
生体高分子構造論
折りたたみと柔軟性
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タンパク質の「一生」

機能を持つタンパク質は
正しく折りたたまれている

Nature 426, 884-890 (2003)
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折りたたみの疑問
一次構造情報で立体構造が決まっているはず

? どのように決っているのか
? 一つに決まるのはなぜか

折りたたみに要する時間は速い(1ミリ秒程度)
? どうやって，そんなに速く
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1．タンパク質の折り
たたみ
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タンパク質の2状態

Fig. 6-1

変性状態

denatured state native state

天然状態
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http://en.wikipedia.org/wiki/Protein_folding

タンパク質の2状態
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折りたたみの計算機シミュレーション例
http://www.ks.uiuc.edu/Research/folding/

Villin Headpiece
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折りたたみの計算機シミュレーション例
http://www.ks.uiuc.edu/Research/folding/
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2状態のエネルギー差
エンタルピー エントロピー

数100kcal/mol

数100kcal/mol

= 5 - 15 kcal/mol

(相互作用) (秩序)

-

わずかに安定

ΔH TΔS
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Levinthal パラドックス

150残基

1048年要

Fig. 6-2

1968年 Levinthal

折りたたみの道筋をランダムに検討すると
天文学的な時間を要す
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部分的に折りたたまれた中間体

Fig. 6-2

中間体

モルテン
グロビュール

速い 遅い
(数ミリ秒)
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折りたたみプロセス

エ
ネ
ル
ギ
ー

http://portfolio.scistyle.com/296883/Protein-Folding-Funnel

部分的に正しい構造
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正しい折りたたみを妨げるもの

(1) 分子露出した疎水性残基による会合

(2) 間違ったジスルフィド結合の形成

(3) プロリン残基の異性化

“シャペロン”の存在

13

α-溶菌性プロテアーゼの折りたたみ戦略
letters
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!LP peptide bond. This leaves the C-tail of Pro in
the active site as we observe, and frees the N-termi-
nus of !LP to rearrange into its native position 24 Å
away (Fig. 2b).

In this model, the 118–130 hairpin contributes sig-
nificantly to the large folding barrier, posing a folding
defect that is overcome by Pro. This idea is supported
by a comparison of the sequence of !LP with those of
other members of the chymotrypsin superfamily. The
presence of an !LP-like hairpin is correlated with the
presence of a pro region: the hairpin is highly con-
served in all 13 known bacterial homologs that have
pro regions (data not shown); however the hairpin is
replaced by different structures or is absent altogether
in bacterial, viral and mammalian family members
that do not require pro regions for folding. Although
the picornaviral 3C cysteine protease does contain a
hairpin18, this structural element is not homologous
in sequence or structure to !LP’s hairpin. Currently,
the role of its short pro region in folding is unknown.
The critical role of !LP’s hairpin in folding is further
underscored by the high degree of sequence conser-
vation in the "-sheet segment of Pro (residues
116–133) with which it interacts. The proper posi-
tioning of a "-hairpin by a "-sheet could indeed be a
general mechanism in the folding of "-structures. By
contrast, the pro region-dependent folding of subtil-
isin BPN', an !/" protein, is thought to be facilitated
by the stabilization of a pair of !-helices19. Unique
solutions appear to have evolved in proteins with
unrelated folds.

Pro regions solve an important problem for pro-
teins that must survive in harsh environments rich
in proteases5,6. These proteins need to have highly
cooperative unfolding barriers to suppress transient
unfolding which would render them susceptible to proteolysis.
A consequence of the large unfolding barrier is a large barrier
to folding as well. The co-evolution of a foldase (pro region)
with the barrier provides an irreversible pathway to a kinetical-
ly-stabilized native state. The structures presented here suggest
how such a pathway arises and provide a basis for further muta-
tional studies to probe this phenomenon.

