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1. BRI BDTH—NT 4T

Z R GIX20EOT I BAEGERIC LY > T—AROFERICHEE LI-Ea +Th s,
FOT I ) BOGIIE S 0 BFRE OB THE S EFIHF C THNTR E > 1O
i (RARRE) WHVEBTEhE (Tr—AT 407, LaL, RIS LT I /B,
FOXIBBRBETEE>TENETNORE SFNBEBEIZITVEEN TN D2, £z, F 8
2HERED LD MECERR I TEONBEELHR L TN DEDN, 20X 7%, U0
MO [ote] BT 28I, Ho %V L LEEERBLATORY,

1960 £EiZ Anfinsen 13, REREN TRARRE O ¥ 37 B — RO (BHRE) oz (7
LI A— AT 4 ), FDH LN ERE R RARIEO I HEEIC R E RS T R L
7= 1] ZOEBRIZEY, FRNIEDT+—NT 4 v 7 BRITEMRBS)FHBETH D L
Bhhol, BAFRICEVEmINE, F VP EDT +—NVT 4 yﬁ‘imgg; IXE LT ENE
WET AT RNF =R TEEREN O F T A RNF —B/NOKRIRE~NEB T 2B TH D
TLEWIRENT, TDEEDT AT 4 VT KIGHIED X T AR F—DFE (AG) HRA
REOREMEZ XX TVHIBANEHNERNTH Y, ZHITHERIOLEERE L LiZhTws, L
L. 1968 £EIZ Levinthal IZBEEBRIC LY, 100 BEBREDOF L XV ETH T ¥ AIARERE
TOAYTF A= a U ERB LN LRAEEIZE D - OIIIRICFERREEH A > TLE
HZLICRME BHEFE T TRI LV NRIBEOT 3 —NT 4 VT ORBANRTERNI L 2B L
72 2 BEZTHEURIEDT A —NT 4 TRIGHRBSETT DI, 7 I/ BR2SIC
Lo TRE SN ROBEERNEET DI L2 ER LI, SHIC, TORE EITIIRFRAZR T +—
NT 4 T DOHEEEERHDZ L2 TRILE, 20O [FRARBECPRE] ORROD,
AR BEIRIGTTA—NT AT T T =0T 4V TRIEOEECER LI EERAR
AT I T bV, T OV, EEROIG )b ORFIC LD | 5 280 HOWE ORI
BHITEE > TWolz, T HIZ, Levinthal O FRIDE D #4712 & ™7 B THREAORH I H
L&, ZOYELEARBENT RS LN [3-9], 1990 FRICAR D EHEBOREEIE-TH
YR BERBEHL LI ET A EROVEERMAERRACRY ZUNRITEDT F—NT 4 T
FULWRFEIRENT [10], Zo X0 BEDT7 5 —NVT 4 > 7 BBIIEICRARREBIZMD o 72X
TRAERNF—FB/ME~DIFEED EIZTFEL, 22 L:li#ﬁ%{@ﬁ%ﬁ?&) V., RISHHETIC O T
REOEBED L RAEEA~LNEL T EHITFVA v ENTnD, 20L&, [HENR
RREEHPHAE] IILATIER L, T4 RG] BFETD 2812 d, ZOERIR
X FURIBDT +—NT 4 TEERRRIRED bR PN EHEE LRV & R
DI EBNERAIRENTEZ LICX o TR SN [11-12], Zhid, T+—NT 4 X TRIED
B, X7 R T RAF—HAREE BN LR OBEOZY fu E—2RbTBRTH



BLEERL. ENETHEADONRN ST Z NI BEDT —NT 4 v 7P k0% A
EUTHEMET D Z LIRS o7, L L, 2O LWERICE TIE R0 F 7B %< [13]
TA—NT 4 v THRITBE L ICRRENRMZELZEETH D,

INLDOREMICH L TE U RIBEDT 4 — VT (T i@REERNES S LT 156 BE
THEEIZRDOIXFEEICHT 2B ENRT 70 —FTh D, PRIGEEEII 7 +—ALT 1 v
TRBOPTH NI ERED L S RHEERE TV B OB =D DD RNEH?Y THY
ZIDOHBONAERIIEERLILICRY 5 5, Lo L, PREIT RO o B OENT 4+ —
NT 4T T Tx—NT 4 TROGHPICHERERIND Z L OFERBPEL . S HITKRAK
DX REERBREREZ RS RV-OBENR TR TH Y £ OFHMRBHRCREILIEE I EHE
Thd, ZORHBIEL X N BEED [WiE] OBfig%E 2 5 7=, S ORHOMNT
DD Dk R FENREN, EFFLOWFERRD LN TS,

2. BIFAEmXS L RIHE

AMITHIER EOR 4 RBEISEIS LET L TWS, BICBEBAYTIE, EROKILOT, AR
OEN, JIIRRR., EOCBKEL LN OEE HIBKICL ZOFELIERIN TN D, £DOH
2. AEEEEED 80 A WA 2B AENTFET 5, BUHBREICL - TEEINDZ R
BT IS L THEBICEVWEREREZ R L. 20X SR F UV EIXEOBEDRENEND
Ba OB CEENHAINL TS, LU, FIREVHRRZ D RIBDT 4+ —NVT 4 v TREE
PECBET BARFFEICRT L C. SO BHRERK Y VXV BD T =T 4 v TREEWICET S
eI, PIRAEWEK Y X7 BT, EILF 7B IEN R FiEE AV RN RE
EHEMITIZ L > T, WL ODLDRENEFOEENERBINA SN TND, fil 2, HBEHRE
REBEEZDERL LTHTHNOHEKEREER, 14 /#E, SSSHEaXTnl ks %E
HREOT Y b E—0RDEIREINTND [14-17), & AN, BHFAEBENRSY /37 Hi
ZOEVEEERDZIT, BUC L DEMIZ 100CE2BX HBENERIND Z L0, £ OHE
WCEMBRARRETHD Z &b, EBNRYMOBITPIEETH S, LirL, HEICRY, WS
ONDRBIFEER KR Y R BOEBRWREEEMBT OFRERBHREINTVWD [18-21], DR
R, BEBREBRS LR EATHRIREMERSY T ERKD, 3 FRNOBKMEREIER. 1
FURER. SSSEAZODBERNPRERRT L LTHOTWAZ LLBElANT, ZD XS Rl
B HR S R BEOEERFR. 7+ —NT 4 7B O Lk O » REE Tiddh 575,
EEIRZEOHANREE IR, S5, U 7EPEBICEVRENEERTZ L 03
JBEOYHL LTORENROEREBLIODHARFEETLH D, BEAEBHKY R ED
fENT A DD Z LI F R BOF - OBRIZEN L EZ LN D,

3. BAFRGEHE & ARV



BisFEINCESE#N T ECRBERNC LU, S HE & RIS O OB T b S
NTW3, LT, ZDELLICHBAHFAENFEEL, BUlH L THEICRERY VXV ERE
ELTNAZLRERINTVD (22225, EFE, £< OEOLYS ) LAEEFIOBIBET LT
70T, HHEICEIN D BHRE (BHAGHEE) . MECOBEIN2BEERE (B4
BHE) O2F ) LAEFIGRESI N, RFEFDS ) LABFIZHE LR, B SHEORAE
IERRECH D Z LIk LT BAFEIE T FIRREEIC — Bl U 7= M A3 A R R BRI Bl S
LTWBZ LR EINT [26], ZOHERMI. WHFOF EFICEWHEMEZRTZ L RIEDT
I BEESNCHER LB RO R D bR I B G HERRZ 0 B L BT
BEHRS NI EIZIE, RRDBENMEBPFET DL 2R L [27,28), £D, HHE
LHEOR EEE OB DT DI O S ORBOELNE R A ERTAILERS D, LA L,
— RT3 LEN-HICRZDEMHIERE VS TZEMTFRRER L, 2%y D7 -

TA VT REEL Vo B FHRERZ A G DY L ERIRIEFILZ 220, 2ok
I REEHIRARNR A%, EMRBOBEIIEFICERE RS LBbh s,

4. Ribonuclease H

Ribonuclease H (RNase H) 137 I / BEECHIDOFHRIMEIZE-SX | type 1 & type2 DK E < "M

12431 B, type 1121 RNase H1 23 type 2 121X RNase H2 2843 STV 5 [29-30], ML b
Z i A FE T TRNA/DNA /A 7 U b D RNA 8D H & HE B IR BRI SR L TS
fricy U EREE, AL KBEEZ B DORNA AV dv—%4KT5x KX L7 —E T, Milan
EEREBCVNEADERTHL-OIZEYR TEBMICTETET %, RNase H 1X9 CIZ B EE
B Thermococcus kodakarensis 3k @ RNase H2 (Tk-RNase H2) , Sulfolobus tokodaii F 3% RNase H1

(Sto-RNase H1) , #B4FEHIEE Thermotoga maritime 13 RNase H2 (Tm-RNase H2), 15 B 4724
HBEE Thermus thermophilus B ¥ RNase H1 (Tt-RNase H1) . PIB#E Escherichia coli B 37 RNase
HI (EcRNase H1) ST, X SRS EMINC &> T ARSI IE STV [30-34], 20
R, ENThoOBEIZEFITELIL TE Y, RNase H-fold & LiZh5, 5 50O —hE 2o
Do~V I ANLRBIEBEDT +—NT 4 TEF—T7%FAEL TS (PDBID 2RN2, 1RIL,
2EHG, 1102, and 2ETJ), Tk-RNase H2, Sto-RNase Hl1. Tt-RNase Hl1. Ec-RNase H1 {22\ T I
BALFH R BIT HEA TV D [21, 35-46], mEEAFEAVMIBE B3k Tt-RNase H1 & o iR A0 B E 5k
Ec-RNase HI OEBIENLIZE OMRPIFGONTEY  BAR VAT ESIZLD, £
D7 F—NT 4 7OFEBEBEOHEROERINTND, I HICHE, B GEMEHK
Tk-RNase H2 23EHIBVEMRIGIC & » T WEERIHEZEME 7T 2 L3RRSI, 20
ZVER FE E 40T Tt-RNase H1 \ZH~T 4 HTFREE/N & < | Ec-RNase H1 IZHA~T 5 HFRREE/N S Ao
Teo BWEMEE L RTF LN EHBBGBERRY VR BILELSFET D Z EBbho T
LW, BFEQTZNRIEMTOIDX D 7B WITHER TE TRV, EHIZ, Luke [47] 51348



R RS Ny B OEERAIFITORRE £ L DTV DHA, Tk-RNase H2 D & 5 ICHEKT
FEL, BERTYMEEL R T ERNRBITICANTNWS Z N7 BIZL 2L BFAHE
Thermotoga maritima H 3 ® Cold shocked protein (Tm-Csp) & #BIFEHE Aquifex aeolicus B D
Ribosomal protein S16 (Aa-S16) , Tk-RNase H2 D =212 65 TLE 5, LA L, Tm-Csp & Aa-S16
ILBWERRISERER, TNHOEMRISHRR D001, BIFRGHEf kY 7 E LB
HEHERE Y LRI ETHINLIRDI, SI6R° Csp DL I IR R 2WED S 7T
HOMNOROH, HDHVME, RNase Hl & RNase H2 & W\ o 7o —RELFIDOHEFEHEDE NI LD b
DIRDPETZDH 2 TR,

5. ABEO BH

U EDERESZT TAMR T, B GTMER RS 7 B L BOBWER RS V7 ED
WA R RE B EA RV O T2 LIl Ko TC T EDT A —NT 4 T,
BEEEOR - R Ex 252 LA L L,

AmLI=>DENOHERINTWS, E—E T, BEFEME RNase H OFEERMNETENE &
HERMRZEEDREZITV., # o 7 BEOEEMEROBEN OB L, BIEICHWZZ
R EITEMRIEMIC R U CRIERENZ R T2 Lo ERHVRZERORITICENIZET
NEURIETHoT, & HICBEFEAYE RNase H I3FE WSRO ER 2R T8, EMRIGE
ERBEEOEHERIRKFE L T e, FLETIY, BFEHHIE B RNase H OFEFEIC
BOWEHRKISEEDORRKE LTa~Y v 7 A N KmEKDO 70 Y CREICHER Lz, B8
AP B 3K Tk-RNase H2 (213, o~V v 7 A NRIGFISIZ 70 U VREDPRBE SN TV D ERTLS
2 BH, BB H ¥ Tm-RNase H2 Tid Tk-RNase H2 D 4,0 5 DOEFTD 5 HD 2 DDHF
AL 7 e ) VERERFRFEINTORY, £Z T, Tk-RNase 2 07 Y VU EEE 7 I /BB
BUCEOENEEICE 2 A BERAN, TORBR, oV VEE L EWRSEE ORMICFIE
X722 hofe, BEZETIE., BVWEMRICERTZ /37 B Th 58478 HIE K Tk-RNase H2
DEMRELY BREERT 0T T —8 Th DL ME Thermococcus kodakarensis Fi 3 subtilisin
(Tk-subtilisin)  [48]% AV TEBT 5 E W I FH LWTRIE TR L2, ZORE, Tk-RNase H2
DBVEMRINICIE N RAIBIEABEREH2HV, C RRFEIRIIETE &L ERERICF
LT Z & KERFIENZ NI EOEEBREZMBTT5FRE L TADTHD I LD
ot

BENOBE "8I TOMERRBICL D BFAGHE & BHBEMERRDZ L DL
HERICED2UEOBVEZEROICBIT S Z LA TE -, 2L T, @R EHEH®E RNase H
DFETH DR ICBWEERISORRBMZHE L. EOMMEERETT5 Z & T4 £ THRRAIT
ERDOTH LOEMRUSRBEZIREL, F L 0BT+ —NT 4 V7 REEOF LVAR
ER/HILERTE,



BB BOAGHE L BEBMERER S N B ORTEMEEE O

1—1. ILHIZ
— AV AT BAR R & N B ITPIRAEM R Z X BN THRWREMR 2R T [22-24],
EHIZ WL OB BFEMK S N7 BEDEWRERTBEVEMRIC X > TREN TN S
[49-60], LA L, Z DBVWVEMRISDOFRRIZE 7Zhho TR, T4 B AT #EE B 3k Tk-RNase
H2 23R A Y MK Ec-RNase H1 (ZEE X, @V EERRHILENE & BWEMRIGIC & - THtEk L
TWAZ ERBESNE [21), —F. BEGZMER¥ED Tt-RNase H1 iX Ec-RNase H1 & b~
BRI R EMII R T, BOEMRISITIR S TR L T\ 5 [36-37],
Tk-RNase H2 & Tt-RNase HI i EH 5 HEEA RNase H TH Y, SEEELELIL T AR
(Figure 1-1), FDFEERNILZEHIIRELS Bigo T, REZ-D & %7 B CHERIE
EHERR DD TOFRFL LTEARBE T, —DHIL, Tk-RNase H2 & Tt-RNase H1
iE, —REFNZHFERRWRRDMEE O NI ETH DD, Z2HIL, Tk-RNase H2
(EEME R TH Y . Tt-RNase H1 (ZAIEH R CEEORILME ERRAR D70, FRITEHE
RODHEND DT DITIE, Fi- /2 B EBVHE 3k D RNase H2 & #8424 E H1 3 D RNase H1 @
BREMEDHITBLETH B,
FDTZOARETIE, BAFEVHE B Tm-RNase H2, #BIFEVHIE Aquifex aeolicus F & RNase H2
(Aa-RNase H2) | #B4F#4 /i 1 3 Sto-RNase H1 D% EMEDARHT % 1T\, Tk-RNase H2, Tt-RNase
H1, Ec-RNase H1 & EERBILEME & THERRIIEZEM L BT 5 Z LI L > THBIFRAER Y v
R BOREAEEIOVWTEZ LT (Table 1-1), TH 5D RNase H 13T TIZHEEREN 2 &
NTEY, ZOMEESIIFEFTICEEULTWS Z ERbhho T3 (Figure 1-1),

Table 1-1. Types and origins of RNase H.

Archaea Bacteria
Type 1 Sto; Sulfolobus tokodaii Ec; Escherichia coli
RNase H1 (hyperthermophile)® (mesophile)

Tt; Thermus thermophilus
(thermophile)
Type 2 Tk; Thermococcus kodakarensis Aa; Aquifex aeolicus
RNase H2 (hyperthermophile) ) (hyperthermophile)®
Tm; Thermotoga maritima

(hyperthermophile)®

® This work.



Figure 1-1. Crystal structures of (A) Ec-RNase H1 (PDB ID: 2RN2), (B) Tt-RNase H1 (IRIL), (C) Sto-RNase HI (2EHG),

(D) Tk-RNase H2 (1102), and (E) Tm-RNase H2 (2ETJ). The figures were created by PyMOL [86].



1-2. EBRMELRO L
1-2-1. 75 A3 K
Tm-RNase H2 & Aa-RNase H2 Z REHB T 57D, ThAENROKRBRERIAR SIS AIF
(pET800TM, pET600AA) DIEFE% 1T 7=, Tm-RNase H2 & Aa-RNase H2 % =— K L7245 DNA
A%l (714bp & 588bp) X Tm & Aa D%/ LDNA 27 7L — MIRCRIZK > THIEL 7=,
pET800TM & pET600AA DHEHIT4 DNA Wi H % pET25b (Novagen) @ Ndel-Sall ¥ MIHA
LTCHELE, PCR7IA~v—L LTHEHLZDNA Y I~v—DFRITIHEEL AT LA
VAR L7, DNA O EAFiX Prisim 310 DNA sequencer (Applied Biosystems) % VT
R LTz,

1-2-2. KERHLHER

pET800TM & pET600AA TR Ein#k L 7~ KiBE BL2I(DE3)Z 7> >V v (50mgL’), 7w
SAhZ7x=a—» (30 mg L") &% NZCYM ¥5#h (Novagen) 12X - T 37°C T, ODgg 28 0.5
ICRDETHERLEE, IPTG (ImM) #MX TEHIC 4 RFHEE#E L,

pET800TM T E#n#t L 7= KEBH 1 5000 rpm, 10 53 O3 Ly THE A % B L . model 450 sonifier

(Branson Ultrasonic Corp.) (Z & 0 BH k%, 30000 g . 30 EE-LOH%, RIVEMERE S %[0

W U7z, WIEEMERESy % 75°CT 20 oRIBMAE L, 30000 g | 30 i@ L0%, RIAMERES) % B
L7z, AJ¥AMEE 4y % 20 mM Tris-HCI, 10 mM EDTA (pH 8.0)D /N v 7 7 — TYff L7 A F L A
71 2 (Hitrap Q HP, Amersham Biosciences) (Zfit L7=, £ D 7 o — X )L—E#K % 20 mM Tris-HCI,
10 mM EDTA (pH 8.0)D /Ny 7 7 — Ty LG A AR\ A T LT 7 4 =F 14— 5 2 (Hitrap
SP HP, Hitrap Heparin, Amersham Biosciences) (Zff: U7z, 5 & % 20 mM Tris-HCI, 10 mM EDTA (pH
BOYDNY T 7 —THT L&xWE-7%, NaCIIREO0 -1 M OERN 277V MY B
VRTBEBRH U, Bi%IE 20 mM Tris-HCl (pH 8.0)D /% v 7 7 —{Zxt L TENT 21TV, EUX L
To & XY EEIR % AR DIRATIC AW,

pPET600AA TREEEM L7 KIBEIX 5000 rpm, 10 /3 OFE-LCEEEZEIRL, 7L F7 L
R K 0. 30000 g . 30 RELELO%, WEMES ZEIR L, FIEMES % 20 mM
Acetate-NaOH, 10 mM EDTA (pH 5.5)D /N 7 7 —CEMg LI2f&A AL T T Azt L=, 20
71— R /L—IRiK % 20 mM Acetate-NaOH, 10 mM EDTA (pH 5.5)D /N v 7 7 — Tl L 72 A A
AT T BTk LT, 20 mM Acetate-NaOH, 10 mM EDTA (pH 5.5)D /8Ny 7 7 —THhH T Lk PE-
7ot%. NaCl#BEEO0-1M OEMIR ST P2y MIX Y BRFY U7 B2 Lz, BRZ 3
7 G % & LeVA IR % 20 mM Acetate-NaOH, 10 mM EDTA (;;H 50003y 77— L THEIT 21TV,
EUR U724 > 737 8K % 20 mM Acetate-NaOH, 10 mM EDTA (pH 5.0) C &L LT 7 4 =F 4 —
7T ML L7z, 20 mM Acetate-NaOH, 10 mM EDTA (pH 5.0)D /3y 7 7 —THhH T L& k- 7214,
NaCl JBE 0 -1 M OEMBHRT TPz MLy BY VX7 BREH LT, &K%IT 20 mM
Acetate-NaOH (pH 5.0)D /3 v 77—k} U TEN 21TV, EIUL L 7= & 237 IR & LA O ffT I



V7=, Sto-RNase H1 iZBEH D@D D KEFKBR., BROFETHE [33],
Tm-RNase H2 & Aa-RNase H2. Sto-RNase Hl ORHRIE X 15%SDS-PAGE 1Zft L. Coomassie
Brilliant BlueR250 CYefa 4% = & CHIE L=,

1-2-3. Z U HBE

Tm-RNase H2 & Aa-RNase H2, Sto-RNase HI 0% >/¢2 BRI # R 280 nm 128313 5 Tyr &
Trp D ¢ {8 1,576, 5,225 M em™ Z FIWTEH L 72 LREK Ax™'#=0.24, 0.89, 1.02 ZF T
FE L [61]

1-2-4. M & (CD) A7 MAIE

GdnHCI fF1E T, JETFE T COEE R CD A7 hViZ B A453HD J-725 spectropolarimeter (Z &
DRE LT, Zo s BEEITT<T0.16 mgmL! THEEILZ2mm OB %W, 5L
53 FHEMR[0] (deg cm*dmol™) 1E7 I/ BEDFH4y F & 110 & FVVTHLE L 7=, Tm-RNase H2,
Aa-RNase H2, Sto-RNase H1 DNy 7 7 —[IZ N £, 20 mM TrissHC1 (pH 8.0), 20 mM
Acetate-NaOH (pH 5.0), 20 mM Glycine-HCI (pH 3.0)% M L 7=, BIEIX 25°CTIT-o 7,

