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Functional analysis of yeast homologue gene associated with human DNA helicase causative syndromes

~ Atsuko Miyajima*

Proteins having DNA helicase activity play very important roles in many processes involving DNA
workings such as replication, repair, and recombination. In this decade, many DNA helicase genes have been
cloned as the causative genes of human recessive heredity diseases. These are the causative genes for
Xeroderma pigmentosum (XPB and XPD), Cockayne syndrome (CSB), diffuse collagen disease (Ku80), a-
thalassmia (ATR-X), Bloom syndrome (BLM), Werner syndrome (WRN) and Rothmund-Thomson syndrome
(RTS). The yeast homologue genes of these human DNA helicase genes exist. S. cerevisiae RAD25/SSL2,
RAD3, RAD26, YKUSO/HDF2 and RAD54 are the homologue for XPB/ERCC3, XPD/ERCC2,
CSB/ERCC6, Ku80/XRCC5 and ATR-X/HX2, respectively. E coli. rec® gene and S. cerevisiae SGSI are
the homologue for all BLM, WRN and RTS. A search of whole genome of S. cerevisiae revealed that SGS1 is
the sole homologue of 7ecQ in S. cerevisiae. Thus it seems likely that SGS1 is a functional homologue of one
or several human RecQ family genes. Many basic or essential functions are well conserved in the cells from
lower eukaryotic to higher mammalian. The functional analysis in yeast could make an useful insight for the

human homologue.

To clarify the functions of S. cerevisiae Sgsl and to get an insight into the functions of Blm, Wrn and Rts,
in this study, we analyzed the phenotype of sgsl disruptant and in detail the cause of the poor sporulation
phenotype of sgsl disruptants in relation to meiotic processes including meiotic recombination. The poor
sporulation of sgsI disruptants was complemented with a mutated SGSI gene encoding a protein lacking DNA
helicase activity; however, the mutated gene could suppress neither the sensitivity of sgsi disruptants to methyl
methanesulfonate (MMS) and hydroxyurea nor the mitotic hyperrecombination phenotype of sgsi disruptants.
The N-terminal 1-45 amino acid region and 698-1195 amino acid region of Sgsl, which including helicase
domain and C-terminal RecQ conserved region with helicase activity, were required for complementation of
MMS sensitivity and suppression of hyperrecombination of sgsI disruptants in mitotic growth. The 126-400
and 596-1195 amino acid regions of Sgs1 were required for complementation of poor sporulation and of
reduced meiotic functions. These regions required for the mitotic or meiotic functions of Sgsll were well
overlapped with the interaction regions of Top3 and Top2. Some of these results might explain the mechanism

of the symptom of RecQ-related syndromes.
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A, /A7 s PART LHFEBEEO 12Mb,
16 KD &Gtk IEILE A5, Web site i2 & h ARFETHE
2% o 72DIE1996E4 A TH - /2%, EBEYOH TS
IEEERFIPHAL I3 NDIL, HWEBEPFREYT, %
D%, EEELE (Schizosaccharomyces pombe),
(Caenorhabditis elegans)® %13 Lo & LTk b (Homo
sapiens) \ZELBEL OHEIZBVWTh Y /o 7ad Ly

FOSHEAT LT B, HEEREFIZRWT, 200242 R, o
ZURERE (S. pombe) DLIRHEFIGBISHIZ% o727,

B ERWAHRIIBWTRA M7 LRI~
BATIE, B0 KERE Do/, BEFru—=
FOLEIIEL LY, Website L2 RETHIE, HEjE
T2 HEFORY, #Etimap, HEHEETFOFLEED
EREBEZIBLIENTEL L)k o/, RANY
P LFHRICA o BRI ORI, BRI, HhERE
#, MOEHEEORERERZ Y, #EFro&HE
NFEORLOBoTE /. E512, DNA chip D%z
foT, HFBEBOLBEFOMBELIZHT% mRNA
DEBRBOBLL 77 7 A MLERY, L Lzdt
5, HIFREFOLORFE6THEN D b, —EDHED
R SWTHEFESAHMTTIONA TS L0, K2
EAREILT EL W,

BIEE#HZIH - TV 5 DNA, BEHE, S48, %
REWME, EHBESICLL, MRoRA»LHEL DI
BEMETEITTWA, DNAICIEGEL B &, #HH,
BESHESINLY, ZZRER, REENF|IERISN
5. ZhoDNARG, ZZRERIE, M, Bk, £
b, Fofikk4s 2REFFISRIT. M HoBEE

WATERICHFE SN D 2201218, DNABE S IEREIIT

b, DNAPRBRELZSITBEICE, ERricthzes
By aRESPELENS 5.

