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DNA ##, &E. AR E0EMBERIIECGTFORKTH 2T/ LOREMERF
CEMDERICESTEEREGZZHL., EMEHBEATED THBICHBEENT
W3, ZNSOBYRBEHEND SEENBN, BER ZEICBDORNB, L
B> T, TNSOBEREDSY DNV EDOHTRBMBO AT /2280 2%
BT 52 &1d, BAPEL OEEREZEORELEMT S 2 LICBNS L, &
GTFREOB A BRERBREROBR SN S RREBIC BT 2 IEAMEEED B/
DIHETH B, LELEBE, REOBEFPE N TOFERENSDNS I &I,
WHIREL DRFNINS OBBICEFZ LAY, BECERLLESTFREERR
LTWaRhENSZETHA, 2). ERDEHNESTRBRNI ERFSHTH
3,

e (F—F7. archaea) 135
=ZQEYENDIR), ERAENTH farinie A

| s
EAIES S L e & oty ooas S b N

I ™
s g - HIFHE gl BEEEY
H, ELBREEZERICEFKRTSSY > (Bacteria)  (Archacs) (Eukarya)

NBRTFOEBER, EEMEXD
BEZEYODDICISELL TW
5T E2FOT. EILRITRERH
FWEYTHS (Fig. D, FEEZEW,
DNA BHO S TRBICHRZRH S, Fig. 1. Three domains of life.
TR Z N RICHFEL., TNHZ2E
EHECEREN OO EHBL T T &icko T, DNA BEEE O FEN2E
BT HEEDIT. THIEZETNE LU TEE LU EREEZEYICHBITS DNA
DEHBEOAFRBEBZMAL TAS ZENTELOTEHRVWNAEEZ 2, &
512, BT O NRNVERFIDOWTHEELBEDOBEKRES T L NIV THET S
D, BHMEICERELEERICOWTYELZNICEERITT 52 Z EAEEL
ZZ. FVBEFRINICELZRERSY DNV ENRETE 5B STHEZA W,
ERRICBWTERL Pyrococcus furiosus vy, DNA BER OS> FHEOH

|



T, HICEEE DNA 1T > THAESENSR SN % DNA BROMRERICED S5 >~
I BT DBERE S BB I D W CEERI R BT 217 > 72(4-10),

Bacteria Archaea Eukarya

f A
A
1®BH_ HO®IH
@ S
111 @ Crenarchaeota
S| (@ O

V% I®H OMd
. /

e\ -
ﬁb GD» l§§ (:> @9 é%

family A family B family C family D family X family Y

| Fig. 2. DNA polymerases in three domains.

DNA EH#HOERIZ., THFIURXILFAFRZUUE (ANTP) Z2EHICLT
DNA 28R 3 2 DNA RYAF—ETH S, INETOBELDEDIT—DOM
FIRICEREDO DNARY XS —E2FT B ENASNTHD, BEOREMA DNA
BHZONE EHBRED. BARBEBEBIIMDDIBRZETNENRET ORE
EAELTWS, HE, HERIITEEN A7 DNA $#Hz#R LT, BEKS
R DBZ TERT 3E M (ransletion synthesis)ZE 9 % DNA R U A T —EHNHH
RWTRAINEZIEE, 070027 F2&o>TELOEYDEST J LEEF
BEHONCRSTERLILEIRED.DNARY A T—FOREITREICEML 7Z.DNA
HUAT—EITn< Dﬁ\@#&iﬁ;‘é‘éj’s JBEHNIZE > T Fig. 2 ITRTXIITE6D
DT 7IV—RHETHIENTESAD. BEORAML DNA EELERICE ESR
IZEFHIE Tl Pollll, ER4% Tl Pola, Pols, Pole TH 2 Z ENRHSNTBHBD,
%m%m£ﬁ5m<o@®ﬁ71:vbﬁ@é%%%ﬂbf@mfméo%®¢®
Y71y b 3 BEFIS S Pollll 137 7 T U—CIZ. Pola. Pold, Pole



7 7IV—BIROEINTNS, PoIIFRIC XS CEREY OBNICERL T 7
IY-BIHET BT I /MRS EH - EBRTH DN, BEREETH S EADH
2 TS,

—FEHER. TR CRELZ DOV T I N—F (ZVF—FFF

(Crenarchaeota) RU'1U 7 —F3%4% (Euryarchaeota)) IZ573F5 2 c‘iiﬁ'@%é
PV F—FFFIEDRBRIED 2D(HBETIE3ID)DT » 2 —BEER (PolBIL,
PoIBII, (POIBII) 7% F7- P. furiosus Z&HLY 7 —F ¥ 37 7 I 1) —B.
77 3IY—DIZBTBBEE (PolBl, PolD) NENTN1 DT OEEL. TNETND
BROATHEZNEENS, S405EAE DNA BRICBEHEL TWSEEAS
nTtns (12),

#3 DNA IR THAHENER

template- I DNA BHOBEEREX, X
primer / _ R N

5 DNA c}amp loader DX D E:E:T)I/?f)\ff’muaéﬂf Wwa,

i ¥ EHEES DNA R AT —PhE
@ #l DNA L5 ZIENE B TIT,

, & clamp EHHERICHRD LW DNA 8k EfT

H7DI2iE. DNA RUAS—F%E

% é? DNA #{ LICEDTB VT2 T &M

’ NA
gggx/ polymerase TN BHFHRRETH B, V527
B R—F VB > TEEERRL.
)

fwOH%E DNA SHNED LD ICHE
LS ERRISHETL TN &
ZEZ5NTNS(13. 14), DNA M
Fig. 3. Mechanism of processive 75T DEOPICHBIAENSTZ
DNA synthesis. DICHE, 1) IS — B < ST
NHO, TODIcy I Tu—F

— L XiEN55TFNE< (Fig. 3). EIEHE TIEKBEE DNA AU RAS—E 1T &
OFEZELTREESNAZ1 0BEOY 1oy MDD S, P Ty b3 S
T THD. SEE (1,5,8, 1 v) DORBIVESKNY S TO—F—OREER

D
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=9, — HFEEEY TIX. BEEMEERE (proliferating cell nuclear antigen:
PCNA). #HEIHF C (replication factor C: REO)WRENFNI ST, 75270
— 5 —DEERTHZENDM> TS (Tablel).,

Table 1. Proteins in the processive DNA synthesis.

function Bacteria Archaea Eukarya
DNA synthesis Pol I Pol BI, Pol BII, Polqa, Pol 3,
Pol D Pol €
clamp Pol I1I B-subunit PCNA PCNA
Pol III RFC RFC

clamp loader
v-complex (small, large) (5 subunits)

HHIE O DNA ERHEIE. RUAS—VUMI. HEETELAERIN TR
<. WEBEOETFICOWTHE ABNTWAEN -, BEDY ) ARSI
WBEMNS, HHEY J ARICEEEY O PCNA, RFC IZ-EAIZFDOY O NVE
20— RT2BETVEET D I ENAHINE, FEEFE. BHFEAGTHEDO—ET
&% P. furiosus ®% /] DNA 75 PCNA. RFC #Ei%5l%2 31— RT5BETEY
O—=7L, %h%@i“éﬁ?&%ﬁf%ﬂ%hﬁ S>F, rorTu—-F—EEE
BT 5 EERTEHIC, P furiosus HR®D DNA RUXT—¥, 7527, 5
T —RNEDLIITHEERAL. ERITHEROL N (processive) DNA &
REERTZONEND JICHEIkERDE, IN5DHTFOELMZNENBLUESE
EYFRRERZTT o 2.



®£—8 V727 (PCNA) &7 5>7u—%— (RFC) DEALFRIMEIT

B—H 7527 (PCNA) ORH

Pyrococcus BDH TERANTYT J LBEHRN A S 37z Pyrococcus horikoshii
D&y 7 LAEFIHIZ (15). EXEY O PCNA CELESI 2D >N 7BZ3— R
TLEEFERARHLE. TOEBGRFEIIZD LTI —2KL PCRIZIZKD
P. furiosus %"/ I» DNA » SELESIZ3— R 5EFIZEIES . B5NE
BFIL249BREDT I /BN SRE5FE 28,000 D >N E%Z1—RLTWE,
ZOEETFNI—RTB7 I/ BESIZE b PCNA, BERPCNA EThTh 22 %,
25 %X O—H THRMEZRLZ. THIEEHRD PCNA O X/ BEEFI L HHET 5 &,
Methanothermobacter thermoautotrophicus (16). Archaeoglobus fulgidus (17).
B X W\ Methanococcus jannaschii (18). EDREICZENZN 30, 24, 39 XD—HT
72 BESOHERENRR S NZ, ZOBETFERBEANY S —, pET2la iZ7 0
—=2JL, KBETRESETERNSY > /N E (PUPCNA) 2 RBICEES B,
REEGZEZE RN LHER. MR HRZZ0LE (80 C,10 77) LR,
polyethyleneimine 12Kk 2 BRZEEALE, FiEt 7Y > T2 ALK, BRUBEA A

A B Fig. 4. Purification of recombinant PfuPCNA from
1 - 1 2 E. coli cells and identification of PfuPCNA in P.
(kD) — furiosus cells. (A) Recombinant PfuPCNA purified as
75 W described in the text was loaded onto an SDS-12.5 %
polyacrylamide gel and stained with Coomassie brilliant
blue. Lanes: 1, molecular mass markers (Perfect Protein
35| & Markers; Novagen); 2, purified PfuPCNA (3 pg). The
sizes of the molecular mass markers are indicated on the
left. (B) Western blot analysis of PfluPCNA. P. furiosus
cell extracts (35 pg of the cells) and recombinant
PfuPCNA (10 ng)produced in E. coli were separated by
SDS-12.5% PAGE and then analyzed by Western
15| = blotting with anti PfuPCNA antiserum. Lanes: 1, P.
furiosus cell extract; 2, recombinant PfuPCNA




BASLONITIT4—ITKD,
PfuPCNA % EMEICHEET 2 Z L I1Thk
L7 (Fig. 4A).

ZDREE PUPCNA ZHWTUYF%
HEL. Bo5NLEZAVWTY X
&> 70y MEIZK DT /R,
P. furiosus O HE S ICIIREE
TEEIVLEINIVEEEZLNVKRES
DY NNIVEBEELTVSZ ERNDR
o7z (Fig. 4B), E£=RELEERICK
V. P. furiosus OffMAHHEERS T
PolBI, PolD OBz & b2 PfuPCNA
PRIz L o T PfuPCNA & EHITILET
5ZEMbMND, W DNA RU A5 —F
N PuPCNA EHHEERAL TWBZ EN
~eIniz (Fig. 5.

PfuPCNA i, ZVA@rux cr 57
£ —THTER 75,000 DEDITEH TN

PfuPCNA | —=

PolD

1 2 3 4 5

G e

Pol Bl %= Sees

DPli= ™ 2=

DP2|gm - &

Fig. B Immunoprecipitation
analysis of DNA polymerase-
PfuPCNA interaction.  Total cell
extracts were precipitated with anti-
PfuPCNA(lane 3), anti-Pol Bl(lane 4),
anti-DP1(lane 5). The total cell extracts
without immunoprecipitation (lane 1) or
precipitated with PBS-treated protein A-
Sepharose (lane 2) were loaded as
controls. The immunoprecipitates were
separated by SDS-PAGE and then
analyzed by Western blotting using
indicated antibodies.

TEAFREEERERRT S ENTFREINZ, £ I T PuPCNA ODESERIZEK
ERANLEDILERN I OZY > 7 EE R B, EGS(ethylene glyco—
bis(succinimidyl succinate))Z PfuPCNA IZ{fEHE®/=&Z A, Fig. 6 @ SDS-

(kDa) L 2 3 Fig. 6. Association state of PfuPCNA protein as
revealed by chemical cross-linking. PfuPCNA was treated

83.0 — — D with EGS for 10 s (lane 2) and 1 min (lane 3) and analyzed
— C by SDS-10 % PAGE, followed by Western blot analysis. The

62.0— — &= B protein without treatment EGS is shown in lane 1. Each band
475 — is derived from PfuPCNA monomer (A), a single cross-
linked dimer (B), three cross-linked circled trimers (C), and

two cross-linked linear trimers, as indicated for the T4 gp45

protein. Indicated molecular sizes were derived from
Prestained Protein Marker (New England Biolabs).