Methods
Structure determination o f the unbound Pro. Pro w as
expressed from the plasmid pT7Pro11, w hich encodes the residues
MP f ollo w ed by the 166-amino acid Pro sequence20. M etabolic
labeling w ith selenomethionine12 w as accomplished using the
methionine-de f icien t E. co li strain B834 (DE3) pLysS (Novagen)
gro w n in de f ined Le M ast er medium21 supplemented w ith 25 m M
M OPS, pH 7.3, and 1# Kao & Michayluk vi t amin solu t ion (Sigma
#K-3129). Pro tein w as rena tured from inclusion bodies9, and fur-
ther puri f ied by hydrophobic in teract ion chromatography using a
Bio-Gel Phenyl-5PW column (Bio-Rad). Electrospray ioniza t ion
mass spectroscopy revealed tha t the N-terminal methionine w as
removed , and tha t selenomethionine incorpora t ion in to the t w o
remaining methionine residues w as ~80% . This level o f incorpora-
t ion w as suff icien t for the solving the structure , a l though i t w as
la ter de termined tha t the incomple te labeling w as due to the use
o f Kao & Michayluk vitamin solu t ion , w hich causes the bact eria to
be part ia lly non-auxo trophic f or methionine (A . Shiau , unpub-
lished results). Cryst als w ere gro w n a t 7 °C by equilibra t ing a 14 µl
drop containing 9 mg ml–1 Pro , 0.34 M li thium sulfa te , 2.3% glyc-
erol, 2 m M dithio threitol, 2.7 m M MES, and 0.45x polybu ffer (1#
buffer = 15 m M ci t ric acid , 30 m M phosphoric acid , 26 m M ortho-
boric acid , 0.155 M sodium hydroxide , adjust ed to pH 8.0 w ith

HCl), against a 1.5 ml w ell containing 0.8 M li thium sulfa te , 5%
glycerol, and 1# polybu ffer, pH 8.0. A f ter 37 h , 1 µl o f dilu ted seed
stock from pre-exist ing cryst als w as added to aid nuclea t ion . A f ter
three months o f gro w th , a single cryst a l o f dimensions 0.3 # 0.1 #
0.1 mm w as brie f ly transf erred to 0.8 M li thium sulfa te , 25% glyc-
erol, 1# polybu ffer (pH 8.0), and f lash cooled in liquid nitrogen .
M ult iw aveleng th anomalous d ispersion da ta w ere collect ed w ith
inverse beam geometry a t beamline X4A o f the Na t ional
Synchro tron Ligh t Source (Brookhaven , Ne w York). Loca t ion o f the
direct beam on Fuji BAS-2000 image pla tes w as f acili t a ted by the
program GETBEA M (M arian Szebenyi, Cornell High Energy
Synchro tron Source). Da ta w ere reduced w ith the
DENZO /SCALEPACK package22, and local scaling correct ions23 w ere
applied to Bijvoe t and dispersive da ta . M erged in tensi ty measure-
ments w ere adjust ed24 to en force the assumption tha t all re f lec-
t ions are posi t ive , w ith no adjustment being necessary for strong
re f lect ions. A ll da ta w ere included in subsequent calcula t ions,
without any I/$(I) cuto f f . A f ter the heavy a tom model w as re f ined
with SH ARP25, i t  w as f ound tha t the unit cell contained three Pro
molecules rela ted by a non-cryst a llographic 31 scre w axis paralle l
to the [111] axis. Electron densi ty for the N-terminus (including
methionine-12) is missing for one o f the molecules, w ith the con-
sequence tha t only f ive ou t o f six selenium a toms are presen t in
the model . Phases w ere improved by non-cryst a llographic 
symmetry averaging w ith the program D M26. A lso , since the N-ter-
mini (residues 1–24) w ere unrela ted by NCS symmetry, SOLO M O N27

w as used separa tely to improve the densi ty maps through solven t
f la t tening . Secondary structural e lements w ere iden t i f ied in part
w ith the program ESSENS28. A n init ia l a tomic model w as re f ined by
simula ted annealing using a maximum likelihood targe t funct ion29

and torsion angle dynamics30, w hile la ter rounds o f re f inement
employed a conventional least-squares t arge t funct ion and

Fig. 4 Proposed mechanism for Pro-assisted folding of !LP. a, In the molten globule fold-
ing intermediate the two domains of !LP are separated (shown as expanded barrels),
and the !LP 118–130 hairpin is not packed against the rest of the !LP C-terminal domain.
b, The Pro C-domain interacts with the 118–130 hairpin of the intermediate, forming a
five-stranded "-sheet. c, The Pro C-tail binds to the nascent active site, positioning the
hairpin and leading to folding of the !LP C-terminal domain. d, !LP’s N-terminal domain
folds upon docking with the C-terminal domain. Color scheme is as in Fig. 2.
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Nature Struct Biol, 5, 945 (1998)
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plex (Fig. 2b) and the Pro-3 complex were solved by molecular

