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֓ཁ

λϯύΫ࣭͕ෳࡶͳఱવߏંΓͨ·ΕΔߏػੜཧֶʹ͓͚ΔͷಾͰ͋Δ. ͦͷཧ

ղͷݤંΓͨͨΈͷΤωϧΪʔܗʹ͋Δ. ͦͷͨΊ, λϯύΫ࣭ͷߏใ͔ΒΤωϧΪʔ

ܗΛ͢ݱ࠶Δ͜ͱॏཁͳ՝Ͱ͋Δ. ͔͠͠ͳ͕Β, ΤωϧΪʔܗΛ͜Ε·Ͱʹੵ͞Ε

ͨλϯύΫ࣭ߏ͔Β͢ڀݚΔख๏ेʹચ࿅͞Ε͍ͯͳ͍. զʑંΓͨͨΈͷΤωϧΪʔ

ܗͷݟΛಘΔख๏ͱͯ͠, ΤωϧΪʔঢ়ଶωοτϫʔΫ্ͷ֬ྲྀΛੵݟΔϞϯςΧϧϩ

γϛϡϨʔγϣϯΛར༻ͨ͠ख๏Λ։ൃͨ͠. ͦͯ͠, ͜ͷख๏ΛΤωϧΪʔ͕ܗϑΝωϧܕ

ʹͳΔͱఆ͞ΕΔλϯύΫ࣭ʹԠ༻͠ંΓͨͨΈͷϑΝωϧܗʹ༝དྷ͢Δ֬ྲྀωοτϫʔ

ΫΛ؍ଌͨ͠.
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Abstract

The mechanism of the protein folding into the complex native structure has been a major

mystery in biophysics for a long time. The key to understanding the mechanism is in the

folding energy landscape on the protein structure space. Thus the reconstruction of the energy

landscape from structure informations of protein is one of important issues. However, the

method for investigating the energy landscape from the accumulated protein structure data so

far is not sufficiently sophisticated. We develop a method using a Monte Carlo simulation to

estimate probability flows on energy state networks from protein structures in order to gain

insight into their folding energy landscapes. We apply it to a protein for which the folding

funnel is expected and observe a probability flow network reflecting the folding funnel.

1 ͡Ίʹ
λϯύΫ࣭ͷߏͦͷੜֶతػΛܾΊΔ [1].

ͦͷͨΊλϯύΫ࣭ͷఱવߏͷҰҙߏܗ,͢

ͳΘͪંΓͨͨΈ,ੜཧֶʹ͓͚Δॏཁͳڀݚ

ςʔϚͰ͋Δ. ܗߏ 80͔Β 90ʹ͔

͚ͯএ͑ΒΕͨGoͷ߹ੑݪཧ [2] Bryngelson-

Wolynesͷۃ߹ڝখԽݪཧ [3] ʹΑΓେͷཧղ͕

ͳ͞Εͨ. ͜ΕΒͷݪཧλϯύΫ࣭ͷ૬࡞ޓ༻ͷ
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ਤ 1: (a) ંΓͨͨΈͷϑΝωϧܗ. (b) Τωϧ
Ϊʔঢ়ଶͱͦͷؒͷ֬ྲྀ. ϊʔυΤωϧΪʔ
ঢ়ଶΛද͠৭͕ೱ͍΄ͲΤωϧΪʔ͍. ֤ϊʔ
υͷΤωϧΪʔࠩۉͰ͋ΔͱԾఆ͍ͯ͠Δ. 
ҹΤωϧΪʔঢ়ଶؒͷ֬ͷྲྀΕ.