PAGE OEFHERICAHLND LD, EEHSTLEEREDNLO/OTEREYDKS
Nize TNSOEMITL 77y —PHKDI ST, gpdd F NI ETRENZE
1T (19, —BRNEBINA-ZEE. ZBMEBINERR=Z8F. BLU=H
FIEBINEZBR=ZERTHS EHEEINZ. TIIAB/ O M IT7 4 —iT&D
T PuPCNA DHELEHFEH 75,000 OEHQIEBEHINS Z LIZDODWTIE,
PUPCNA ¥ 72w MNEOHEERANEER® DO TIERZRL, HRHNES ITEERL
EERILI B0, BEMELTHTERN 75,000 2E¥—7 LT RWHRAICEHS
NBZOTRBNWNEEZEZSND, HOIWITINEEESY NI BORERITHES
BEET 205 LIz,

BH vy 7u0—%— (RFC) OREH

ERAEYD DNA BHIZBWT, RFC 375> 70— —&E LU THEREL ATP ©
KD BIHEKEL T, O8B2 DNA L0751 —%2R&E L. QU IRy NY
B PCNA &#8 LT PCNA ZRREE. Q82 DNA N PCNA Zi3Ddir, &
SEREEED, EEEYO RFCIZ1EORY Ty M 4BEO/N T2y
F(Eﬂkﬁ%fﬁﬁﬁﬁ@%)#B%&éh%«?ﬁﬂ%@?%%ﬁ(%%E%H
HICBWTY / LEAZHR L - ZAHARZRTRBIVEEL. TNLO RN
TREEOY INVENEET S I ENDM o, THIEBERO RFC O X/ BEES
M4 QEEYHE RFC OF 3 ) BEFSIE BT 5 &, N-KEEEIC REC Ry &
2 M-VII &MEEN 538 7 A > MSRH I Nz (Fig. 7B), 2@ RFC Ry 7 RIZ
12 ATP MK DRICEE 3N 5EF (Walker A £EF—7., Walker BEF—7) &
ﬁihTMtoﬁvﬁxIﬁikUﬁ—ﬁ%?~7&bfﬁ6h%ﬁ‘Z@ﬁvﬁ
Z 1 ZEREYHEKD RFC KY T2y FOAICR SN S, P. furiosus B RFC
INFT Ay DT 2 BESIEMOEMEERD RFEC /AN T712y hOTI /B
B5) & B 5 &, Aeropyrum pernix (21). M. thermoautotrophicus (16). A.
fulgidus (17). & M. jannaschii (18). L DEIZZNZEN 58, 58, 59, 69 %D
—TY I BEASOHEREERA SNz, BREYBFRDO RFC /N7y DY
2 JBBEFIICH LTI, Saccharomyces cerevisiae ® RFC4 B& U RFC2 &idT
NEN 42 BLU39 %, £/ human ® RFC40 BL U RFC37 £13 41 BE U 40 %

7



DY 2 ) BEHNO—BENRASN/Z., RFC XY 712y MTIX P. furiosus &M
ME DT 29 % (M. thermoautotrophicus)’» & 37 %(M. jannaschi)) ©Y X /) 8
EAIO Bt o 7. BREMBED REC KF T2y k0T 3 ) BEFITIE, &
w27 A Il ABZLLEd 5 & S. cerevisiae, Drosophila melanogaster, Homo
sapiens, Caenorhabditis elegans &Z3i 10, 18, 18, 19 $D—F THFIEMN S
57z,

A rfeS intein rfcS rfcl
177bp 1575bp 804bp . 1437bp
B e TR | l:.:.:.:.:.:.__:_:_:.:.:.:.:.:.:.y[ S //’,.-",.",!/br———-
. S
\ /r'."' - ,\‘ / gbp
RFCS RFCL
B 37400 55300
. 140 I ’ b4y m vV VI ViI Vg
uman D40 o R — B ] op—1147
(RFCY) i )
I o v vV VI VI VHI .
P. furiosus RECL 1 iR B 479
1] m v vV Vi vix v
human p40 1 e R e et i} i o 354
RFC2) I o v Vv Vi vii VI
P. furiosus RECS 1 g ——— opim 327
—_— A :
{50 residues) Walker A Walker B

Fig. 7. Gene organization and amino acid sequence comparison of PfuRFC with
human RFC. (A) The genes for RFCS and RFCL are arranged in tandem on the P.
furiosus genome. Open reading frames are indicated by the large arrows with each
encoded product. An intein gene is inserted into the site for Walker A motif of RFCS.
(B) Amino acid sequences of RFCS and RFCL are compared with those of the human
RFC subunits. The conserved RFC boxes are indicated by closed boxes and are numbered
at the top. The amino acid lengths of each subunit are indicated on the right, Walker A
and B motifs characteristic for NTP binding proteins are involved in boxes III and V,
respectively. '

P. furiosus %° 7 L LT RFC /hMF 7=y hERY Ty bEI— R 58
EFEERLTHEEL, AROVEEE LS TRSEEDNS, £z, M7z
v M HEETF T Walker A £EF—T 27T 2L 311 271 PEETH
BAShTWE (Fig. TA). TZTHEEWI=D® P. furiosus RFC BT 25~ T
pa—2T L, M TIZy M TE PCREIZEDA 251 VEAZRANT, IF



A5A vegEREL-BRTELTIZO—Z2 L, 5NN T2y FOE
BT 327 REDT IV BNLR55TE 37,400 OF NI E®, RYT1Zy
NDBETIE 479 BEDOT I ) BMNSRB5FE 55,300 OF NI BEEENEN
JI—RLTWE, M T7azy hOBETFERBEMANIH—, pET2la 27 0—=
UL, KBETRESETERNSY >NV E (RFCS; small) 2 KBICEAESHTZ,
Ba&hera UZER. 240, polyethyleneimine 12 X 2 BREBIE, Y
SEZULRE. BRONTRFITINIALAMISLZBRMNT S5 T4 —12KD,
RFCS # NV BZEZEHEICRETSZEITRYI L. K712y FOBGFIE
FRERN S —, pET28a iK/n—=J L., KBETRESETENI NI KE

(RFCL; large) Z2ABICELSIEZ. ZOFINVEIX N-KHIC 6 BREDEAF
Ur% Tag ELTHEL. ZREFABALTIANIVIFL— T I4=Fo 70ty
FSTA—RKXOBELE, TNETNOBEY NIV BEOREREZO6M F7 2o
BETEEL 280nm OWAEZEIEL TiTo7z. BIVREREKIIS > NIEFO -
DT 77>, FOuloBEURIATA D OREDOEKICEDWTEEL., RFCS %
19,300mol™ cm™, RFCL % 66,000mol™” cmm™ & L 72(22)

RFCS & RFCL OBGHRZRKREIE 5720, EEEYICHBITS RFC DO,
INFTaAZy b R¥T2zZw b 41) 28FI1cU T, RFCS/RFCL Z%JLH 5 B
LTREL 60 °CT20 0L THI -7z, BEBRESIRATZHAS LY
ORMIST4—ENNRY ST T4 ZTAASLIZOR NS T4 —REDBEHT
iz, FNVABI O NI ST 4 — TR ORBE PURFC i35 FEK 250,000 OE
ST EN/z, £7=. RFCL 3BEMTH S LERENREE (TFUF—2al)
ZRERILOPTVWI ERDMNo M, RFECSIIBEMTHOREREGHREZRAL THD,
7 F& 150,000 DESITELE E N,

FE L /= RFCS.RFCL B X W PfuRFC O 7 )V B& kB % 1T \) Coomassie Brilliant
Blue #ELTEONY RBEET > MPARMNI—THHIL. BHBEORL OB
BUERE D LICRBREIERT 52 &Itk > T, RECS & RFCL 714 : 1 0E®EIH

SEEL TSI EEFHELE (Fig. 8), ZNITHERENTEHRERREIEZESHED
BAETHD. EBROMBICB T 2BRILIIFTHATH 2,



KDy

M RFCS RFCL P&RFC Fig. 8. Purification of
recombinant RFCS, RFCL, and
by - PfuRFC from E. coli cells.

2550 i —

%23.4 R — R

Recombinant proteins purified as
- described in the text were loaded
268

onto an SDS-12 % polyacrylamide
R gel, which was stained with

[e1] 1 U [
0 I H

Coomassie Brilliant Blue. Lane M
indicate the molecular size maker
= = (New England Biolabs). The gel
R 4l . | was scanned with a PDI 420oe

(e 1455 pmol | ( Densitometer and each band on the
6 E ; gel was quantitated using the

Quantity One software.

FERIL 7= RFCS BXURFCL ¥ X\ VBETUY T 2REL TR N/ZHMLiEZH
WTU LAY > 70y MEKX DA EIT o> R, P. furiosus O HIE T
KRB E CEEIREYIONIVEEELVWAREIOY N VBENENTNERLEL
TWasZ ENbho/ (Fig. 9)

RFCS  RFCL

2

Mwap) L 2 1 2 Fig. 9. Identification of RFCS and RFCL in P.

furiosus cells. P. furiosus cell extracts (2.5 pug of cells

62 — for RFCS and 300 pg of cells for RFCL) and purified
415~ b b RFCS (0.25 ng) or RFCL (15 ng) were separated by SDS-
| 12 % PAGE. These gels were subjected to Western blot
analyses with anti-RFCS and anti-RFCL antisera,
8- respectively. Lanes: 1, recombinant RFCS or RFCL; 2, P.
furiosus cell extract.

=8 r5>7 (PCNA) &7 5>7u—%— (RFC) 05 FHEAEEN
PfuRFC & PfuPCNA @ DNA #&EHEFARD =D, TNV T MY viA 21T

> 7=(Fig. 10). —&#H., =&, BXUAT 1 v—#HiE (—FHHS & K&K

EETA)DTAFIAVIXILAFRET MY =75 X)L U, PfluPCNA,RFCS

10



l complex

ssDNA

PCNA RFCS  PfuRFC
A

’ complex

dsDNA

complex

¢ | priDNA

Fig. 10. DNA binding
activities of PCNA, RFCS, and
PfuRFC analyzed by gel
retardation assay. Various
concentrations (0, 12.5, 25, 50,
100, 200 nM) of proteins were
incubated with 5 nM 32P-labeled
DNA (49-mer as ssDNA, 49/49-
mer as dsDNA, or 49/27-mer as
primed DNA) at 60 °C for 10min.
The reaction products were
analyzed by 1 % agarose gel
elctrophoresis followed by
autoradiography. The left lane in
each panel shows the reaction

without protein.

@ poly(dA)y,

(fmol)
30 without ATP
O poly(dA),g
= I with ATP
~ B poly(dA),-oligo(dT) .5,
= without ATP
z M )
with ATP
0
0 1 2 3
(pmol)

PfuRFC

Fig. 11. DNA binding activities of PfuRFC analyzed by filter binding assay.
The reaction mixtures using 32P-labeled poly(dA),gg or poly(dA),gg-oligo(dT)zs 30

were subjected to a nitrocellulose filter binding assay. The protein-bound DNA

trapped on the filter was quantified by scintillation counting.

11



P LV PURFCAXRFCS+1XRFCL) 284 IRRETIRA L T, FIVERIKEN 21T
W, N R 7 N2ERL THAaEEZANZ. PfuPCNA B TIX DNA #aiEtE
NRSNEh -7, RFCS & PuRFC IZIXFEE® DNA #EEENE 5. DNA
DOERIZEBDENRRE NN STz, FEINSORIGTIE ATP OFEIZKSED R
Siamolz. EEPIOFEELTIANI NI 2T 4 2T vEAL% PURFC
IZDWTITRo 720, DNA #EEEHEIL. ZII I Y vEf ORREAKRTH -2
(Fig. 11),

L L PfuRFC & PfuPCNA % ATP#7E F CDNAI/ER E®2 &, W 11D DNA
DB ETHEENR PURFC-PUPCNA-DNA &K EBRTD I ENT IV T NT

PfuRFC =+ 4=+ + = -t o - - + 4+ -
PfuPCNA bl 28 R S 2 el b L K - -

. PfuRFC-PfuPCNA-
» < DNA-complex

L & © |<€—free DNA

ssDNA dsDNA priDNA

Fig. 12. Effect of ATP on DNA binding activities of PCNA, and PfuRFC. Fifty
nM of proteins and 5 nM *’P-labeled DNA (49-mer as ssDNA, 49/49-mer as dsDNA,
or 49/27-mer as primed DNA) were incubated with or without ATP at 60 °C for 10
min. The reaction products were analyzed by 1 % agarose gel electrophoresis
followed by autoradiography.

v AIizk 0 bh o= (Fig.12), PURFC-PfuPCNA-DNA B &K OB B E N
PfuRFC-DNA #AK LD KREL 2o 2 EITDNTIE, PuPCNA 2EICHEL &
LTW57=%, PUPCNA DMERT 3 I EICKDEEREERE L TOADERNTE S
20, BHENKELA-EEEZONS, BERBRIIHTEIX IV AFROZ
&% ATP, dATP, BEXWATPYS THELAZEZA, WTNDHEOEEEHRZ K
TBM, ATPYS BEF ThH- & HEEICHR I N/ (Fig.13), Fi RFCS HikB LU
$1 PfuPCNA ¥Hifk% Z O#REERKINRICEHRM U R, A—NN—T7 bN2 FIEAESN

12



61mM ImM 061mM 1mM ¢1mM 1mM

nucleotide - —_-—- ATP ATP - dATP dATP ATPyS ATPyS
PfuRFC - +4-= +4+-= +4++=- — ++—= ++=— ++4+-— ++-—
PRPCNA = =++ =FF =t = =Fqg wpf g =t

. e PfuRFC-PfuPCNA-
- bl - <~ DNA-complex

® e ®o® 0 "0 280 0 @ 8 ® < freeDNA

Fig. 13. Effects of nucleotides on DNA binding activities of PCNA, and PfuRFC.
Fifty nM of proteins and 5 nM **P-labeled DNA (49/27-mer) were incubated with or
without ATP, dATP, and ATPyS at 60 °C for 10 min. The reaction products were
analyzed by 1 % agarose gel electrophoresis followed by autoradiography.