1-2-5.  GdnHCI %12 & % Fhian L EtERE

GdnHCl ZHIC X 2 RO EMHREIXHEE 220 nm @ CD fH [0l m % J-725
spectropolarimeter | & ¥ BB 5 Z & CRRAX7=, GdnHCIIRE DR 2 & 7 BIRR A THEE L |
MRS ERIZET 5 F TRIEIRE CIRE L7, [0l um PRIEZ KEE 2 mm OEALZHW
T—aRITV. EDOEBEE ENTNDH 37 BIEHR D[6]h20 mm & L 72, Tm-RNase H2, Aa-RNase
H2, Sto-RNase HI @/ 7 7 —{XF 1 E4, 20 mM Tris-HCI (pH 8.0), 20 mM Acetate-NaOH (pH
5.0). 20 mM Glycine-HCI (pH 3.0)Z fEfH L 7=, £ D&, Tris-HC1 /N> 7 7 —® pH MIREITKATF
THZEEEBRLT, Ny 77— pH BRITRETpHSOIZRA X IR L, ¥
BEEIX0.16 mg mL” TITo 7z, &5 2730 BISHED[0]00 wm & TEWITE £ 5 GdnHCI 8 BE (125t
LTy 52 L TRONDENMRE L TIORT ZREBEEE T M E SN TERLL
7= [62), ¥T{EUIZ SignaPlot (Jandel Scientific) % FAV 7=,

y = (b’ + a [D]) + (", + &, [D]) exp (AG(H,0) — m [D]YRT)) / (1 + exp ((AG(H,0) — m [D]YRT))
)

Z 2T, y ¥ GdnHCl IR E[DNIZ 3 CTRUBI S 5 [0]20 am PTETH B, 2y, a, 13F L EHERFEAN,
%D GAnHCI #EE % [0 wn (X L CEBUEML L2 & X DOEE AL, b, b 1IZTNTH
GdnHC1 IRE2S 0 M D & Z DRRIKAE, EHIREED[0]220 am 2R LTV B, AG(H0)IE GdnHCI
BEENTNRNEEDOEHRIZHED AG DETH D, m i AG % GdnHCI 125 L CEBITEL
L7 EDEETHD, TIRAEERE (K) 2. REIXBEHERL TS,



1-2-6. AG(H,0)DiEERfFM:

EHUNTED AGHO) &bk~ RIBEREFTRE L, 20 AGH0)D IR EKFHEIT
Gibbs-Helmholtz D THTEL L 7=, ¥T{EliL Signa Plot & AV 7z,

AG(H,0) = AH(T,) - T AS(To) + AC, (T = To — T In (T/T,)) Q)

ZIT. AH(T) & AS(THIENENEZ VR IBEDERD = IV -, = brE—%&
EERL TS, AC ITRRIRIE L BEMERBORBRADEEZRL TND,

1-2-7. BEMRIE ,

BB Y G OBEMERIE LR 220 nm D CD f#[6]220 un % J-725 spectropolarimeter (= X ¥ &
B3 2 & TR, [0]0mm PRIE Z HHEE 2 mm OE/L% HVS, Tm-RNase H2, Aa-RNase H2
DNy 7 7 —iEFENFI, 20 mM Tris-HCI (pH 8.0). 20 mM Acetate-NaOH (pH 500 fER LT,
&Ry BT 0.16 mg mL” TIT» 72, BEEFIZ1°C min TITo 72, B 57 BIEMEaR
IS E R EIRE LI TOX T L [63], LT Signa Plot % A7z,

Y = ((bn + ay [T]) + (by + 2, [T]) exp((AHx/RT) (T — T}/ Tw))) / (1 + exp ((AHw/RT) (T — T/ Trm)))
€)

ZZT, y IRETICBWTBRI SN [0l m PETH D, a,. a, IZNTHEBAT, &%
DIREEZ[O] 20 m (X L TEMBAL L2 L ZDHEXER L, by b ITENEN 0CH L X DR
WHE, EHRBO[O0]00m 2R LTV D, AHp IFEMFRDOBRE (Tn) KBFLHZ AL E—E
EThs, TIHERE (K) %, RIIREEHER L TV D, HIEIL Tm-RNase H2 Tl GdnHCI ##
B 1.0-2.0 M DT, Aa-RNase H2 TiX GdnHCI B 1.2-2.0 M DD FNEND ¥ /37 BERE
BBV TR R EG TRETT > 72, &% V237 HD TnfEiZ% GdnHCl B E THOE
PEIRE % GdnHCI B EIZxF L CHEBEEI L7 & % O GdnHCIREN O M OEZEE L= EE B
L7,

1-2-8. GdnHCI 12 X 2 # E iRt EVERIE

B H 7 EOBEMREILFEE 220 nm @ CD 1[5[9];20 am & J-725 spectropolarimeter (Z X V) 18
Bf¥ % Z & TH~S7, Tm-RNase H2, Aa-RNase H2, Sto-RNase HI D/3y 77 —I3ZnEh, 20
mM Tris-HCI (pH 8.0), 20 mM Acetate-NaOH (pH 5.0). 20 mM Glycine-HCl (pH3.0)%fEH L7z, £
DFE. Tris-HCl N> 7 7 —@ pH REIEKET D Z L #ERB LT, Ny 7 7—0 pH BAIER
BETpHSOIZARBD L DICHBE L, ¥  BBEIZ0.16-0.032 mgmL! TiTF-7-, BIEICITNE
BRE1om OEALERW, BHRIGIEZ 37 BEEKR% GdnHCl §TFR T 10 /AR5 2 &
TIT 277, B~ 72 GdnHCI #& ¥ E T OIS ORI E IR TIZE 5 GdnHCl BE 25 2



LT L TITo7, BIERRIZUTORTHEE L,

A —A(0)=Ae™ ' 4

ZZTAQIE, BRIt IZBWTERI SN D [0]0 am PIETH D, A(0)itt — {28 5[6]120 am
DETH D, k ITRNTORIGEEER T, A IIRWIBTH D, GdnHCl DEKBE 2 2 TRMT
DRICIEETEE (Kapp) DOFHEKAED GAnHCl JREERTFEZR T NT20 Kopp DX EXME & GAnHCI #REE D
R L FIRER 58D D= D T, AT AT CEBEE Lz,

In Kapp = In ky(H,0) + m, [D] &)

Z 2T, k(HONIKF COEMERIGHEE, myid In k, & GdnHCI #BE[D)iZxt L CEAEL LT
EEXDEETH D, LU SignaPlot 2 AV, HIEIX 2, 3EIT- 7,

10



1-3.

e VT

13-1. CD A~ FLk GAnHCl IZ X B D AT

Tm-RNase H2, Aa-RNase H2, Sto-RNase H1 ® GdnHCI fFfEF, FEFE/ET T Far-UV CD A
7 WV% 25°CTRIE L7z (Figure 1-2) . A7 MUIZENEFND F /37 B ORKIKE, GdnHCI
1A T COIPERIE, & b1 —FE GdnHCl F77E F LM L 72K #EA> & GdnHCI OATRIC L > T H
HENTEX G Lo KRIREEZR LTV, 25O X Tm-RNase H2, Aa-RNase H2, Sto-RNase
H1 28 GdnHCIZ & B2tz x LRI R CTd B Z & %7 L 7=, Tk-RNase H2, Tt-RNase H1,Ec-RNase
Hl T TIIEHRIC L A ERICBWTRIFEN TH D Z & Bbho TS [21,36,38], L7zAio
T. ZH 6O RNase H I3 EM, 74 —VT 4 v % BT 212 dh 7 » THEREITEN
FEFNE VI BETHD LRSI,
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Figure 1-2. Far-UV CD spectra of RNase H at 25°C. (A)
The spectra of Tm-RNase H2 were measured at pH 7.5 in
the absence (thick line) and presence (thin line) of 4.0M
GdnHCI. The dashed line represents the spectrum of the
refolded protein in the presence of 1.5M GdnHCI. (B) The
spectra of Aa-RNase H2 were measured at pH 5.0 in the
absence (thick line) and presence (thin line) of 4.0M
GdnHCI. The dashed line represents the spectrum of the
refolded protein in the presence of 1.5M GdnHCI. (C) The
spectra of Sto-RNase H1 were measured at pH 3.0 in the
absence (thick line) and presence (thin line) of 6.4M
GdnHCI. The dashed line represents the spectrum of the

refolded protein in the presence of 1.0M GdnHCI.



1-3-2. R EERE

Tm-RNase H2, Aa-RNase H2, Sto-RNase H1 DRI EME KD 572912, GdnHCl £
# B 220 nm O CD B BB 5 = & TR, 9. 20CTHELEE Z A, RISH
#1295 F T Tm-RNase H2 & Aa-RNase H2 [3#93 H , Sto-RNase H1 [3#9 3 @ [# %% L 7= (Figure
1-3), Z?DZ &H 6 Tm-RNase H2, Aa-RNase H2, Sto-RNase H1 DM ISNIEF IZEBNT &M
birotz, BONLEMMRERKRE L ZHREO KBRS Th 5 L F LR (1) TF
L35z L2 E D, GdnHCIEIZRBIT 5 AGH0) 2B H Lz, & HIT OB EIZBIT 5 AGH,0)
DOEHEEITV., AGH0)DBEKRFENE (Figure 1-4) 23X 2) THBTAZ LIZXIVHE L LY
BOBNFENRT A= &2 RDTI- (Table 1-2), BONIFERLY . BIE Lo T X TOBLFEEH
3D RNase H [ZHIREH¥ED Ec-RNase H1 LV b2BREFELZBL THVWEEREZ R LE, &5

IZ. FOHPTYH Sto-RNase Hl B H BWEEMZ R LT,
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Figure 1-3. GdnHCl-induced denaturation curves of
RNase H at 20°C. Open circles represent the
GdnHCl-induced denaturation curves of Tm-RNase H2
at pH 7.5; open triangles, those of Aa-RNase H2 at pH
5.0; and closed squares, those of Sto-RNase H1 at pH

3.0. The lines represent the fit of Eq. (1).

Figure 1-4. Thermodynamic stability profiles
of RNase H. Open circles represent the
temperature dependence of AG(H,0) of
Tm-RNase H2 at pH 7.5; open triangles,
those of Aa-RNase H2 at pH 5.0; and closed
squares, those of Sto-RNase H1 at i)H 3.0.
The T, at which AG(H,0) becomes zero
were estimated from the heat-induced
unfolding experiments. The lines represent
the fit of Eq. (2). Long-dashed line represents
the stability profiles of Tk-RNase H2; the
short-dashed line, that of Tt-RNase H1; and
the one-point dashed line, that of Ec-RNase

HI [21, 36].



Table 1-2. Comparison of the thermodynamic parameters of Tm-, Aa-, Tk-RNase H2 and Sto-, Tt-, Ec-RNase H1.

RNase H2 RNase H1
Tm Aa Tk? Sto T Ec®
T (°C) 786 84.0 82.8 102.0 86.0 66.0
AC, (kJ mol K™) 73+0.6 10.4 + 0.6 145+18 11.9+1.2 75+04 113+0.8
AH,, (kJ mol™) 471+ 19 549+ 21 745 + 49 858+ 45 548+ 21 502417
T (°C) 19.3 352 40.0 374 20.0 24.0
AG(T)® (kJ mol™) 40.7 38.5 512 775 53.1 31.3

2 Data from ref. 21.

® Data from ref. 36.

© T, is the temperature at which the protein exhibits the maximal AG(H,0) value.
4 AG(T,) is the AG(H,0) value at T,

1-3-3.  BVEMERIE
Tm-RNase H2 & Aa-RNase H2 DEAZEME % 1 & 220 nm O CDEDOE(L %1885 2 & TR~

BT GAnHCI 777E T OIS L TRl otk CRIE S hv, BMERE % GdnHCl IREICH L
THEBEEI L7z L %D GdnHCHBE OM DEEFEH L7, £ DO#EF. Tm-RNase H2, Aa-RNase H2
DOEMRE T EN TN 78.6C, 84.0°CTHh 7=, Sto-RNase Hl OEEMDRIEILT TIZ DSC #I
N L DRERDHE N TE Y, Sto-RNase H1 OEMREIZ102.0°CTH D [33], 241 H 1T Tt-RNase
H1 (86.0°C). Tk-RNase H2 (82.0°C) DZEMIRE % & D THIRAEMH KD Ec-RNase Hl DZ IR
E (66.0C) LYIFFITHWMETH 7= [21,36,38],

1-3-4.  EERRAIL EERIE

Tm-RNase H2, Aa-RNase H2, Sto-RNase H1 O3 BRI EM % KD 5 1= DICEM RIS O HE
EBREAT o 7o, RINEH /30 BIFRIZAKBREPMEE D GdnHCI BEIZ2 5 L5 IH 5 U HE
BIN/-BED GAnHCl BFREZ BRI AT T 5 2 LI L > T T o 72, TOEMEERITEE 220
nm O CD fEDE(LZ B T2 Z & TR/, £, % RNase H % 25CTRIZE L 7= & Z A Figure
1-5 OFERPF/BONTZ, TRTOERIT—ROBEBEEIIEITE 72, GdnHCl DHBEEE X
THEZEITV., AT ORSEEEE (ko) OXEEZE GdnHCI HBEIZH L TFry ML
DM Figure 1-6 Td 5, Figure 1-6 {21 Tk-RNase H2 & Ec-RNase HI D7 —# & T\ 5 [21,
38), BIFEAEBRDZ R HIXFIRAEWHB KD Ec-RNase HI £V &, W30 GdnHCI
FET COHIEFICBVEMRISE R LT, 5 DAL7 ke OXHEE & GdnHCI O #4885 DRI LBl
BRSO LNIDOTRA (5) IZL> TEMBEL L, KP TOEERIGEE (k(H0) Z#EHL
2o BONTHERMN/NT A—F L Tablel-3 ICE & D=, TOE., MEHNED Tm-RNase H2
& Aa-RNase H2 DZEMEHFE 13 HIEE B ¥ D Tt-RNase H1 R° Ec-RNase H1 & [RIH$IC# < | HHIE B3k
? Sto-RNase H1 D23 13 543 B D Tk-RNase H2 [FHRICBWVZ L A3bd o 7= [21, 38,

13
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Figure 1-5 Unfolding kinetic curves of RNase H at 25°C. (A) Curves land 2 represent the unfolding traces to a final
concentration of 4.8 and 3.8 M GdnHCI of Tm-RNase H2 at pH 7.5. (B) Curves 1 and 2 represent the unfolding traces to a
final concentration of 4.0 and 3.5 M GdnHCI of Aa-RNase H2 at pH 5.0. (C) Curves 1 and 2 represent the unfolding traces
to a final concentration of 7.5 and 7.0 M GdnHClI of Sto-RNase H1 at pH 3.0. The lines represent the fit of Eq. (4).

Figure 1-6 GdnHCI concentration dependence of the apparent
rate constant (In kapp) of the unfolding of RNase H at 25°C.
Open circles represent the data of Tm-RNase H2 at pH 7.5; open
triangles, that of Aa-RNase H2 at pH 5.0; and closed squares,
that of Sto-RNase H1 at pH 3.0. The lines represent the fit of Eq.

"z (5). Long dashed line represent the data of Tk-RNase H2 and
¥§ one-point dashed line represent Ec-RNase H1 [21, 38]. The red
= circle and blue triangles represents the ku(H20) value obtained
from urea-induced unfolding experiments with Ec-RNase H1
[40] and Tt-RNase H1 [37], respectively.
25 — ' '
0 2 4 6 8
GdnHCI (M)
Table 1-3. Comparison of the kinetic parameters of Tm-, Aa-, Tk-RNase H2 and Sto-, Tt-, Ec-RNase H1 at 25°C.
RNase H2 RNase H1
Tm Aa Tk? Sto Tt Ec®
k,(H,0) 6.5x1077 3.7x10° 6.0x10°1° 5.7x107™" - 1.1 x10°
s (1.3x10%)° (1.7x10°%)
m, (M7 s 1.46 1.08 3.29 2.14 - 3.66

2 Data from ref. 21.
® Data from ref. 38.
¢ Data from ref. 37. The k,(H,O) value was obtained from the urea-induced unfolding experiments.
¢ Data from ref. 40. The k,(H,O) value was obtained from the urea-induced unfolding experiments.
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1-4. BR

Tk-RNase H2 D & 5 IZ @V R L BN L R ERNRZ E 2 A T 2B REEk Y V(78
BN O HE I TWVWD [21,49-55], —F., Tt-RNase HI D X 5 IZE W /R ERE L BT
ZICHELL T EVEERNZEE L R I RVEBHRERRY VBRI TV S [36,
37, ZOBIFEERKS LRI BEORWVEERNZEEORRCEIBIT D - TRy, AE
Tl Tk-RNase H2 iX ity HIEEHI 3%, Tt-RNase HI i3MIEMkD ¥ VR ETHHZ LIZHEA LTz,
Tk-RNase H2 DF T 5@V EERLEMEITHHMEBRRD Z L 37 BOFRZE O Lt
LA>L., Tk-RNase H2 & Tt-RNase H1 /X[ U RNase H T type 2 & type 1 (2433 & —kE2FIIZ
ITREEPEAS 220N [29,30]), £ 2T, BWVEERNZERDOFRREZ N DI, BEEHIE B
3 ® RNase H2 & LT, Tm-RNase H2 & Aa-RNase H2, #BHFEEHIE 3D RNase H1 & L T,
Sto-RNase H1 0T, HIERMZEMARN 2175 = & TR\ MR SR OHHE &
EBELT,

1-4-1. #BL4FEAHI A 3 RNase H O i) EMERRAT
| BUEE TS < OBVKIEEE R4 L8 BOFEROEEEATE < BN TV B, TR b0
AGHO)DREKFHEITIIA X < EPORELDBBAENSD (23], —oBI1L. LEEFRT
AGH0)23 803 5 (method 1), Z2HIX, AGH0)DIBEEEIFHEMBROBMENTHRS (method
2), =28, EFMICERM~KEBE TS (method 3), ZD S b—OoRNXEAHRLDOLH
T, ZoR=22FbE b o258 H D, ¥ R EORENMEBKIZIZNS OEBIZL > T
METDHZENTEDEZBZLNTND,

% Z T, Sto-RNase H1, Tt-RNase H1, Ec-RNase H1. Tm-RNase H2, Aa-RNase H2, Tk-RNase H2
D AGH0)DIRER % L U7- (Figure 1-4), 3", RNase H1 {2433 &5 Tt-RNase H1
& Sto-RNase H1 id. FIRAEMH K Ec-RNase H1 £ ¥ § £EEFEIZE WV TEWV AGH0)Z R L
Teo THT method 1| DEELERE THD, I HIZ, AC, DENH bD D L 51T Tt-RNase HI
D AGH,O)DIREEKFIEBIBRIT IR Z K> TE Y, Sto-RNase Hl TIZEIF D E £ T T, 5
10C L3> T % (Table 1-2), Z4L XL Y, [A L RNase HI T #ilE B3 Tt-RNase H1 i method
1. 2, FAEHRXD Sto-RNase H1 /3 method 1, 3 DEENEEREEZ & > TWVWBZ ENbholz,
RNase H2 iZ478 S 415 Tm-RNase H2, Aa-RNase H2, Tk-RNase H2 {2 o\ Cl3HiB Ak D
RNase H2 D7 — #3720, LxL, Z 20 % 7 B i3+ TR EfFERIZE VT Ec-RNase H1
LYV HENAGH0)E R LTE, ZDZ b, ZO20F 237 B3 T T method 1 DEE(LER
xRt Z LERHRITES, &0 &C\AG(HzO)U)i’ELEﬂK#‘@HﬂﬁOD@%li Tm-RNase H2, Aa-RNase
H2. Tk-RNase H2 DIMET/h& <, T, b Tm-RNase H2, Aa-RNase H2, Tk-RNase H2 DIEE T/\ &
VY, ZHiE, Tm-RNase H2 7% Tk-RNase H2 £ ¥ & method 2, Tk-RNase H2 7% Tm-RNase H2 X ¥
H method 3 DEELEEOMEME LOZ L 2R L TWND, LN o T, L E(LEMEIL Tt-RNase H1
& Tm-RNase H2 i method 1, 2, Sto-RNase HI & Tk-RNase H2 i method 1, 3 {2 X5l X4, HIE
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Fi3k RNase H & 0 i1 5K RNase H i3 P ERpIIC R R DB EMBMEE T Z LR LTV 5,

1-4-2.  #BIFEAE E 3K RNase H OZEMEFITEIE T COEMRIES

—MREINZ F 237 E1E GdnHCl F7E T THEVWEMRIEZ T (<1 min), Ec-RNase H1 % 3.0 M
GdnHCl FFE T Tid 10 UNIZEMRIEEZTE T T2 38, LA L., L OBAREHEKS 3
78 CEMRUS DSR2 DECRR 23025 Z E R BTV B, Bl 21, B EF B W pyrococcus
furiosus H3E®D pyrrolidone carboxyl peptida;e (Pf-PCP) Ti% 7.7 M GdnHCI F7E F CEMRIGIZ 1
HELED> D25 [18], Tk-RNase H2 3.9 M GdnHCIfF1E F CEMRISICII 2L E L T 5 [21],