replacement at 2.4 Å and 1.8 Å respectively (Table 1). The

structures of the two Pro–!LP complexes are very similar (C!
r.m.s.d. = 0.35 Å). An extensive interface (4,117 Å2 total buried

accessible surface area for the wild-type Pro complex) accounts

for the tight binding that is critical for efficient folding. Pro sur-

rounds the !LP C-terminal domain, with its C-tail in the pro-

tease active site and its N-terminus contacting the opposite side

of !LP. Pro makes contacts almost exclusively with the !LP C-

terminal domain, implying that the !LP C-terminal domain is

the focus of Pro’s folding activity. In particular, the three-strand-

ed "-sheet in the Pro C-domain pairs with a long "-hairpin

(residues 118–130) in the !LP C-terminal domain, forming a

continuous five-stranded "-sheet. The structure of !LP in the

complex is virtually identical to that of the free !LP (C! r.m.s.d.

= 0.29 Å). Similarly, the structure of Pro’s globular domains is

not significantly altered upon complex formation. The only

notable changes in Pro are seen in the flexible N-terminal helix

and the C-tail, both of which adopt specific conformations as

they bind !LP.

The Pro C-tail is inserted into the protease active site in a sub-

strate-like manner (Fig. 3a), making the same hydrogen bonds

and van der Waals contacts as previously seen with both cova-

lently bound transition state analogs13 and with a non-covalently

bound !LP–peptide complex (ref. 36; R. Bone, unpublished

data). As predicted from biochemical studies11, Pro inhibits !LP

by directly blocking the active site. Given the excellent comple-

mentarity of the Pro C-tail and the !LP binding pocket, deletion

of the last three residues of Pro (Pro-3) results in a remarkably

small effect on binding (five-fold increase in Ki)
9. Our Pro-3

complex structure shows that the Pro–!LP interface remains

unchanged, indicating that the small effect on Ki is not due to

compensating structural rearrangements in other parts of the

interface. In contrast to its modest contribution to native state

binding, the C-tail has a profound effect on the rate of folding,

with the Pro-3 deletion causing a ~300-fold reduction in kcat

(Fig. 1). Deletion of the last four residues of Pro has an even

greater effect on kcat (>106-fold reduction)9, demonstrating that

the energetic gain from binding the C-tail is used predominantly

to stabilize the transition state, and not the native state. This

optimal use of binding energy to promote catalysis by increasing

kcat is a hallmark of highly evolved enzymes14.

The crystal structure of the complex provides clues as to how

Pro could preferentially stabilize the folding transition state over

the native state. Likely sites for improved Pro–!LP interactions

in the folding transition state can be found in regions of the

interface that show poor complementarity in the native state

complex. The molecular interface contains a significant gap at

the juncture of the Pro N- and C-domains which is filled with

eight water molecules (Fig. 3b). Adjacent to this, three ordered

water molecules make hydrogen bonds that bridge the "-sheet

interface between the Pro C-domain and the !LP 118–130 "-

hairpin (Fig. 3b). Ordered water molecules have been observed

to function as adapters in protein–DNA complexes15 and the

quaternary interfaces of allosteric enzymes16,17, where the waters

allow two surfaces to interact in two different conformational

states. The higher affinity states tend to contain fewer waters,

reflecting the exclusion of water due to improved surface com-

plementarity. We propose that in the transition state of the Pro-

catalyzed folding reaction, the C-terminal domain of !LP is

distorted into a conformation more complementary to Pro,

expelling the bound waters. Enhanced stabilization is thus

achieved by increasing the surface area of interaction and reduc-

ing the entropic cost by freeing bound waters.

While Pro binds tightly and preferentially to the folding transi-

tion state, it binds only weakly to the molten globule intermedi-

Fig. 2 a, Ribbon diagram of unbound Pro . Disordered residues are indicated by dots. The N-terminal helix (residues 5–16) is posi t ioned dif ferently in

two of the three non-crystallographic symmetry-rela ted molecules in the unit cell (green and yellow), and is absent in the third molecule (pink). The

other residues (23–158) overlap in all three molecules and are shown in green . b, Complex between native !-lytic protease (!LP) and wild-type Pro .
!LP’s N-terminal domain (residues 1–84) and C-terminal domain (residues 85–198) are shown in magenta and blue respect ively, and side chains o f the