DNADHE, 518, &%, iz, MAREWY, M
fa3E55 O DNA OB {GIEHMFF IS D 5 S RO BEFH
ra—=rrEh, ZOBEIIOVWTRAIZHLMIZE
NT &7, Z0BIZTFEYDOH 21 DNA helicase 755
DOhFEINTVS,

Helicase iX, ATP ORGSR IL AV F—~2HWT,
APOR) 22V AF FERIREL, —FHICT 285
DB THSH., DNAHEZEERTH, RNAIZEER
T2 X ), DNA helicase % 723 RNA helicase - 54§
2N 5. Helicase i2i33t# L C, helicase domain & I
nn, TOORBMZES] (motif) PWRFESIA TV 5,
FNHIEL Ia, 1L I, IV, V, VITT, helicase i Al &
7 % motif I[N DEXHALFIZ X 1), helicase O type 4743
B &N 5. Helicaseld, TNEN2EYPNEEREL KA
PRE-TEY, FHTRELX Y LA F FOREER, %
ERIDNADRE, W& H 5. AP DNAAS
—ARPICHEZIREINLEEIL, DNABERIZB A5

74— 2 DAY DNASERL, DNABHEIZEIT SR
ZVAF PO LEE, BEOME, HAHRRE,
DNADBEERMEFFICEDL LS OBRICLEL SN
5. HEEBRIZBWTIE, 8210 helicase motif % F§
ZBREFHFHREINTVED, ThsOBIEFHERIC
helicase {GtE % FHo%, FEEMRIIBT SO
WTHLRIZENTWAE LD, TAD—EDEEFI
BEZW,

Jr4E, DNA helicase @ F AR HEETF Th LWt
HEBBEEREMERNTHRESINTE TS (Table
1), FRHOBEETERE, BRELRL, AXEE,
RERE, B, MERELECOERERTHEESR, B
CHERE, REANESOV VESR A SEREFT
KETHoT,

HREFE K DNA helicase B{ZF& LT, £, &aFkE
7 fE (Xeroderma pigmentosum : XP) (28T, 2%
OBIEFHFEAE SN2, 190FEIZFRESNL, XP-BE
DENEEFXPBIZ, UV-sensitive CHO IR Z Rtk %
T 5 e MEETFERCC3 EH—0EETFT, HFE
£} RAD25/SSL2 DAFBIEF TH o727 ~Y, 1992412
FESNLXP-DHEDOERNELFXPDIX, R
ERCC2L 6 —T, BB RADIDOAFEEETFTH o
7219712 XPB, XPD&EHKE, Wb EABEERT
TFIHIZ&E TR Tz D W 19924 1204 4 S IERRE
(Cockayne syndrome) B# OB HEZTF CSBH, [FE
3N/z. CSB/ERCC6E, BEEID RADZ6 \ZHRIMELR A L
TV RNC 19944, HORBERTHLBR
WOHCHE Ku (Ku70-Ku80) OH%72=v +Thb
Ku80 b DNA helicase HIEFTH 5 Z L HLMIZEN
72181919954, REANES/ O VED—DOTH D,
a7+ 37 (a-thalassmia, ATR-X syndrome) D/E[RH
BIZFATR-XHBREIE S iz, ATR-X 1, HBH4EXql3
2BV THEE Sh7:-X-linked helicase-2 (XH2) & [&~—
T, ZOBIEFIIEEORADSLCHEMRE L Tni
20,20 2542, 199544 5 1999 E 21T, 3200
DNA helicase H{Z¥7°, HEREASLEEGFEEDOHER
BIEFLLTHESIN, #0613, 7IV— LEREE
(Bloom syndrome: BLM) %, & = v F —JE R BE
(Werner syndrome: WRN)®, T b4 ¥ b - FAYV VE
BEE{ZF (Rothmund - Thomson syndrome: RTS)* ¢
HbH., ThHID0EETFIE, TR KERODrecq, H
FEEEOSCSHIMHRAMELZ /LT, U EDEBEDOE

- [R#EEF & %5 ¢ FDNA helicase {5 Fix, »ihdb

BEMFEREF A LTV,
BEREIL, 1940FERD L BIEFOMEIFEAIZSNT
1B THELEMEY TH A, BT, MM

CREEZELEL, ROPESHTHS, Y/ a70dx

yRBET L, WM 1640 SR BKDEERTH
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Table1 DNA helicase genes for human recessive heredity diseases