Z OEMIIAE TRIE LB EEB ¥ RNase H THHEET D5 Z &N TE 7= (Figure 1-5),
Tm-RNase H2 i 4.8 M GdnHCI 777E F TEMMIGITH 2 i), Aa-RNase H2 13 3.5 M GdnHCI 17
TE T TEMRIGIIAN 1 B, X 512, Sto-RNase H1 id 7.0 M GdnHCI f£7E T CEMK I 8 B
FIZE L T\ 5, BAFZVE H K RNase H DEMRIFTE TI2RT DHFICROVEMRIGIT., tHlE,
MIEE 3K, RNase H2, RNase HI ORXJICERA <, BIFRREBER S >/ BOMHE LI EiRE
JSERRE 72 DD LivAen,

1-4-3.  KHTOBAFEAE B 5K RNase H D& ME

Tk-RNase H2 & Tt-RNase H1 137 U < @V EEFRIIZ EEZ A+ D4 EVE B K RNase H Th 5
B, T OEERALEMIIKRE < B2 - TV =, Tk-RNase H2 D k(H,0)13 6.0X 107 s? ZR L,
FEFICEVEEROLENEZTRTDOIZR LT, Tt-RNase Hl @ k(H,0)E 1.3X10° s 2R L, &
{BA# 3K Ec-RNase H1 @ k(H,0) (1.5%107° s7) L REDOHERMREMEZTT [21, 38, 40],
HERMNREENKE S B D D1E, Tk-RNase H2 & Tt-RNase H1 23 —REFIZABFEIMED 22\ &
> 732 '8 (RNase H2 & RNase H1) T&% % 7= %>, Tk-RNase H2 & Tt-RNase Hl O1EE (A,
M) BRZRDEZDRODN TR,

AE CrIME Bk RNase H2 & L T, Tm-RNase H2 & Aa-RNase H2, Tl H 3D RNase H1
& LT, Sto-RNase H1 DZEMHE %2 JE L7z, Z DFEF. Tm-RNase H2 & Aa-RNase H2 O k,(H,0)

(6.5%107s7.3.7x107 s™") iZ Tt-RNase H1 % Ec-RNase H1 & [E#iZ3# < ., Sto-RNase H1 @ ky(H;0)

(5.7x10"'s") i% Tk-RNase H2 & [FREIC @A o 7= (Table 1-3), DI L k0. BIFHEHED
RNase H O#EEEiRHILEMIX, RNase H @ type 1 (RNase HI) & type2 (RNase H2) D&EWTiX
%<, BEOEAWEROE (M., HHE) CERTZ ERbhofz, ZORRITHERE
TR 7 VX B ThHDMEBKD Tm-Csp & Aa-S16 BBHFRAEBRORERY LI 'E
THICHELLT, RVWEMRIGE T TREE b —BT 2D [47]. Tk-RNase H2 & Sto-RNase Hi
T ERMEEH D72 DICEMITH U TRIFR 2R TRIE L7272 5 ORIE ZAFi pH 9.0,
pH3.0 TH 5D [21], ZZ T, F pH TOEMEEDORIE bIT o7, BT 5 "kt kd
nBH, pH 7.5 D% T T Tk-RNase H2 @ k,(H,0)i% 9.3%X10" s' TH Y, pH 5.5 DEHETT
Sto-RNase H1 O k,(H,0)i% 3.3 X 10" ' 2R U7z, Z 4uid., drfl i B @ Tk-RNase H2 & Sto-RNase
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1% pH ICEARZ2 < MEE X RNase H X 0 b BEWEHEKISZTRT I E2RE LT3,

1-4-4. FEEITBWEMEREDORRA

BBk S o BEOEMERINIEEDEHERIIKET S Z L bbb otz, T, B
RS & B ENVEE SR & VX B D E D X D IRE W INEME RS IZ R D D), Berezovsky
& Shakhnovich [27]iZBAF AT MEHR Y 7 BiX, FIREBREICART 2 HMERRO ST
TENRTEIN G BKEIZEATOI2a ) N RER>TWA EHELTWD,—F,
B sk & )y B . PIREREA~EE LB EX@IBREA~EEIS L2 Z & 1Ioft
BEL T EEEOREMMEEERICE > T—RES 2N — R CEIBRE~FEE LT\ 5 L
L7z, & HIZ, Mizuguchi [28] 5 X drHliEE & MIEHRS 7 B ORI ILAEEEICESW =T 2
J B DE R H D Z L EHE Lz, 25 OFRITEE & MEORIITELR - BV B
BERTFETHZ LT L TS,

£ I T, EBIFPVHlIEH K RNase H & BAFEAVEHIE K RNase H O 7 X BRfR %, SIS
WCHEDWTHR L, BOWEHICEDODFHEZE L, ZOF. Tm-RNase H2 & Aa-RNase H2 i
SNEBENEERESNTVRWVDO TR L, ZO/RE, HHIEBE¥K TH D Sto-RNase HI,
Tk-RNase H2 1%, FiC# o 7 BRNEHICE b NIZBAET I/ BEEOEIGPHEBRRK TH S
Tt-RNase H1 &Y & &V (Figure 1-7) . #lEE B3R Tt-RNase H1 (238U T AL BUK MR E D
FIA1L42% TH 2 DIZKE LT, H#liEE B 3% Sto-RNase H1, Tk-RNase H2 IZ B\ T Z T 54%.
55% & 10% b EWEIGEZ R Lz, Thud, dfliE Bk RNase H OB WA RIS IEPNERIC
NICBKEREDRIG LR H D Z L 2R LTS, X HIT, BKMEFERED Tk-RNase H2 D
BWEMRKISIZE 532 Z & I13LLRT Dong [35]15 DEBRICE > THRENTEBYVAEL LFEL

RN,
A % g, B

C M gy,

14%

e
2%

Figure 1-7 Characteristics of RNase H. (A-C) Pie diagrams representing the fraction of hydrophobic, polar, and charged
residues in the interior of the tertiary structure of hyperstable RNase H. (A) Tt-RNase H1. (B) Sto-RNase HI. (C) Tk-RNase
H2. Blue denotes posiltively charged residues (Arg and Lys). Red denotes negatively charged residues (Asp and Glu). Green
denotes polar residues (Asn, Gln, Ser, and Thr). Yellow denotes hydrophobic residues (Ile, Leu, Met, Phe, Trp, Tyr, and Val).
White denotes other residues (Ala, Cys, Gly, His, and Pro). Amino-acid residues with relative solvent accessibility greater

than 25% were regarded as residues exposed to solvent.
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T T REE DR E STV DM OB EFEAE B K RNase H D7 X/ BEHERL & EL#k L7z (Figure
1-8), Pyrococcus furiosus 13 RNase H2 (Pf-RNase H2) (1UAX) & Archaeoglobus fulgdus Hi3k&
RNase H2 (Af-RNase H2) (1139) 1%, b0 6 HMEHEND RNase H TH ) BEETOEMER
AT ZERBEINTVD, ZORER. tHIEE H K Pf-RNase H2 & Af-RNase H2 D3 $ U7 Bk
M7 2 BREREDOEIS 13 M 3k Sto-RNase H1, Tk-RNase H2 & [RI4%(ZHHE F >k Tt-RNase H1
X0 BRI 10%Em o7z, Lo T, Tk-RNase H2 X° Sto-RNase H1 721F T72 < #BAFZA it Hli H
5k RNase H 13, SAXAIICEBIFEIE K RNase H X ¥ b3 b - BUKEEEOBIS A&V MER
NdHoTz, EHIT, BIFEAE B D RNase H1 & RNase H2 O 7 I/ BEELFIH> b (L RFEH 2 1E
R, B HEBE RNase H & | EB4FEE 3k RNase H OBfRZFA~7- (Figure 1-9), %
DFER., EHE B RNase H & #HE B 3K RNase H 1 typel., type2 TENZEIK X 7 LAOEERE
X > TN DERIMB LT\, LLEX Y BOEERIGIC K 2REIT, ERER
ICHESNT, EAIEERE RNase H DHNET 5 —KEFICHKAF LI-BIETH D = & TR TS
Do

57% 50%

Figure 1-8. Pie diagrams representing the fraction of hydrophobic, polar, and charged residues in the interior
of the tertiary structure of hyperstable RNase H. (A) RNase H2 from Pyrococcus furiosus. (B) RNase H2

from Achaeoglobus fulgidus.
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Picrophilus Thermoplasma

Sulfolobus tormibus (60) volcanium (60)
acidocaldaris (75-80) s Archasogiobus Rl o———
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Bacteria Bacteria
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Figure 1-9. Phylogenetic tree of thermostable RNase H on the basis of the amino acid sequences. Alignments and trees
were calculated using the alignment programs ClustalW with the default parameters [87]. The resulting trees were
plotted using Treeview [89]. Optimal growth temperature of each organism is shown in parenthesis. RNase H2
(accession number) are Aeropyrum pernix (NP_147280), Archaeoglobus fulgidus (029634), Methanocaldococcus
Jannaschii  (NP_247101), Methanopyrus kandleri (NP_613473), Methanothermobacter thermautotrophicus
(NP_276158), Picrophilus torridus (YP_024041), Pyrococcus furiosus (NP_579510), Pyrococcus horikoshii
(NP_143500), Sulfolobus solfataricus (NP_343742), Sulfolobus tokodaii (NP_376405), Thermococcus kodakarenisis
(YP_183218), Thermoplasma acidophilum (NP_394911), Thermoplasma volcanium (NP_110652), Aquifex aeolicus
(NP_214337), Escherichia coli (YP_001729139), Geobacillus kaustophilus (YP_147058), Thermoanaerobactr
tengcongensis (NP_623069), Thermobifida fusca (YP_290201), Thermosynechococcus elongatus (NP_681452),
Thermotoga maritima (NP_228723), Thermus thermophilus (YP_143464). RNase HI1 (accession number) are
Sulfolobus acidocaldarius (YP_256320), Sulfolobus tokodaii (NP_376653), Escherichia coli (YP_001729165),
Thermosynechococcus  elongates (NP_681090), Thermoanaerobacter tengcongensis (NP_622980), Thermus
thermophilus (YP_144822).

1-4-5. B b T BUKIEFRE DR E

bR o>iE U AT B M R HE SR RNase H IZ /3B AF BB >k RNase H K 0 &3 b 7o BoktET
L BEREOCEIENRENI LD ot BUKET I ) BORERICRIETEEIIY VN7 BT
FHIRFEZFIR LL < OMRIZE > TRIES LTV 5, Funahashi © [64)1%, b iv7zBiK
PEFERE OB MA L EM DM & EOHEEZE T L2HRELTWVS,
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ZZ T, b EEER T (CandS) OEELE LN -EBIEFRT (OandN) OmEfEEHH
L. Tt-RNase H1, Sto-RNase H1, Tk-RNase H2 O {17z BKMEETE & & EME & oM 2 #~
Foo FOREE. MY BUKEEREOES X, Tt-RNase Hl. Sto-RNase H1. Tk-RNase H2 TZ i
£ 62.6%, 67.3%., 64.5%ThH 7= (Table 1-4), ZDHEGEDOKE ZDIRIX, ThEhDF N
7 B DOV EROEZEEO K& SDIRIC—E L7~ (Figure 1-4), BHFEVEBEY RNase H THIEH N
TBRKEEROFIA S FEROZEE L HET OB LAR, L L, B R&Z Lo, &
H B3 3K RNase H O 7= BRI MEFR B OEI G 13M 8 H1 3 RNase H OFIE L 0 15 10% 550
HEL LT, #Hb N BKEEBEOEIGIL. &MEH XK RNase H & #iE H3K RNase H O T
BERETIT o, Zhi, BOERRE L BN gk R EOEI & ITHET 5L Bb
S5 EBL N BUKEEEOR SIS 2N L 2R, 20 Z L5 | R B 3K RNase
H O $ 172 BUK MR E OB IR Z T 2 & TR REAFEOTIHICEH L
TVWAPRESEL LU b TO KRS X 2BUKEMEERORMICFEE LT3

LEZHND,
Table 1-4. Accessible surface and buried area of RNase H
Tt-RNase H1 Sto-RNase H1 Tk-RNase H2
Accessible surface area of
native state (A%)*
All 8172 8384 10829
Non-polar 4545 4642 5912
Polar 3627 3742 4917
Accessible surface area of
denatured state (A%)™
All 23441 23061 32937
Non-polar 14102 14524 20169
Polar 9339 8537 12768
Buried area in the interior of a
protein (A%
All 15269 14677 22108
Non-polar 9559 9882 14258
Polar 5712 4795 7851
Fraction of the buried area of 62.6 67.3 64.5

non-polar atoms (%)

# Accessible surface area is calculated by POPS [88].
®The denatured structure is created by PyMOL [87] as a completely extended conformation.
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INEHERT H72DIC, BB H K Sto-RNase H1 & #IEHIE Tt-RNase H1 D7 54 A2 b &
YERR L, BUTIC 38 U CHET A b BUKMERE & T LW b i BUK MR EE 2 /R
H U7= (Figure 1-9A), ZDfEHE, Sto-RNase H1 {2 L2328 & iz Bk M2 B 21T 24 BRETFAE
T 57, Tt-RNase HI 121 11 ZFBE UOEE LRV, BAFEWEME A 3 Tm-RNase H2 & Aa-RNase
H2 LBiF A E 3k Tk-RNase H2 7 F4 A2 b HE U B L7273, Tm-RNase H2 &
Aa-RNase H2 IZB8 L TiZZ OMEEERHZE LN TV RNO T, BH N TV EEEIZ OV TOFR
1Z72v> (Figure 1-9B), L7A>L., Tk-RNase H2 {2 L2 WE S 7= BRAKMEREN 10 BEH D, £
Z T, ZOBHEEHEE ¥ D Sto-RNase H1 & Tk-RNase H2 (28 & 117238 & 7o BRAKPEZREE 3
& ) B ORETEIHIET DA H 5 Dh, FDSLiEMHEEZ ik L7z (Figure 1-10A. B,
C). RNase H1 Tl Sto-RNase H1 i Tt-RNase HI £ Y b3 FE o TW D BKMERENZ N LA
Tenbd, i, B3R Sto-RNase H1 12 LW S N 7-BRKMEREN & X7 BRmEEE
IZHBRTE LTV B 3B T & 7=, Tk-RNase H2 TH[E THEANR A D Z ENTE /=, LB T,
THHDE R BERTRTRVERR NI V8 BRI EIIEIE LTV A b BT
I BBEELECERLTVWADZ LR TE 5, Zhid, HFRAGMEIIFmRRE CRE LR
PR 13— B IRIR RS IS L T O EIRRE ICHEIS L L W o B X0 RIZ TN
DOEETHE NI EREEEZTTVEINLRONE LIV, L L, # U 7BERER
BEOBKMET ) BPEERIGEELS LTWAHEIEIZON B2V, ZOWEIZS%T I/ BEHR

ERIKOBEEITI ZLICE>THENPDAIENTEARAEAH,
A

Tt-RENasze HI -c }-P~ -----
Sto-RNaze HI ~e====- wuiz PR NP r..z\vucxz )\rr. o

..o 3120 ! b
Tt-RNase EI —xz- r"v:wﬁr.clx m.axcx X~ - 2 P RVRIHFVKGH
Sto-RNase NI aS B3 R e =P B= ENETE s
* oo & o0 - . o

-so .so 170
Tt-RNaze HI AXTPCPPRAP TLFHEEA
Sto-RNaze HI ntcx;n:rcc 1 4474

* o
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Aa-RNase HIZ MINYELELNWE XCGLLVAGVOE ACRCPLAGPV VAAVILP-~ =-PITEPFIK GOSKKLTRKKE REEAYEEIKN
Sm-RNase HII MCIDELYKXE FC-IVAGCVDE ACRCCLAGPY VAAMWVIE-- -~KEIEGIN- -DSKQLSPAX RERLIDEIME
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Figure 1-9. Amino acid sequence alignments of hyperstable RNase H. (A) RNase HI. (B) RNase H2. Buried
residues (Tt, Sto and Tk) and hydrophobic residues are shown in gray and red, respectively. Crosses indicate buried
hydrophobic residues in Sto-RNase HI and Tk-RNase H2 with non-buried or non-hydrophobic counterpart in
Tt-RNase HI and Aa/Tm-RNase H2, respectively. Minuses indicate buried hydrophobic residues in Tt-RNase HI

with non-buried or non-hydrophobic counterpart in Sto-RNase HI.
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Figure 1-10. Crystal structures of hyperstable RNase H. (A) Tt-RNase HI. (B) Sto-RNase HI. (C) Tk-RNase H2. Buried
hydrophobic side-chains (relative solvent accessibility less than 25%) are represented by sphere (red and blue). Red: The

buried hydrophobic residues in Sto-RNase HI and Tk-RNase H2 with nonburied or nonhydrophobic counterpart in

Tt-RNase HI and Aa/Tm-RNase H2. Blue: The other buried hydrophobic residues.

1-5. #&im
A TIIBIFEWE RNase H D EERRRIL EME & B EROEZEEDBIEEZITo 72, AETHIE

ENTeZ NI BITEE R L ZOMBYLBEORBGRERAND ITHic o T, BEETHY . 7
WRREMEERT I ENLBENEETNE U RIBETHDHZ ERNbhroT, 51T, BIFEWE
RNase H OZE MRS E 1375 EOMEHIE RICHRRFEL TV 5, ZHITBHEGEHE & BIF 2L
B HR S )7 B R - T TEEERERIC K > TRIBREICEG LTWA Z & 2REd 5,
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BB BHPAEBKS ANV EOBERERR T A —NT 4 TR T T a ) VBRED
&E

2-1. FLHI

BRI BORENMRTE LT, DFROL FU#E, BUKMEHEER, SSHEELT Y v
BRIEICIAEHREOTY b —DBAVERZTF LN TS [14-17], T bDEFIFEICTH
BAEMRKRDZ L RIGICE> TSN TEY b b ERWREREZ AT 3BTRS
PRI BIZBWTOREFNTEZDR, HFE, BEBEBRS L RIETOA L R, S-S
e, BARMEMEFERAOREEFE LToREN IR Sz [35,50,58], LU, BEFEE
Mo BTrn Y VERENEENRFE LTEHO TV AENTIEZDhro TN, 1Y
VREEZONTIHHER Y VBB EHEOIL T4 A— 5 L OEBERHRT 5. 5
HREDZ NI E DAy T A—varvmy hub—%2E0 S8, KRRE L ORID AG 21
MEFBHZETH NIV EERENRTDLEEZONTWS (17, 6566), LinL, Yul U BKE
CIFEHD AT F A= a VEGIRT DI LT, RARREOSIEEEIZORAERITZLED
L, Bz n Y PURICK VFIR I N-CoBlERD —HA (o,y) DIEIZa~Y v 7 AR —
MZHAOLNBAELERESESTND, TDED, a~Y v 7 ARB— hOREIZT 1 Y 5K
ERFETL L., ZRBEVPHMEBINI VRIVERFRERTHZ LB LELERZITOND
[65-66], % /) BOREMEZM ETAHIIEIRARETIL 7+ A—Ta VIZPRBERT S
ROWEIZ e Y VEEPEEISNVTWALERHD, £L T, a~U v 7 2D N KhmEEki
ZOEBEEMEZLTVWDZ ERHEIN TS [67-69],

—F., BEOMRE, BHFAGEHEBEK RNase H 3B FRME B % RNase H L 0 BWE
PERISIZ & » CHERUICEEIL LTV Z ENbh o Tz, TORBWERRIRIL, HrricEH
L7cBKMEREIC L > THF SN TWD Z L 2R L, ERICBEOESRIS ICBK R E B
BELTWS ZLi3#HEINTVE, ZOBWERRISHSBAMBEFROA TS TV
NEIPBHLNTRY, 22T, BHEHMER¥ Tk-RNase H2 121X, a~Y v 7 A N K
BT e ) VEEMEBINTWAEFN 5 255 Z ENRAEBEN b TWE, Lk
L. BEFEEE B3k Tm-RNase H2 Tl Tk-RNase H2 D 62 5 DDETD 5 H D 2 SOEATIZ L
N ) UREIEE SN TV (Figure 2-1A), L7z~ T, &H#liEf ¥ Tk-RNase H2 ©
BOVEHRISIEC O Y) VBRI L ZEELZII TV E00E LA, ’

ZFZTAETIE, TkRNase H2 Do~V v 7 A N KB 0 U U ERELEA L L RE
(L8OP, E111P, K199P), o ~V v 7 2 N KIRBUIBRIZFET 272 U U EED 55 Tm-RNase
H2 iIZbRESNA TS ) VEREERT T =V BREICER LIZEREK (P46A. P70A), #1F
ShTnwinwrul VEEESZT 7 = BRECERLIZERE (P139A, P170A), BLU, i1l
bEMAS DY “EERK (E111P/K199P, PA6A/PTOA) %#HE L (Figure 2-1B). =i b
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DEBKEDOZERZHITTDILICED, o~V v 7 X N KREBO T 1 ) U FREMN,
EMEZH Y DBV i 3k Tk-RNase H2ICRBW T b FIREH RS v 7 BI2BT 556
CRE(LHRF & LTHEET 20, BERNZERICED X S REEE RKIT TR,
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Tk: Thermococcus kodakaraensis, Pho: Fyrococcus horikoshii, Pfw Fyrococcus furiosus,
Aae: Aguifex aeolicus, Tma: Thermotogn maritima, Eco: Escherichia coli, Bsu: Bacillus
subkiiis
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Figure 2-1. (A) Alignment of the amino acid sequences of RNase H2 [87]. Secondary structures of Tk-RNase H2 are

depicted above the sequences. The amino acid residues that are conserved in at least six different proteins are

highlighted in black. The positions that are replaced in this work are indicated by boxes. Tk, Pho, Pf, Aa and Tm are

hyperthermophiles; Ec and Bsu are mesophiles. (B): Crystal structure of Tk-RNase H2 depicting the side-chains of

the residues that has been substituted.
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22, EBMEIR U
22-1. KEFEHI XU

EFNENDEREORERBL L OBHIIFAR L FROFIETITo7 21, /232 ED
#PEIX 15%SDS-PAGE iZfit L, Coomassie Brilliant BlueR250 THfa34° % Z & THIE L 7=,