߹ੑ, ͘͠ڝ߹ͷͳ͕͞λϯύΫ࣭ંΓͨͨ

ΈͷݪҼͰ͋Δ͜ͱΛओு͢Δ. ͦͯͦ͠ͷ݁Ռͱ

ਤܗ্ۭؒͷΤωϧΪʔߏͯ͠ 1(a)ʹ͋ΔΑ

͏ͳϑΝωϧ (࿙ే) ঢ়ͷߏΛܗ͢Δͱ͞ΕΔ

[4]. ϑΝωϧߏͷఈλϯύΫ࣭ͷఱવߏʹର

Ԡ͓ͯ͠Γ, ϑΝωϧͷܗঢ়͕ͦͷఱવߏͷλ

ϯύΫ࣭ͷંΓͨͨΈΛ༠ಋ͢ΔͷͰ͋Δ.

͜ͷԾઆࡏݱͬͱड͚ೖΕΒΕ͍ͯΔͷ

Ͱ͋Δ͕, ͦͷਖ਼͠͞Λ֬ೝͨ͠ͱ͍͏ڀݚ΄ͱ

ΜͲͳ͍. ͋ͬͨͱͯ֨͠ࢠλϯύΫͰંΓͨͨ

ΊΔྻͰͦͷΤωϧΪʔܗঢ়Λ؍ଌͨ͠ͱ͍͏ओ

ு͋Δͷͷ, ϑΝωϧܗঢ়͕؍ଌ͞ΕΔͷ͕ఱ

વߏͷपΓͷઁಈྖҬͷΈ͚ͩͰ͋ͬͨ [4]. ·ͨ

ΘΕ͍ͯΔߦ͕ࢉܭ͍ͨ༺ಈྗֶ๏Λࢠۙ࠷

ͷͷ,ϑΝωϧܗঢ়͕࠷ॳ͔ΒԾఆ͞Εͦͷύϥϝʔ

λΛϑΟοςΟϯάͨ͠ͷΈͰϑΝωϧͷଘࡏͷূ

ͱͳ͍ͬͯͳ͍ [5]. ಛʹλϯύΫ࣭ͷ؍ଌσʔλ

ʹΑΓੵ͞ΕͨߏσʔλΛੜ͔ͨ͠ڀݚͳ͘,

؆୯ʹଟ͘ͷߏʹؔͯ͠ΤωϧΪʔܗܗঢ়ͷಛ

Λநग़͢Δख๏։ൃϑΝωϧܗԾઆͷ֬ೝͷ

ͨΊͷॏཁ՝Ͱ͋Δ.

ຊڀݚͰϑΝωϧ֬ܗೝͷͨΊͷख๏։ൃͷ

ୈҰาͱͯ͠, ϑΝωϧܗΛͭ࣋ͱఆ͞ΕΔλ

ϯύΫ࣭ͷΤωϧΪʔঢ়ଶ͕࡞ΔωοτϫʔΫ্Ͱ

ͷ֬ྲྀΛௐΔ. ͠ΤωϧΪʔ͕ܗϑΝωϧ

తͰ͋ΔͳΒ, ͦͷΤωϧΪʔঢ়ଶωοτϫʔΫ

্ͷ֬ྲྀਤ 1(b)ͷΑ͏ʹϑΝωϧͷಋ͘௨Γʹ

ྲྀΕΔͰ͋Ζ͏. ΤωϧΪʔঢ়ଶͰΤωϧΪʔߴ

ܗͷ͕͖ͳͩΒ͔Ͱ͋Δ. ͦͷͨΊ, ΤωϧΪʔ

ߏʹঢ়ଶ͔Βগ͠ΤωϧΪʔͷ͍ঢ়ଶ͍ߴ͕

ͷଘ֬ࡏͷྲྀΕ͕͖ىΔͱ༧͞ΕΔ. Ұํ, Τ

ωϧΪʔͷ͍ঢ়ଶͰ͍ڧΤωϧΪʔܗͷޯ

Λө͠, ΑΓ͍ঢ়ଶͷྲྀΕ͕͖ىΔͰ͋Ζ͏.