R0 MN, 7U—0 DNA N RBPERLEZENST T UT— L2 &8
BEN, AT 72> bO0—LELTHWET S —¥H3 712y b pdl 1ITHt
THHERDOBEEIIEMENBZNEVNSERNESN/ZD T, Fig.12 BXY Fig.13 T
BRHEIN/ZT 7 BN Rid PURFC-PfuPCNA-DNA 6K TH 2 EZEZ 515
(data not shown)

EZEYTIE PCNA 2 DNA LicO—TF 1 > 79 57201 ATP QIR D RIPLE
LEZB5NTWVWS, T IZTRFCL, RFCS BX W PAURFC IZDWT ATP Ik 23S
MZEIE L=, RFCLIZY I /BE%| | Walker A €F—7 & Walker B EF— T4
HO ATP IAKDPBEEEZEET D ENTFRINEZN BRT T /U5 —va %
RZT=0h, EEERHTERN o7, RFCS BLY PuRFC TIZF NI ED
ATIIEEIIFERETH BN, DNA Z2iMA 5 Z &Ik D PURFC OE#EIE 1.5~2
BICRE I N, & 512 PUPCNA A3 5 &4 10 f5~15 FicfEE S N/ (Fig. 14A).
WmINE % DNA OFR TIEZERSEHITHRT—FREL T 51 Y — B O W ek
SHEME SN~ (Fig. 14B), E7-HBEE LT ATP OfRD VI dATP AW
HIZIEFEEOIKSEEENR SNz (Fig. 140). 5D Z &ld. PuRFC,
PfuPCNA, DNA BIQOFEERD ATP BL U dATP Ok fEiE T & BERICBEfR L
TWBIZEERLTVWS, BOTIVT T 8T vEA TEEMICEHE S NIRRT,
PfuRFC-PfuPCNA-DNA &K1, dATP &0 ATP ZHW/=HBEDHFNEETDH
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Fig. 14. ATP/dATP hydrolyzing activities of PfuRFC and RFCS. The RFCS or
PfuRFC protein (each at 300ng), [ 82PJATP or [ ¢?P] dATP (0.05 mCi /ml), and 0.1
mM ATP or dATP were incubated with or without DNA and PfuPCNA at 65°C for
indicated times. Aliquots of the reactions were analyzed by thin-layer chromatogra-
phy, and the amount of hydrolyzed ATP or dATP were quantified from the autora-
diogram using a laser excited image analyzer. The graphs show the values after sub-
traction of the background. (A) Effects of DNA and PfuPCNA on the activity.
Symbols: closed circular, PfuRFC or RFCS protein only; open circular, with ssDNA;
open square, with PfuPCNA; closed square, with ssDNA and PfuPCNA.  (B) Depen-
dency of stimulation on the DNA structure in the presence of PfuPCNA. Symbols:
closed circular, PfuRFC only; closed triangle, with dsDNA; open circular, with
ssDNA; closed square, with priDNA. (C) dATPase activity of RFCS and PfuRFC.
Symbols are as described for panel A.
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0. FEMKSEEZZIFICS N ATPS OFEEFTHS EDERETHO . 727
O—5 1 27 Ok & ATP B L dATP OIASRIEROBGROMIFITIT. 51T
HHENT NN ETHH EEZ 55,

P. furioss 123 DNA #E8lEER L& 2 5315 PolBI, PolD D=D® DNAKRYU A 5
—ENEET S, I TENTNOBERICELD DNA §RKINC PUPCNA BLT
PfuRFC ZMA TE DR ZFANZ, BR—ZE DNA 2&FHICHNTTS1 v —D
ERE#{T> 7. PolBI & DNA $4HEFE#IZ PAUPCNA A% Z L TR
BEXNZ, F7=, PolD 1Z PolBI IZHNRTERDBEFEENEVEZRTH N, Z
@ PolD Iz BT H PAIPCNA I2 & % DNA S EEEDREHH 5 Nz (Fig. 15).

Pol B Pol D
- ++- PCNA - ++- PCNA Fig. 15. Effects of PfuPCNA and PfuRFC
wy ==+ RFC,, = = ++ RFC

on the DNA synthesis of P. furiosus Pol BI and
Pol D. The primer extension abilities of Pol BI
and Pol D were compared with MI13 single
stranded circular DNA as the template in the
presence or absence of PfuPCNA and PfuRFC.
The reaction mixtures were analyzed by 1% alkali
agarose gel electrophoresis, and the products were
visualized by autoradiography. The size
indicated on the left was from BstPI-digested A
phage DNA labeled by *P at each 5’ end.

PR

ERAEYDOETIVTIE, PCNA %2 DNA SHICi3DAD=0ICiE, 20U X JiEEZ
—ERBEND D, RFC-PCNA EEEN ATP DG EIKSRZE > THRIER
b2 L. PCNA ZBBRIEDELEZE5NTWVS, &I AW, P.furiosus DHAE.
BIR—ZA8 DNA 28RICHW/Z L EDHR U AT —E (PolBI PolD) 12X % DNA &
FRIEMED, PUPCNA OAZEMAZ S Z EICKDRES N, ZD I EIF, in vitro iZ
BWT PUPCNA RO—¥—2NBELETICHHEEIX DNA SHEKIEUL<ESD
(self-loading %) T EMTES Z & ZERLTWS, PAUPCNA IZ X% PolBI, PolD
@ DNA BRRIEHEOEERNEIL, PURFC Z2iMA%Z & TEHICEAL & (Fig. 15,
Fig.16), L7=#%> T, in vitro Tl& PfuPCNA [3BMTH DNA EICES I ENT
=57, #ilH Tl PURFC XY 5 > 70— —: LU TEE. $1E X< PluPCNA %

15



Fig. 16. Effect of PfuRFC on the PfuPCNA-
dependent DNA synthesis of Pol BI. The primer
extension ability of 0.3 U Pol BI with 20 nM PfuPCNA
was detected with M13 single-stranded circular DNA as
the template in the presence or absence of PfuRFC. The
reaction mixtures were analyzed by 1 % alkaline agarose
gel electrophoresis, and the products were visualized by
autoradiography. The amount of PfuRFC added to the
reaction was 0, 2, 4, 10, 20, 30, 40, and 80 nM

DNA kEicO—F4 > L TW3EEZLGNS, £, ZORBTHAWET A
—DFEEERALD 58 T00base T TIFEFRID 2 KIEEIC K 5 DNA SHBFRHEENE
U7z, PfuRFC 2iZx 5% &, ZOBEHEBA TERENZENNZ BRI NI,
DT EMBD, PURFC 3EEL PUUPCNA OoO—F 4 > 7 &7 0—F 4~
FETRIZETEL> T, HEEEZROBA TS EEZASNS., £/ RFCS 2
FTH, FLaNS D PAPCNA &EFHE DNA SEEEEEEZEETED I &0
no 7= (Fig. 17).

Fig. 17. Effect of RFCS on the PfuPCNA-
RFCS dependent DNA synthesis of Pol BI.
- % Various concentrations (0, 3, 10, 20, 120, 500,
1000 nM) of RFCS were added in the primer
extension reaction of Pol BI with M13 single-
stranded circular DNA as the template in the
presence of 80 nM of PfuPCNA. The reaction
mixtures were analyzed by 1 % alkaline agarose
gel electrophoresis, and the products were visual-
ized by autoradiography. The relative activities of
| the nucleotide-incorporation are shown in the
nueleotide- 1.1 1.3 19 bottom line. An aliquot of each reaction mixture
incorporation 1.0 1.2 1.5 2.1 using BH]dTTP was spotted onto DE81 paper
and the acid-insoluble materials were measured

by a scintillation counter.

16



-~

s
) 1000 -
S % 400
| ] ”,
=) =~ (A
= °;,§100— ’
=W = S ’
= - EY AR
S = 10 7 7
~
: . E g 7
« 02550 100 200

0 SIO 1:)0 150 2(1)() ZéO 300
- NaCl (mM) NaCl (mM)

Fig. 18. Salt sensitivity of P. furiosus Pol BI and the effect of PfuPCNA on its primer exten-
sion ability. (A) The amounts of nucleotide incorporation into the DNA strand by Pol BI were
compared at various NaCl concentrations in the absence of PfuPCNA and the relative activities (%)
to that at 0 mM NaCl were shown by polygonal line. (B) Stimulation of the activity by PfuPCNA at
each salt concentration was indicated by bar as relative activities (-fold) to those without PfuPCNA.

50
40

@ human PCNA-calf thymus Pol 8
30

O PfuPCNA- calf thymus Pol &

20 B human PCNA - T4 DNA polymerase

DNA synthesis (pmol TMP)

10 _ 0 PfuPCNA - T4 DNA polymerase
— )
0
0 50 100 150
PCNA (ng)

Fig. 19. Stimulation of Pol 8 activity with PfuPCNA. DNA synthesis was measured with
poly(dA)/oligo(dT), calf thymus Pol & and the indicated amounts of human PCNA or PfuPCNA at
37°C for 15 min. As a control experiment, T4 phage DNA polymerase was used instead of Pol .

Fig. 20 Stimulation of human

80 @ Puman REC RFC ATPase with human PCNA
+ human PCNA 100ng apd PfuPCNA. The reaction mixture
60 human RFC (10 pl) of ATPase assay containing 50

O + PfuPCNA 100ng “pmol poly dA/oligo dT (5:1), 50 ng
40 : human RFC human RFC and 0.1 M NaCl were
+ human PCNA 10ng  added with indicated amounts of
20 human RFC human PCNA or PfuPCNA and incu-
O + PuPCNA 10ng bated at 37 °C. Two pl portions of
the mixtures were withdrawn at indi-
" 150 300 cated times and released Pi was mea-
time (sec) sured. The results calculated as 10yl
reaction mixtures were indicated.

>

4 human RFC

ATPase activity (Pi released), pmol
[
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F72 PfuPCNA X5 EEDNFRIE NaCl BEXEKEFT S ENbh o7z, Fig. 18
IZRT & D12 PolBI @ DNA &RiEHEIE NaCl iz &k < FHEZEZ1T %M, PluPCNA
2L D DNA GRRIEEAEIET 5. 50 mM NaCl 4 F T PolBI @ DNA & BiEtE
13 PAUPCNAIZE D 7 51288 X 1172, 200 mM NaCl 7 F T, PolBI i & % DNA
BRIZIFEAERETERL22A PUPCNA KX D KESEET S I ENERS
. PfuPCNA 12X B {EERIRITH 400 fFTH > 72, PolD ITHBNTHREKKICT NaCl
IZL 5 DNA GRRIEHDOHEE &, PUPCNA IZX 5 EENERE I N,

KT, HHEOREEES DNV EREBREYDOD D EBERNICKSELL T
BT ENS. BEMICELL TWENENTDVWTHEANE, PUPCNA Z{F4RIiRH
DNARYAT—E § (Pold) KIEASIETERZEITORZLEI A, PolsBEMTILIZ
EAE DNA EREEERE T, human PCNA ICX DIERIIRSBEINE. &
PUPCNA IZ X > THHLNITEEORENA N/, 22 bO—)LE L THWET4
DNA RY A Z—ETid. human PCNA BX PUPCNA IZ X BIEEDRENH S
Nizho 7= Fig. 19). S 51T human RFC @ ATP K EEEICDWTS DNA E
£ FT. human PCNA B XU PfuPCNA T X > TREMNR 5 N/ (Fig. 20).

Bl ER

AFETIX P. furiosus 7°/ . DNA 25, EEEYO PCNA. RFC &EZNTIHE
FREFIZ2RHDY NI BEICHBRY 2BEFEZI/O—Z22J L. TS 2 KBEN
TREIVTEEINEZY 2 /)NVE (PuPCNA,PfuRFC) %FEE L T in vitrolZH
I HE AN,

EZEYHE RFC 3—AFOXY 712y M EUEEORRZ /N Ty h—
DFTONSEBRINIATOAEARTHD(20). RARENBEBROERTHI
PARFC B—HFOKRY TL1=y b EWHFOMF TIZy bOSBRIND EF
HIn., TOMOEMEHFRDOHF L LT M. thermoautotrophicus @ PCNA.,
RFC OHEBEMITNMEINT NS A, ZDHFE RFCL & RFCS A2 . 4 TEERK%:
RT3 EHREL TS (23), £/ S. solfataricus TId RFCL & RFCS A'1 : 4
EREINTNVS (24), I SHIHEKEDF®XTIX Pyrococcus abyssi O RFC I3/
BOBEIIESTL : 20251 : 4FETEDLBRRENTNBEA(25), INHDOH
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HINWTNHHBRENBBRICLD2DBDOTHD ., EROBECHEAENDHD. EE
DOEMEMENSY >N BEo Lz EEHRITHERN, THEEICKLS RFC #
BEDOY Ty MERIEIZDWTIR, I5RIRIADMNETHEEEZILND,

PfuPCNA. PfuRFC 13 P. furiosus Hi3k® DNA RY A 5—¥ T# 3 PolBlL. PolD
® DNA BRIEHZEREEL =, in vitro IZBWT PUPCNA RO —% —2HE L8
HHEEIT self-loading §5 Z EMMTE B2, PURFC 13 PAUuPCNA 12 &% PolBI.
PolD @ DNA BREEDREENREZI SITERTE I LN, Migd TId PUuRFC
PENWTHEOLINWI S TO0—F4 272 FToT0W3bDEEZEND, N5
DFERIT PCNA., RFC EWS EEAY TEH < BFEFAESERRTR. tHMETH
ERICHEEL TWAZEEZRTDHDDTH S,

PfuRFC 7% ATP K EEHEZB L. T DNA OFEFT PAUPCNA IT&D
RBEINDZEDOVTIR. ERENOD RFC TIHETIRASN TS ZEE k<
—& 9507, RFC 78 DNA ITHBT DI ERE>TRALHOBEERILEBZL
T3 EEHBEINSD,

B AR REC 2%, PCNA IZ& 5 Pold® DNA ARDEEEHER LTS 25
ICiZ ATP 2BEET351(26,27). PfURFC 2B T3 PolBlL. PolD @ PfuPCNA
IZ& % DNA ERDREEZEBRT ZHRITIT. ATP 2HEELRBM -7, TR
IZ ATP ZMA THZDORIZENH S s o 7= (data not shown). EREYHR
- RFC 13 ATP IZHART dATP. dCTP. dGTP ZFAT 35T MNNI B NITENA,
PfuRFC 13 dATP % ATP ERBEICIMAKSHET B I M5, FETITo 7 in vitro
DRI TIE DNA ARKIGDEE & U TIMA & dATP W T PfuPCNA OO—5
4 T EfTo>TWBEEZEND,

PfuRFC 128VF 5 ATP MKSFEEEE Y 5> 7 0—F 4 D UEHEOBERKRIZDNT
REATRZENE <. ERENO RFC L HHETIMETH Y. & 5IHMAE
LB PV ETH B EEZ5N3,

EIEBEIIBIT S in vitro ® DNA & RIE T, PolBI BL U PolD OiEHENE
LEFTT2HDD. PUPCNA A& DEWHZET PolBL. PolD 12&% DNA A5
ZREL =, ZORET. MERAERENEEIZEW P.furiosus ODEBERIBEHT
T. DNA RUAF5—Fizks DNA A PUPCNA O®BNTE > TEHL T
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5ZEERLTBY. EREYO POISHEMTIZIEE A E DNA BRESEEZRS T,
PCNA. RFC OHE T TOHEEEL DNAGKRZITD ZEEJHIBL TNV,

B#I1C, PAPCNAZSEIEDPOISPORFC S HEEERIICHEEA Lz 2 &1, HEm
BT IEHEOET VAL L TOFAEER2ERIXIRTIDOTHDEEX
535,
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®W_8 V527 (PCNA) &7 5>7u0—%— (RFC) DILKHEE & BEE

Wi 2 5>7 (PCNA) O MEHEG

EEDOHBEL PUPCNA YO NVBOLZEEARZHAHVWTHE N
PfuPCNA ZFWT, #Efk & 2 OREREMTRONIZHER(28), 2RI IRLIERE
BIIEICHRE SN TWzE b (29) LHZFEEE (30) @ PCNA D#iE & WAL
PRI ZBEEFRL TWAEZENHBALE, RKIBEDOY 5> 7 TH5 Polll B4
TaAZw MITBETY S VZERLTNS B, ZOHEE=BKTY > /2F
L TW5% PCNA OfExEIETSHE, E5560 U D REIMNET 5 =ADaN
Uw A&, ZONNTAET D TR — NSRS RAA UEENA SN, Z
DAZy "RABEEEDY D ITRERIN TS Z ENbho7z (Fig. 21)., 2DV
VI RERICHK 35 A DREDH S TH D A DNA OERIL 20 A TH S0,
VEARREE/R UIC DNA SHHEMERAT S 2 EATE S,

Bacteria Archaea Eukarya

E. coli B subunit P. furiosus PCNA Human PCNA
PDB code: 2POL PDB code: 1GES8 PDB code: 1AXC

Fig. 21. Comparison of the clamps from the three domains of life.

