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Figure 1. [Illustration of the two representative pathways of pro-
tein folding.
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Mixing plate
{Stainless 1mm)

Figure 2.

Mixing point

Schematic drawing of the rapid solution mixer developed for the measurements of submillisecond-resolved

SAXS profiles. A stainless mixing plate with 1-mm thickness is placed between two films, which are tightened between
two metal plates. The denatured protein solution and refolding buffer are placed in the 25-m/ and 5-m/ syringes, respec-
tively, in the left of the syringe driver. The other pair of syringes in the right of the driver are filled with solutions for the
baseline measurements. The two sets of the solutions are supplied consecutively to the mixing plate by the automated
valves without stopping the flow. The mixed solution flows inside the observation slit (200-um width), where the incident
xray (1.5 A) was irradiated. The picture in the right shows the mixing profile of the device obtained by using the pH-in-
duced discoloration reaction of bromocresol purple. The dark region corresponds to the unmixed solution region.

CEDEEL oo, THUL, BEHEORBER S E LA,
R DT OENC L O BIPICTEN TS EBFEREL T
WhHEBRPNS, £D/®, TEAHRIELFHETRN—A
FAVERENT 5 HNT, EHENE LSRR & L%
Wy FICHRE L, B xhoD T L g makhz Esa
B % TRhufr- 7= (Fig. 2),

P BBAFE L 72, RATLE0 us &\ D i\ IREH
rfEEE L, IKEEORE A EFEICBNTE 288 a - C
Wh, BT, UFICHBd 27 R34 rney (5FEid
¥917000) O &1L, 1.3mg/ml &\ O {EEE TORIEIC
LI LI, ZAU, EbOTRERFETHD, HAK
R SAXS v — A5 4 v (BL45XU-SAXS) Of#F
W, B A IEDFICTEICERGELZWE S 5 F LR L
TR > 7z, — /T, BRI KREICHZEET S
KRELFE->TW5D, —DOERABICOWT—EHORE % 5
S5 ETIC, 5~107 5 AOREIR LI 5 72,

4. > b7 0L cDINY BHBIE

BIFE L 7B a2 > T, RNV F 7L (cyte) O
EZEBROBEIAIT - 728, cytcld, 73 /EEEIE
BI040 KEHDE T, Fig. 3ITRT L1, EAED
FOICALE T AL EZN T EOSBARDONY v 7 A
PO IN LY, NATEHEILE/KEETEAN T
5720, cyt c BEHEL ThANZ\, ZD72D, BWT
TV VIEBEBESCBEB R LT KD, oyt ol
[PA N R BN

cyt c DTN BAD@ERE L LT, pH2 OBEMRRE (U

Figure 3. The folded structure of cyt ¢!5). The heme is ligated by
histidine 18 and methionine 80.
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Figure 4. Time-resolved changes in the scattering profiles during

the cyt ¢ folding initiated by a pH jump from 2.0 to 4.5 . The scat-
tering profiles are presented as the Kratky plots.
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Figure 5. Comparison of the folding trajectories determined for
cyt ¢ and apoMb in the conformational space defined by ao-helical
content (fi) and the radius of gyration (R,). The open triangles
and circles correspond to the folding trajectories for cyt ¢® and
apoMb#), respectively. The closed triangle and circle represent the
static folding intermediates for cyt ¢2¥ and apoMb2®), respectively.
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Figure 6. The folded structure of apoMb!® . The helices are labeled
A~E, G and H from the N to the C terminal.
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Figure 7. Time-dependent changes in the radius of gyration (R,)
obtained from the Guinier analysis of the SAXS profiles during the
apoMb folding initiated by a pH-jump from 2.2 to 6.0%.

DEHE L o PR ORHZ L " T, /ey GG
DR RIS, WO BABKGHEI00 us &\ S HRFHIICK
B FBROBEPBZ S Nz, IE L 72 IRpEIZ, CD#
W OHEEL - L REICHIET 5, &/, 2oy b
i, LREE TREPFRCEEREEYHFSZ & &, LR
b NREPER T AELERL TS, LEOHIE
ICE DB 5N/ apoMb OEERFEE LAY v 7 AGEOE
1t%, Fig. 51Tl 7,

L REBOBRS MK FE L /2 &2 A, T BABK
#300 us OB T, a7 M R AL VISP L
TWB I EDRRENTz, BEDMHBEBPOIEEL 72 F A A
VG DR T E BB L 5 &, apoMb R 5 & T
BO#I0% LL I bFEL Tz —J5 T, apoMb OH Y
BAPHEAE TR AHEI»OLN TS A G HAY v 7
Al G ORI R AT EREICT E v, #-T, I
REETHMEL 72 R A4 1243, A, G, HAY v 7 ZDAD
Ty b EEND, Thbb, Ny 7 AL T
ROESET S L IRETEMEL Twb EBbh s, IS,
apoMb OEFNOF TR b BUKELE W EANY v 7 AU,
PE F A A VICEENTOLA[REERE W EE 2T\ 5,