͜ͷΑ͏ͳ֬ྲྀΤωϧΪʔঢ়ଶ্ۭؒͷϚϧί

ϑաఔͰද͞ݱΕΔ. զʑͦͷϚϧίϑաఔΛλ

ϯύΫ࣭ߏσʔλΛجʹ্ͨ͠ܕͷϞϯςΧϧ

ϩγϛϡϨʔγϣϯ͔Βߏ͢Δ. ͦͷ݁Ռզʑ

ϑΝωϧܗ༝དྷͷ֬ྲྀͷ͢ωοτϫʔΫߏ

ΛಘΔ͜ͱ͕Ͱ͖ͨ.

2 ܕͱख๏
λϯύΫ࣭Ξϛϊ͕ࢎҰݩ࣍తʹͳΒΜ͔ͩ

Β͍ͬͯΔ. λϯύΫ࣭ͷߏܗͷաఔఱવ

ྀ͢ߟͷؒͷ݁߹ͷΈΛجࢎʹ͓͚ΔΞϛϊߏ

Δ͚ͩͰཧղ͞ΕΔ͜ͱ͕ݧܦతʹΒΕ͍ͯΔ [2].

ͦͷΑ͏ͳఱવߏΛجʹͨ͠λϯύΫ࣭ܕͷҰ

ͭʹWako-Saitô-Muñoz-Eatonܕ [6, 7, 8, 9] ͕

͋Δ. ͜ͷܕΞϛϊجࢎͷࢄతͳཱମ֯

ࣗ༝Λεϐϯࣗ༝ mi Ͱද͢. ͜͜Ͱ iαΠ

τͷ൪߸Ͱ͋Γmi 0͔ 1ΛͱΔ. mi = 1ఱવ

,ʹ͓͚Δཱମ֯ঢ়ଶΛද͠ߏ mi = 0ͦͷଞͷ

ঢ়ଶΛͱ͍ͬͯΔ͜ͱΛද͢.

ఱવߏʹ͓͚ΔΞϛϊجࢎϖΞؒͷू߹ 〈i, j〉
ʹରͯ͠, ʹͷΑ͏࣍ Hamiltonian͕ఆٛ͞ΕΔ.

H(mi) = −ε
∑

〈i,j〉

j∏

k=i

mk. (1)

Ұํඇఱવߏͷू߹ͷΤϯτϩϐʔΛද͢ݱΔͨ

Ί࣍ͷΤϯτϩϐʔ߲Λಋೖ͢Δ,

S({mi}) =
∑

i

(1−mi). (2)

ͦͯ͠ঢ়ଶ {mi} ʹର͢Δฏߧ P ({mi}) $
exp[−βH({mi}) + S({mi})] Ͱ༩͑ΒΕΔ.

ͯ͞, ຊڀݚͰ͜ͷܕʹର͢Δ֬ྲྀΛܭ

.Δ͢ࢉ ΤωϧΪʔঢ়ଶؒͷ֬ྲྀΛ༩͑ΔͨΊ

ʹඍࢹతμΠφϛΫεΛ༩͑Δඞཁ͕͋Δ. ฏ

ߧ P ({mi}) Λ༩͑ΔࣗવͳμΠφϛΫεͷ
Ұͭ Glauber(ཋ) μΠφϛΫεͰ͋Δ. ͜ͷ

μΠφϛΫεͰඍࢹతભҠ֬ΛભҠݩͷঢ়ଶ

{mi}ͱભҠઌͷঢ়ଶ {m′
i} ͔ΒW ({m′

i}|{mi}) =
P ({m′

i})/(P ({mi})+P ({m′
i}))ͱ༩͑, ભҠઌϥ

ϯμϜʹαΠτ iΛબ͠, mi ΛϑϦοϓͤͯ͞ੜ

͞Εͨঢ়ଶͱ͢Δ.