catalytic triad (His 36, Asp 63, and Ser 143) are sho w n in red . Bound Pro is illustra ted in green , w ith the C-tail (residues 160–166) inserted in to !LP’s
act ive si te . The disordered loop in Pro (residues 105–112) is likely to be the initial si te o f proteolytic a t tack required to release Pro from the Pro–!LP
complex, producing act ive !LP. The unbound molecule shown in (a) can be aligned with the bound molecule in (b) by a 240° rotation about the ver-

tical axis as indicated . Figs 2 and 3 were generated using the programs BobScrip t and Raster3D .
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「不要部分」が折り
たたみを補助する

ちょっと変った例

14

折りたたみの原動力
● 疎水性残基

http://en.wikipedia.org/wiki/Protein_folding
15

折りたたみの原動力
疎水性側鎖が，急速に分子の
内側に埋め込まれる

主鎖もコンパクト化し，
二次構造が形成される

16



プロテインキナーゼの例
Protein kinase

PDB ID: 1atp
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極性残基 疎水性残基

プロテインキナーゼの例
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モルテングロビュール
部分的に折りたたまれた中間体
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折りたたみ過程

Fig. 6-3

いろんな中間体がある
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バルナーゼ

Fig. 6-4

barnase
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バルナーゼの折りたたみ経路は1つ

Fig. 6-5

U FM

(Fに近い)
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バルナーゼの折りたたみ過程

Fresht ら PNAS 94, 13409-13413 (1997) 

U M T F
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リゾチーム

Fig. 6-6

lysozyme
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アミド水素-重水素パルス交換法の概念

Stryer Biochemistry, 4th ed
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交換されるアミド水素と「構造」

H2O
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リゾチームの二次構造が出来る速さ

Radford ら Nature 358, 302-307 (1992) 
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βシート

ヘリックス
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リゾチームの折りたたみ経路は2つ以上

Fig. 6-5
αヘリックスドメインが出来て

いる中間体

ほとんど構造はない中間体
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折りたたみの複数経路のモデル
フレームワークモデル

疎水性凝集モデル

核形成・成長モデル

Annual Review of Biophysics, 37, 489 (2008)
29

ジスルフィド結合と折りたたみ
S-S結合

30

ジスルフィド結合と折りたたみ

Fig. 6-7

ウシ膵臓トリプシン・インヒビター

シスルフィド結合 3箇所

31

PDB ID: 6pti

ウシ膵臓トリプシン・インヒビター

6C2

ジスルフィド結合の
可能な組み合わせ数

32



トリプシン・インヒビター
の折りたたみ経路

33

(29, 32). The ability to uncover a specific step in the folding reaction
that is accelerated by denaturants illustrates the utility of acid-
quenched intermediates for investigating protein folding.
The reversibility of acid quenching also made it possible to

determine the equilibrium distribution of one-disulfide species.
Acid-quenched [5-55] was purified by HPLC and then allowed to
rearrange. The results (Fig. 8A) show that the predominant one-
disulfide species is [30-51]. Essentially the same chromatogram was
obtained when acid-quenched [30-51] was used as the starting
material (Fig. 8A), indicating that equilibrium had been reached.
On the basis of 2D-NMR studies of a synthetic peptide model

(called PaPI), the native intermediate [30-51] is thought to
contain native-like secondary and tertiary structure (33). Studies
of iodoacetate-trapped (30-51) also indicate that 1-sheet structure
is present. Unlike studies of PaPI, however, studies of (30-51)
did not detect a-helical structure, nor did they indicate that there
were significant native tertiary interactions (34). The most likely
source for these differences is that iodoacetate-trapped (30-51)
contains a bulky and charged modifying group at Cys55, whereas
this cysteine is replaced by alanine in the peptide model. This
residue is part of the a helix and is involved in tertiary interactions
with the P3 sheet (33), so that the carboxymethyl group is expected
to interfere with folding.

