✐❣♥ ♣r❡❞✐❝t✐♦♥s✳✺✻

❆❝❦♥♦✇❧❡❞❣❡♠❡♥t
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❢r♦♠ t❤❡ ◆❛t✐♦♥❛❧ ■♥st✐t✉t❡ ♦❢ ❍❡❛❧t❤ ✭❘✵✶ ●▼✶✶✵✵✽✾ ❛♥❞ ❘✵✶ ●▼✶✶✼✶✽✾✮✳ ❚✳❑✳ ✐s ❛
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❘❡❢❡r❡♥❝❡s
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