PfuPCNA T3, ZEABEDRFICROEERKREZRZIHTFHIOMETL >
— MBI BAEREEN-0O distance < 3.3 ADENUHATH D, ER4EY PCNA
DHE (b h PCNA OHEN/ M, BERE PCNA OBENEH) 1T TIFIFERL
TWw/= (Fig. 22), ZOFEZEMNS, PUPCNA ZEEAEY D PCNA L HARTHTFE
MEERNFNZ SICMA T, aRKbz&ER (70 C) TTRS ZEMS5. PCNA
ZEAOBBNE I N7 <., in vitro TV D PUPCNA B O self-loading ¥
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SNBERINZEEZALND,

5 arf\:ino acids wefe
not'determined): A

P. furiosus PCNA Yeast PCNA Human PCNA
PDB code: 1GES8 PDB code: 1PLQ PDB code: 1AXC

Fig. 22. Comparison of main-chain hydrogen bonds at the intermolecular interface.

BT 5> 70—4— (RFC) DIIEHEE

05T 0—5 — DG S EREDBIREHSNTT 57201, £ PuRFC &
RO IERBAT & BB T DRI RE R A E S e o Tz, £ITEY T2y b
DIEEMRIT 2 A7z iR RECS DifffAifEon, ERTREERRICLD ERE
2.8 A THEZERE L7z (R=0.224,R;.=0.277) (7).

Fig. 23. The overall fold of an
RFCS subunit shown by a ribbon
representation. The a helices and
[ strands are drawn by coils and
arrows, respectively. The chain is
colored cyan for Domain 1, green for
Domain 2, and yellow for Domain 3.
Walker A and B motifs are colored
red. ADP is shown as a purple stick
model.
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RFCS ¥ 732w MI=ZBD RAAL O 6R5=HABOOFERZAEL TV
(Fig. 23), Walker A £F—7 & Walker B £F— 71& N-FKHRAD R A A > 1 (20-
168 fif) ITHD, INLDEF—TZFOX I VA FREEIL T R RAAL 1
ERAXAAL2 (2-19 L& 169-231 fi1) DFEICEREINTWE, RAL 1 ERA
A2 20 E-> -T2y O N-RimfE S AHEER L TWizdt, Tz
HEERBRIZZHETH D, N-RuMOFEFIII > T+ A—2 3 22 (LS ELT
WZ ERHEEI Nz, —H. C-RmAIOK 100 7 X/ BEEL a N v I ADHMN
5720, Ao Y Ty b C-REEREFEF ICREZMEERZL TNVS
T ENDHDND ERENESEROBERFICEERBEZ R T Z EMNHEE I N/ (Fie.
24) ,

Fig. 24. Interaction mode of
RFCS subunits, represented by an
open-book view. Direct interactions
observed in more than 2 out of the 4
subunit-subunit interfaces in the
hexameric crystal are shown. The
red and green lines indicate hydrogen
bonds and hydrophobic interactions,
respectively.

Fig. 25. The RFCS hexamer in the
crystal shown as a ribbon diagram
viewed from the N-terminal side. The
six subunits are colored blue, magenta,
cyan, green, orange, and yellow-green,
for MolA to MolF, respectively. The
four ADP molecules bound to MolA,
MolB, MolC, and MolE are shown as red
stick models.
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BT 2T o I-fERTP T, AEO RFCS 7312y "AEEL., ZED¥HA=
BARBMNZREEZEGHTERE SN2 =— 7 BA2 5K (dimer-of-trimers) #
EoTWz, (Fig. 25). AED RFCSH 712y bOSEOHEEIZBNT, XU L
FF KB Y LT N ADP A THMEE L TV,

B B

PfuPCNA 13t b PCNA ICEX<EULEZ=ZEEK) D ITBEZRRLTHD., 2/
7z > 7RSI, KIBE Pollll B 7=y FoEEEHELUL TS Z &5,
05T FEUTOREANBZ =TGR, =D0EYR TRESN TS Z L

six-fold symmetry
ring model

Fig. 26. Comparison of a hypothetical hexameric ring of RFCS (center) with
the electron microscopic image (left) (32). The 6-fold symmetry ring model was
built from a semicircular trimer of RFCS in the crystal (right) and is drawn in top
(upper) and side views (lower). one subunit in each hexamer encircled.
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MWIRENTz, FeV Ty NEDKBHEGDIREN S, EZEMHRD PCNA 1T
1272 <. PfuPCNA 2R 515 self-loading TR ZHHT 2 Z ENTE /=,

RFCS Tid. #@EEEHIT T TETFEMEZ AWZEAFEITEICL 5
BT BIThN. AREENFEET S O VEEOFENBER I N (32), U
7 DIVEIZH 120 A, REIZH 30 A, BmEIIH 65 A ThHo7z. MaEETO¥H
0= BRI O AEEENFEZH L TW/=D T, Fig. 26 IKRTEBD.,
BEZTICY DV ETIVEBETHIENTER, BELANEREERNFRY > 7 E
FIVIFETFEMEICL > TERIN/E RFCS KFEFEFICIULRES EFEER
Lize BEY >V HEEH D WK RD dimer-of-trimers @ EDE M, RFCL %
S5 L7 RFEC EEEF TOME D RFCS #EiEIc—H L TWanEidoZD LT
RN, Al EHEMBEZEAEEIL RFCS OY 71y M OBEN 2GS %
KRS 2HDEFHEIN, EFEYHED RFC OH 712y MNEOMEERER 2 HE
BT DO DEERERERBITLIDDOEEZEZI TN,

75> 7 00— —DIEBERITICEL T, BRERBEICBW Ty ERKEED
G NRE S N2(33). YESKRIISY Ty b—@E, vy 71y h=E. B
LS TaZy h—ENSREIANTORBERZEZFKL Tz, ATPase {EEZEZHD
YT =w M2l RFC Ry 7 ZADEFINEENTWNED, 808 ITI13E DEFINTE
EEY., EEYO RFC Y71y h&ED7 2/ BEFIOMREBE N, Ll
MBE8, v BELRS Y T2y MIEWIZEISUEZBDO RAA 65 =HAR
DHTEKEEL TV AEOY 71y D N-
KB L C—k¥fi R AA IESERO R AN
BL. C-Kii RAA VA CKEY > 2R,
EVICER R E LT, N-KIl R A 2138 f
5 DRI AR—A2B D, B > 71T o
e :

P.furiosus H3€ RFCS /SEARDHE G Tl g RcL
S N-HENgY, TabbY 71y MEES @@g‘ RIS
FOH 72y MNEMHEERAKRRL. KBEYES Fig. 27 Model of
ETBEENESOEEPTE, LasoT  orRre complex
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RFCL & RFCS #2572 B HAEH)IC5E &7 irfiEl RFC Ak, ZLTHT5<I3EK
EMOBEERD. KBFEYESRICIIUEBEEZF > TWA LEKRINS,

U EDZ &M 5, RFCL-RFCS HAk%EFELAEREE Fig. 27 IR, T4
HB RFCL —4F & RFCS M4-F48 N-5k5 R XA > & FE CHMIZAGTT C-5k R
AL VETHRVHERRZLANS, UL/ BEEBRLTWEOTRAVSET
LT3,
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B=E DNA#HHEETIIBIZ>HTHRHEEEHOHEN

E—# PCNA®AY>NUHE L PCNA OHEER ORI
INETOEKEYIBT B30 5 PCNA I3 RFC. DNA RUAF—F &1
7= DNA OEHBES > EDSZS, DNA E1E. MEEHosEE b3
FIUNVEEMERRATEIEDHSNTNS, £< D PCNA #AY NIV EIZIZ
HEROBNT I BEN. Qx(L/I/MxxFE/Y) & LRFEOT I /8. 4
HOMoTHY PIP (PCNA Interacting Protein) v 7 X LIEIZNTW5(34, 35),
WS DNDF NI EIZDWT, ERIZ PIP Ay 7 AT L > T PCNA /AT
35T ENERBERTCERFOENIC X > THLMNMIINTNS(29, 34, 36). P.
furiosus HED% > /)XJETIE. DNA HRY AF5—F 1 (PolB). DNA BAY X 55—
Y1 (PolD) OKRYT1=y MDP2). RFC Ok¥71=w MRFCL), 75w 7L
PREXZ L7 —EEFenl). FUT4 Py a UV R-ZAHi)DWTND C-
KT, TNEZN PIP Ry 7 AKOEFINFREL TW5(Table 2), 2D PIP Ry
AERALAIEBRIC PCNA & OMEMERICBARY M &M, PolBI & RFCL IZDWTH

Rz,

Table 2. Eukaryotic and archaeal proteins containing the conserved PCNA-binding motif.

protein function sequence size
human p21 cell cycle regulation 143 RQTSMTDFYHSKRRLIF 159 164
human Fenl flap endonuclease 336 TQGRLDDFFKVTGSLSS 352 380
S. pombe Cdce27 DNA polymerase 3 subunit 360 QOKSIMSFFGRK 371 371
human DNA ligase I replication-specific DNA ligase 1 MORSIMSFFHPKKEGKA 17 919
human RFC140 clamp loader large subunit 1  MDIRKFFGVIPSGKK 15 1148
buman MSH3 mismatch repair 20 RQAVLSRFFQSTGSLKS 36 1128
haman MSH6 mismatch repair 3 RQSTLYSFFPRSPALSD 19 1360
murine XPG excision repair endonuclease 988 TQLRIDSFFRLAQQOEKQ 1004 1170
human MCMT 5' cytosine methyltransferase 163 RQTTITSHFAKGPAKRK 179 1616
human UNG2 uracil DNA glycosilase 3 GQKTLYSFFSPSPARKR 19 313
human WRN helicase 73 DOWKLLRDFDIKLKNFV 89 1362
P. furiosus Pol Bl DNA polymerase 762 RQVGLTSWLNIRKS 775 775
P. furiosus Pol D (DP2) DNA polymerase large subunit 1252 RKVISLDDFFSKR 1263 1263
P. furiosus RFCL clamp loader large subunit 469 KQOATLFDFLKK 479 479
P. furiosus Fenl flap endonuclease ) 330 KQSTLESWFKR - 340 340
P. furiosus Hjc holiday junction resolvase 115 IQKTLEGKS 123 123

consensus QxxhxxFa

h = moderately hydrophobic residues (e.g. L, I, M); a = highly hydrophobic / aromatic residues (e.g. F, Y);
x= any residue.

27



A
PolBI wt A

PfuPCNA —+—+

30 ::

Fig. 28. Effect of the PIP box of Pol B on
PfuPCNA-dependent DNA synthesis. The
PfuPCNA -dependent primer extension reactions
were compared using wild-type Pol BI and Pol

BIA.
The reaction products were analyzed by

polyacrylamide gel electrophoresis (A), alkali aga-
rose gel electrophoresis (B) followed by autora-

diography.

Ty MRS RN

£ PolBI @A, PolBI @ C-
Kimmn s PIP Ry 7 A28 30 5%
FH(746-775 A ZERREBRERIK
PoIBIAZ{EEL LAz, T DFERT
DERMRIIEARR: DNA RU AT
—VPEEEZREL TWZA, DNA
FHHEEEITHBNWT PfuPCNA ITX
DIEEN RN R 5 Nx< iz o 7= (Fig.
28), ZDZ &5, PolBI @ C-K
D 30 EEN PlUPCNA & OHE
ERHICHATHD., BESZOH
IEENS PIP Ry 7 ANERIC
PCNA SHHEEALTNEHDET
BENns,

KIZ RFC ICDWTHANRE, Hiff
EH¥® RFC # >XJEDS BRY
v MZid C-KiC PIP R
27 ZFEDEFNIMME DN o ey, /Y

Jai=

Table 3. PCNA-binding motif in archaeal RFCL

7=(Table 3), =Z T RFCL @

PIP A &7 ZEALAY PfuPCNA

EDHEERICEERBEZE
T HREH AR RS 20T,

PolBI @ PfuPCNA #&K#&FHIR
DNA & IEHA PAURFC 1T X

organism PIP sequence
P. furiosus PKKGRKQATLFDFLKK
M. jannaschii EDKGKQLTLDAFFK
M. thermoautotrophicus KPKERQTSLFQFS
A. fulgidus KKAGKNLTLDSFFS
consensus oxxhxxFa

S TREIND I EZHEERETL
THANREZ, C-Rm 12 &RE
(468-479 fr) ZRERIVL

h and a represent moderately hydrophobic residues
(L, 1, M) and highly hydrophobic residues with aro-
matic side chains (F, Y), respectively. X indicates
any residues.
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ER{k RFCLAZIERIL, ZhzEF4RD RFCS &E4 LT PURFC #AKELT
T —HERBICA W, HRARRICFERICBITS DNA SREYZEFER O
RECL-RFCS B E A W= 5E & B L 7. T DRSBTS, PoIBI @ PfuPCNA
KEHED DNA AREEZRET 2@ Z13. RFCLAZEY PURFC EHAROD
PAURFC OREIICENE S Nh - 7= (Fig. 29). T OksEIT PAURFC-PuPCNA [ ®
HEBER) A EL/ER D 7= 9121k RECL 0 C-3k3 12 BREIINEA TR, ThB4o
BONBEEREEZES ZEZ2RLTWSN, HRIZ, 20 PIP Ry 7 AkOEF

reaction
time(min) 2 10 20 30 Figure 29. Effect of the PIP box of

RFC = Awt=Awt - Awt=Awt RFCL on the in vitro PfuPCNA-

' dependent DNA synthesis. The
PfuRFC and PfuPCNA-dependent prim-
er extension reaction of Pol BI were
compared using wild-type P/uRFC and
PfuRFCA12. Aliquots at each indicated
time were analyzed by alkaline agarose
gel electrophoresis. Lanes -, A, and wt
indicate no PfuRFC, PfuRFCA12, and
PfuRFC, respectively, in the reactions.