LIREED O LIREENTEO N2 &, LIRRELS NIR
REDRELN BB, BENICAY v 7 ZAGEREINT 5
BETH S, CORFRFEETIE, ANY v 7 AL OBR
KERZET D EPHEIN TSR, ZDics, T
NS OM\EEET apoMb DAY 7 ARIE L\ = kA9 7% ek
ERBRTHEETII VW EBIRTE 5, U EORRAE
L% L, apoMb O D B AR, HD300 us LI
IS C A EFHORBEBGE &, ZO/%IC 5 =KkAH
HEFHOWBBE LI CTEHRT LN TES,

6. ZODEBENDLFALLIL

Fxld, B EISAXS MBI 52 T, cyte
apoMb OH1 Y BABE T, FHOWEHELEL XM IV
ThRETHT I L, BONIHERE, R
DR El CD HIE ORI & b T35 2 & T,
[—onEHBICHKETAME] & TFEABET & Ok

T A EMTE S,

OIS, cyt ¢ & apoMb i & b ICHRMIZEAY
v 7 ADGH & EBORE R L2 2 & TH D, BEEFE
LN gy 7 2AGEO= KLy F (Fig. 5) 128\ T,
WEABOIWVEA LTV 7 U —XTIERAF L2 E
> TWh, Jhi, Ny 7 A0k, EHEO
a7 LI et snicnwl e Rt T —X2CTh b,
KhiE 70 & O HEEOREEDIK L, #T 0 BAPRIE
OFGHE N L L LBETAEAEORENmE R L
Ebhsb,

HOIE S, P70 BAOYYHEE CTIT IO PGS
FATTHTETHB, KL 7By FRT LDIC (Fig.
5), ¥ 0EZBEREETIEANY v 7 ATBE & EH#O I
BBEL TWBP, 10 BADKRHOHETIEEHOIENS
AN v 7 ABUCH L TEITL T b, PHEORER L L T
VNI Pl R AL VEEEDPTEINS D, F ALV
ICIFIE L WIT D BARESE 720 BEGN S DI Tld ey, F
2 DT OFRERICE B &, eyt c DL REETIE, HHEKT
RMAAOZRO I EMITIZEAEELN TV
W) FE /o, apoMb DIAEL 72 F A A4 VITIZ A, G, HA
Uy 7 AUAOEHEFK L FEN TS, TNHOMERE
i3, NU v 7 AR LD SRICEFHOWFEI R EL I L%
L TW5, §72bb, cytc & apoMb i3, BUKIEEE
ETIVICEWVEBIC L0 D BTG OTIEER WD, LR T
&5,

FEOE AR, TOBIOBMBRIG () LT
P ek CElES S B R ENIRRE & R UMK % & DIRRE 8]
BINTETHbB, %< ODERABIR, RBM%E&ETHS
FHCEMW L 7R EEA Z EPIbN TS, Inbid,
P 0 BARREICE W kS & 8 & DU L 7 s 2k
L, BT ar o — VIR EFEINSZ LB B2,
cyt ¢ & apoMb IZOWTHILNTWAENT V7Y 52—
WIRIED R R EANY v 7 AGEF350), SEBZEL
7o BRI e R RE (L) & L < —3& L7 (Fig. 5),
COBEE, TOBRREAELNHEOBERM T, Ll
DL AIF —[ERE L FEOM L DOEE 0 H C & Rl L
T\ 5,

—HT, cytc & apoMb DEWLHLNTH %, FIZ,
eyt ¢ OFARAR L BIER RO R & L T~35%Th 5
C IR L, apoMb OEEIT~50% L KEVWT &R, W)
WIBGHEIZFE D N v 7 AREEOTEED eyt ¢ TR 67z
WOIZKF L T, apoMb Tid30%IC L FET 5T E BT H
NbH, CTNHOEWE, FFEOKETVWEAEITE AHE
TR DOREET R % 7 D I 7 " L T\ 5,

cyt ¢ & apoMb (33N v 7 2 &4 GUEHRREAE
THAHD, FIBICEBNLADREGENSRE, WEOESEILS
WEARL > TS, L2L, ETHHALZESICHRD
KWT A0 BARKEIBE SN/, ThHOILHE S,
5, ATk D BEAEHEALREL /2 (Fig. 8), &

May 2004 Vol.17 No.3® ]3]



(\€>

g Collapse of main-chain

m Formation of secondary structures

Figure 8. The proposed folding scheme for cyt ¢ and apoMb.
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Development of the Submillisecond-resolved Small-angle X-ray Scatter-
ing Method and Its Application on the Folding Processes of Proteins
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Characterization of the processes of protein folding in terms of compactness and molecular shapes is important
to understand how the unique native structures of proteins are selected from the ensemble of unfolded structures.
The submillisecond-resolved observation system for small-angle X-ray scattering was developed and applied for
the processes of cytochrome ¢ and apomyoglobin folding. It was demonstrated that the secondary and tertiary
structures of these proteins are largely organized cooperatively; however, the initial folding phase involves a sig-
nificant collapse of their main chain structures. Based on these observations, a common folding mechanism was
proposed, in which hydrophobic environments realized by the initial collapse prompts the subsequent formation of

helical structures.
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