222, LSy HBEE
FNENOERKOZ R EREIHAR L ERRIC, HE 280 nm (28T 5 Tyr & Trp DfE
1,576, 5,225 M em™ 2RV TEM U7 BOEARIK Agge®'*=0.63 ZFWVTIRE L= [61]

2-2-3. CD A7 MVHIE

CD A~y MZE—& & RO ETHIE L, /v 7 7—I2i% 20 mM Tris-HCI (pH 9.0)%
Bz, CD A2 MARIEIZEEE 2 mm OEAZANTE V237 BB 0.16 mg mL” TfT -
Y

2-2-4. BAEMRIE

CD A7 M X DZBERREITE —BETRRZFETIT o7, Ny 77 —IZid 20 mM
Tris-HC1 (pH 9.0)Z f\V Mz, CD A7 MLVRIFEIINEE 2 mm OBV EHWTE R ERE
0.16 mg mL™" TFT o7,

2-2-5. GdnHCI 12 & 5 FE e S RIE

GdnHCl EHIC L 5 FHmI R ERIIE B TR FETITo -, Ny 7 7—I2i 20 mM
Tris-HC1 (pH 9.0)Z iV 72, CD A7 MMAIEITHBE 2 mmDELEAWTH VX7 BIRE0.16
mgmL” TTo7=,

2-2-6. GdnHCI 112 & 5 # gL EHERIE

GdnHCIl 12 X 2 #ER R EHITEAMICIIE —E TR FHETIT o2, Ny 77—
1% 20 mM Tris-HCI (pH 9.0)% iV 7z, CD A7 MLVEIEIIXREE 10 mm O/ EFWTH o)
7 EIBE 003 mgmL’ TITo/z, 72720, HIERIEIE 4 M GAnHCl TH 572 LHEM S| TR
fe B Xy BESKE GInHCl 2 80K T 10 fERIRT 5 2 L TfTo iz, BRI ORIS
EEER (kyp) D GAnHC BEKFEHE A LU TR TR (6) TEL L7z,

In kapp = In{k(H,0) exp (-m,{D])+ki(H,0) exp (m.[D])} (6)

T Z T, [D]iZ GdnHCl ETH Y . k(H,00% LT k(H0)ZFNFNAF COERRIS, HITK
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JRDEEEH TH D, m & miTFNFN Ink & Ink, % GdnHC] BE 1% L CEBAEI L & X
DIFEEZRL TV,

23, EBRRR
2-3-1. CD A7 hHEIE

ERED Far-UV CD AT MORE%EIT- 7= (Figure 2-2A), BoN-ERKZ VB D
BT N CHAREFERTH o7, ZhbORERIE Tk-RNase H2 OLFEEIERICLY K
EREBEZITTCORNWIEERLE,

2-3-2. BEHERAIE

EREOBEMZ FR 220 nm O CD EOE(L BT 5 = & TH~7 (Figure 2-2B), \“T°h
DERELFEM S B LRRICE WA EEER L, ZREEBTH- -, BEAED T, E
iL Table 2-1 ICE LD, a~V Yy ZANKIZTS ) VEEFEALLEERED S B EIIP,
KI199P @ T, fEIZEAR (84.7C) LH# LT 1.8, 1.9CEHR L7/, LarL, L8OPIX04CETL
Fo a~Y v 7 ANKBOT Y VREST 5 =V REICER LEERIED 5 b P46A. PTOA,
P174A O T, fEIZFF AR L B LT 0.8, 0.5, L7CIET L7z, LA, PI3A IXFIEL LS R
oo a~Y Yy Z ANKIIZ T 0 ) VREZEALLEERKENIP & KI9P 2 A8 bE - _H
E R ENIP/KIOP IZFAR I NT30CLEE L, —FH, e~V v Z7ANKREO T >~
BEEZT 7= UREICERLUIZERE PA6A, PI0A 2HAE Y7 “EHIERIK PA6APTOA 135
ARNZHEANT 1.8CAREL L, ZhOD/EREY, a~V vy 7 A N K07 ) U EEIT
Tk-RNase H2 2 LZEL L TWBH Z ERbhoT,

2-3-3. HERIZEMRE

B RIKOE R TN 2 B 7 DI B, EEREOREER ST, TTOEM,
EILRIEE—ROBERBEBUCITR T E o, BRIKS /37 HO GdnHCI I L B 280, TR
JSD BT DORISEEEE (kapp) OXELME D GdnHCI B EKFMEZ Figure 2-2C IR L2, &5
2. 3 (6) &MV T GdnHC1 I X 5 &M, HITRISDOFERI /N7 A —F 2 H L Table 2-2
WE LD, RBTOEREZ VARI7HITBWT, 20N, EEISICKE REMIEZL, a~
Yy 7 ANRKWEKO T Y U FEEIX Tk-RNase H2 D7 4 —F 4 73 HEVFS LT
ol

2-3-4. EHRRRIE EMRIE

MEMAIEORERE L V. E111P/K199P, P46A/PT0A @ T fHICIIMO—EEEREK L § kX
B MR STz, £ 2 T, GdnHCl M %2R 220 nm © CD EZ B+ 5 - ¢ CELER
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{K E111P/K199P, P46A/P70A O F-HismfI L EM % F8~<7= (Figure 2-2D), X5 & & i H3 FA T
ETAETIERMPNY , EOEMRISIIFHEH Th o 7o, BFAR Z )37 B1Txt L TEIP/K199P
® AGH,0)iZ 5.5 kI mol™ #8i LTI Y . P46A/PTOA @ AG(H,0)i% 3.7 kJ mol B> L Tz, =
DRERIIBEMREDRER L —K LTS,

A 10000 B
WT
A L30P
000 E1LIP
< I% P46A ~
1 \ g Y,
E 07 0 £
= ¢ PI39A s
o~ =
£ -3000 | ® E111PK199P =}
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Figure 2-2. (A) CD spectra of the wild-type (WT) and mutant proteins of Tk-RNase H2 at pH 9.0 and 25 °C. (B)
Heat-induced unfolding curves of the wild-type (WT) and mutant proteins of Tk-RNase H2 at pH 9.0. (C) GdnHCI
concentration dependence of the logarithms of the apparent rate constant () of unfolding and refolding kinetics of the
wild-type and mutant proteins of Tk-RNase H2 at pH 9.0 and 50 °C. The lines are best fits to Eq. (6). (D) GdnHCl-induced
unfolding curves of the wild-type and mutant proteins of Tk-RNase H2 at pH 9.0 and 50 °C. The lines represent the fit of
Eq. (1).

27



Table 2-1. T,, value of the wild-type and mutant proteins of Tk-RNase H2 at the scan rate of 1 °C min™'at pH 9.0.

T, (°C) AT,? (°C)

Wild-type 84.5 -
L80P 84.1 0.4
EI11P 86.4 1.9
K199P " 863 1.8
P46A 83.7 0.8
P70A 84 -0.5
P139A 84.6 0.1
P174A 82.8 -1.7

E111P/K199P 87.5 3

P46A/P70A 82.7 -1.8

®The error is + 0.2 °C.
® AT,, = Tp(mutant) — Ty (wild-type).

Table 2-2. Kinetic parameters for GdnHCl-induced unfolding and refolding of the wild-type and mutant proteins

of Tk-RNase H2 at 50°C and pH 9.0.

k.(H0) m,’ k(H;0) m,”

s M's™ s M's™)
Wild-type 5.0x10°% 2.8 0.78 55
L8oP 3.0x 107 2.6 0.37 5.2
E111P 5.4x10°% 2.7 0.8 45
K199P , 4.7 x 10 29 0.61 5.2
P46A 1.5 x 107 2.6 0.46 4.5
P70A | 6.2 x10° 2.7 0.65 4.4
P139A 6.3 x10%" 2.8 0.72 43
P174A 3.3 x107 2.4 0.21 3.3
E111P/K199P 2.3x10°% 2.8 0.77 49
P46A/PT0A 5.1x10°® 2.7 0.32 4.7

® The error is + 0.1 M ! s,
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Table 2-3. Thermodynamic parameters for GdnHCl-induced unfolding of the wild-type and mutant proteins of Tk-RNase

H2 at 50 °C and pH 9.0.
C,t m AG(H;0) AAG(H,0)°
M) (kJ mol” M) (kJ mol™) (kJ mol™)
Wild-type 1.85 23.6+2.8 436+5.1
E111P/K119P 2.09 23.7+1.1 49.6+2.4 55
P46A/P70A 1.68 21512 36.1+2.8 -39

2 The error is + 0.10 M.
® AAG(H,0) = m,, (C[mutant]) — Cp[wild-type]). m,, = 22.9 kJ mol M.

2-4, BE

FRAT B HIE B 3R Tk-RNase H2 13 @ W EERRIIRZ EME & HERNBZEMEZ AT L 2 LAHRES
NTWD [21), —F5, FEICKY, @BAFEME B Tm-RNase H2 (378 EOEHE RN L&
WIEERRHIZESEEZF T2 UL, HERNLEEEZ RS2V, £/, Tk-RNase H2 121
a~Y v 7 ANKIREBIC T2 Y VERENERE SN TWAERNS 25512657, Tm-RNase
H2 12X 2 2Ly, L7adoT, e~V v 7 ANKRERO 70 ) VEENEVWREL LA
THEEFUNRNIBIZBWTHHREYMHAKZ VRN IHE LRI UL ZERFLE L TEL 2561,
Tk-RNase H2 D&V EERPWLZERDREERDO—D>THZD»E LRV, #Z T Tk-RNase H2
Da~Y 7 2 NKRRERIZT0 Y SEREZEALLERK (L8OP, E111P, K199P), 7Y
VEREICEBR UL RE (P46A, P70A, PI39A, P170A), BIU, Thb2MAGLE-"HE
R (E111P/K199P, PA6A/PT0A) % fZHT L. Tk-RNase H2 iZB W\ T 7 1 Y U EREDBE &M
ROEERNLEMICE X DRBEER LT,

2-4-1. ) UREREMBEFBEBRSY R EOBRNFRERICB LIFTRE
FIRAEHHEE S VT HIZBWT, o~V vy 7 A N KREBRICERBINS Y0 Y VEERSY
VNI BEOREMICEEREFZ R LTSI LML TWS, BlxiX, Bucillus cereus H
¥ oligo-1,6-glucosidase {271 U U FEEEZBA L EBRTIX, BEHY 04~14CO T, DL
BARESNE [68], chid., Frl VEBEOYR Y DLBREHEO I T4 A~ a v DH
HEZHIRTI-HEEXLNTNWDS, 70 ) VBREIEHREDOZ XV BEDa L T A—
Yarxy b b—%E0 &, BROICKARRE L EHEREOR O AG 2#ME¥5 L T
VRIBREETD [65-66], L, U RIERKRRREDL X, Yol VEBRITEHD
aAv T A—varEHRTEI LT NI EDOSIEEESCOTHRERI LNV EER
BETEEEGbH D, 20D F RV BOREW R LS BIIRKRRE T T+ A—
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VaiZOTHREBIIRWVEMLC I 0 Y VEEARET IVLERSHD, a~V vy I ADN K
WRBERIL Z ORHEWHLTVDHLEZLN TS (6769l LAL.Tr) v BREDa~Y v
A N KIRERA~OEA L > THBEFREBKY V7 BLERICRELTEMEERbho T
WAL,

FRAFEA A 3 Tk-RNase H2 Do~V v 7 AON KRR n Y VEEZEBALLER
{13, L8OP Z RN T T f2S 1.8~2.0CHIMI L7z, — 5. Fu U U BREL B L7 A R4 P139A
EROT T DS 0.5~1.8CRD LTz, S DICZEARKEIIPKIP L PAGA/PTOA DREMEL
MEALRECER LTz, ZORENPDa~Y v 7 XA N KREEEO T 2 ) VEEIEVWREEEY
NYRBFEMERKS R ETHYRENRIIHFEST DI ENbhoT, EHIT, Tk-RNase H2 IT
B2 70) VEREEACLIEEEOEM (1.8~20°C) X Bucillus cereus H K
oligo-1,6-glucosidase (0.4~1.4°C) LB L TKRKE N -7 [68], ZHT7T o) VEEIZXAEE
HEA~DOEEIT P - CEBRTIHETHY . TOT L bu B —DREIMBEICE FKEFET
BIRONE LRV, L L, ZETRE L0 Y VERKOREE~DOEITBHFE L
A B K Tk-RNase H2 DEWEEMHEE B T2 L ZNIZERERDIR T oo a~Y v 7
A N RGO 71 Y UREIC X DRENRIT, BEFAGHEBRS 7 BEORFICEWEE
HEICEDICERRL T D00 E Ll

IIT &Y VEBRREERACLDZRER~OEEBIZER LTz, ALY 7o) VEREOR
EHEA~OBRIL, ZOT ) VEESEBESNEBEIC Lo TREHBSE I LARESH
T3 [70-71)y £DOFT, 7Ful) VERECEBEINEAICKIT 2 —mAOKE, BERHR
& (ASA), EHOFEME (B-factor) ICHEH L7z, AR THRELEEREKOHEROE R
Pz HT-BHALED ZHE A, ASA, B-factor % Table 2-4 IZF L 7z, TORR, TRTOEEMEKIT
Ta ) CEREOHETE S ZEHAOFH (6=-63115°¢=-30%220°) IZRE->TW =, LaL,
Tal) UERESEALEERED S B EIIP & KI99P OZEMIZ ER U723, L8P 1T AL EL
LT\, 22T, L8P ZEREDF 1 U L OBASIRD ASA & B-factor % E111P, KI99P & I
8D, L8P ERFDOT 1 Y o OB AFIL E111P, KI9P &HBEL T/HIW ASA L&
B-factor /R L7z, ZAUL, A LT 0 VEEORED, £OEA LB OFTEREIE» -
Il DIl2EEEED T LEVEEDNREITHBHEINTLE oA, 80 BHOO A VUK
B> THRENTOAHAE 7 2B L TLEVREMDREZITOHELTCLES DL D
O THHEEZDLND, IHIL, Tu ) VEELERLIZERED S H P46A, PT0A, P174A
IFIAREEN LD PI139A IIARREL LR oTz, Ld>T, 139 BFEOS v Y UEEIE, b
b ENBEBERKIIELEEZ TV O LIV, —%, PIT4A iTb o L HEEHL,
% @ B-factor & ASA IZIKEhoT, Z0O7H, ZOMMITT ) VEEOEBEINTWHSHT
LB LEAEBEICEAEZEI T VERRICL > TREL LTV AL THH L EZ HNS,
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Table 2-4. Structural characteristics at the N-terminal mutation sites of a-helices in Tk-RNase H2

Secondary structure® ¢ w° ASA°® B/Bav*
©) ) (%)
Leu80 H(80-94) -64.3 -36.7 30.7 0.9
Glul1l H(111-120) -58.1 -45.3 39.1 1.37
Lys199 H(199-121) -57.7 -25.3 82.6 1.46
Pro46 H(46-57) -54.1 -36.3 60.3 1.03
Pro70 H(70-74) -54 -23.2 19.5 0.83
Pro139 H(139-163) -53.1 -34.8 46.4 0.79
Pro174 H(174-187) -48.9 -45 73.8 1.26

# Abbreviation of secondary structure: H, helix. Numbers in parentheses represent the range of the particular element of the
secondary structure. ’

® Dihedral angle values for the residues in the wild-type protein.

¢ Accessible surface area. ASA (%) = (ASAfold / ASAextend) x 100. ASAextend is the ASA value of the extended
conformation as the reference value for the dependent state, assuming that these atoms in the denatured state should be fully
exposed to solvent. The ASA values are calculated using the procedure described by Connolly [90} with probes of 1.4 A2
[91].

2-4-2. ul CRENBEBSHERRSY N HEOBVEERGIZE 2 58
BIFRERR Y I BEREFORIREYHKFRET 7 Z X7 BT, —RITEFITEND
EMRISERTZENBESN TN D [47,56], Z DBWEMNKRIGOBEIZ O OWTITE MR X
TV, T, ZOBWENRRNICBAEMEERASE BEFEL T2 Z EBRESRER
[35]. BKMMHEEROLORETROVERKESHERINTHINE I PRALN TR, £2
T, 70 ) VEENBVERKISIZED L S ITHEL TV DI EF Tz, TOMBER, B L
EHDa~Y v 7 ANKRERO T 0 U CERITBVWEMRICE X 2B/ NN L3bhoT,
IHiT.a~Y v 7 ANKEREO 7 0 U 25 H I dHIE B K Tk-RNase H2 & #fi i F 3 Tm-RNase
H2 OEMRIGOEENKE K BRIFERTIEIRI-7, Zhid, 7ol VBREICL 2L ERIT
FIEHREBEOY VXV BILEETHORETHo T RABECHEVRELRVEDEEZD
nd, ZhICX Y RARREOBKEHAERARKRHBEEREDT VAN Yy 7 REEBITEWE
HROSICIRWEEE 52 208, BHREBICEBITIZ2 7 ) VEERLV ALY 4 FEAEDT b1
Yy 7 REBILRVEMRIGICHE VEEBLRITE RNV LAVRBINT,

2-4-3. MBS LRI GORE

Ia ) VEREERAEIP, KI99P, EI1P/KI199P i 4R Tk-RNase H2 & ¥ & WZEM %
RLTe, DD, TIVBEEINEFRL 19FRICEEINZINVEIVEEEY D RELD
LEELELOBANDHNTEF TRV EDNREINT, 202 b, BIFRAZ VB
REMEZBFEBXOEFRBEICADETHE L TWD EEX N5, EI1IP OZR|T Tk-RNase H2
ERENRTD, ZOT7 I BEE 111 ZBHEOTNLIZIEL, Tk-RNase H2 OEEL Y bAFTRENS
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V> Pyrococcus holikoshii B33 RNase H2 (Pho-RNase H2) Tii7m Y UEENERBE SN TV [72,
73], LIeBoT, 207 I/ BE#E 111 FHOT v Y 7R EIT Pho-RNase H2 TH Tk-RNase H2
LIRRRIZZ VR EZRER LTS L Bbivd, —F ., Tk-RNase H2 D7 I/ BFR % 139 & H
D71 Y X Pho-RNase H2 TIX NV Z I VEBETH D, LarL, ZOEAOT I/ BE%E Tk-RNase
H2 T7u ) VEREICEZ THORERICKRE REBII R > 7, ZiLid, Pho-RNase H2 THEE
HIZIEHFEVHBL TVWRWNWI LERBE LTINS, 22T, Tk-RNase H2 TFa Y VZEBR LT
7T X BRIRE199% B OFLICIL OB FERNase H2 T U VIIELE STV o 7,
ZOEAL~DT Y VBN L DREMI AETHZICRRINZOTHD, ZNHED X ST,
Bz 7g RNase H2 070 Y UBREDHEIC X V| D RNase H2 b 7' U VEMRIZ L > TREIL
THZENRTEDLTHAD,

2-5. fEER

AETIH, a~V 77 v A NKREROT Y VEEN, BHAGHEARY I BOBE
EMCEM, EaMEIc 0l > RESEBLIETHFAN, FOKE, a~V 7 v A N K
RO o) VEEIL EEICEWEENEEH T 5 Tk-RNase H2 &CBP‘TBq:‘?EﬁE%EE%ﬁ N
NRIBIZET B5BE L FRICNBERNREEE~DF S LR L, FrC, FEEDO &S WEIRICTFE
T570 ) CERETEDE NV EOREREDRNICETH 2 Bbhol, LML, ZThb
D71 ) FEIT Tk-RNase H2 OB WEMSISIZISBUKERBEERO L Y R E2EEL 52
o,
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B =F  Pulse proteolysis 12 & 2 #4F#\ HIE 5k Tk-RNase H2 D ZVEBFRAFAT

3-1. IILHIZ

LRy BITEMEREE &L RIRBOM T~ o PRGIEEE R T 5 [74-77), £L T, 1
BOWELBETZZ L TEURIBED T+ —NT AT T T +—VTF 4 TEREOBRIT
KRELAETDEEX LN TV, 4B ETIZ, PREBESTEL G, 080, X b
ABELB IV NMR LW o mBLEMFIEIC L > TERBISN - 39, LrL, FU37HD
T AT 4 U TRT VT F—NT 4 v DB ERICEOREERTHY . E,
£ OFRERIIEE LEFICARETHDZ D, +0RT—FEMBDZ LIXFEFITHELLY,
TZT.E—ETRLEL DI, W 200BHFREME RS X BITBWESERIGIZX -
TEVEREEFT I L BbroTW S, ZORBVEMKEIL, ZHEARAEEICHE RS TSH
BT DICBR LT o o FRBOMIEZ BT 5 5 X TR DD b2\, ERICITFOWE
TIE BOWEMSEE 2R B Bt I E 3D PEPCP OEMEFEE U 7L A ANMRIEIZ L -
- TBRIL, WL O»rOPREEEDEWHEEEZREE L TV D [53]

% ZTAETIE, 4 M GdnHCl f#7E T THBWEMNS %777 Tk-RNase H2 & Tm-RNase H2
EEMHEIY, ZOBWEMKIEOEFE% pulse proteolysis 1% IS L7728 LW FiEZ AVTHET
L7z, Pulse proteolysis ik & id, BHAIEMEIZ L > TRANRBLEHERES VX7 EDOREL
BWIRPOEERES L RV BOHE T T T—PICE VL BRTORRRES s B L
DIEFELEZRHT HBITETH S [78-81], FHLWFETIX, BHZ VR EO2FNICEER
REMEZR LIBEN, €OBVEMERE CHEK L ETEEEEOMIMIENE, DX, R
ZEMLIZEROAEZ T 0T 7T —BIZ LY 5T 5 2 L T hHEEEDBRR Z1T o7, LML,
BRI BT 8 BB R R A L O D M S B I e A
ERYBELRD, ZOH, BEFED pulse proteolysis IE CHWAHIREBRDO 077 —E Tl
EMANC L VEESEPNTLE ), 22T, AFETEEVELAIRE CLIEE MR 58
A7 AR H 3R Tk-subtilisin [481% M L, @&V VEMERIRE $10 Tk-RNase H2 & Tm-RNase H2 @
BOWEMER BT 5, Tk-subtilisin IZFHVVRE D GdnHCl fFE T THIEMH L REF T2 Z & 23
TEHBRERTOTT—ETHY, AFEOEREMHIMA ) 2EELRT0T 7T —ETh2,
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3-2. EBRMEIRUSIE
3-2-1. 7T AI FHEE _