͜ͷGlauberμΠφϛΫεඍࢹతͳμΠφϛΫ

εͰ͋Γ,զʑ͕͢ࢉܭΔΤωϧΪʔঢ়ଶؒͷ֬ྲྀ

Λ༩͑ΔͨΊʹඍࢹతঢ়ଶۭؒΛࢹڊతͳΤωϧ
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Ϊʔঢ়ଶۭؒʹૄࢹԽ͠ͳ͚ΕͳΒͳ͍. ͦͷࡍ

ॏཁʹͳΔͷભҠݩͷࢹڊతঢ়ଶ (E,S)͔ΒભҠ

ઌͷঢ়ଶ (E′, S)ͷભҠܦ࿏ͷີ ρ(E′, S′|E,S)

Ͱ͋Δ. ͜͜Ͱ Eͱ Sࣜ (1)ͱ (2) Ͱ༩͑ΒΕΔ

ΤωϧΪʔͱΤϯτϩϐʔͰ͋Δ. ͜ͷີ͕Θ͔

Ε, తͳભҠ֬ࢹڊ

W (E′|E) =
∑

S,S′

ρ(E′, S′|E, S)W (E′, S′|E, S) (3)

ͷܗʹ༩͑Δ͜ͱ͕Ͱ͖Δ. ͜͜ͰW (E′, S′|E,S)

ઌʹड़ͨGlauberμΠφϛΫεͷඍࢹతભҠ֬

Ͱ͋Δ.

ρ(E′, S′|E, S)ઌʹࣔͨ͠ GlauberμΠφϛΫ

εͷ͏ͪ, miΛϑϦοϓͤ͞ΔαΠτΛϥϯμϜʹ

બͿ෦Ͱܾ·ΔྔͰ͋Δ. ैͬͯϥϯμϜαϯϓ

ϦϯάͷϞϯςΧϧϩγϛϡϨʔγϣϯͰભҠͷώ

ετάϥϜ h(E′, S′|E, S)Λ࡞Γ,ͦΕΛભҠݩͷঢ়

ଶ (E, S)Λݻఆͯ֨͠نԽ͢Δ͜ͱͰρ(E′, S′|E,S)

ΛಘΔ͜ͱ͕Ͱ͖Δ. ຊڀݚͰϚϧνΧϊχΧϧ

αϯϓϦϯάΛ༻͍ͯ͜ΕΛ࣮ࢹڊ͠ߦతભҠ֬

W (E′|E)ΛಘΔ [10]. ͜ͷભҠ͕͍֬ͨ͠ࢉܭΤ

ωϧΪʔঢ়ଶؒͷ֬ྲྀΛ༩͑Δ.

ੜΈग़͢Τω͕ܗͷΤωϧΪʔܗߏճࠓ

ϧΪʔ؇աఔͷ֬ྲྀΛัΒ͑Δ. ͦͷͨΊʹ,

ͯ͢ͷࢹڊతঢ়ଶ E ʹରͯ͠, ͦΕͧΕॳظ

PE(E′)=δE,E′ Λఆٛ͠, ͦΕΒͷͯ͢ͷू߹

͔Βͷ؇Λ͑ߟΔ. ͜ͷ֬ྲྀ֤ΤωϧΪʔঢ়

ଶ͔ΒͷΤωϧΪʔܗ༝དྷͷΤωϧΪʔ؇ͷ༷

.Ͱ͖ΔظΛඳ͖ग़ͯ͘͠ΕΔͱࢠ ͞ࡶճෳࠓ

Λආ͚ΔͨΊॳظͷू߹͔Βͷ 1εϐϯϑϦο

ϓͰͷΤωϧΪʔ؇ʹର͢Δ֬ྲྀΛ͢ࢉܭΔ.