Fig. 6. Rearrangement of a pu-
rified protein folding intermedi-
ate (45). (A) Acid-quenched
[30-51; 14-38], purified by
HPLC, was allowed to rear-
range by raising the pH to 8.7
in the absence of redox reagents
and in anaerobic conditions. At
the indicated times, a portion of
the sample was quenched with
acid (44) and analyzed by
HPLC. (B) Urea dependence of
the rate of rearrangement of
[30-51; 14-38] (46).
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0 1.5 3 4.5 6 7.5
Urea (M)

A

HPLC retention time

r n 130-51; 5-38] f[5-551
Fig. 5. HPLC chromatograms obtained after various times of folding (pH
8.7, 25°C, 150 g.M oxidized glutathione). (A) Quenched with a high
concentration (500 mM) of iodoacetate (43). (B) Quenched with 5 percent
formic acid (44).
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The native intermediate [5-55] is also present at equilibrium, but
it is about seven times less populated than [30-51]. The remaining
single disulfides appear to be spread over many other species. In
contrast to earlier studies (1, 19), the nonnative intermediate [5-30]
does not appear to have substantial stability.
Folding at neutral pH. Earlier studies of the folding of BPTI

were performed at pH 8.7 in order to effect a rapid rate of
thiol-disulfide exchange without significantly deprotonating the
tyrosine residues (1). The pKa values for Cys thiols are near 8.7,
however, so that there is a heterogeneous population of intermedi-
ates, with different ionization states at different cysteine residues, for
a given disulfide linkage at pH 8.7. In addition, structure in
intermediates can alter the pKa of the cysteines. Therefore, results
obtained at neutral pH should simplify interpretation of the struc-
tural basis of the folding pathway.

For this reason, the folding of BPTI at pH 7.3, but otherwise
identical conditions, was examined (Fig. 9). The relative abun-
dance of [5-55] increases at neutral pH, so that it is the predom-
inant one disulfide intermediate. The marked increase in the
abundance of [5-55] as the pH is lowered results most likely from
removing the destabilizing effect of burying deprotonated (that is,
negatively charged) thiols at Cys30 and Cys5' in this intermediate.
Equilibrium experiments (Fig. 8B) demonstrate that the abun-
dance of [5-55] at neutral pH reflects the thermodynamic stability
of this intermediate.

Structural studies indicate that native structure contributes to the
stability of [5-55]. A recombinant model of [5-55], with the
remaining Cys residues changed to Ala and a Met residue added to
the NH2-terminus, has a melting temperature (Tm) of -400C and
contains extensive native structure (13). In addition, a peptide
model of [5-55] with Cys30 and Cys5' changed to Ala has a Tm of
-280C and contains native structure (11). A different recombinant
model of [5-55], containing the amino acid substitution Met52
Arg and the remaining Cys residues changed to Ser, contains native
structure that is less stable, unfolding between 100 and 15°C (12).
Thus, alanine appears to be a better model for protonated thiols than
serine since folding experiments at neutral pH (Figs. 8B and 9)
indicate that [5-55] is well populated at 250C, although the Met52
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Weissman & Kim, Science, 253, 1386 (1991)

S-S結合の中間体の捕捉例

正しい構造の
ピーク

30-51と14-38 にS-S

結合のある中間体のピーク

高速液体クロマトグラフィー溶出位置

折り
たた
み開
始

から
の時
間(分

)
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トリプシン・インヒビター
の折りたたみ経路

Fig. 6-7の補足

60%

5%

正解だが…
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ジスルフィド結合形成を触媒する酵素

原核生物：ジスルフィド架橋形成酵素 

(disulfide bridge-forming enzyme, Dsb) 

真核細胞：タンパク質ジスルフィド異性化酵素
(protein disulfide isomerase, PDI) 

36



大腸菌ジスルフィド異性化酵素

Fig. 6-8

DsbA

S-S結合

C-X-X-C モチーフ
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大腸菌ジスルフィド異性化酵素

PDB ID: 1dsb

DsbA
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DsbAはS-S結合を酸化する

http://www.kek.jp/newskek/2007/marapr/disulfide.html

「橋かけ屋」
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チオレドキシン

cf. Fig. 2-7
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チオレドキシンはS-S結合を還元する

PNAS, 2004 vol. 101, 3759-3764

「橋解体屋」

41

S-S結合の酸化・還元システム

http://www.kek.jp/newskek/2007/marapr/disulfide.html
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http://folding.stanford.edu/Japanese/Main

43

レポート課題

左の図は，大腸菌チオレドキシンの模
式図である．PDBjから座標(2TRX)を
ダウンロードし，RasMolで観察してト
ポロジー図を描け．

また，システイン残基の位置もトポロ
ジー図上に図示せよ．

(注：2TRXには2分子含まれている)
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