Fragment 22 (1-197 &%), 20 (1-176 ZRE). 17 (1-144 ZE) . 9 (145-228) 2 KERHET 3
DB L7275 A I FiZpJALT00K [21]1% AV TIERER 2285 TR A M X FTC it - THER
L7,

3-2-2. KEFHLHH ,

Tk-RNase H2, Tk-subtilisin O K BEFEE I L URERUIIBERIZHE > TIT > 7= [21, 48], Tm-RNase H2
DREREBL L ORBRHIIE —BEOFEIIW > TITo 7=, Fragment22, 20, 17, 9 DKERHL X
UYE R E Tk-RNase H2 & [R] UHE TIT o 72, & 2737 B OMBE L 15%SDS-PAGE (it L, Coomassie
Brilliant BlueR250 TH 4% Z & THIE L 7=,

3-2-3. FUNUERE

Tk-RNase H2, Tm-RNase H2, Tk-subtilisin, fragment20, 17, 9 D ¥ > /X7 EEEX, &K 280
nm (2313 % Tyr & Trp DIE 1,576, 5,225 M cm™ &2 AWVCTEH L72BOMRE Ay’ *=1.6. 02,
1.2, 03, 0.2, 1.3 ZAHWTEHEL® [61]

3-2-4. CD A7 hMVBIE
CD A7 fVIIHE—E TR FETITo 72, 23y 7 7 —IZ1% 20 mM Tris-HCI (pH 9.0)% F
Win, BIEIIRERE 2mm OBAEZFWTE %7 GBE 016 mgmL” TIF- 7=,

3-2-5. GdnHCl I X 5 E B Rt & EMERIE

GdnHCl 12 L 2 ERNE EITEANIZIIE - BE TR FETITo, Ny 77—
i% 20 mM Tris-HCI (pH 9.00% A\ =, CD A7 MAIEITHEE 10mm O/ E2RNTH X
7 B 0.03 mg mL! TITo 77,

3-2-6. Tk-subtilisin (Z & 5 KIRIKAE, EHIREEZ /7 BIZxH3 5 pulse proteolysis %

RIRKAR, ZPERAR S 2737 BITX$ B pulse proteolysis EER D BEABRIEIZ OV Tid Figure 3-1A
IZE & BTV S, 20 mM Tris-HCI buffer (pH 9.0)iZ73fi# L 7= KERIRREZ /37 E &, 4 M GdnHCI
&¢r 20 mM Tris-HC1 buffer (pH 9.0)ICIEfF L —Br#RE L /- BHRIES V27 2 ENFh 50 ul
FTORIEERIZEY 2iF. TRENORIEZEZFIT 2 ul @ 10 mM acetate buffer (pH 5.0)IZ 5% L 72
FIRE D Tk-subtilisin Z MR 72, 45 s RIS L7=t, BRIGESRIC 10% (w/v) TCA % 1 ml Iz 7=,
10% (W) TCAIZ K D IEBE L7z Z L R0 E % T0% 7 & b AT X - TPV Y, 15% tricine-SDS-PAGE [82]
WCE>THBAIL, RS 25CTIT» 7,

34



3-2-7. Tk-subtilisin (2 & 2B VWEMRISIZX 32 pulse proteolysis i

BWEMERUGRIZXTT % pulse proteolysis B DEEABRIEIZ DUV TIX Figure 3-1BIZFE L HTV 5,
BRI, #2732 8% 4 M GdnHCI & ¢ 20 mM Tris-HCI buffer (pH 9.0)IZEfE+ 5 Z & TiTo
oo BEMRIGERZ 50 pl T OBERKIEERITIY i) 7, & RUSREHE O M RISERIZ 2 ul O
10 mM acetate buffer (pH 5.0)IZ¥EfiF U 7= KR BE D Tk-subtilisin Z M x 7=, 45s Kis L7, &K
BT 10% (WN) TCA 2 1 ml M2 72, 10% (W) TCAIWCE VIEB L 7= % 0 B % 70%7 & b
X > TH. 15% tricine-SDS-PAGE [82]iC & » TEIMAI L7-, RISiZ 25CTIio7,

3-2-8. N RIRECHIRE K VHESHT

& 27 B0 N KB IR E X model 491 Procise automated sequencer (Apl;lied Biosystems,
Foster City, CA) (2 X V1To7, #2737 HDOEBES53HTIE matrix-assisted laser desorption ionization
reflection-type time-of-flight (MALDI-TOF) mass spectrometers, Autoflex and Ultraflex (Bruker
- Daltonik) 12X > Tfro7=,

3-2:9. BEMEAIE

CD AR M K ZBEMREIZE B TR FETIT272, Ny 77 —IZit 20 mM
Tris-HCI (pH 9.0)% A\ 2, CD AX7 MAHIEIIABE 2 mm DB/ EHWTH 37 EBRE0.16
mgmL" TfT o7,

3-2-10.  Anilino-8-naphthalenesulfonic acid (ANS) A7 hLVRIE
ANSH A7 FVBIEIZRF-5300PC spectrofluorophotometer (Shimadzu) (2 X W 1T-72, & >
X7 E L ANS (Sigma-Aldrich, St. Louis, MO) D& 13242 HIRE TOANSH I A7 hLZH|
ET D Z &gt L7z, BIERHRIZ20 mM Tris-HCI buffer (pH 9.0)(Z % > 7327 & (10 pM) & ANS
(500 pM) 2EEMFT 2 Z L TERIL 7=, BREBERITRIEERE T3 his\ eth, ANSEHE ALY
MVEBIE LT, BIEIZFhE X380 nm, HIE#EFH400-600 nm TIT - 7=,

3-2-11. AG(H,O)DiRFEKIEMEf &
AG(H0)DIR FEER A BRI BB — B L R L L 72,
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ime (min

A B 2 - 4M GdnHCI 1 €&Unfolded
Native Unfolded 'i I !
AMGdaHCl {o/n) 3 : |
/YN LN | Native

00-0 00-0 P S N
'+Tk‘subtn’lisin U U ..... U U U U U

to tos tso0 tas teo  tizo tom
Thesubtilisin Thk-subtilisin + Tk-subtilisi
Oug 0.2ug 1Spg Opg 0.2pg 20ug ' .

UU """ U'qg;;g“s UU U U U U45s

Y +10%7ca
00-0_00-0 00.0 0001

TCA/Acetone Precipitation o
Tricine-SDS-PAGE TCA/Acetone Precipitation
Tricine-SDS-PAGE

Maker 0 1 10 15,0 05251020 Maker (b) tos ti ta ts tis tso teo tizo tosm

e — o Gml —— — ey G —Tk- — R N ——u—————— S | '
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- = &RNase H2 <RNase H2

- - [ T GER gER "Sm amm s T s éfragment

Figure 3-1. Schematic diagram of pulse proteolysis. (A) Pulse proteolysis of native and unfolded proteins by
Tk-subtilisin. Native protein and unfolded protein were dispensed into tubes. Proteolysis was performed via addition of
Tk-subtilisin (0—20 pg) and incubation for 45 s. The reaction was quenched by 10% TCA, and the products were
quantified by tricine-SDS—PAGE. (B) Pulse proteolysis of kinetic unfolding by Tk-subtilisin. The native protein was

unfolded by 4 M GdnHCI. At each time point, the sample was dispensed into a tube, and proteolysis was performed and

analyzed as described for panel A.
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3-3. ERFER

Tk-RNase H2 OEMEE 13, Z DIEFITEBVWEMISE D7 DIZEIZ 50°C THIE EhTuvz [21],
LA L, AZETiX Tm-RNase H2 OZEHRFE & T 5729, 25C TP Tk-RNase H2 DA MR
EIHEMICBRIL-, TORRE, Tk-RNase H2 DEMRISOBRRIZ 50°CTORIE CIIBRIT& i
Do T PEEEERTFET D Z L b o,

3-3-1. Tk-RNase H2 ® far-UV CD A7 hL & CDIZ X B BWEMRISEDORIE

Tk-RNase H2 0 GdnHCl 727 T . 3E777E T T Far-UV CD 222 kA% 25°C TRIE L7~ (Figure
32A), AT MUZENEND X R BORKIKEE, GdnHCl FE T COEMERELZRLT
W5, X512, Tk-RNase H2 DEMHE 2 KD 5 - OICEMERISOEREEZRZ{To 72, RIS
RO EERICHIBEMER O GAnHCHBEICR D X5 I2h b UHFE S nfcéo GdnHCI A&
AN A BT 5 2 LIk > TT o, ZOEMEERIZEE 220 nm O CD EOE(LZ B
BFd 5 = & T 72 (Figure 3-2B) , & DfEF, Tk-RNase H2 DZE B2 THRIE D dead time (~2's)
A= MHEBBRI SN, T 08— MRIXRRIREE L EHRIREED CD EORELD 5 B
30%% LTz, UL, N— MALEOBWERRISIEI—ROEEEBITELTE, £0
FEMEEEEIY 42X 107" (Table 3-1) TH Y., BEMRISIIFI4h TET L,

3-3-2. Tk-RNase H2 @ Tk-subtilisin fift4

Tk-subtilisin {Z & 5 Tk-RNase H2 DBWVEHIBRR OB %2 3 5 72 DiZ . KIRIKEED Tk-RNase H2
XL IS ia s, EMREED Tk-RNase H2 (4 M GdnHCH 2 & Y &) 1X5e2icgikr, 43
fi# X% Tk-subtilisin DEEZRFE LIz, £, KRR L ZMRIED Tk-RNase H2 (112 pg)
Z. 0.2-15 pug & 0.2-20 pg @ Tk-subtilisin L IBE L 45 s )Kis L7, tricine-SDS-PAGE IZ X > T
B L= (Figure 3-2C), ZDOfEHR, RIRIRAED Tk-RNase H2 & 58 D Tk-subtilisin % i &
¥ 7T, tricine-SDS-PAGE b T Tk-RNase H2 D453 fi## (fragment) %7330 FO#
BNETE M o7, LTehi» TASRH TIIRARIRAED Tk-RNase H2 i3, VWV T IO B D Tk-subtilisin
Wxt LT HEERIMEZ R Lz, —H, BMIREED Tk-RNase H2 & & ¥ @ Tk-subtilisin % K&
S/ Y 2 T Tld, tricine-SDS-PAGE LTV 2D 30 RBBHRITE 7-, 23 RFiX Tk-subtilisin
25 0.2 pg DA TH 17 kDa (fragment A). 15 kDa (fragment B) OLBEIZERITE, I HI.
Tk-subtilisin 2% 2.5 pg D&MD L. #9114 kDa (fragment C), 9kDa (fragmentD) DALEIZSH
BRITEZ, ThBHD/2 Fit, Tk-RNase H2 25 4 M GdnHCI 12 & B M TS RICESE I
ERYENTHEE DT - TV 72 DI Tk-subtilisin IZ X > THEEN o720 b LRy, Ln
L. Tk-subtilisin 7% 20 ug DEHTIZ., THE5D4-D5/3 K& Tk-RNase H2 DN R L A Y
HERTE D o2, BT, Tk-RNase H2 /3 RiX Tk-subtilisin A3 10 pg ® & & TiX 3 TIIHER
TE g2 TW L, |
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YL EDFER X Y 4 M GdnHC1 7#7E T T Tk-subtilisin 28 +43 22 7&ME 2 /R Z & . Tk-RNase H2 (112
pg) IXZEMEIREETIX 10 pg D Tk-subtilisin IZ & > TEEICHEIN D, RARKETIIHMEI N
RWZ ERNbhoTz, T, AFIEIZEBVT Tk-RNase H2 & Tk-subtilisin IZB# R F "7 F
ThHdILERLTND,

0
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A__,_.,—/‘/,”N 2000
~ T o
r 000 | 5 F
g 4 M GdnHC g 0 OM to4 M GdnHCI
§ :;v;’ -2000
g 1000 £ 10000
= & :
- T 1200 pa
-15000 . . . B R N ¥
d 0 M GdnHCI 0OM GdnHC1
18000
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Figure 3-2. CD analysis and pulse proteolysis of native and unfolded states of Tk-RNase H2 at 25 °C. (A) Far-UV CD
spectra of Tk-RNase H2 in the absence and presence of 4 M GdnHCI. (B) Native Tk-RNase H2 (0 M GdnHCI) was
monitored by CD at 220 nm. Unfolding was initiated by rapid dilution of native Tk-RNase H2 under unfolding conditions
(0-4 M GdnHCl) and monitored by CD at 220 nm. The thick line is a fit of the data to eq (4). The thin line shows the
average signals in 0 M GdnHCI. The dashed line is the CD signal starting the slow phase. (C) Pulse proteolysis of the
native and unfolded states of Tk-RNase H2 with Tk-subtilisin. Native Tk-RNase H2 (112 pg) and unfolded Tk-RNase H2
(112 pg) were dispensed into tubes. Proteolysis was performed via addition of Tk-subtilisin (0-20 pg) and incubation for

45 s. Proteolysis was quenched by 10% TCA, and products were quantified by tricine-~SDS—-PAGE. Bands corresponding

to Tk-subtilisin, Tk-RNase H2, and cleavage products are indicated.
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Table 3-1. Unfolding rate constants of Tk-RNase H2 and fragment 20 in 4 M GdnHCl.

Temperature (°C) 10 25 50 70
Tk-RNase H2 5.7 x 105! 42 x10*s! 42 x 1075 53x 102!
Fragment 20 59 x 105! 6.4 x10%s" 3.7 %1035 5.4 %1025

3-3-3. Pulse proteolysis %(Z & % Tk-RNase H2 D Z iR FE DEH|

Pulse proteolysisi® & 13, ZHERIEMEIZ X - TRKRIE & BHRED 7 X 7 B OIRIE L T2
FO, BHREDC Y VRV BOHRE TR T T —BICK V0L, WRTORRKED Z 70 E
EOTFEREZRET A2MITETH D, ZOFHETIE, BIEETICHREBREN S 7 ELF
BEBAXO 70T 7T —EOARMEREINTEY B S - BHRSEBARS ZIREBRIS 2R L
TWa, ZHIZXY, 5E TORFEHRFETIIRETE Ao BES /37 EDeell lysate
BOLMS RV EFETR, BEEEET TORENAREL 2 o7z [79-81),

AFHETIE, ThRNase H20 KAME S LT 2 BR T, BHNICEME LEBEKOSE

- Tk-subtilisiniZ & 0 5332 Z & T, FHBEEDORH 1T >72, £ Z T, Tk-RNase H2IZHE R
4 MIZ722% & 5 ICGdnHCI %2 M 2 BEMEROS 2 BE L. & =& T O Tk-RNase H2IZ% L T,
Tk-subtilisiniZ & B UIETEBR 21TV, £ DYIWr DOFRF % tricine-SDS-PAGETH B L 7=, LA L.
Tk-RNase H20 1 i} A& D 22 E MR Tk-subtilisinfiHE X 02> & 2V D T, 3-3212 BV THRE L 72
Tk-RNase H2 & Tk-subtilisin® J bt (112 pg : 10 pg: condition 1) 2/ % T, Tk-RNase H2D &%
W5 L7544 (56 pg: 10 pg: condition 2) . Tk-subtilisin® &% & L7254 (112 pg: 1 pg: condition
3) THLEBREZIT-o7 (Figure 3-3),

FORER, T TICHEINTWABER S 7B % 5802 L 7-BEFE Dpulse proteolysisik Tl B
HIZ U RTEDONRY ROZRPBREND [79-81]Z L i2%F LT, condition 1, 27Ti&, Tk-RNase H2
DN RIZIZ T, 3203 K (fragment 22, 20, 9) 2R T 25 LA T& 72 (Figure 3-3A,
B), L7=#3 o T, 2D/ RidTk-RNase H2OEHE DK EZ R L TV D L HRITE S, b,
KIRIKHE D Tk-RNase H2iX5E 4 72 Tk-subtilisinfittE 2 F 35 (Figure 3-2C) (ZH b 6T EHH

££0.5 mintZ 38V T, Tk-RNase H2D /8> RO BITHESLUTICHA U, EHERSA%2-16 minil 2>
CHEERM L7 (Figure 3-3A, B), Ziuid, Tk-RNase H2, 13ZMEBTE O #IH I Tk-subtilisin
K2 THBEINCTOAHRMIREBICBIT L. S8 THE Tk-subtilisinfifth 2 F 4 5 D REKERICHE
TLTOVS LHERITE 5, ZMEBISAT 120 minTHX. Tk-RNase H200/8 RIZIHAR L TW2 Z LA
FesBC& 7=, Zhd, Tk-RNase H2434 M GdnHCHZ & > TILAMEE %13 £ A N Tk-subtilisinifitth: &
RWfgahli-wEEZ o5, LML, 22kDa, 20kDalZfEsR T& 7273 K (fragment 22,
20) iX. condition 1, 2CTk-RNase H2D /3 ROBIZx L CHZIEREDO B THATE TV 5ICh
B 59, 9kDallfEsR T& /23 K (fragment 9) (Xcondition 112 b~ Tcondition 2 TIXBA & Az
B LTWB, LEd-T, fragment 9D Tk-subtilisiniit P i%fragment 22, 2012 e~ THF 2
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LEzHND,

Tk-subtilisin® & % J& & L 7-condition 3 TiZ & ¥ %< D 3 K (fragment 17,15, 14,9) & Tk-RNase
H2D /N> RSFER T & 7= (Figure 3-3C), Z 5 DfragmentiIZEMERFRIIZ I U TR 4 IZHEMT 5
Mz RLz, SHIT, ZNbDAY RD4FEidfragment A, B, C, D (Figure 3-2C) 1%
TGS d % Z & Ditricine-SDS-PAGEIZ X W fERR TE 5, T 1L H DfragmentiITk-RNase H2234 M
GdnHCIZ £ 2 ZME TIRFERICEEETIZ, MIMNIHEED T > TV 72 DT Tk-subtilisinlZ & -
THIRENRZ P2 T=DDH L7z,

A TcRNase HYTk-sublilisin (1) 11210 B mcRMese HTx-subtitisin (1g)56:10
MW Incubation time (min) MW Incubation time (min)
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Figure 3-3. Pulse proteolysis of kinetic unfolding of Tk-RNase H2 by Tk-subtilisin under (A) condition 1, (B) condition
2, and (C) condition 3. Lanes (b) contained Tk-RNase H2 (112, 56, and 112 pg in panels A-C, respectively).
Tk-RNase H2 was unfolded by adding 4 M GdnHCI. At each time point (0.5-120 min and overnight), the sample was
dispensed into tubes, and proteolysis was performed via addition of Tk-subtilisin (10, 10, and 1 pg for panels A-C,
respectively) and incubation for 45 s. Proteolysis was quenched by 10% TCA, and products were quantified by tricine—

SDS-PAGE. Bands corresponding to Tk-subtilisin, Tk-RNase H2, and cleavage products are indicated.

3-3-4. Tk-RNase H2 O fragment O [EE

Pulse proteolysis {Z & ¥ 6 -2 Tk-RNase H2 @ fragment 23fF2 C& 7= (Figure 3-3A-C), Z#1H
@ fragment %% Tk-RNase H2 £& ® & DFEIRIZ5HIE LTV M HERT 5 72 D12 N RIRERFIR E
BHEST#1To72, % fragment % tricine-SDS-PAGE (Z L » CTHEEE L T PVDF iz 7 o v 5 1 v
L, = FwfRIZE YD NRIRD 4 7 XV BREZRE LTz, /ol NKRREOT I/ BEES)
B Tk-subtilisin (& & 2 GIrfEIk % [ L Table 3-1 IZE &=, I HIT, & fragment DEE%
MALDI-TOF mass spectrometry (MS) (ZX > THIE L, ZDfER% Table 3-1 IZF L DTz, ZDHE
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B, fragment 22, 20, 17, 15 iXENZ4L Tk-RNase H2 O 7 I / BEFRED 1-197, 1-176, 1-144,
21-144 FREIZAEY LT /= (Table 3-1, Figure 3-4A), Fragment 14, 9 (2B L Tix MALDI-TOF MS
WL BBIEDOBRICHERE Lo T27-%, tricine-SDS-PAGE D#EHR L Y, Tk-RNase H2 DT 2 /
BEFREL D 108-228, 145-228 ZRELIZAHY LT\ 5 L HEE L7= (Table 3-1, Figure 3-4A),

ULEDFRER K Y, fragment 22, 20, 17 i¥ Tk-RNase H2 @ C RufEIE A K4 L, fragment 14 1
N, C RUHFEIR DO W7 A3 K48 L . fragment 9 13 N SRIEHFEIAS K48 L T\ /=, Figure 3-4B | Tk-RNase
H2 OMEZ T LT ENEN DN EEEET NV ER LT,

A 02 22822 B g
- : : — TKk-RNaseH2 “

(228 aa)

| 19728 praoment 22

(197 aa)

TK-RNascH2
17622 | Fragment 20

p P 5
(176 22) A fu\. Fragment 22
§ | § 0 °
: 1144 aa Fragment 17 >
] 3 w

3 (144aa) Fragment 20
! i : : 6 L,
12122 ! 1144 aa Fragment 15 m i) \
! A : (1232a) ) WA v Fragment 17
108 aa | ‘
: Fragment 14 Fragment 15
5 (121aa)
145 aa
! ragment 9 Fragment14
' §42a)
Figure 4 Fragment9

Figure 3-4. Schematic illustration of cleavage products from pulse proteolysis. (A) Schematic diagrams of Tk-RNase
H2, fragment 22, fragment 20, fragment 17, fragment 15, fragment 14, and fragment 9. (B) Structures of Tk-RNase
H2 (PDB entry 1102) and models of fragments. In fragment structures, the left structure represents the whole

structure with the deleted region (gray) and the right structure represents the corresponding region.
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Table 3-2. Fragments of Tk-RNase H2 produced by Tk-subtilisin digestion.