Pol I + +++++++
PCNA -t FE++4++ Fig. 30. Inhibition of the PfuPCNA-dependent
RFC - —++++ ++  DNA synthesis activity of Pol BI by the PIP-box
Pipgzioex - - —4 peptide. The PIP-box peptide was added in
pep 8.5 increasing amounts (20, 50, 200, 500, and 1000
g:; . pmol) to the primer extension reaction containing
3.7 - 1 pmol of 32P-labeled primer, 0.2 ug of M13
22 mp18ssDNA, 0.5 u of Pol BI, 2 pmol of PfuPCNA
9 - (trimer), and 2 pmol of PfuRFC, and the reaction
L4 mixtures were incubated at 70 °C for 4 min. The
L3 reaction products were analyzed by alkaline aga-
0.7 - rose gel electrophoresis followed by autoradiogra-
phy. Size markers were prepared by labeling
) BstPl-digested ADNA with 32P-ATP.
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DHEREIZDNWT, 3 S ITHERDFF =N,

ZZTRFCL @ PIP Ry 7 AEFIZEVRTF R (C-FKRmD 469-479 Ard 11 7%
# KQATLFDFLKK, PIP Rw 7 2D 3 BRFICREFEDEHWEREICTREM L)
ZEmR LU T, €% PolBI @ DNA GRRKIGICINA TEZROEEEZRH N, dLD
IZ PfuPCNA B XU PURFC OEENEET 254 T, PolBI IZ& % DNA ik
KB ZDRTF REMATHARZEZ A, BEKEFRIC DNA SHEERIEZHEE
L7=(Fig. 30); ZDZ &1 RFCL @ PIP iy 7 AR T F R PuPCNA 73 F L O#E
BER) R ABEE A ERALICHE A L €. PfuRFC-PfuPCNA D% & . F7z1% PolBI-
PfuPCNA BEIO#EEDOWIT NN EBEEL /O EEZ 5N/, £I T, KIT PURFC
W RIS T PuPCNA #&7F/)7z PolBI @ DNA $iHEERGEFARD E. ZOXR

Fig. 31. Inhibition of the PfuPCNA-
RFCL  control PolBI dependent DNA synthesis activity of Pol
peptide  peptide pepee BI by the PIP-box peptides derived from
RFCL and Pol BI. The each PIP-box pep-

25‘ — . : tide was added in increasing amounts (50,
4.8 — . . 500, 2500, and 5000 pmol) to the primer

= ‘ extension reaction containing 1 pmol of 32P-
2.2 labeled primer, 0.2 ug of M13 mp18ssDNA,

1.9
{4 0.5 u of Pol BI, 2 pmol of PfuPCNA

137 | (trimer), and the reaction mixtures were

' incubated at 70 °C for 4 min. The reaction
products were analyzed by alkaline agarose
gel electrophoresis followed by autoradiog-
raphy. As a negative control, the control
peptide (Arg-Arg-Leu-Ile-Glu-Asp-Ala-Glu-
Tyr-Ala-Ala-Arg-Gly) was added.

07—

(kb)

TF RIZRIIVBEKEFERNIC DNA HEERIGZEEL Z(Fig. 3. ZOZ LR

RFCL @ PIP R v 7 AR TF R4 PfuPCNA +ORERIZFE/E AT S L T,

PolBI-PfuPCNA I D#EA ZEL =720 EE X 517z, PolBl H¥R® PIP Rv 7 A

EEDRTF R (PolBI C-FKD 760-775 FE: KTRQVGLTSWLNIKKS) %

7=8E1Ch, PuPCNA #k7#R)7s PolBI @ DNA B ERIGHHES 7=, PIP Ry

DA EELBRDEFND 12 BREOXRTF REAVWEHERIIEZOX S BRIGHEER
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£ETCRMNo 72, BRBIDORIGTIE PlUPCNA ORZBRELT WL SIT, Fig. 30
DEBREIERD, TI59AY—DOHEEMIEEZ T DNA #FEEKRKIEE T, T
DR, $HI O RHEIEIZ K 5 DNA SHFREHEEIL 1.9 kbase fHiTIcBg TN/,
ZDEDIT PIP Ry 7 ARTF R & PAUPCNA WMERERISAHEER 295 2 &n
bino7zdD T, RFCL @ PIP Ry 7 AWFNZEDRTF R (C-RID 469-479 41
D 11 &&E) & PuPCNA EDOEESKROERZEHRL. B5N/z 2.3 AQMREEET
DTF—FIXHEINWTHFEHEIERICKIDBEEZMHENT L 2 (R=0.235,R,..=0.291),
PfuPCNA 13, BEF R OBEAEOEREFTIEY > /SO =ZBA E L THEET 5N,

Fig. 32. Overall structure of the
trimer of the PfuPCNA/RFCL C-
terminal peptide complex.

The three peptide molecules bound
to P/uPCNA are shown as red stick
models. The interacting residues in
PfuPCNA are shown in pink for C-
terminal tail, green for center loop,

blue for hydrophobic pocket,

RFCL X7 F REDEGEROERFICTBNTHY >V =ZEBREEIIEFEINTW .
RFCL R7F Rid, PUPCNA —HFICDE—DFHEE L TWi(Fig. 32), &I
BELTWBZENENDOEMLZH S &, RFCL R7F RO N-K# D =5 E (Lys469-
Ala471)7% PfuPCNA @ C-K¥i)l— 7 (Ala244-Val247) L KBS Z R L. Hin
T RFCL R7F RDENAY v 7 X (Leud73-Asp475)hY PAUPCNA OBKR A v k
(Met41,Arg45-Leu48,Leu242)iZfii& L. RFCL R7F RdD Phed76 7% PfuPCNA
? Glu224-Pro226 & Pro245 2B ENTW/=(Fig. 33), RFCL R7F KD C-FKi
=REeud77-LysdTNICDNTIE, BoNEEBEFEES Y TN SIIMEREN T
IR0,

B b p21FPVWARL ) PIP iRy 7 XA ZEORTF RIE + PCNA E#E LI-IREED
529, BIUNYZTFUFT7 77— RB69 D DNARY A5 —F (gpd3) @ PIP
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Leud77- Lys479 Not Modeled

H
j\ Lys469 k‘AIMH Leud73 JKNASPGWS Leu477
n470 Thr472 Phe474 N Phe476 Lys4 8 OH

s "\
-“-\Wat 5%,

Pr0245

SEH I
O ‘F'QN\E/N'HE O\FsaszH hydro_phobic pocket
] — _ in PCNA

A

H =

)L_ N Ageds _NH

Valz47 W N Pro245:
0

C-terminal tail loop in PCNA

Fig. 33. Schematic representation of the intermolecular interactions observed in
the PfluPCNA/RFCL C-terminal peptide complex. The residues corresponding to
the C-terminal region of RFCL (469-479) are indicated in yellow. The interacting resi-
dues in PfuPCNA are shown in pink for C-terminal tail, green for center loop, blue for
hydrophobic pocket, and orange for not previously classified.

= PfuRFCL peptide
= human p21 peptide
- bacteriophage RB69
gp43 peptide
"\ PfuPCNA
human PCNA

\A bacteriophage RB69
gp4s

Fig. 34. Comparison of the three-dimensional structures of PCNA-PIP-
box peptide complexes. The N- and C- termini are marked by the letters N and
C (for the clamps) or N’- and C’- (for peptides) with subscripts indicating the
species (p for P. furiosus, h for human and r for RB69).
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Ry I AZGORTFENT 7 — gpdb L#ES LIZIREBOEERT)Z,. RFCLAXY
F R-PfuPCNA BEAHROEE LB L, =0 PIP Ry IV ARTFR-U5 27
EEROBEZERS &, TOHABKRADEVICISEMYMLTED, PIP Ry X
ENUESDTREMEERAZSEYRZE L TRESN TS I ENHALNTR T
(Fig. 34).

K12 PfuPCNA & RFCL R 7F R-PuPCNA &K D = KkiEE2ERADE T
#9% &, RFCL R7F R-PuPCNA &M TIE PfuPCNA 23 F® C-HKimfll K A
A > RECL RTF RIZHL FTSNABOBEELZEZEIL TWBH I ENDM -5
7= (Fig.35), DR =BABEORFICEERKRE ZRET O FHERIOBENLITRS —
MBI B KkELES (N-O distance < 3.3 A) OEMNIEHEMN S5 EHICARD, BRO
PCNA O+t#, BLUE b PCNA O/\FHICILET 2EE TEMT 2 Z EAVHBAL 7=,
F7/z. PUPCNA OAIZR SN, HFHEKEHEDREZR> C=EFEEDHRIC
BEAL TW5 EFHEINS, PUPCNA Y > 7B EDORAIOSFREA T 232y v
— 271DV TIE, RFCL RTF R & DEEHFRIT L2 BERITH WIS DR
ANBERINZ, INS5OHRIE. PIP Ry 7 ANEET 52 & T PuPCNA OV
CIUREENREAT A EERRL TN S,

ZZT. RECLRT7F ROFEAICE DRSO TPCNA DY U TEENRELT B Z

(FRONT) in the complexed form

-~/ RFCL peptide
N-terminal
domain

C-terminal
~ domain

in the uncomplexed form

N-terminal

N-terminal N domain

domain C-terminal
(REAR) gl T

C-terminal
domain

Fig.35. Structural comparison between complexed (bold lines) and uncomplexed
(thin lines) PfuPCNA molecules in the trimeric state. For clarity, only one PCNA-
peptide complex is shown.

33



EEREBRMICESZADD, (LEHNIZ O D VEICED=BEROERBI IS
A@rax sr 574 =K B9 &7 o /z(data not shown), LpL., 250
FETERTF ROBEICEIZ=ZFFRIEOETHEINT, U I/BEOR
EMICDONWTHE TS Z LT TERN -7,

BB_Hi RFCS ZEREOBERN

PfuRFC & PfuPCNA EDHHEERZ S SICHLLBITT 5201, EEEC
EiT/RL7Z RFCS BAARDHEREBERITLVESNTBRMICE DNV TERKZER
L. N5 0EMFENBEITZITo 72, LT HIETT PfuRFC & PuPCNA OHHEEH
\ZIE RFCL @ PIP hw 7 AU DB EN RSNz Z &, BLURFCS 2 TH., 55
W7RN 5 PuPCNA KFH)72 DNA HERIEEHZEET LI ENTEL I LN,
RFCS H®OH FRIMAEERIIDNWTERZ{T> 7. RFCS B DOEREEN 5
HEINEDFREOBERT v IVnfMzRs &@7)., FLESICEICHEL
FEENRSN. ZOREIX RFCS OBBEL K 6 BIRESHFET IV THHOICE
FLTRD, TORENCHEKEKNS =N/ (Fig. 36). TOADREBDREIZ/IR> TW
ZEEMEY X /B (Glu260, Glu270, Asp271, Glu306, Glu310) %9 XT Ala ITZEH#
L7z RFCS Z &k RFCSm5 &. & D7Z%. Glu270, Gludl0 OEREZITE2E
il 7-ARK RFCSm2 ZEE Lz, /2. DGO FOMEERICTLS RFCS
EEERERICBNT C-KIFmDoaNY v IV ANEE EEZ 5Nz, C-Kim 22 7
F(306-327 fin) & RK S BT A EMAK RFCSABER L /=(Fig. 37A).

six-fold symmetry
ring model wt m2 m5

Fig. 36. Electrostatic potential on the surface of the RFCS
hexamer, calculated by using the program GRASP with NaCl at
0.15 M. Positively charged surfaces and negatively charged surfaces
are colored blue and red, respectively.
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A C
wtmSm2 A wtm2 m5
wii /L . 327 (&Da) @ e
o 97.2
D271A 66.4
E270A E310A 55.6
E260A E306A = @
m5 //// w u—. 327 36s WWWW
E270A E310A 26.6
m?2 —/% i’ " 1 327
7/ 20.0
AL 7 1/ : 1 305

Fig. 37. Series of the mutant RFCS proteins. A. The sites of the mutations are
shown. B, C. Purification of the mutant RFCS proteins. Wild type and mutant
RFCS proteins (each 1 pg) were separated by electrophoresis on a 12 % acrylamide
gel containing SDS with Tris-glycine buffer in panel B or a 6% acrylamide gel with
Tris-acetate buffer (pH8.0) under native conditions in panel C. After separation, the
proteins were visualized by staining with Coomassie Brilliant Blue in panel B and
silver in panel C.