3 ݁Ռ
͜͜·Ͱઆ໌ͨ͠ख๏ΛΑ͘ϕϯνϚʔΫͱͯ͠

ΕΔਤ͞ࢉܭ͕ߏ 2(a)ͷΞϧϒϛϯ݁߹ GAϞ

δϡʔϧʹద༻͠,λϯύΫ࣭ંΓͨͨΈͷϑΝωϧ

ܗΛөͨ֬͠ྲྀ͕ಘΒΕΔ͔Λ͔֬ΊΔ. ఱ

વߏͭࡾͷϔϦοΫεόϯυϧ͔ΒͳΔ. ঢ়ݱ

ͷͱ͜Ζଞʹ҆ఆͳߏΒΕ͍ͯͳ͍ͨΊ͜ͷ

.Δྀ͢ߟͷΈΛ༺࡞ޓΛ҆ఆԽ͢Δ૬ߏ ճࠓ

͜ͷߏͰͷ݁ؒج߹Λجͷ Cα ڑؒࢠݪ

͕ 6.5ÅҎԼͷ߹ʹཱ͍ͯ͠ΔͱΈͳ͠, WSME

ܕΛߏͨ͠. ͦͷ݁ՌಘΒΕͨW (E′|E)Λݩ

ʹਤ 2(b)ʹΤωϧΪʔঢ়ଶؒͷ֬ྲྀΛද͢ωοτ

ϫʔΫΛࣔͨ͠. ͜͜ͰԹੜཧԹʹ͓͚Δఱ
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ਤ 2: (a) Ξϧϒϛϯ݁߹GAϞδϡʔϧͷఱવߏ
 (PDB:1prb). (b) Ξϧϒϛϯ݁߹GAϞδϡʔ
ϧͷఱવߏΛݩʹಘͨΤωϧΪʔঢ়ଶؒͷ֬
ྲྀ. ϊʔυΤωϧΪʔঢ়ଶΛද͠৭͕ೱ͍΄Ͳ
ΤωϧΪʔ E ͕͘, ࣈ E/εΛද͢. ҹ
ΤωϧΪʔঢ়ଶؒͷ֬ͷྲྀΕͰ͋Γ, ৭͕ೱ͍΄
Ͳ֬ྲྀ͕େ͖͍. қ͞ͷͨΊભҠ͕֬খ͞ݟ
͍Τοδද͍ࣔͯ͠ͳ͍ (ຊจࢀর). ϊʔυͷ
ۭؒஔʹҙຯແ͍͕ΤοδͰ͕ܨΕΔϊʔ
υۙ͘ʹҐஔ͢Δ.

વߏͱมੑঢ়ଶͷ҆ఆঢ়ଶΛݱ࠶Ͱ͖ΔંΓͨ

ͨΈԹ Tf = 0.64ε ʹઃఆͨ͠.

֤ϊʔυΤωϧΪʔঢ়ଶΛද͠, ৭ͷೱ͕͞Τ

ωϧΪʔͷ͞ʹରԠ͍ͯ͠Δ. ϊʔυ্ʹ༩͑Β

Εͨ E/ε Ͱ͋Δ. ΤωϧΪʔঢ়ଶͷؒͷ

ҹW (E′|E)͔ΒࣗݾϧʔϓΛআ͍ͯ֨ن࠶Խ͠

ͨભҠ֬ΛͱʹભҠ͕͚֬ߴΕೱ͍ҹ,

ભҠ͕͚֬Εബ͍ҹͰભҠΛදͨ͠. ҹ

ͷ͕ଟ͘ͳΓωοτϫʔΫߏͷຊ࣭ΛಘΔͨΊ

20%/1stepҎ্ͷ֨ن࠶Խͨ͠ભҠ֬Λͭ࣋߹

ͷΈΛਤʹࣔͯ͋͠Δ. ϧʔϓಉ͡Τωϧݾࣗ

Ϊʔঢ়ଶͷભҠ͔͘͠ભҠͦͷͷ͕͓͖ͳ

͔ͬͨ֬Ͱ͋Δ. ͜ͷࣗݾϧʔϓʹؔͯ͠ଞͷભ

Ҡͱҧ͍, ͦͷ··W (E|E)ͷΛݩʹҹͷ৭

ΛܾΊ͍ͯΔ. ͜ͷ߹ೱ͍΄ͲࣗݾભҠ͕֬

,͘ߴ 20%/1stepҎ্ͷ߹ͷΈҹΛॻ͍͍ͯΔ.