Tricin-SDS-PAGE N-terminal analysis MASS Possible region in

Tk-RNase H2
Fragments (kDa) N-terminal Sequences in Measured Theoretical Residue
sequences Tk-RNase H2 (Da) (Da) number
Tk-RNase H2 26 - - 25780 25799 1-228
Fragment 22 22 MK!A M;K,13A,4 21969 22007 1-197
Fragment 20 20 MKIA M;K,13A,4 19596 19603 1-177
Fragment 17 17 MKIA " MK LA, 15885 15899 1-144
Fragment 15 15 AVVV Ay V2oV Vo, 13800 13784 21-144
Fragment 14 14 DVDE Di0sVieoD110E 111 - 14073 108-228
Fragment 9 9 SLIA S1asL146l147A 148 - 9917 145-228

3-3-5. Tk-RNase H2 DEM DO PREAFREREDOHEE L CD A7 hRIE

B B THMFIEIC L - T Tk-RNase H2 OFBIEHKEREOBELIT T2, T ORE,
fragment 20, 17, 9 OEEIZKTI L7z, LA L, fragment 22, 15, 14 [ZKIBHEIC L 5 KEFEEMN
MR TET, METER) o7

% Z°C, fragment 20, 17, 9 ® GdnHCI fF{E F., FEfFE F T Far-UV CD A< ML % 25CT
HIE L7 (Figure 3-5), AX7 MUVZENFND X 37 BOFRRIKEE, GdnHCl fZEfE F THE
PERHE, & 5IC—BE GdnHCI F4E T TEME L 72K #EA 5 GdnHCl OFRIC L > THRIIZEZ b
EomRRREEZ R LTV D, £ DOFE R fragment 17 D far-UV CD AX2 b /Lt GdnHCI F7E T
FHHFEETTORARY hAB—F LT (Figure 3-5C), &£ o T fragment 17 iZ “REEEEZH L T2
WeEZHND, LiL, fragment 20, 9 @ far-UV CD A7 hLiX GdnHCI fF7EF. FEFET
TRIRD AR M)VER L, —E GdnHCl f#+E F TEM L7 KEEA 5 GdnHCl DFRRIZ L - TH
RHNIBED E oA PARRRRIEOARY bt —ET 5L 25, fragment 20, 913
“RIBEEZEE L TE Y GAdnHCI B2k U TRl 5 5 Z & 23R &7z (Figure 3-5A, B),
& 5IZ, fragment 20 & Tk-RNase H2 DRRIKFED A7 MUTRBI LB ER LI, ZOF
B, WHO RAEEDHEAELL L TWA Z & &R T (Figure 3-5A, 3-1A),
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Figure 3-5. Far-UV CD spectra of fragments of
Tk-RNase H2 in the absence (-) and presence (-+-) of 4
M GdnHCl at 25 °C. (A) Fragment 20. The dashed line

{91(deg om* dmol ')
g
2

is the spectrum of the refolded protein in the presence

of 1 M GdnHCI. (B) Fragment 9. The dashed line is the

-18000 ] spectrum of the refolded protein in the presence of 1 M
20 218 220 230 240 250

Wevelength (nm) GdnHCL. (C) Fragment 17.

3-3-6. Fragment 9 DA MEEER

Fragment 9 7% Tk-RNase H2 DEM DR ELR PR S L R B THDINREAR D7D, TDOW
HERE L, £, EHREEZHET S0, 25CTH V37 BINRICKBEN 4 MICR3
5 ZH O UOFHE SN2 ED GInHCI K & BREFIC N 2 H#E L, £ OEHIRE 2K E 220 nm
® CDEOE(LZ BT 5 Z & TRIE L1z, T DREE, fragment 9 DML, CD HIE D dead time

(~2s) T5ET L7 (datenotshown), ZDZ & XV, fragment9 DEMRIGITEL . ZOWHEEIX
EHICARRERTHD ZENRRENT,
3-3-7. Fragment 20 D FER & pulse proteolysis ¥ (2 & 2 f#HT

Fragment 20 % Tk-RNase H2 OO FMELR S L X7 B TH IR D701, 25CTHOE
HRIGEBE L, U ERRICKBEN A M ZRZEI)CHOLMPUDHESHLEZED
GdnHC] ISR Z BRI MA B L, £ OEMERZ IR 220 nm O CD HOE(L%BH 5 Z &
THIZE L= (Figure 3-6A), TDFER, fragment 20 DEMEFR T Tk-RNase H2 DM ETE T8
B S A= MR CE RvoTe, E5IT fragment 20 OEYERSIZ— R OFE BT
PlT&, 2OFEEEKIT64X10"s" 2R L7- (Table 2), Ziid Tk-RNase H2 D/5—2 MELIE
DEWEHDEEEE (42X10%") LEbLARM- T2,

&Iz, fragment 20 OB WVEMIRE OMENT % Tk-RNase H2 & [EI#I21T o 72, RARIRKED fragment
20 (213 pg) i 10 pg ? Tk-subtilisin (2% U TERICTMEZ /R L7243, 4 M GdnHCI #7E FC 120
min & L 72 EMEIREED fragment 20 (213 pg) 13 10 pg @ Tk-subtilisin 12 & > TSRS
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72o £ T, fragment 20 IZHIREE 4 M IZ725 X 512 GdnHCl 22 RIS ZBRE L. &5
[ T fragment 20 (2%} L T, Tk-subtilisin (2 & % EIWTEER 21T\, T D+ % tricine-SDS-PAGE
T8 L7z (Figure 3-6B), T DfER, fragment 20 D/ RAZEMREERICIS U TR~ I2EAT 5
BRFPBIETE L, 2L, BEFOFRIREWHBRESY /37 E D pulse proteolysis {EIZ & 55 5R
[79-811 &L RIERDZEETH Y | fragment 20 OEMHEEFRIT IREERIS TH W BHED HRKEEIZIEE
LaELsE R LTS,

T Z T, fragment 20 OEMERIGIZ/N—R MEDOFEE LRWVENVEMZR L, FOEEERKIT
Tk-RNase H2 D/N— R MALIEDBWEMRICDREEH & —B Lz, ZiiX, fragment 20 IX
Tk-RNase H2 DBWEMEDO FREEER Y X7 B THY . fragment 20 DM GH Tk-RNase H2
DENWEMERIS OB ZH > TWDHZ 2R L TV 5D, Z D4, fragment 20 I3 Tk-RNase
H2 @ CRIRER D KB L7=EEE (Figure 3-4B) TH DD T, Tk-RNase H2 DM DAEEI 22
DEBIIN RERTH 5,

A B Fragment 20/Tk-subtilisin (ug) 213/10
MW Incubation time (min)
@) ® B v S e
-~ - 45 ba: ol
| - i OM to4 M GdnHCI 30 il T S < =
:3 2580 : ¥
E -12000 oy : J .‘~f-'
...... : s il
0M GduHCI 14

i . R

wed 6200 L 5b) 100¢2 12000 14000

Time (sec)

Figure 3-6. Kinetic unfolding curve and pulse proteolysis of fragment 20 at 25 °C. (A) The native state of fragment 20 (0
M GdnHCI) was monitored by CD at 220 nm. Unfolding was initiated by rapid dilution of native fragment 20 into
unfolding conditions (0—4 M GdnHCI) and monitored by CD at 220 nm: (thin line) average signals in 0 M GdnHCI and
(thick line) a fit of the data to eq (4). (B) Pulse proteolysis in kinetic unfolding of fragment 20 by Tk-subtilisin. Lane (b)
represents native fragment 20 (218 pg). Fragment 20 (218 pg) was unfolded by addition ofg 4 M GdnHCI. At each time
point (0—120 min), the sample was dispensed into a tube, and proteolysis was performed via addition of Tk-subtilisin (10

ng) and incubation for 45 s. Bands corresponding to Tk-subtilisin and fragment 20 are indicated.

3-3-8. ZMEIEFE LR O

25 CDIRESMF T2 VT, Tk-RNase H2 OZEMEHBERRIZIT/ N —R MBS L7 FRIREERF
ETDHZENREEI NI, L L, Tk-RNase H2 DEM RS THERR S L2 /3— R ML, 25CD
HE S TIX CDIEDRRZE(L D 30% % 5 7253, 50°CDBIE RS T TIIMER TERWVIEE/NE >
7c [211, & L. fragment 20 2% Tk-RNase H2 OO H#E %2 5 FfEE 2 R 7 G Thhd,
ZDORIEIREICZ L 23— MEDEWITIRIRIKEE & FEKEED Tk-RNase H2 DOIFFEL AR
FRICEEL TR DIZBI o TWEDONE LRy,
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INERHEND HT-DIT, fragment 20 & Tk-RNase H2 DEMFIZEM: L IR E OBHR 2 <7, 10,
25.50.70CTH S v {7 BIRBICKBER4AMIZR 5 X5 ICH 52 UHFHE S - B&D GdnHCI
RREBRRRICMAER L, £OEMHREREHER 220 nm O CD [EOE(LEZ BT 252 & TRIEL
7= (Figure 3-7), Tk-RNase H2 DZEMERIT T X TORIFEIRE T dead time (~2s) IZ CD EDOE
{LBRITE | N—R MABEE L, N—R MEOKE X1X 10, 25, 50, 70°COEKFRMET T,
RERIREE & ZEHEIREBED CD EDOKRELD 5 HENRENA 40, 30, 20, 5%% HdH7z, LA LA2H
b, fragment 20 DR ITIIE TORIERE T3— R MBIIFER T& 2d o7, & 51T, Tk-RNase
H2 D/8— 2 M AU DB VEM RIS OZEVEEE E R0 T~ T OREIRE T fragment 20 OEEEE
BE—HL7/7 (Table3-1), ZDRHEEMNS, fragment 20 X EH|EIRE T Tk-RNase H2 DB D
HER D PRSI BIZHTZD e Bbholn, Lo T, Tk-RNase H2 OEMIZIZH
BRIEASEEAE L, RAAIREE & ShRIREED Tk-RNase H2 OFF{EH IR EERIFH T o 5,

X bz, RIARIKHED Tk-RNase H2 @ CD A%, /~— R MMELIROBENEM DRSSO CD fE &
KIRIKEED fragment 20 D CD fH X ¥ HIREIZHRKF L TE{LL TS (Figure 3-7), T Z T,

- fragment 20 i% Tk-RNase H2 DA 2 L R0 B THAH DT, FRIREED Tk-RNase H2 DIETE
HITRE ERICE- TR RD Z e bh ol

A B C D
9 .
%
it OM tod M b '
< 4006 + ¢ A
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Figure 3-7. Kinetic unfolding curves of Tk-RNase H2 and fragment 20 at several temperatures. Native states of Tk-RNase
H2 (A-D) and fragment 20 (E~H) (0 M GdnHCl) were monitored by CD at 220 nm. Unfolding was initiated by rapid
dilution of native Tk-RNase H2 (A—D) and fragment 20 (E-H) into unfolding conditions (0—4 M GdnHCl) and monitored
by CD at 220 nm at 10 (A and E), 25 (B and F), 50 (C and G), and 70 °C (D and H). Thin lines show average signals in 0
M GdnHCI. Thick lines show fits of the data to eq (4). Dashed lines shows CD signals starting the slow phase.
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3-3-9. Tk-RNase H2 & fragment 20 DIREEIZ & 5 M@ O B

Tk-RNase H2 LB ERFANC P RIRIEOTEEL 2 E X TV 5, TN EHED D 5 72 9DIT Tk-RNase
H2 & fragment 20 DIREEIC K 6’2’5%@%%%’{7& Tk-RNase H2 & fragment 20 DEEM: 2 K
220 nm @ CD fEDE(L BB 45 & & THRIE L7z (Figure 3-8), Fragment 20 OIREEIZ X 55 M
F RS TIERIT &, MW A% 7R L7z, Tk-RNase H2 DEBIRERTDN—2 T 4 - DfF
%13 fragment 20 £ ¥ K Z <, fragment 20 DEMIREIL 86.8°CTH Y, Tk-RNase H2 (85.7°C)
E—E LT, Thick Y, RKRIED Tk-RNase H2 iHE KA FRRIBICHITT 5 2 & 48
FERTE, S0, MEBREN—K LI L2 5 RARKREED Tk-RNase H2 (ZEME DR
AT CHRRBICBITT 2L B2 0L,

. -0}
£
& asf . . .
ey Figure 3-8. Heat-induced unfolding
@
o curve of Tk-RNase H2 and fragment
o
T o2} Fregment 20 20, monitored by CD at 220 nm.
3 Y
©
&
~
o 25t

20 40 60 80

Temperature (°C)

3-3-10. Tk-RNase H2 & fragment 20 @ anilino-8-naphthalenesulfonic acid (ANS) & RED LR

Tk-RNase H2 D H At 1E DR KR FR 2SR L OFMRIER L H 57291, Tk-RNase H2
& fragment 20 DEIREE TD ANS FEGREDRIE 21T > 7= (Figure 3-9), ANS i3 & /X7 BRED
BKMREICREET 5 2 LML TV S (83, 84], ZOREE. Tk-RNase H2 i 10°C T ANS #
BREPERRKTREN ENBIZONTHEAREIL TS o7, LarL, fragment 20 IIFIRE & HIEF
IR WREBREZ R L=, L7251 o T, Tk-RNase H2 OB/ EREILIEEKFERIZZE(L L, fragment
20 DHUKMERE LB B LiRd o T,

EROREFIZL Y, Tk-RNase H2 IZIREN LR T 2120 - T, RARRELI L PHERE~MEEL
BATT 2. I HI2, BKMEREITIRED LR T 210> TR Lz, ZOFRER LY Tk-RNase H2
DFHERBITRARRE LY /P IWVBKMERTEZF > TVD T ENRTRTE 5,

Z Z T, fragment 20 |% Tk-RNase H2 @ C R DO KE L 7= Z Rk (Figure 3-4B) THDHZ
EDD, ZOBKEREDOE(IZEIZ Tk-RNase H2 D C KIRFEIRICEAHETHH LEX LN
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5, ZDOZ LIX, Tk-RNase H2 D C KIRTEIRITIERE O FRIZHE-» TEBRAMERRE IS/ DI VIEGICB

19252 & THRRBRICBIT TS Z & 2R LTV,

A

250 B 250
200 , /lﬁ"C ‘\\ E 200
@« \ wn
g / \ 3
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H N 5
3 N 3
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B R é %
) ) ¢ *
20 40 -
Wavelength (nm) Temperature (°C)
Figure 3-9. ANS fluorescence spectra of Tk-RNase H2 and fragment 20. (A) ANS fluorescence spectra of Tk-RNase H2
(dashed lines), and fragment 20 (thin lines). (B) Temperature dependencies of ANS fluorescence spectra at 475 nm for
Tk-RNase H2 (open circles), and fragment 20 (closed circles).
3-3-11. Fragment 20 O3 322 & VERRAT

Tk-RNase H2 & fragment 20 DEMRUS & WIS ZRIE L7z, £9'. Tk-RNase H2 & fragment
20 DEMEHEE L HTEE % 15°C TRIE L7z, Tk-RNase H2 O3 — 2 MELAREOBWEME G &
TG, fragment 20 DBWEMRUS & HIURISIT TN T—ROBEEBISELITE - (Figure
3-10), GdnHCl DBEZE X TREZITV, RTORKIGEEEE (k) OXFEMEZE GdnHCI
BEICX LT a v b LD Figure 3-11A TH 5, & 512, 25, 40, 50°C TOEESMETH
TE L7 #5R % Figure 3-11B, C, DITR L7z, B DAV7E Kepp DXIEAE & GdnHCl DR E DO BIFR %K

(5) WCkoTalplL, AP ToEM, ELEEER (k(H0). k(H,0) #EIL7%, Bohiz
IR/ RT A—F X Table 3-3 I2F &z, FIRED AGH0)iT ky(H0)/kd(H,ONZ & h EHI L
Teo EDRER, BIRE TO fragment 20 DEVEMREE FEHUE Tk-RNase H2 D /38— R MELIEDE L
EHEOHEEFEE L —B LT, L2 - T, fragment 20 DB LT =T ORI EIRE T Tk-RNase
H2 OBWEMKISORMIEBRICHEY Lz, L, £ CTORIERE T fragment 20 DETTIHREE
# & Tk-RNase H2 DETHEERIIR /2> TH Y, fragment 20 DE T ISHEE T Tk-RNase H2
L0 BBV, & 512, AGH0)DIBREKREMZR Q) TERIT 5 2 212 L 9 sk 7= (Figure 3-12).,
FORER., £ TOIRE T fragment 20 D AG(H,0)ix Tk-RNase H2 £ ¥ b &Aoo 7=, L7235 T,
Tk-RNase H2 O C R¥GHIRIZ & > 7 HOETKIGICBEE LEWREEZHERFT 240, BV A
BOSIZIZBEE L TWARWZ E BRI TE 5,
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Figure 3-10. Kinetic unfolding and refolding curves of fragment 20 at 25°C. (A) Unfolding was initiated by rapid
dilution of native fragment 20 into unfolding conditions, and monitored by CD at 220 nm. (B) Refolding was initiated
by rapid dilution of unfolded fragment 20 into refolding conditions, and monitored by CD at 220 nm. Lines are the fit of
data to Eq. (4).

GanHCH (M) GanHCI(M)

GdnHC! (M) G dnHCI (M)

Figure 3-11. Kinetics of unfolding and refolding of Tk-RNase H2 and fragment 20 at several temperatures. GdnHCI
concentration dependence of the logarithm of the apparent rate constant (kapp) of unfolding and refolding kinetics of Tk-RNase
H2 (o) and fragment 20 (®) at 15 (A), 25 (B), 40 (C), and 50 °C (D). Dashed (Tk-RNase H2) and solid (fragment 20) lines are thé
best fits to eq (6).
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Figure 3-12. Thermodynamic stability profiles of
Tk-RNase H2 and fragment 20. Circles, temperature
dependence of AG(H,0) of fragment 20 at pH 9.0.
The T, at which AG(H,O) becomes zero was

estimated from the heat-induced unfolding

AG (H,0) (kJ mot™)

experiments. Thin line, fit to Eq. (2). Dashed line,
stability profile of Tk-RNase H2.

0 20 40 60 80
Temperature (°C)

Table 3-3. Kinetic parameters of unfolding and refolding of Tk-RNase H2 and fragment 20.

Tk-RNase H2 Fragment 20
Temperature k,(H,0) ;\IAIU 1 k(H,0) m, ) AG(H0) k,(H,0) my . k,('HZO) m, : AG(H,;0)

C) ) M «h M G ) M Teh M &)
s)) s) mol™) s) ) mol™)

15 4.12x10° 32 0.0205 -5.5 36.5 3.31x10° 3.0 0.0003 -3.1 30.0

25 6.02x107° 33 038  -62 50.2 1.74x10° 3.0  0.003 -4.2 352

40 2.00x10° 3.1 1.01 5.8 51.0 296x10% 2.6 00257 -3.6 35.0

50 5.0x10® 2.8 0.78 -5.0 44.5 2.04x107 25 00323 -3.2 32.0

3-3-12. Pulse proteolysis #%(Z & 5 Tm-RNase H2 D Z M@ O BLHI

FE—E LY, Tm-RNase H2 D/KPTOEMFEEIL Tk-RNase H2 (TR TE VRIS ZTRTICH
BMH 569, 4 MGAnHCl £ F TiIRFG & bRROBWEMRKIGEZ T T, ZOEMHRROENE
Bl & HMZ9 5 72 91T pulse proteolysis #:1Z & ¥ Tm-RNase H2 D EMEEFE DT 21T - 72,

9. Tm-RNase H2 OEMRICEZRIET D720, F o7 BRRICEBEN4MIZRD XD
IZH o UOFHEINED GdnHC IFR Z B2 H# L, £ OEHER 2R 220 nm O
CD EDOEAL%:B#f3 5 Z & TRIZE L7~ (Figure 3-13A), = D#E R, Tm-RNase H2 i% 4 M GdnHCl
FETCRBOVESERIEER L, & 512, Tk-RNase H2 DEMRISICBIH iz 8— 2 MEITHE
RBT&E Do 7, KIZ, Tm-RNase H2 DBV VAR DN 21T o 72, RARIKED Tm-RNase H2

(112 pg) 1Z 10 pg @ Tk-subtilisin 12 L T 5L MiE % 7R L7225, 4 M GdnHC1 7£4E T C 120 min
JE L 7= HRBE D Tm-RNase H2 (112 pg) iX 10 ug @ Tk-subtilisin (2 & - TRELIC SR I N,
% Z T, Tm-RNase H2 OB EFRE DOF R EEE T Tm-RNase H2 {Z%f L T, Tk-subtilisin {Z
X U EREITV, T OYIWTORRT % tricine-SDS-PAGE T#LHl L 7= (Figure 3-13B), © DFE R,
Tm-RNase H2 2773 /30 ROPEHRFEIZIE U TR ICBAD 5 2 L B3R T& =, ZORERIT,
FIRAEMHED Z /X7 B D pulse proteolysis EIZ X BFER [78-811 LRI LEEBEZRLTEY
Tm-RNase H2 I3 M3 T 012 D4V THR 4 |2 Tk-subtilisin 1263~ HiiftEEZ k> TWS 2 & 2R LT
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VW5, Tm-RNase H2 DZEVEEFEIT Tk-RNase H2 & 272 0 BARRZR “HRERISTH Y . FOLEMHE
BRIZIIFPEEIIRETE 2oz, ZORE LY., Tm-RNase H2 & Tk-RNase H2 O ZEMEBFRIX
BB EEZELTWAZ EbhoTe,

A B Tm-RNase H2/Tk-subtilisin (g) 112/10
0 ’ ' ' ' MW B Incubation time (min)
Q
2000 (kD2) QN & % 40 N PO
e 45 .
—g 4600 ~ S G s ot st S St Vot Tk-subtilisin
e " OM to4 M GdnHCI - o -
§ 5000 w &Tm-RNase H2
E 20
8 8000
= / 0 M GdnHCI o
-10000 s 4 14

12000 L L n "
0 1000 2000 3000 4000 5000

Time (sec)

Figure 3-13. Kinetic unfolding curve and pulse proteolysis of Tm-RNase H2 at 25°C. (A) Native state of Tm-RNase H2 (0
M GdnHCI) was monitored by CD at 220 nm. Unfolding was initiated by rapid dilution of native Tm-RNase H2 into
unfolding condition (0 M to 4 M GdnHCl), and monitored by CD at 220 nm. Thin line, average signals in 0 M GdnHCI.
Thick line, fit of data to Eq. (4). (B) Pulse proteolysis in kinetic unfolding of Tm-RNase H2 by Tk-subtilisn. Lane (b)
represents native Tm-RNase H2 (218 pg). Tm-RNase H2 (218 pg) was unfolded by adding 4 M GdnHCI. At each time point
(0-120 min), sample was dispensed into tube, and proteolysis was performed by adding Tk-subtilisn (10 pg) and incubating

for 45 seconds. Bands corresponding to Tk-subtilisin and Tm-RNase H2 are indicated.