5D RFCS ZRMEIIEFF AR RFCS ERBEOFETHREL, SMEDY N
BIER %57 (Fig. 37B). SMRENEREKICIONVT, BEASFREDOHERT >
DY NVAEEETIVETEHET S E, FLOADHENEAD L Tz, ERITXRAT
T4 TERBITBITIEKIKH T, MEOEITHIEL TEHEOZENR S N/ (Fe.
87C

FIVAEI O N5 7 4 —T. RECSmbs BLELWN RFCSm2 OEEMIIFAR D
RFCS E[RHICHTE 150,000 OESITEHI N, EARERRT S I L0005
7=M3, RFCSAIZE/ X—ICM% T 24 F& 35000 DESICHEHESNTESGHKRZE
FRCERWI &N - 7z (Fig. 38A).

RICEFERB I OERK RFCS 2H4M D RFCL EZNTIUEA LTIV AEY
ORI IT74—2BITRN, BEEBREZL S EIA, FEBED RFCSAIL
RFCL EDBEAEKBERTER NI E8hh - 7z (Fig. 38B), RFCSm5 LU
RFCSm2 OERKIIFER & FRICESERZRR L 2FEK 200,000 OEIZ A H
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2 117z (data not shown).
670 158 44 17

A S RFCS @ DNA #E&EEZT IV
b TRTvEAICEDHAREED 2,
— RFCS wt
= g RFCSm5 3L RFCSm2 DZ Rk
=| — RFCSA 1
HEPARIO RFCS & FRICIREENT
BIZN> R 7 SR 54, DNA
, | L& A R STEMICEMNR S Nz o 7225,
BO 0.5 ! g - RFCSA® DNA #EAEHIIBEIN
ﬂ I ie. 5 RECS @ DNA #
— RFCL wt + A
RFCS wt BEEICIZATPICEK 2 EEIIA LN
2| - RFCL wt+
< RFCS A ! 2o 7= (Fig. 39).
KIZZHS D RECS BEAKZEA
: ] \\ g Q) RFCL 2N ZTHRELT
0 0.5 1 1.5 2

PfuRFC &4 (RFCL+RFCS) %
YE&LL . PAUPCNA fK7FRJ73 PolBI @
DNA GRIEEZRET 2R 25

retention vol. (ml)

Fig. 38. Investigation of the RFCS
complex by gel filtration analysis.

A. The wild type and mutant RFCS pro-
teins were fractionated on a gel filtration
column. Elution of the proteins was mon-
itored by the absorbance at 280 nm.

B. The wild type and mutant RFCS pro-

N7z, RFCSAE RFCL DESWTIZ
FHEED DNA #HlERIEDIEED)
REe<BERoniadr-ok. ¥
RFCSm5 B & RFCSm2 Z2& Y

teins were mixed with the RFCL proteins,
and the RFC complexes were fractionated
on the same column as in A.

PfuRFC &K ERWEZHEIIEE
D PURFC BEMAFIZHENRT DNA
BEREDRNTNTIN 41 % 84%
IETFLTW/=(Fig. 40), BLED Z EN S, PURFC BEERIIBNWTHZDHRIZ
BT 2 EFRINZADOHEIL. PUPCNA L OBEENSHEERICE > TEET
HV. PUPCNA AT LEDERHELZEHSEOHEERICERL TWDE I EAR
XN,

ZZT. RIZ RFCS & PfuPCNA QOEZNSAHEERZRANS 2O RBRILFEER
o7, BEMBIUERKD RFCS & PUPCNA Z2iE& L. RFCS HiiRICHES
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Fig. 39. DNA binding activities of mutant RFCS. Various concentrations
(0.15, 0.3, 0.6, 1.2 and 2.4 uM) of proteins were incubated with 50 nM of 32P-
labeled DNA (d49 mer ) at 60 °C for 5 min. The reaction products were analyzed
by 1 % agarose gel electrophoresis followed by autoradiography. The left lane in
each panel shows the reaction without protein.

_'g = + + + + + PCNA
AR et o Fig. 40. Effects of the mutations in RFCS

on the PfuPCNA-dependent DNA synthesis
of P. furiosus Pol BI. The reaction mixtures
with the indicated proteins in each lane were
analyzed by 1 % alkaline agarose gel
elctrophoresis, and the products were visualized
by autoradiography. The sizes indicated on the
left were from BstI-digested A phage DNA
labeled by 32P at each 5’ end. Amounts of DNA
products longer than 700 bases by each RFCS
are shown as the % relative to the product by
PfuRFC containing the wild type RFCS.

products
0 100 9 41 84 longer than

700 base

Fig. 41. Immunoprecipitation of the
purified PfuPCNA and RFCS proteins by
input bound the anti-RFCS antibody in vitro.
wt m2 mS wt m2 m5  PfuPCNA and the wild type or mutant
> G 88 RFCS proteins were mixed and
— immunoprecipitated by the anti-RFCS anti-

serum. The precipitates were analyzed by
Western blotting using each specific anti-
body indicated on the left side.

RFCS i 5 il
PCNA (& oo 4

37



>
4

e
g

8
¢

s
¢

g
ATP hydrolysis
(mol /mol protein)

A'TP hydrolysis
(mol /mol protein)

P
<
1

p i DNAK LB R BB B HEIDNAK
IR A I T PCNA -4 =+ =4 =+ PDONA
wt A m5 m2 RFCS wt A m5 m2 RFCS

+ 4+ + + RFCL

>

Fig. 42. ATPase activity of RFCS and the RFCS-RFCL complex.
A. The RECS protein (at 0.8 uM as a monomer), [a-32P]JATP(0.1 mCi/ml),
and 0.1 mM of ATP were incubated with or without DNA and PfuPCNA at
65 °C for 30 min, and aliquots of the reactions were analyzed by thin layer
chromatography. B. The RFCS and RFCL proteins (at 0.8 uM and 0.2 uM,
respectively), [a-32P]JATP(0.1 mCi/ml), and 0.1 mM of ATP were incubated
with or without DNA and PfuPCNA at 65 °C for 10 min and the reactions
were analyzed as described above. The graphs show the values after subtrac-
tion of the background (radioactivities from the reaction without protein at

each time point).

THEMCONWTT LAY > 70y MERE DA EB Iz o/. BAER RFCS &
B L7z & & PuPCNA 1351 RFCS HifAf S B ITHRE I N/2A% RFCSmbs BXU
RFCSm2 &EE LA EEITIE. PUPCNA 3B TERMh > = (Fig. 41). ZD I &
M5 PfUPCNA & RFCS AT ORI OEZENSMEEIEAD RFCS DA DREDHEAIZ
KXo TETLEZEDNDM oz, BB PUPCNA HiEICHEE T SEDICDONVTY
TAF 70y bERKEIBZATEBIRocE IS, RFCS MIHEFEMI
proteinA-Sepharose & L2729, RFCS & PfuPCNA ORIQRFERIAMHEE
ADOAHINTERN o7,

B D & 312 RFCS $ & WX PAURFC 13 ATP /K s 28 L. £ DiEEIE DNA
& PfuPCNA KX D RESI NS, FERBIUVERAED RFCS ITDWT, RFCS ¥
MOEFE LHERIO RFCL LIRS L2556 O ATP K MEEME 2572, Fig. 42A
IZ7R9 & D12 RFCS ZEAKD ATP MK EIEMIL DNA & PfuPCNA DFTE. FEF
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FEICESTHER RFCS LIZERABE THho k. ERFERD RFCL SBAELES
HHIXTOD RFCS IXFEED ATP K EEEERL 7Z(Fig. 42B). IN5D#
i, iz &b ATP MAKRGHBRIGIZE TSR0 IE. £E4 RFCS ¥ NV EX
EEREBEH#BLTNVA I EERLTVS,

UEOHERMNMNS, B3Z5< RFCHEHBEDOHRIZFEET 2ADHEIX. PCNA 4F
LOERRELZHS EOMEERICEML TS ZENRRENZ, T &R
RFC-PCNA OEBEHMBHEEHRAZERT I LTOEERBRERVEDELEZIEN
%,

B8 EBR

AETIIEL DEREKODERBLIURTF REOESROBERITZTV., BE
BEESY >N BATFEOHEERICDOWTHENE., E—E Tk, PolBI ® PIP Ry
7 Z&ET C-R1E PfuPCNA & OFEERICSHETH o724 RFCL Tid PIP R
v 7 ZALUSMZ® PUPCNA & D#RESITHERBEMLAEET 5 2 ENRBENZ, PIP
Ry 7 ARTF R & PCNA O#ERAOFMAHEA L. RFCL @ 470 fLICHE T3
TIWVEIDTIAEOERRUVBRENEG L KRTESORIT—KUET 7 TFy—&1
THIASNTND Z &0, 473 DO T > & 476 DT 22NV T 5= OREIEEMN
PfuPCNA OBKRT v MZEML TWA ZENbhokz. TOXSIZ PIP Ry
ZDOHFTHAD PIP Ry 7 ZEF & HANREEOEWERERIL, PUPCNA ITE#K
FEEDDVIETBKEREMEELTHBD, o7 I /) BAOBHRNEE LEL S KF
12725 2 EMRENTz, £z PfuPCNA IO EERAIE. EE4EH D PCNA £EE
ERWEEEERAEICEDRAEEINEEA (B2F—Ib—T, RAAL EaxRy
T4 TN BKRT Y b C-EKm)l—7) BHDO—FITHHKL TWiz, PCNA
Bl ICEESTHHMEDOY = JBESIZ b & P. furiosus BX UBEROE THE
TBHE, INSORTFETISREINTVS Z &b 5(Table 4, UL LM
5, EEPTE b p2IFVVAR R TF RPNT FUFT 7— RB69 D gpd3 X
F R C-RFHRONENTILPCNA R gp4b O RAA UEART T4 2 T N—T1HE
BELTWBDIML T, RFCL RTF RO C-Kd, AEREBEENOBRTIE
disorder L THD. PUPCNA @D RAA VAR T4 2T N—T L DHEENHER
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Table 4. The three target sites on PCNA for the PCNA binding proteins

Interdomain connecting
loop

Homan o1 S5 121 EENGOEEETRE 152 253K 257
P.furiosus  42-LPgR{G-46 11s-{EeMelpRgarp-129 245N 249
S. pombe a1-PEG-45 121 fholHTSega-132 253846257

S. cerevisiae 41-BoER{Y-45 121-faBFIiERI0-132 253 -FLFN-257

Identical and similar amino acids residues to Human PCNA at each position
are indicated by white letter.

Center loop C-terminal tail loop

TERMoE. EREYO PCNA ZREDEMICHBNT PCNA O KA PEIIRY
F 4 2 N—TH P21V D Pols & ORIEMERICIILETH B8, RFC &M
EERICIBETENT EhRo TBD (34, FBIEHECBN TS, RFCL XY
F R-PfuPCNA EAHKERT T, BEESENRE TEAN ST L. ZOBHT
DHEEARRERDDOTIHRNEZ X 5N, RFCL O C-kEMmIE PARFC &
PfuPCNA O#EWCEETRIBNI EZ2RBL TS,

RFCL R 7F R-PuPCNA E&HEDBEFITOERNS, PCNABEINIE
& PCNA OSBRSS EVREEL TRESNTNS I EWHSHITEo 22N
PIP R v 27 Z DN PCNA & % > /N7 E% PCNA EITH& S8 3721 Tldiz<.,
PCNA O=ZEABER2IVEEITDRILICE>T PCNA HESI NV E-
PCNA #&#%2_48 DNA LIZHZEIIHRFIDIEEDREL TS ENS, RE
BERENTREMEN R EINZ, ZORCEAL TR I SIKERZED TN BLEEN
HBDEEZTND,

F-EE D RFCS ZEEDHETTIE C-FEmDoNY v T ADRETESHER R
BEANRT B T ENDA T, ZORBRITE b RFC OREZREMTOBEE—F
45, £} REC OZNENOHT 1oy FTHAASNZRELE C-REBEMIL
p140 O 166 FEk, pd0 @ 14 B, p38 M 63 B, p37 D 29 BE. p36 D 17 &
HT., IN5PT7212y O C-ERBEEN RFC EEHERITHETH S Z AR
XNTNB(38, 39), KETIHRITFEI NI P. furiosus B3k RFCS OIAKEOEH
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TESWT, EAKBRICKEAR C-RBEREaNY v 7 XA—FHD 22 BEIEE
U, ARZEER, PEEVZZVESTHIENHHALZ, £/ RFCS @ DNA #
BEMICIIEARERRT S ENEETHS 2 Etbho .

RETEERICED., ACHELEEEZEH L /=2 RFCSmb i3 PfuPCNA & DfH
EEAINRD LTS Z &b D, Z075HIZ RFCSM5 % &8R4 Tld PAURFC
iz 3 PUPCNA k778973 PolBI @ DNA SRIEHZRET SHEMET L%
Z5N5. 20T LI RFCS #AKDTLOEICHE L= 8. RFC kiR
BLTWBZEERRLTNS,

FAESIC RFCS OLERD C-kiiDREE ATP MANMREEICBEE 5 X0 >
7z. RECSAREBEERESHREBRTERVICHAND ST, RFCL OFET. ¥
ETOVWTNOHED., FAEE RFCS RO ATP IKSMEEEER L, 20
RiZb h RFC 0PAERASB. b b pd0 ¥ 712w MIEM T DNA KEH7T ATP
MABREEEE LMOEDOY Ty M EEARERRT 2 Z L TEEDO LR
AR5 540), £7z RFCSm5 B4 RFCSm2 &4 PURFC #A&HD ATP I
ASRREALNEF LT PAURFC DL DR, 0T SIZAKENHETS
D, ZORERDEHT. RFC ITBIT3 ATP KkpEEEEI ST D“—T/( >
EHEOERICONTE BICHMICHET 2 Z ENBETH 5.
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1 P.furiosus’ /- DNA DS, EE4Y® PCNARFC & FNFHERRE S 2
BOY NI BICHET 5B EFEI/ O—2 L, TN 2 KBEENTRE XS,
EEINEY 2 NVE (PfuPCNA,PURFC) ZRWT in vitro iIZBIT 5 HE 2 H N

TofE R,
(1)
(2)

(3)

UFoZ EEHLMITL T,

PfuPCNA 138 T PolBI B& U PolD @ DNA & EiEMS 2R L7z,
PuRFCIZ PfuPCNAIZ X 5PolBI. POIDDDNASRRIEEDREZIREZ X 5
IZBRL7=,

PAPCNAXFH AR HEPoIS ODDNAE RIEHE ZREEL. & RRFCO
ATPasefEitE 2 {eE L /2.