ਤ 1(b)ͱྑ͍ͯ͘ࣅΔΤωϧΪʔঢ়ଶ͔Β͙͢Լ
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ͷΤωϧΪʔঢ়ଶͷભҠ͕ߴΤωϧΪʔঢ়ଶͰݟ

ΒΕΔ. ·ͨ, ΤωϧΪʔঢ়ଶʹͳΔͱΑΓେ͖

ͳΤωϧΪʔݮগʹରԠ͢Δҹ͕؍ଌ͞ΕΔ. Ξ

ϧϒϛϯ݁߹ GAϞδϡʔϧͷ߹, λϯύΫ࣭ͷ

ΤωϧΪʔఱવߏͱ૬͕ؔ͘ڧ, ΤωϧΪʔ

ͦͷ··ఱવߏͷடংมͱΈͳ͢͜ͱ͕Ͱ͖Δ.

ैͬͯ, ͜͜Ͱड़ͨωοτϫʔΫߏͷಛ͕ਤ

1(a)ʹݟΒΕΔΑ͏ʹϑΝωϧߏ͕ܗ͕ఱવߏ

ʹۙͮ͘΄ͲΤωϧΪʔมԽ͕ٸʹͳ͍ͬͯΔ͜

ͱΛө͍ͯ͠Δͱ͑ߟΒΕΔ.

4 ݁ͼ
ຊڀݚͰλϯύΫ࣭ͷΤωϧΪʔܗͷใΛ

ಘΔͨΊʹΤωϧΪʔঢ়ଶͷ͢ωοτϫʔΫ্Ͱ

ͷ֬ྲྀΛٻΊΔख๏ΛߟҊͨ͠. ͦͯ͠, ͦΕΛΞ

ϧϒϛϯ݁߹ GAϞδϡʔϧʹద༻ͯ͠, ϑΝࡍ࣮

ωϧܗʹ༝དྷ͢ΔΤωϧΪʔঢ়ଶؒͷ֬ྲྀωο

τϫʔΫͷৼΔ͍Λ֬ೝͨ͠. ͜ͷख๏ʹΑΔܭ

ࢉܭنಈྗֶγϛϡϨʔγϣϯʹΑΔେࢠࢉ

ΑΓίετʹ࣮ߦͰ͖, ,ޙࠓ λϯύΫ࣭ߏσʔ

λϕʔε͔ΒͷΤωϧΪʔߏ࠶ܗʹΑΔϑΝω

ϧԾઆূݕͷ༗ޮͳखஈΛ༩͑Δͱظ͞ΕΔ.

·ͩ͜ͷख๏։ൃ͞Ε͔ͨΓͰޙࠓͷ՝

.Δ͍ͯ͠ੵࢁ ·ͣ, ͜ͷख๏Λ༻͍ͨΑΓఆྔతͳ

ղੳख๏ཱ͕֬Ͱ͖͍ͯͳ͍. ΤωϧΪʔܗͷੑ

࣭Λ͞Βʹਂ͘ΔͨΊͷཧྔ, ͘͠ਤ 2(b)

ʹࣔ͞ΕͨωοτϫʔΫߏͷಛྔΛ͚ͭݟΔ͜

ͱ͕ޙࠓͷ՝ͱͯ͠͞Ε͍ͯΔ. ͞Βʹ, ϑΝω

ϧܗʹͳΒͳ͍ͱ༧ଌ͞ΕΔ “૬࡞ޓ༻ͷڝ߹ʹ

༝དྷ͢ΔߴΤωϧΪʔߏ”Λྀ͠ߟͳ͚ΕͳΒ

ͳ͍߹ [11, 12, 13]λϯύΫ࣭ؒͷ݁߹ͷΤω

ϧΪʔܗʹԠ༻͠ [14], ඇࣗ໌ͳΤωϧΪʔ

ͷใΛಘΔͨΊͷख๏ͱͯ͠ͷ͜ͷํ๏ͷ༗ޮܗ

ੑΛ֬ೝ͢Δඞཁ͋ΔͩΖ͏.
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