34, BE
3-4-1. Tk-RNase H2 DZEME D 3 EE 7w i (A A

PEFDFIRAYH K Z L 737 B O pulse proteolysis {EIZ & B ft FIZE M IREEMHTH 7=,
L7232 T, SDS-PAGE LITIZBBZ /7 B2 R/ ROEPEMR IS DR FREEIZHE> T
W& T HEmMA RSN D [78-81], A THUAI L 7= fragment 20 (Figure 3-6B) , Tm-RNase H2

(Figure 3-13B) T FEHRIC HEYZ /37 BASABRIC ARBEZAMEIC X o TEMT 21BN BT
&7-. LM L. Tk-RNase H2 DBWEMEDBRZ B L 7-FERIZ. THLOLUTO=20RTK
< Blpo T (Figure 3-3A, B),

— 2 BIE, RARIREED Tk-RNase H2 IE Tk-subtilisin (25t L TEEICHHEZ RTICHEHL 5T,
ZEMEBHARE D 0.5 min T Tk-RNase H2 Z33N FOREIZESLUTICETEA L, RV
fragment 22, 20 S KEIZHI L7z, —2 B, Tk-RNase H2 7R3\ ROER, EHERIISE R
? 0.5 min 2> 5 ZEMEBR AR 16 min DZEMEFEI 2T THEM Lz, =2 B 13 ZBHBIMAE % D 0.5 min
THBL L7 fragment 22, 20 23, ZMEBA%AT 2 min THEMN Lf:o
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ZIT, INLORBEEHE X T Tk-RNase H2 OFHBREKRDOL BB L, KARE
@ Tk-RNase H2 (N-state) (ZZPEEFEOPIMBME T, Tk-subtilisin & & 29I %2 1T 03 VW R
REE (Ix-state) ICBATT D, KIS, HARIC Tk-subtilisin (250 X 15 PRIREE (Ig-state) (28
1T L TH b Tk-subtilisin fiftE 2 R HREREE (Ic-state) (21T 5, ZOEMEBERIZ, UTIOR
TREELVHBATES,

%9, fragment 20 % Tk-RNase H2 £& D C Ryl % Tk-subtilisin (Z Yt X7z fragment T
%% (Figure 3-4B) Z &5, EMEBRAEH 0.5 min THAYLLEAS, C RIGEME 2 U1K S /- f5 2
ThBHLEEZLND, IT, Tk-RNase H2 OEHEBRICIZ CD BIED dead time (~25) |2/3—
A MEXH D (Figure 3-2B), L7223-> T, EHEBALE 0.5 min Tid Tk-RNase H2 I3 RIRIREED O
ERSHIC USRS o - RRETREE~BIT LTV B & £ 2 b5, S5IC, Tk-RNase H2 DZ M
BIERICRV RIS T 0 . ZSHBIRAH 0.5 min AR ZHERIEICBT LTV B Th-RNase H2 13
CD Iz & D HERRR (figure 3-2B) H O bIEFITHR, £ T, &Y D% D Tk-RNase H2 X
oW —REEEZ KT PHEBEEZER L TEB 0, £OBEZE/LIX fragment 20 O3 EEEER

(Figure 3-6A) IZX Y. Tk-RNase H2 @ C KK TEE TWAH I LR FRITE S, LavL,
tricine-SDS-PAGE D#5 513, ZMEBR4A% 0.5 min TH43 8L E D Tk-RNase H2 23 Tk-subtilisin 12 & -
THI STV A28, 424 LU F O Tk-RNase H2 238IHF STV e\ 2 & &7 LTV 5 (Figure 3-3A,
B), ZiE, OB THIESA L7 Tk-RNase H2 OREEIE, HORNICEME LZHRIIREEO B
—RETIIARL, ZOULEORERBELTVWEZLERLTWS, LT, ZOREOH|Z,
Tk-subtilisin {Z & > TERZAIICTIT T DIRME L EIr SN RVIRREEBTFEL TWD LE X LD,

Tk-RNase H2 D Z-DDIREEDNRFE LTV 2 REEIE HIEIREE & BB OB % CDREIEIC L -
TR (Figure 3-7) & ANSHEEREXSIC K o THIE L= R (Figure 3-9) 76 HfER
LTW3B, 2 hH OfERIL. Tk-RNase H2 IZHIERED 25CTH D L & | T TIIRRRKEE L 25C
DB X DHMOHI R BT X o TRE L - PR R R R ESBE L REBEL L > TR 2
DFRRREDOHEEIIR & RBOKMERE 2 A L, FEREBOMEII NS VB ERE 2 HT 5 2 &
R LT, 51T, Tk-subtilisin 1X4 /37 BEREEL IEFFRIICUINT, 2T H5B, £OHTYH
B ERIC 0 U TS T 2 Z LB ESNTWD, £ LT, —RICHAEREOK X
WHEEIIREETHD I ENRMBNTWS, ZDZ & XY, RBHRO Tk-subtilisin {2 X - TERSTHY
IZUIW S D IKHEADS Tk-RNase H2 O RIRIKER, SIHT S 172V REEAS BT X 2 AR 72 F K
BICKET D L E2bRB, UL, T4 TkRNase H2 ORARIE & Buc L 5 FHwa 2+
FREEIZ, £H 5 H 4 M GdnHCl 23 FTE L 22 W UGS Tid Tk-subtilisin (2 & > TS 720
Z & 2 tricine-SDS-PAGE THERR I TV %  (Figure 3-2C),

Z 2T, 4 M GdnHCI 37F7E L 72V BREE Cld Tk-RNase H2 X 25°CC, OB PEMEE L o &
TR SN FHEIREEIZH 5 25,4 M GdnHCl % #90 L 7244 0.5 min OBEATiX 4.2 x 10™ 57 (Table
3-1) OEETERTIOATHEHANIEZ bRV, &b i:\ 25°C T ® Tk-RNase H2 DEM:E
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IZI3 CD AIE D dead time (~2s) (23— MABBRIE L, HOPTIIIEFITENHOHIRE
PRI oTW2eEXBNS (Figure 3-2B), FHRIRICH DHE & K72 Y | 4 M GdnHCI 2§
MUT%&, BECHEVEERE L C RIEFRERSETT S Z &2V, &5HIZ, Tk-RNase H2
DR TLHEE LT fragment 20 DOE TTHEE & b8 U TIHEFIZE L (Table 3-3), Ziid, YIrahszC
RIRFIRPETLUEDRIT R > TV Z 2R T D, Lz -> T, RRKRED Tk-RNase H2
i% 4 M GdnHCI FEf#7E T Tl Tk-subtilisin (2 & > THIKF S 72 A5, 4 M GdnHCI % 0 L 7= %
0.5 min DFF R TIE C RFFIRE MW SN2 LEXOLND, €L T, ZOKRTO Tk-RNase H2
DIREED, EIR L7~ Tk-RNase H2 OLEMBERODOEZED H HD Ig-state 1251 L, FElciR~L7=,
Tk-subtilisin iZ & > TEIEF SHRVIREETH 0 (BT & 5 FEFREY 2 D EIRER TdH 5 IR B [c-state
WIS 5 EEZ T,

Tk-RNase H2 Z7/~9 /30 ROBDS, ZEHBIREEE D 0.5 min 7> 5 EHEBIEH 16 min OZEMEHHA
WM T L7201k, EEERE 72 EREE TH B Ip-state 23 FHFRRY 72 PRIIREE T B Ic-state
BT UIZ/ER, Ic-state DRI L. N-state ® Tk-RNase H2 #7573 Rz /- E2 5
b, Zhit. CDREIEIZE > TAEMZERA L -ERICKFEENS (Figure 3-8), ZD L &,
Tk-RNase H2 OEMEIREE D fragment 20 DEMIBE L —B L1 Z &0 h, BUZ X 3EMOBBET
N-state @ Tk-RNase H2 |39 X T Ic-state (BT L T L IROBRICESR B2 51D, ZOEHE
BRI, EMAEEOEHRRTOLRETHD LE LT,

BRI @ 0.5 min THIEL L 7~ fragment 22,20 23, ZEB 441 2 min THEM L 7= D%, N-state
@ Tk-RNase H2 73 Ig-state (2173 D HNIC Iy-state ZRREA L TWATHLEEZ NS, T
Tk-RNase H2 & fragment 20 D3 EE i B9 22 FEMERRAT OFE R & &% L 7= (Figure 3-11, 12, Table 3-3),
Tk-RNase H2 i3 fragment 20 TRIFI N7 C RIGEBOEELELRISOKE LT, 36T, #
BEEEOZERERHERF LTI EZELLNS, ZDI LA b, N-state 23D Ig-state (2173
LM T, 7 C RRBEKOEEDEER I TWARVWIREETIZ., Tk-RNase H2 O N K{HIfEHK
% Tk-subtilisin I & 2 G OXRIZR22 L E X 7, FEOEBICLY . BRO Iystate b, Bl
REMZTT Ic-state D C RKIGEIKE U & N KRB EICEMET S Z & T, Figure 3-3A T
fragment 9 AL STz & B X BB,

YU EDOEZIC LY #EH X7z Tk-RNase H2 DBWEMIEE % Figure 3-14 12 &7, 9, K
%fﬁiﬁgﬂ) Tk-RNase H2 (N-state) (LB WEMERISOFIADOEERE T, 5E2IT Tk-subtilisin IZX > T
DRREND Ip-state ICBL L. F BB A IZ2 OO HFREIREETH B Ip-state, Ic-state (ZE{LT 5,
Ig-state D C K N A A /1% Tk-subtilisin IZ K 23225 2 &b, ZOEFSEEITIZE T T
WA M, Ic-state IZF1T3 5 & Tk-subtilisin IZ & B3R ITB - 57220, DT Ic-state D Tk-RNase
H2 138k 212 N K K A A L OBER Ko 12 Ip-state (28T LERREMHERE (D-state) (BT
SRR
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Figure 3-14. Unfolding pathway (blue background) and pulse proteolysis pathway (red background) illustrated on each
time scale (a—e). Red arrows denote reactions by Tk-subtilisin. Black arrows denote shifts in the unfolding pathway.
Results of tricine-SDS—-PAGE for the pulse proteolysis pathway are connected by dashed arrows. In each state, the size
represents their abundance ratio on each time scale (a—e). Rectangles are regions with secondary structures. Ellipses are

regions with some structures but no secondary structures. Curves are regions without folded structures. The Tk-subtilisin

resistant form is colored green and the digested form orange.

3-4-2. Tk-RNase H2 DBWAMEDRA
Fragment 20 D ZSM5EEE1X Tk-RNase H2 D /3N— 2 MELAE DB UWVEME RS OB E & —F LT-,

T DORER LY, fragment 20 DZEME G IE Tk-RNase H2 DBWEHERIGOEER G TH D, &5
(2, fragment 20 i3 Tk-RNase H2 @ C RIRFEMABLERAETH S Z L5, Tk-RNase H2 DFEV
EHERISIE N RAIBERICEEEZZ T TS EELXOND, 22T, F—ELV, Tk-RNase H2
DBVEMERISIE N RS OBUKERERLREILE OB KERECEEINATVD, Zhb
DFERD D N RAIEBEOREIEFEOE SN - BKEREN BONEERICDOFERTH 5006 Ly
AJAR

3-4-3. Tk-RNase H2 ® C KiafEIR D& E|
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AE LY Tk-RNase H2 © C KIRFIHIIRABRETIZ, BIBEFRGTIKRBEEZH L TV DA,
ERERIZEMEOBRPIBED LRI > TZRIBEZ K> TV D Z LR SN, LirL, TO
EALIIEMEER TARORAEE TIIRVEEICBIT L, 2oV 7o 7 7 —Eiitt 2 b
DT EWPTFRENT, ZOMBEOELIT N RAUFIKO a7 7 —EEic b B L TW15, &6
W2, ZOEALIEE T BEOBWENIZIIEEL 20, BEERISEFMEIE TS, i,
C RIRFEIRIZ N RUFES L 0 b B BEOHBENTOR S Z & 2RIET 5, Tk-RNase H2 Df5E
THHBHBME P AT T 5EVIEEREDOP T Tk-RNase H2 25K L TV 5 KRMEEIL, &
BT L VIRE SNIEE TR BERECTEORERE LRE®E, AhRTaT
7 —EtEE b ofEiE (c-state) 72DHH LiLZ2V), Muroya [85]5 i3 Tk-RNase H2 @ C KIEHE
WOBENENT ST LT, Tk-RNase 2 IZEH L OFEEGERZLTWHEFRELTWS, CK
IREIE —REEE 2T N KSR ZER S, S, RELBEAELTVH0nb L
gy,

3-5. fEm

AETH, BOWEMKEERT S 37 B Th D B2 I B 3k Tk-RNase H2 O£ MEE
., BEERT0T T —¥Th5HBEFEAEHFK Tk-subtilisin ZFHOTEBFT2 WO H LWF
ECRRET LTz, TO#E, Tk-RNase H2 DBWEMKIGIZIE N Kl KA A VA BEERZE 248
W, CERIE R AL VIIETRIG S BELERICTES L TWA D b KAERFENY V0 EDE
HERREBTTDFEL LTEDTHDZ LA b) o7,
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wiE

FoRIBEIINZREETICH Y S, EHFHOPREHES> TV HIZHEDLL T, 2O
MHRT KR (T —NTF 47, Tr74+—NF 4 7R icoWTIEREH IS ATV
VW, ZOMEEBME I, F o BEREY Ml L L TELF R O AL FR Bl A s
OEML TV ZEBRRERARTH D, AR T, BUHRERROFEFICRERT VNV E
OMMEEBIZOEERD O L, &5IT, FOX U I BEOELEREZBE L TEETS
LT, BHREHRKROZ NV EOMEICEA L TOERNREMREBL BN TER, -

F—ETII, BLFPME RNase H OFEROLEN & EERINZE-LDORE LTV, # o %7
B OEALAIE ROBAN OB Ul MBI 5 273 BUTZEERIZAEIT R U C Rl 72 25
HERTIEND, ERNREERDITICEBNTLETNEZ VNV EThH Do, X HIBFER
#£ RNase H 38\ EERALEEEZ RT3, EHRGEEIIE EOBLIET RICHKFELT
Wz, ZAVSAB TR M & R B R & L Ry BB R o o THBYE DBRIR I X - TR
BICEIS LTV D Z L BREY 5, £ 2T, BAFRMIE R RNase H & B4 P I B B K RNase

HO7 I /Bl E, SIEEECESHTHEL, BVEHICELIHBER L, TORE,
HHIE R RNase H OBWEMSISIINTICE b - BAKHEREORA LR H 72, &5
. ZOBBRELAEE TR TS L BOEERGIEY R BREIHFICEE L TV A
NIRRT IV BERE L RSBEBR L TWD Z LR TE T,

BLETIE. o~V 7 yANKRBERO 70 ) UEEN, BFAGTHEBRY 7 BORE
LM, HTEEBIC DL ) REBEBIIETIRA, TOKE, a~Y 7 v A N K#HE
Wo7ra ) UEREE, FEFICEVWEEEEAT S Tk-RNase H2 2B\ TH HFIRAEYHEKF %
7 EICBT D5E L RRRICMEN R EEE~DOEF S 2R L, B, ZREORVEIRICEFEET
DZETEDE R IEDREMEDREOIC EIF T, Lol Tk-RNase H2 DEBWEMERIS
KM EERO L 5 e K& B BE E X oo Tz, 2L, 7l VEREICX AREIX
FICEMRBOY VRV BICHFETIHETHo T RXABECHETVEEBLAVEDLEEZD
N5, ZHITX Y, RARREOBKEHEFRASKRHEEREDT VIV Yy 7 REEBITBVE
IRV E L 5 2 203, ZHREBICB T2 0 ) VERRLTVANLT 4 FREREZDOTV b
Yy I REEBILREVERKISICHEVEEBLRIEI RV ENTRBENTE, EHIZ, a~Y v s
AN KIREE D 7 0 ) FREIT 5 B %K Tk-RNase H2 & Al F1 3k Tm-RNase H2 0D %5 438 FE 73
RESERDFERTIER» o7, ZOZ LD, a~V v 7 ANKRERO S Y VREITED
B R BOEHERICEMR R EBRIC Y VR BORERICESE L TWA Z E b
77

BT, BOVWENRKIGETRTH V37 B THDBEEEME B ¥ Tk-RNase H2 & iB4FE,
#HEE H 3K Tm-RNase H2 OZE @R 2 BLEER T 0T 77— Th 5 B2 I i & Tk-subtilisin
EROTERRT 5 W55 LWFETHIT L, TO/RE, Tk-RNase H2 OEHEEIL, ¥
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BT Tk-subtilisin & & 2 GIWr 2 5210 W HRMRERIZEIT L. RIZEEIIC Tk-subtilisin (2 BT
S D PRARIRICHELT L TH D Tk-subtilisin fittk 27~ FRIRIRICBAT S 5, OO FHEIRIEZ
LT ARREBRIETH D Z PR TE, £ LT, Tk-RNase H2 OBWEMISIZIE N K7
BIRNEELRFE W, CRIBFEBIIE TG L BEREEICH S LTS Z LR Ehi,
—7J5. BAFEGHIEE 5k Tm-RNase H2 OEMEERITFHAK L M 2V RERIEE R L, 20
T &, EME B K Tk-RNase H2 & #liE € Tm-RNase H2 13, & DE EOHELAE RIKEL
R DIEHBEEFTL VDI LERBLTND, b2, AERFENY 7 BOEMR

BREMTTOIFERLLTATHDZ L ERLT,
ABRITES L TEDOEBRMEIZ SN TEBIND Z DD R EMOELL 2 o RIED

LEME, EHEBICRVERIRHL LRI UH TERMIORLEATH LY, &5i2, #v
R B OEERRICOWTCEFOFE TR CER2WE 0 M2 EREE D Z & B FHELfFHT
FEEBRBLZEATHERE THD, 4%, RNase H 7217 Tl X W BB T, #%
DB O & OBURIE B TBB = & 13, 5 23 B0 TR RIE F 2 fEST 5 = L ICR
BRI 27T TR EAQOEICET 22 ORMEBREANT Z LICHEN DR TERE,
DT, AFRICE > TRELIZFH LW T EOEMEIBRBOMITIEIC & - T, Tk-RNase H2
DRENERBRLARLRENERE, HDVIHDOF L X7 BRTTHZ L1, Z V7 EOE
YWEIED KD —BOBRMICENRD L EZbND, o, BRFEIL, BHERIRET 2L, BEX
ISDBRNC b HENTH D, BRSSP LB ONLFEREE SIS LHEONFRERZ VO EGDLYE
BT ETEVRNE R EOMEOEMNRBEOND LEZXOND, SHIZ, 22 THLAF
AR ZE AR D X 572 2B R 2 RATONL (AHEE DR TE D S 15 LD IERITIER ICHBREE Y,
AT T B B 4 L3 E OB RS DR LRI >V T E OB L LTo
FLVWHREZH/DL N TE L, ZOMRIT, BHAEBRRZ NI HIZEEELT, Zo%)
B OEMRIGHE ZOWRISETHEE NI EDT 3 —VTF 4 7 EEORAICEERR
THEEZTND, U IEEED [hE] 2BRT2Z L%, o0 BORTHEL, £
OREECHELOBAEN LEMET D 2 LICEMR Y | ZOAFEAREMBIHF LN, ¥ I BI
E¥, EESTFCHBICRERBRELRETIEAS, ZOKET, 2RIT, ZELRBELEL
T 5 PRI X > THA OEFIT—ET 508 LILR,

56



BE R

1 Anfinsen, C. B. (1973) Principles that govern the folding of protein chains. Science 181,
223-230.

2 Levinthal, C. (1968) Are there pathways for protein folding? J. Chim. Phys. Phys.-Chim.
Biol. 65, 44-45.

3 Arai, M., and Kuwajima, K. (1996) Rapid formation of a molten globule intermediate in
refolding of lactalbumin, Fold. Des. 1,275-287.

4 Udgaonkar, J. B., and Baldwin, R. L. (1988) NMR evidence for an eé.rly framework
intermediate on the folding pathway of ribonuclease A. Nature 335, 694-699.

’ 5 Roder, H., Elove, G. A., and Englander, S. W. (1988) Structural characterization of
folding intermediates in cytochrome ¢ by H-éxchange labelling and proton NMR. Nature
335, 700-704.