PEDHERII., THIEICBITAT / LAEEBEIIBWLWT., EEEY EREZERRE
FHRBEREL TWBZ &R RBLTWS,

92 P.furiosus Hi3k PCNA 5 & 08 RFCS DIrfkkES & Hasic DLW TE~. BT
Rz2E~,

(1)

(2)

PfuPCNA i1t + PCNA 18RI L == BABREEEHRL TBD. ¥
2=y NEDARRESOREN S, self-loading BN EBETE,
RFCS D SMERIT 2> efE, LARSREBEN-DLE LR
BEEoTHY. ZHdEL7 RFC HAKIC BT 5 RFCS Ot s 2
BMIC KRBT B &% 2 5NJ-, RFCS EAKMEICBNT CoRIBEAL >
RISz % LT BRI S hicizo 7=,

3 BLODEREOEHRRUVRTF REDESEOBERITZITV., HEEES >
NI B THEOMEERZHANTER. LTOHRZE -,

(1)

(2)

PolBI @ PIP-1h v &7 2 & &% C-Kild PluPCNA & OMEBEERICHEATH
27z,

RFCL TlZ PIP-HR v 7 ADSTH PUPCNA & D#EEICEE T 3EMANE
I DI ENREINZ,
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(3) RFCL @ PIP-Rvw 7 21 PAUPCNA &fEE LD, ZoBRIBETEL
BREINTHBD., FEZ20EF/ITKY PUPCNA O=28BEIXLELT
3 EARBE N,

(4) RFCS @ C-KimoNU v 7 AIEEHRHERICHEATH > 7z,

(5) RFCS #6&0Hh.008I12WE LB PlUuPCNA & OHEEERIZER
TBIEMRBEINE,

AAKEEL THESNZHARIISHED DNA BEOSTFHEBOSEEEEHT S L
TEEREHMZRIZTDHDDEZEZASND.
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B

ARREELDDIHIED, RIETHBLETHEEZH U L ERRRFERE
BrEEHER THREERICEIBHNZLET,

FRNEZEDDCHED, THEZHB D XL ERRRFREREERTH
INREREER, TR HEE. KRKRFEREREMBEMEN ERHER
KES#EILBELETFET,

ERRZRTITDCHEZY., RABTHEEBD, ZROBBHZNZEEELE
IMRFRZFGREER ABFRMERICRBEH VL ET,

EMDTFITERER  AFENMTEL, 1 K. O. Cann &+ (H University of
Illinois) . JBEEETFE (FHELEWFER &5 TN KERERBEEHRE
Bt SIABBERICE. S TFRERITMRETOCHSEVERBIMELIH
heEnEEEELE, DXOELBELETET,

EMNTTERER HNKARFER2IZUD. KUEXREL. RESHE
+. EEE—ET. ENEAELICE. BERAHEETS cdl-0 JigEs
THAHEBOELE, DEVBEHONELET,

EERZLERAFNAA A TARTA IV A I — B BEHERRS
CWCKREZHEBTITIT. FRETMRICEL TERRIBE L Ta@me W
EELZ. DRUBHNWEZLET,

FREOFEFTICHED . EVHTFIEREROERICIT - WAABHEEICR
DELE, ESEHHNELET,

FORSNEBRZED X LEARKFERFRZEFAN BHIRHAKER.
RERRFREYHER SIEHRBERTOIDEHHNZLET.

KERRZLEHRE MERBEECTREBMZBDELEZ. E<EHLHL
EFET,



EBRODE

EEME
<EHR>
Pyrococcus furiosus Vel Deutsche Sammliung
von Mikroorganismen
und Zelkulturen GmbH
(DSM)
Escherichia coli IM109 /i3]
Escherichia coli BL21(DE3) Novagen
Epicurian coli BL21-CodonPlus (DE3)-RIL Stratagene
<TFTS5RX2ER>
pT7 Blue Novagen
PGEM-T easy Promega
pET15b | Novagen
pET21a Novagen
PET28a Novagen
<BER>

RS TT 2478 DNA BIEEERIL. £, New England Biclabs. JREAH.
Stratagene ®H D ZEH W=,

<Hitk>
B NI EIZRT BT FHMEDOERIIEESITEIEL 2.

<RTFE>
RFCL PIP Rw 7 ZRTFF R (KQATLFDFLKK) B X PolBI PIP R v &7 Z R FF
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R (KTRQVGLTSWLNIKKS) ZEY 5 FLEHEN. AFRESEL LV HEIN
7zo I hO—)RTF R(RRLIEDAEYAARG)IZ Peptide Institute Inc.#&E D W
Rz W=,

<DNA>
£REERA Y I DNA Amersham Biosciences
poly(dA) 4 ' Amersham Biosciences
oligo(dT) g5 5 Amersham Biosciences
<h I LBIUEIIE>
- HiTrap Q column Amersham Biosciences
HiTrap SP column Amersham Biosciences
HiTrap Heparin column Amersham Biosciences
Superdex 200 PC3.2/30 column : Amersham Biosciei;ces
Econo-Pac CHT-II column Bio—-Rad
TALON-NX Metal Resin Clontech
Protein A Sepharose 4FF resin Amersham Biosciences
<—fRE>

SAEIZENENANEFEOEFIZZNS DEKEZHATLZ., TOMOREITH
SAFAY, MAMETZOHOEFERALE, ‘

<HEEE>
DNA > —7% > — (Model 310 Genetic Analyzer) Applied Biosystems
Bk o< 75 T7E&E (AKTA explorer 10S) Amersham Biosciences
SATREAEY O< N5 7%E (SMART systems) Amersham Biosciences
SYeKEE Model Du640 spectrophotometer) Beckman
A A—=T7FF4H¥— (BAS-5000) Fuji Film
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WK >FL—a oy — (LS6500) Beckman

ZiE
< BREBIR DR >

- TRER A 50 mM Tris-HCL, pH 8.0; 10 % ZUtU ;2 mMB-AIV AT
NI % J—)b; 0.1 mM EDTA

- BEW B 50 mM Tris-HCI, pH8.0; 10%% Ut >; 0.5 mM PF+ kL
4 h—JV; 0.1 mM EDTA

- BRI C 10mM U 2B U™ A, pH6.8; 10 %27 U > 7mM B-AJV
AT LY J—); 0.05 mM EL IV T L

%D 20 mM Tris—HCL, pH 8.0; 0.3 M#{tF kU ™ 2

- BBERE 50 mM U g U A, pH 6.8; 10 %7 Ut 25 7 mM B-AJL
HT Ty =)V

- PBS 10mM VU >EF MU DA, pH7.5;0.15 MEfEF R U T A

<PCNA. RFCS. RECLREBH Y7 A3 FOBE>
PCNA. BXURFCL # 31— R BEEFIL. TNETNTFRITRT PCNAF-PCNAR
%7213 RFCLF-RFCLR 751 ~—% v h&HWT P. furiosus ®% / » DNA 2
Mz LT PCR 217> 7. PCR T3 HbIEMEMEDE 1 PluDNA Polymerase
(Stratagene) W= (LAED PCR IZDWTHLTAEBEREAVWE). BigIhi®
PCREW % pT7Blue i TA 7 0—=7 L. TNENDNA I —I L2 2T %17
> T, BIIPELNWZ LR L. PCNA BXU RFCL 22— R 2B ET 2R

PCNA BXURFCLEBA 75 A3 REEOZHOPCRIZAWES 51—

TITAY M TSA<— 52 TR
PCNAF |5-ACATATGCCATTTGAAATCGTATTTGA-3’ Nde 1

PONA PCNAR |5’-ATCGCCTCGAGTCACTCCTCAACCCTTGGGGCTAGCAGG-3’ | Xho 1
RFCLF |5'-AGCCATATGCCAGAGCTTCCCTGGGTAGAA-3' Nde 1

Rrct RFCLR [5-AGGTCGACTCACTTTTTAAGAAAGTCAAAGAGAG-3' Sal 1
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L TWw3 pT7 Blue & Ndel-Xhol £7z1% Ndel-Sall ic & DALE L, pET21la 7z
I3 pET28a @ Ndel-Xhol 347 £7=1% Ndel-Sall FLIcH ALz, BELET S5 X
I RE2ZFNTN PTPCNA LU pTRFLhis & L7z,

RFCS 21— R BBETFIEA 2571 220D, £9 FRD RFCSF1-RFCSR2
¥ /21X RFCSF2-RFCSR1 @ /51 < —tw N T P. furiosus ®% / I DNA % #%
2L T PCR Z2f7\), RFCS N-XKigDILF A7 > & RFCS C-REDLF AT 1 >
BOA—RTBTIITAIEREEBESEE. ZDOIFATA 2 2ERT B0,
RFCSF1-RFCSR1 O 754X —ty hTZDDIFAFA 22— RTHTSTA
D HESRIZUT, B0 PCR Z1To7, BIEEN/z PCR EYZ pT7 Blue iZ TA
ra—=27 UDNAY—F L3 2 J %475 TRIIMNE LN Z & 28 L 72 RFCS
21— R 38ET2EFELTNWS pT7 Blue & Ndel-Sall izkDALE L, pET21a
@ Ndel-Sall i A L, BELETIAI FZ pIRFS & L7

RFCSEBHATIAI REBEDHOPCRIZAW:EZT 14—

TSTANNTS4<— B T#

RFCSF1 |[5°-TCATATGAGCGAAGAGATTAGAGAAGTTAAG-3’ Nde 1

RECS-N RECSR) |5 -CAAGGGCCAAAGCCGCTGTAGTCTTTCCGACACC-

AGGGGGGCCTG-3’

RFCSF2 5’-GCAGGCCCCCCTGGTGTCGGAAAGACTACAGCGG-

RFCS.C CTTTGGCCCTTG-3’

RFCSR1 |5°-AGGTCGACCATCACTTCTTCCCAATTAGGGTGAAC-3’| Sal 1

<RFCS Q¥ RMEREREA Y 7 X3 RORL>
RFCS OZE#A mb BXWY m2 @R ITIX QuickChange site-directed
mutagenesis kit (Stratagene)Z i\ 7z, pTRFS 75 X3 FZ&EHEICT, forward B
Wreverse 751 I —ICIIHAAHH TERZEA LRSI 2 A (FRIC forward
T4 —DEFERT), BIEXZ AT VIRV RBZITWEROEAZ DNA &
— TR OERL. N pTRFSmMS BE U TRFSm2 & L7z,

48



RFCSZERARBA T I A3 FBEDZDDPCRICANVWET I 1 < —
(ZEEOBATNLZ/NLFTRY)

IR ZEIERAT B 51|
5.GAAAAGCTTAGGGcGATACTTCTCAAGCAA-
E260A-E270A-D271A | 55 A CTTAGTGGAGCAGCTGTACTAGTTCAG-3'
mS
5" ACTTCAGACTCGTTGcAGGGGCTAATGCAAT-
E306A-E310A AATTCAGATTGA-3'
E270A 5" AAGGACTTAGTGGAGCcAGATGTACTAGTTC-3'
m?2
E310A 5. TTGAAGGGGCTAATGCAATAATTCAGCTTG-3'

<RFCS BLURFCL @ C-KRIiRAERGKREH T 5 X2 FORE>

F#£i2779 RFCSDF-RFCSDR %7213 RFCLDF-RFCLDR 7514 <v—t v b & H
WT PpTRFS F71d pTRFLhis 22N ZNEHEICL T PCR 2fTo 7. BEENE
PCR E# % pGEM-T easy IZ TA 70— 7 L7ztk, TNENDNA > —F 1>
UKo TR ZEHR LTz, RECSABXU RFCLAZ O— RT 3EBEETZRE
L TW5 pGEM-T easy & NZ 3 Ndel-Sall iz & D L3 U, pET21a £/ pET15b
@D Ndel-Sall BLiciHA L. BELETIXI REZNEN PTRFSAB LT
PTRFLAE U 7=,

RFCSOC-KMRELERIKBEDZDODPCRT T4 <7 —
T54<— | - B TE
RFCSDF  |5-GGCATATGAGCGAAGAGATTAGAGAAGTTA-3'| Nde I

RFCSDR  |5'-GGGTCGACTTAAACGAGTCTGAAGTTATAC-3' Sal 1

RECLOC-RIHRREREEEDIZDDPCRT 51 < —
T4 <— ECAl TR
RFCLDF  |5-AGCCATATGCCAGAGCTTCCCTGGGTAGAA-3' | Nde I

RFCLDR  |5-GGGTCGACTTATTTCTTTGGCTTTTCCTTT-3' Sal 1
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<H#Z PCNA & > N7 B DORE>

PTPCNA IZ &k » THREE#R I ¥/~ KBE BL2I(DE3)#%% 100 pg/ml 7 > ES U
CEED LB BEHT 37 "CIZTHEEL ODg M 0.3 IZR>EZRATIY oI —
B-D-FAHII FEZ ) FAPTO)ZH&AKREDN 0.2 mM T3 K 5HMLE. &
S5IC 2 FFEEE LR, BERZELLTEALE, fELEEKZ 1 mM 722
WAFIWANT V7V AY) REMSEB LW 0.1 M HkF M) U LAZEDES
R ACEREL-, BERLEICE> THREZERL. BO0BEICE VEMEEZR
U7z, 80 °C T 10 HHBNEZTNILBY ZRWER, HEEF N U LZRKE
F# 0.58 M. polyethyleneimine(Sigma)% 0.2 612725 X 3#%ML. 4 °C T30 7%
BLUEBELODBICED EEZREIR LUz, ZOLBICHEY BT A% 80 %tafn
BRICRDEIWMUTHI N ERZILBREIETEN LU, (LBRZEER B ITHR
L. K B TET LR, BT 1 > 33#h 5 A (HiTrapQ; Amersham Biosciences)
MLz, B9 LFED 10 FEOEER B 2AVT 0-1 M MY LADE
HBEAETRERL. K05 MBI ULDOESIZERE N7 PfluPCNA Z[H
RU7=, BEEHRD PuPCNA EBEIX 280nm IIBIFTHHAEZHEEL. 2FRKEE
$ 7,250 Mlcm™ K D RE L 72(22),