6 Balbach, J., Forge, V., van, Nuland. N. A., Winder, S. L., Hore, P.J., and Dobson, C. M.
(1995) Following protein folding in real time using NMR spectroscopy. Nature Struct.
Biol. 2, 865-870.

7 Eliezer, D., Jennings, P. A., Wright, P. E., Doniach, S., Hodgson, K. O., and Tsuruta, H.
(1995) The radius of gyration of an apomyoglobin folding intermediate. Science 270,
487-488.

8 Arai, M., Ikura, T., Semisotnov, G. V., Kihara, H.,, Amemiya, Y., and Kuwajima, K.
(1998) Kinetic refolding of beta-lactoglobulin. Studies by synchrotron X-ray scattering,

and circular dichroism, absorption and fluorescence spectroscopy. J. Mol. Biol. 275,

57



10

11

12

13

14

15

149-162.

Serrano, L., Matouschek, A, aﬁd Fersht, A. R. (1992) The folding of an enzyme. III.
Structure of the transition state for unfolding of barnase analysed by a protein
engineering procedure. J. Mol. Biol. 224, 805-818.

Wolynes, P.G., Onuchic J. N., and Thirumalai, D. (1995) Navigating the folding routes.
Science 267, 1619-1620.

Baker, D. (2000) A surprising simplicity to protein ‘folding. Nature 405, 39-42.
Kamagata, K., Arai, M., and Kuwajima, K. (2004) Unification of the folding
mechanisms of non-two-state and two-state proteins. J. Mol. Biol. 339, 951-965.
Nakamura, T., Makabe, K., Tomoyori, K., Maki, K., Mukaiyama, A., and Kuwajima, K.
(2010) Different folding pathways taken by highly homologous proteins, goat
alpha-lactalbumin and canine milk lysozyme. J. Mol. Biol. 396, 1361-1378.

Takano, K., Yamagata, Y., and Yutani, K. (1998) A general rule for the relationship
between hydrophobic effect and conformational stability of a protein: stability and
structure of a series of hydrophobic mutants of human lysozyme. J. Mol. Biol. 280,
749-61.

M;itsumura, M., Becktel, W.J., and Matthews, B.W. (1988) Hydrophobic stabilization in

T4 lysozyme determined directly by multiple substitutions of Ile 3. Nature 334, 406-10.

58



16

17

18

19

20

21

22

Matsumura, M., Becktel, W.J., Levitt, M., and Matthews, B.W. (1989) Stabilization of
phage T4 lysozyme by engineered disulfide bonds. Proc. Natl. Acad. Sci. USA. 86,
6562-6.

Matthews, B.W., Nicholson, H., and Becktel, W. J. (1987) Enhanced protein
thermostability from site-directed mutations that decrease the entropy of unfolding. Proc.
Natl. Acad. Sci. USA. 84, 6663-7.

Ogasahara, K., Nakamura, M., Nakura, S., Tsunasawa, S., Kato, 1., Yoshimoto, T., and
Yutani, K. (1998) The unusually slow unfolding rate causes the high stability of
pyroolidone carboxyl peptidase from a ‘hyperthermophilile Pyrococcus furiosus:
Equilibrium and kinetic studies of guanidine hydrochlorideinduced unfolding and
refolding. Biochemistry 37, 17537-17544.

Dams, T., and Jaenicke, R. (1999) Stability and folding of dihydrofolate reductase from
the hyperthermophilic bacterium 7hermotoga maritime. Biochemistry 38, 9169-9178.
Kaushik, J. K., Ogasahara, K., and Yutani, K. (2002) The unusually slow relaxation
kinetics of the folding-unfolding of pyrrolidone carboxyl peptidase from a
hyperthermophile Pyrococcus furiosus. J. Mol. Biol. 316, 991-1003.

Mukaiyama, A., Takano, K., Haruki, M., Morikawa, M., and Kanaya, S. (2004)
Kinetically robust monomeric protein from a hyperthermophile. Biochemistry 43,
13859-13866.

Perl, D., and Schmid, F.X. (2002) Some like it hot: The molecular determinants of

59



23

24

25

26

27

28

29

30

protein thermostability. ChemBioChem. 3, 39-44.

Razvi, A., and Scholtz, J. M. t2006) Lessons in stability from thermophilic proteins.
Protein Sci. 15, 1569-1578.

Jaenicke, R., and Bohm, G. (1998) The stability of proteins in extreme environments.
Curr. Opin. Struct. Biol. 8, 738-748.

Vieille, C., and Zeikus, G.J. (2001) Hyperthermophilic enzymes: sources, uses, and
molecular mechanisms for thermostability. Microbiol. Mol. Biol. Rev. 65, 1-43.

Nelson, K. E., Clayton, R. A., Gill, S. R., Gwinn, M. L., Dodson, R. J., Haft, D. H.,
Hickey, E. K., Peterson, J. D., Nelson, W. C., Ketchum, K. A, et al. (1999) Evidence for
lateral gene transfer between Archaea and Bacteria from genome sequence of
Thermotoga maritima. Nature 399, 323-329.

Berezovsky, 1. N., and Shakhnovich, E.I. (2005) Physics and evolution of thermophilic
adaptation. Proc. Natl. Acad. Sci. USA. 102, 12742-12747.

Mizuguchi, K., Sele, M., and Cubellis, M. V. (2007) Environment specific substitution
tables for thermophilic proteins. BMC Bioinformatics 8, S15.

Ohtani, N., Haruki, M., Morikawa, M., Crouch, R. J., Itaya, M., and Kanaya, S. (1999)
Idéntiﬁacation of the genes encoding Mn**-dependent RNase HII and Mg**-dependent
RNase HIII from Bacillus subtilis: Classification of RNase H into these families.
Biochemistry 38, 605-618.

Ohtani, N., Haruki, M., Morikawa, M., and Kanaya, S. (1999) Molecular diversities of

60



31

32

33

34

35

36

37

RNase H. J Biosci. Bioeng. 88, 12-19.

Katayanagi, K., Miyagawa, M., Matsushima, M., Ishikawa, M., Kanaya, S., Nakamura,
H., lkehara, M., Matsuzaki, T., and Morikawa, K. (1992) Structural details of
ribonuclease H from Escherichia coli as refined to an atomic resolution. J Mol. Biol.
223, 1029-1052.

Ishikawa, K., Okumura, M., Katayanagi, K., Kimura, S., Kanaya, S., Nakgmma, H., and
Morikawa, K. (1993) Crystal structure of ribonuclease H from 7T he('mus thermophilus
HBS refined at 2.8 A resolution. J. Mol. Biol. 230, 529-542.

You, D. J., Chon, H., Koga, Y., Takano, K.,v and Kanaya, S. (2007) Crystal structure of
type 1 ribonuclease H from hyperthermophilic archaeon Sulfolobus tokodaii: role of
arginine 118 and C-terminal anchoring. Biochemistry 461, 1494-1503.

Muroya, A., Tsuchiya, D., Ishikawa, M., Haruki, M., Morikawa, M., Kanaya, S., and
Morikawa, K. (2001) Catalytic center of an archaeal type2 ribonuclease H as revealed by
X-ray crystallographic and mutational analyses. Protein Sci. 10, 707-714.

Dong, H., Mukaiyama, A., Tadokoro, T., Koga, Y., Takano, K., and Kanaya, S. (2008)
Hydrophobic effect on the stability and folding of a hyperthermophilic protein. J. Mol.
Biol. 378, 264-272.

Hollien, J., and Marqusee, S. (1999) A thermodynamic comparison of mesophilic and
thermophilic ribonucleases H. Biochemistry 38, 3831-3836.

Hollien, J., and Marqusee, S. (2002) Comparison of the folding processes of T.

61



38

39

40

41

42

43

44

thermophilus and E. coli ribonucleases H. J. Mol. Biol. 316, 327-340.

Yamasaki, K., Ogasahara, K., Yutani, K., Oobatake, M., and Kanaya, S. (1995) Folding
pathway of Escherichia coli ribonucrease H: A circular dichroism, fluorescence and
NMR study. Biochemistry 34, 16552-16562.

Haruki, M., Tanaka, M., Motegi, T., Tadokoro, T., Koga, Y., Takano, K., and Kanaya, S.
(2007) Structural and thermodynamic analyses of Escherichia coli RNase HI variant
with quintuple thermostabilizing mutations. FEBS J. 274, 5815-5825.

Raschke, T. M., and Marqusee, S. (1997) The kinetic folding intermediate of
ribonuclease H resembles the acid molten globule and partially unfolded molecules
detected under native conditions. Nature Struct. Biol. 4, 298-304.

Raschke, T. M., Kho, J., and Marqusee, S. (1999) Confirmation of the hierarchical
folding of RNase H: A protein engineering study. Nature Struct. Biol. 6, 825-831.
Spudich, G. M., Miller, E. J., and Marquesee, S. (2004) Destabilization of the
Escherichia coli RNase H kinetic intermediate: Switching between a two-state and
three-state folding mechanism. J. Mol. Biol. 335, 609-618.

Zhou, Z., Feng, H., Ghirlando, R., and Bai, Y. (2008) The high-resolution NMR structure
of the early folding intermediate of the Thermus thermophilus ribonuclease H. J Mol.
Biol. 384, 531-539.

Mukaiyama, A., Haruki, M., Ota, M., Koga, Y., Takano, K., and Kanaya, S. (2006) A

hyperthermophilic protein acquires function at the cost of stability. Biochemistry 45,

62



45

46

47

48

49

50

51

12673-12679.

Mukaiyama, A., Koga, Y., Takano, K., and Kanaya, S. (2008) Osmolyte effect on the
stability and folding of a hyperthermophilic protein. Proteins: Struct. Funct. Bioinf. 71,
110-118.

Takano, K., Higashi, R., Okada, J., Mukaiyama, A., Tadokoro, T., Koga, Y., and Kanaya,
S. (2008) Proline effect on the thermostability and slow un_folding of a
hyperthermophilic protein. J. Biochem. 145, 79-85.

Luke, K. A., Higgins, C. L., Wittung-Stafshede, P. (2007) Thermodynamic stability and
folding of proteins from hyperthermophilic organisms. FEBS J. 274, 4023-4033.

Tanaka, S., Saito, K., Chon, H., Matsumura, H., Koga, Y., Takano, K., and Kanaya, S.
(2007) Crystal structure of unautoprocessed precursor of subtilisin from a
hyperthermophilic archaeon: evidence for Ca2'-induced folding. J. Biol. Chem. 282,
8246-8255.

Cavagnero, S., Debe, D. A., Zhou, Z. H., Adams, M. W. W., and Chan, S. L. (1998)
Kinetic role of electrostatic interactions in the unfolding of hyperthermophilic and
mesophilic rubredoxins. Biochemsitry 37, 3369-3376.

Dams, T., and Jaenicke, R. (1999) Stabilify and folding of dihydrofolate reductase from
the hyperthermophilic bacterium Thermotoga maritima. Biochemistry 38, 9169-9178.
Kaushik, J. K., Ogasahara, K., and Yutani, K. (2002) The unusually slow relaxation

kinetics of the folding-unfolding of pyrrolidone carboxyl peptidase from a

63



52

53

54

55

56

57

58

hyperthermophile. Pyrococcus furiosus. J. Mol. Biol. 316, 991-1003.

Jaswal, S. S., Sohl, J. L., Dans,‘ J. H., and Agard, D. A. (2002) Energetic landscape of
alpha-lytic protease optimizes longevity through kinetic stability. Nature 415, 343-346.
limura, S., Yagi, H., Ogasahara, K., Akutsu, H., Noda, Y., Segawa, S., and Yutani, K.
(2004) Unusually slow denaturation and refolding process of pyrrolidone carcoxyl
peptidase from a hyper-thermophile are highly cooperative: Real-time NMR studies.
Biochemistry 43, 11906-11915.

Zeeb, M., Lipps, G., Lilie H., and Balbach, J. (2004) Folding and association of an
extremely stable dimeric protein from Sulfolobus islandicus. J. Mol. Biol. 336, 227-240.
Forrer, P., Chang, C., Ott, D., Wlodawer, A., and Pliickthun, A. (2004) Kinetic stability
and crystal structure of the viral capside protein SHP. J Mol. Biol. 344, 179-193.
Wittung-Stafshede, P. (2004) Slow unfolding explains high stability of thermostable
ferredoxins: common mechanism governing thermostability? Biochim. Biophys. Acta
1700, 1-4.

Duy, C., and Fitter, J. (2005) Thermostability of irreversible unfolding alpha-amylases
analyzed by unfolding kinetics. J. Biol. Chem. 280, 37360-37365.

KaLshik, J. K., limura, S., Ogasahara, K., Yamagata, Y., Segawa, S., and Yutani, K.
(2006) Completely buried, non-ion-paired glutamic acid contributes favorably to the
conformational stability of pyrrolidone carboxyl peptidases from hyperthermophiles.

Biochemistry 45, 7100-7112.

64



59

60

61

62

63

64

65

66

Mishra, R., Olofsson, L., Karlsson, M., Carlsson, U., Nicholls, I. A., and Hammarstrém,
P. (2008) A conformationally isoformic thermophilic protein with high kinetic unfolding
barriers. Cell. Mol. Life Sci. 65, 827-839.

Costas, M., Rodriguez-Larrea, D., De, Maria. L., Borchert, T. V., Gémez-Puyou, A., and
Sanchez-Ruiz, J. M. (2009) Between-species variation in the Kinetic stability of ‘TIM
proteins linked to solvation-barrier free energies. J. Mol. Biol. 385, 924—937.

Goodwin, T.W., and Morton, R.A. (1946) The spectrophotometric determination of
tyrosine and tryptophan in proteins. Biochem. J. 40, 628-632.

Pace, C. N. (1990) Measuring and increasing protein stability. Trends Biotechnol. 8,
93-98.

Santoro, M. M., and Bolen, B. W. (1988) Unfolding free energy changes determined by
the linear extrapolation method. 1. Unfolding of phenylmethanesufonyl
alpha-chymotrypsin using different denaturants. Biochemistry 27, 8063-8068.

Funahashi, J., Takano, K., and Yutani, K. (2001) Are the parameters of various
stabilization factors estimated from mutant human lysozymes compatible with other
proteins? Protein Eng. 14, 127-134.

Yutani, K., Hayashi, S., Sugisaki, Y., ahd Ogasahara, K. (1991) Role of conserved
proline residues in stabilizing tryptophan synthase alpha subunit: analysis by mutants
with alanine or glycine. Proteins: Struct. Funct. Genet. 9, 90-98.

Li, Y., Reilly, P. J., and Ford, C. (1997) Effect of introducing proline residues on the

65



67

68

69

70

71

72

stability of Aspergillus awamori. Protein Eng. 10, 1199-1204.

Richardson, J. S., and Richardéon, D. C. (1988) Amino acid preferences for specific
locations at the ends of alpha helices. Science 240, 1648-1652.

Watanabe, K., Masuda, T., Ohashi, H., Mihara, H., and Suzuki, Y. (1994) Multiple
proline substitutions cumulatively thermostabilize Bacillus cereus ATCC7064
oligo-1,6-glucosidase. Irrefragable proof supporting the proline rule. Eur. J. Biochem.
226, 277-283.

Watanabe, K., Kitamura, K., and Suzuki, Y. (1996) Analysis of the critical sites for
protein thermostabilization by proline substitution in oligo-1,6-glucosidase from Bacillus
coagulans ATCC 7050 and the evolutionary consideration of proline residues. Appl.
Environ. Microbiol. 62, 2066-2073.

MacArthur, M. W., and Thornton, J. M. (1991) Influence of proline residues on protein
conformation. J. Mol. Biol. 218, 397-412.

Hardy, F., Vriend, G., Veltman, O. R,, van der Vinne, B., Venema, G., and Eijsink, V. G.
(1993) Stabilization of Bacillus stearothermophilus neutral protease by introduction of
pralines. FEBS Lett. 317, 89-92.

G(;nzélez, J. M., Masuchi, Y., Robb, F. T., Ammerman, J. W., Maeder, D. L.,
Yanagibayashi, M., Tamaoka, J., and Kato, C. (1998) Pyrococcus horikoshii sp. nov., a
hyperthermophilic archaeon isolated from a hydrothermal vent at the Okinawa Trough.

Extremophiles 2, 123-130.

66



73

74

75

76

77

78

79

80

81

82

Atomi, H., Fukui, T., Kanai, T., Morikawa, M., and Imanaka, T. (2002) Description of
Thermococcus kodakaraensis sp. nov., a well studied hyperthermophilic archaeon
previously reported as Pyrococcus sp. KOD1. Archaea 1, 263-267.

Kim, P. S., and Baldwin, R. L. (1990) Intermediates in the folding reactions of small
proteins. Annu. Rev. Biochem. 59, 631-660.

Kuwajima, K., Nitta, K., Yoneyama, M., and Sugai, S. (1976) Three-sta.t.e denaturation

of a-lactalbumin by guanidine hydrochloride. J. Mol. Biol. 106, 359-373.

Ptitsyn, O. B. (1995) Molten globule and protein folding. Adv. Protein Chem. 47,
83-229,
Baldwin, R. L., Frieden, C., and Rose, G. D. (2010) Dry molten globule intermediates

and the mechanism of protein unfolding. Proteins: Struct. Funct. Genet. 78, 2725-2737.
Park, C., and Marqusee, S. (2005) Pulse proteolysis: A simple method for quantitative
determination of protein stability and ligand binding. Nature Methods 2, 207-212.

Na, Y. R, and Park, C. (2009) Investigating protein unfolding kinetics by pulse
proteolysis. Protein Sci. 18, 268-276.

Chang, Y., and Park, C. (2009) Mapping transient partial unfolding by protein
engineering and native-state proteolysis. J.' Mol. Biol. 393, 543-556.

Kim, M. S., Song, J., and Park, C. (2009) Determining protein stability in cell lysates by
pulse proteolysis and Western blotting. Protein Sci. 18, 1051-1059.

Schigger, H. (2006) Tricine-SDS-PAGE. Nature Protoc. 1, 16-22.

67



83

84

85

86

87

88

89

90

91

Semisotnov, G. V., Rodionova, N. A., Kutyshenko, V. P., Ebert, B., Blanck, J., and
Ptitsyn, O. B. (1987) Sequential mechanism of refolding of carbonic anhydrase B. FEBS

Lent. 224, 9-13.

Kuwajima, K. (1989) The molten globule state as a clue for understanding the folding
and cooperativity of globular-protein structure. Proteins: Struct. Funct. Genet. 6, 87-103.
Muroya, A., Tsuchiya, D., Ishikawa, M., Haruki, M., Morikawa, M., Kanaya, S., and
Morikawa, K. (2001) Catalytic center of an archaeal type 2 ribonuclease H as revealed
by X-ray crystallographic and mutational analyses. Protein Sci. 10, 707-714.

DeLano, W. L. (2004) PyMOL User’s Guide. DeLano Scientific San Carlos, California.
Thompson, J. D., Higgins, D. G, and Gibson, T. J. (1994) Clustal W: Improving the
sensitivity of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and wéight matrix choice. Nucl. Acids Res. 22,
4673-4680.

Cavallo, L., Kleinjung, J., and Fraternali, F (2003) POPS: A fast algorithm for solvent
accessible sﬁfface areas at atomic and residue level. Nucl. Acids Res.31, 3364-3366.
Page, R. D. (1996) Treeview: An application to display phylogenetic trees on personal
corﬁputers. Comput. Appl. Biosci. 12, 357-358.

Connolly, M. L. (1993) The molecular surface package. J. Mol. Graph. 11, 139-141.
Takano, K., Yamagata, Y., and Yutani, K. (2001) Role of non-glycine residues in

left-handed helical conformation for the conformational stability of human lysozyme.

68



Proteins: Struct. Funct. Genet. 44, 233-243.

ARG BT 5 R

Takano, K., Higashi, R., Okada, J., Mukaiyama, A., Tadokoro, T., Koga, Y., and Kanaya, S.
(2008) Proline effect on the thermostability and slow unfolding of a hyperthermophilic

protein. J. Biochem. 145, 79-85.

Okada, J., Okamoto, T., Mukaiyama, A., Tadokoro, T., You, D. J., Koga, Y., Takano, K.,
. and Kanaya, S. (2010) Evolution and thermodynamics of slow unfolding of hyperstable

monomeric proteins. BMC Evol. Biol. 10, 207.

Okada, J., Koga, Y., Takano, K., and Kanaya, S. (2012) Slow unfolding pathway of
hyperthermophilic Tk-RNase H2 examined by pulse proteolysis using the stable protease
Tk-Subtilisin. Biochemistry 51, 9178-9191.

£ DD

Takano, K., Okamoto, T., Okada, J., Tanaka, S., Angkawidjaja, C., Koga, Y., and Kanaya,

S. (2011) Stabilization by fusion to the C-terminus of hyperthermophile sulfolobus tokodaii

RNase HI: a possibility of protein stabilization tag. PLoS ONE 6, ¢16226.

69



HEF

AR FITTDICHTZ0  ZRZHEEER O CHEREL B T LI KRBRRKFRFEBRLF
MR EMER LYHER SARNBRIGEATRHEOBERLET,

AR A ED D LT EEOEEE L EYRHBE LB £ LI mE L RERFR A MRS
RHERF SRS AR EER  ABFNSCERICL L W IRHO - LEd, ABFRICEE L, BV
i LR E AR O E LI KRR ERFER TEM AR AR R DY HT HEE—E5RIGEA T
BALE L BT ET, '

KX ELHHITHI0 FRAEHE 29 F L7 KIRKFERER TR 7R M e ime
FHEY EASRHER. FEIERCECEH O LET, BBICEVIIRSEAFICB VL THI
RS e @RMREOER. EFMAZOERKIZLNOREH V- LET,

70



e & .\4..-%.,..
< " %

Lo
e
.

L Sl
. »

.,