<#i#ix RFCS ¥ > /NI BOHFHE>

pTRFS IZ & - TR EE&# X 87 Epicurian coli BL21-CodonPlus (DE3)-RIL #k
(Stratagene)# 100 pg/ml 7 > EZ U >BXUN20 ug/ml 705 A7 23— )%
£ LB BT IPTG KX 55HEE,T91C 30 “C T 16 BREEEL . BEREE
DUTERELE. £EELE#E%2 1 mM PMSF BX00.1 M ST FUTAZED
BEWR A CRELE. BERAEICK > THRZHHRL. BOO8IC X AR
ZERINLZ, 80 °C T 20 AEBANEZTOI I LXK DILBYERWZE,
polyethyleneimine % 0.15 %2725 K 5&HML. 4 °C T30 HHEERL 2%, Ei
HBEC KD EEERINL 7, ZOLBICERRERY BT LA%E 80 %EMBERIZRS X
SEMLTH N EERBEETEN L. ILEBEEERK C 1AL, BEHEK C
TEWLEE. N1 RaFIT7NR¥ A M5 A(Econo-Pac CHT-II; Bio-Rad)iZ#
WMl7. BILBREEREOEERC THSLZHEELEZR. 1 MUEHIUTL,
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pH 6.80 % 0-60 ¥DBEHNRICRDEIDONTLBED 8EFETER L/, RFCSIX
#0355 MU CEAVYLADESIER SN/, BHEN/Z RFCSE7IX0.1 ME
{£F N T LEZEORER B ICHERT Lz, AEPO RFCS BEIX 280 nm 2BV 5
LHEEZEEL. 2FREFEE 19,060 Mem™ K DRE L 72(22),

<f#Z RFCL ¥ > X7 B DOFHE>

DPTRFLhis IZ &> T EE# X 87z Epicurian coli BL21-CodonPlus (DE3)-RIL
Fk(Stratagene)# 100 pg/ml 7 > ES U >BEUN20 pg/ml 705572 =23—))
2SO LB M T 37 ‘CITTHEREL ODg N 0.4 12723 -> ZRR T IPTG Z&KEEN
0.25 mM IZRB X HEMLEZ. 5T 20 °C T 24 RFEEE L 28, ERRERL
LCTERELE, ERLZEAREZEER D BB L 7. BEFRUBICK > THREZ
Bl. BLOBECLXVEMHKRERNRL. 5N UCOBER D THELLZAS
W7 74 =54 Hh 5 L(TALON-NX Metal Resin; Clontech)iZHEfIHEZRML .
HERGE MM 1 IV 2EOBEKR D) EZN I L0 10 FEEAVTHREL 2,
®ELTVWBY DNV EEBEIKRA00 mM 1 25—V 22 VBEK D) THEHS
Bz, BHIN/Z RFCLES}MT 0.3 MEAT MU T AZEURER B ITER L.
B O RFCLIBEIT 280 nm ITBIT2HAEZEIE L. 7 FHRAFKE 66,000
Mem™ kK D 3RE L 72(22),

<RFC E&4&% NI BOFHRE>

BRI /- RFCS & RFCL Z2ZNZN 280 nm IZBITAHNENL 2:1 1R’ B LD
IRAL 60°C T20 2 EL. 0.1 MEBILF NI T LAZEORERE ITEN L
%, BA1 A #H 5 AHTrapQ; Amersham Biosciences)iZiRiM L7z, 15 L&
B 10 FEOBERE 2ZHWTO0.1-1 ME/LF N T AOEFEEAE TEET
B &, BEDO RFCSIIH T LIZHRERT PURFC 138 0.3 ME{LF MU D ADES
WWEHE N, BHEINE PAURFC 28 0BRIISSICERER E ZAWVWT 1:3 2%/
WU, 774 =54 5% L HiTrap Heparin; Amersham Biosciences)IZ#MM L 7z,
ASLFED 10 FEOEERE 2HNT 0.1-1 M E{F M) U LDERBEIR
TRERET % &, PAURFC 36 0.3 M k) MU LDESIZER SN, PURFC
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DESZ 0.2 MEHLFT MU LZEURER B ICENT L.

<P. furiosus D& LMMHEROFHESE>

P. furiosus Vcl i3 98 °C TEEREE U7z, P. furiosusEMO 1 L H72 D DEFR
SEIZ. FU T (DIFCO laboratories)10 g, f — A FLF X k57 MDIFCO
laboratories) 5 g. Jamarin S (Jamarin Laboratory) D¥35k 35 g. B#& 5 ml. 7¥&
#5772 10 g. Trace elements 10 ml TH %, Trace elements (100 fZEHE) D
1L &0 D&RSEIX. nitrilacetic acid 1.5 g. BT *> VAL 3 g HEEF b
U A 1g, FREEEAIDO.1g. FEBEO/VLE 0.1g, B|AEHIIN I TAL 0.1 g, FilsHsh
0.1 g. FiB&SH 10 me. FEEITHRHIVU YL 10 mg. "UE 10 mg, EUTT VEE
FRUT A 10 mg. By 7))V 25 mg. THO., KEEHI DT LKBERZRANT
PH7IZHAEL/=.2g ?D P. furiosus #ifg% 0.1 mM @ PMSF Z& OEEWK B 30 ml
FTHBEERERL. B0 BECKMAN XL-90. 100,000Xg. 60 min) L CILE%
FRE, MiREmbREEZ.

<fLZHZOZY 27 E>
PAPCNA %7 O > 7 KISHK (20 mM U >&F kU7 4,pH 7.0, 150 mM
BF MY TL) T 60 ng/ml IZ23E5ICHAEL. EGS (ethylene glyco-bis
(succinimidyl succinate)) (SIGMA) % 50 uM IZ725 X 55%ML. EET 10 B~
1 RS SR, RISEIEE (0.25 M TrisHCL, pH 6.8) & KINED 1/4 Bl
ZTRT SR, RIBERIICOVWTIIAY > 70y MEZX D ¥ 21T 7=,

<HGWFINABZONT ST 4 —E>
¥R L 7= PUPCNA. RFCS., RFCL. PuRFC. BXU RFCS. PfuRFC OER/E
ZDOWT, SMART system ZFHWTHINARBI O NT 5T 40— 2fTo7. K
Z Lz Superdex 200 PC3.2/30 (Amersham Biosciences)%. #%EifHic 0.15 M &
ftF MU U LZEOREER B 2HW:, YA AX—HA—ROFNIBERELT
FIAEEES (Bio-Rad) ZRIUEH T THWE.
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<SEILREE>

$8IL7= PuPCNA, RFCS, RFCL. PolBI. BXU PolD ZHWTUHFZHE
L. &onzhmEzAWe, IRTOBREFTERTIT> %, 30 pld protein A
Sepharose % PBS T 3 EkL72%. ZTNZENOFME 1002 NA 1 BERKE S
¥z, PBS T2 EBLEEWK B T 1 E¥¥ L7z, 300 mo P. furiosus MR
HiE, E£7213500 ng DB LZHHEZ Y > N27E, 0.1 mM PMSF, 0.1 % BSA B
K50 mM BT MU T AZSUREER B 300 plZ2MAT 30 pRRGE R,
protein A Sepharose #&EM3E L L THEEL 0.1mM PMSF 3K 50 mM #H1k
F MU T LEEUEER B T 3 B L7z, protein A Sepharose & E I DY
T, Uz A > 70y MERK D 2T 7

<TSA—HERIE>

P. furiosus PolBI & X PolD 133k 41, 4212 L7050 THRAE L7z, DNA &5
1% 50 mM Tris-HClL, pH 8.8, 5 mM BRI U A, 2mM ANV AHT LY ) —
JV, 125 mM B k> MU DA, BXU0.25 mMANTP Z23% 25 ul O KINEHEH T,
70°C. 4 MO RINEEEE L TT o 7=, HFIKEE L2HELMT 0.2 ug M13mp18
—Z$ DNA & 5kt z PPEF# L/~ DNA 751 < —, BX00.25 units DNA 7R
UAXS—FEHNWT, 20 nM PuPCNA. BEL W 20 nM PuRFC OFE FEZIEFE
BEFTRIGZT>7. 8 ul ORMEIEETR(98 % deionized formamide, 1 mM
EDTA, 0.1 % xvlene cyanoDZ A TRIbZ&EI1EL 7. DNA SEREHZ 50 mM /K
B> rU YA, 1 mM EDTA BEH 1 %7V AU 70— )V TEKIKENT K
DHBEL, v ID0FT 574 —IZX DAL,

<ATP MK RG>
PfuRFC @ ATP ik ERiiE 25 mM Tris-HCI, pH 8.0; 6 mM k<7 x>
w2 0.1mM PFF LA h—Jb; 0.05 % BSA ZE1 20 pl O KISEEF TT 2 7z,
PfuRFC ZIEHPIZEE LZEBE T, HEIRU T PfuPCNA, DNA & EBHIZHWTO.1
mM ATP B X U oP?PIATP.1mCi/mD &. 65 °C TRIhS 'z, ERORERKEER
RIS 1 ul # polyethyleneimine—cellulose TLC 7L — 1 (Merck) IZXHRy
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RL. 0.5 M #LUF A, 1 M XBRERTEBLE., 1 A—V7F514¥—
(BAS-5000, Fuji Film) ZRAWTNKPBEYDEEETT> /=,

<DNA#EER UGN T7T7vET) >

#2 & LT DNA (5-AGCTACCATGCCTGCACGAATTAAGCAATTCGTAAT-
CATGGTCATAGCT-3")® 5-FK# 2 P TIN)L L. —Z# DNA (ssDNA) &L
7=, ssDNA IZHEHREFIE2ET 5 DNA 27 =—)LV L T4 DNA(dsDNA) &
L7. ¥/ ssDNA i DNA (5-AGCTATGACCATGATTACGAATTGCTT-3") %
Y= LTS5 1~<—iE DNA (priDNA) &L 7=, BHHRIZELZE®D RFCS.
PfiPCNA, 3 &8 PfuRFC 2 B TH 5 WIHES L THWT, 25 mM Tris-HCl, pH
8.0; 6 MM AL Z 227 4 0.1 mM IFF kLA h—)L; 0.05 % BSA &% 10 pl
ORISR T 5nMDNA & 60 °C T 5 2RI G S § 72, HEIE U T 0.1 mMATP,
dATP, ATP{S #MAT. RERYE 0.1 X TAE BikH 1 %7 HO—X 70
EBREMCKOHBEL., T— 1 53 P0F 574 —ITKDA[HIEL =,

<DNABEEER (T4 NI—NL T4 2 TTvEA) >

BB E LT poly(dA)yy D 5°-Kii%E ¥P TINJ L. —F$ DNA &Lz, 20D
POl (dA) g 12 0ligo(dTys 50 ZEIVEHE 1:4 TPV Z—JV L. 7514 7 —HiE DNA &L
THW., PURFC(50, 250, 500 ng)% 25 mM Tris-HCl, pH 8.0, 6 mM k<
2T A, 0.1mM PFF LA =), 0.05% BSA 3L 20 nMDNA Z&% 20 ul
DRIGEE T T 60 °C THHMKEEE/~, DNAHKSE PfuRFC 2, VIV UAEL
RO O—ZX 74— IKKEESE. 0.5 mL @ 25 mM Tris-HCl, pH 8.0 %
AWT3ERELEE, PoFL—ahulF—zHA0WTHEELTWS DNA
ZEELTZ,

<PCNA-PIP box X 7F REEHEB LU RFCS O EEEH#T >
PfuPCNA Izt U TiBEE® RFCL @ C RHARTF K (KQATLFDFLKK) ZFfN
LSRN 5. BT CEZULZNEBA L T2RIILBIEICI > T, NRAERD
BEREEE, /OO VREEER T+ N> T 77 =0 BL6B E—ATA
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SRBNT, EEBOERLKFEZWREFT 100 K ITHHA L ZERZBAWT X &EHE
FETW, EoN/z 2.3 ADBEETOT—FIREDWTHEBERTZITo =
PfuPCNA BT #E (PDB B&HES 1GE) 29 —FEFINELTHFER
EETN, PHMHEZRELEE. 32Ty R7 U TRICL2BER
BT IERETEERENAL LA TETNOBRLZRDEL THRK
BiEE2E-, ERERT—YRUTOED TH S : ZE[HEE P6,;, Z=6,2=91.847, c=
64.144 A, R = 0.235, R, = 0.291. %7z RFCS O#E&ILIE. 2-AFNR>F >
DOF—IV(MPD) ZEEEBALEL T, BKJIEBFEICE > TITRY, FoN#EREICD
WTHBRK X BEHFEEZTRoZ. B5N = 2.8 ADREETOT—FIZEIN
THEF TR, ZBREE P2,2,2,, BEONTA—FRIZENZTHN a= 983 A, b=
105.6 A, c=316.9 ATH o7 —DOIEHABEMFIZ6 DOTT 1y MIEE
NTWiz, B X BOMNEZRET A7=DIT TaBry, ZHAVWEZERTRIEESRKZE
BEECE> TERLE, EEAFFZCEREOKREBE B832(DE3) ZfEE &L
T RFCS BEFERBEIE. M9 HHiFEL /) AFFDEAFFLUADL 9
BOTVIJBEZHAWTC BV AFFZVBREAZERLE. B5NET—%%%
ERRERBEETINEROBENLLZ. R=0.224, R, =0.277 TH o /=,
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