Human Disease Gene map (Yeast Function
gene locus homologue)
XPB/ERCC3 Xeroderma 2q21 . (RAp2s/ssy 35 helicase,

plgmentosum

Xeroderma
XPD/ERCC2 pigmentosum

19q13.2-q13.3  (RAD3)

Subunit of THIIH

5'-3' helicase,
Subunit of THIIH

DNA dependent ATPase,

. CSB/ERCC6 Cockayne syndrome 10q11 (RAD26) RNA Polymerase I
complex
Diffuse collagen DNA helicase, Subunit
KuB0/XRCCS disease 2q35 (YKUBOHDF2) of Ku autoantigen
ATR-X/HX2  g-Thalassemla Xq13 (RADS54) ?
BLM Bloom syndrome 15q26.1 (SGS1) 3'-*5' helicase
3'-*5' and or 5'—3'
o . SGST,
WRN Werner syndrome 8p12-pi11.2 { ) hellcase
RTS/RECQ4 Rothmund-Thomson 8q24.3 (SGS1) ?

syndrome

B CRACHELP IR 720120F, 4 ¥ Fa vk
bEDPT, ¥ LDENL VI ELH B, B
DEFBEROFFRMICLY, BEENLHEIRAITED
BRI ENERIHD.

BRI EEEABROERAEY T, Fig 1IIRT L9112,
—fgR, “EERrFNFREROTIA 7AooV EL,
BREBEOEFTINETH L. ZNOBEFERHLZ
FEAREARE, SFEB I UEREEREFFROKBICE
D EBRTEVFESNEEROBTFEIERT S, B
NWizaF ol —HBHBERBMRRIE, FEEGTICBWT,
—fEFEOFITRECHBEEDET I ENHETH S,
E512, a, a—BEHREERERIE, BECLI) ZBK:
T 5.

IOEFEROBMEFRATAILICLY, SFEES
W > D5 LT, DTOL) 2FE8H 5.

1) — ARk BWCHNET BT 2 HET
AT EICEY, BHIGEETHERETIUG TSI L
WTEL, T/, a, aD—EEERKIZBVWT, £
hFEN, BEFZEMLAZLETESSITOEYLIL
Wk, HAORELEER R AR EEHI LN
WEETHA.

2) BEFEREOAZ—BhRLFEKRLETELE,
M43 FHE4T (tetrad analysis) (2 & 0, BMOEELT
DHEREETH—EREIRTHIENTES.
T/, MATFHEITICL YL ANRTFORIE T
BELLY, “WoxBETFO2VTORITTE

THh.

3) “HEABERIIARBELEFLIVELICRES R,
BHTHILNTEDID, BRESRAICBT 55
IOV TORITAEHICEDDL N TE S,

4) BB WTIZ, DNAKSL, 1578, MAAimz L
Vo 7o DNARBHIBEES T2 EBHEHOE DT I/
REECH) ML REEDT, BEEMAEY LB THD
TEEZREERTEY, BBOERATELAL
WERD, BEEMAYICBY L EBERITCERTH
5.

A% i3, DNAhelicase ¥ EREZF L 2 2EEIZD
W, BEHEERETIC S S REEMRITOME, Hic, &
#5580 - MR SGST DS REMRATICBI T 258 %
sz, BEREDOANZ AL EDEEIZOWTENT
5,

2. BEMEHLE, O 1 iEEEERK DNA helicase

BWEF

B FEME 2 iE (Xeroderma pigmentosum : XP) 1%, &
Yt VLRI TERET, HIOFAIIANOHAETE
fEL, BAEEELRT. LB HERKMO B LR
BICHEE, KL EOBMEERIELEIEL, TOK
BIRERIIBVT, BT OSHECTERE EET
55, F 7O B VT, 10~ 2015 DHE TH
2RETH, TRNOOEBERICMZT, EEZLNT
&, BHAMRER GETHMEEET, ABEE, REE
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Fig.1 Comparison of life cycle between human and yeast

BySCRRE, MEBEEEOHIERCHER) 2RT. MEER
BOER, XPIZA~GB LUV (variant) D8 DDEEIZ
FEENTVWAE, XP-A~GHOEREETEYIX, &
Mgz k3 3 U &% (pyrimidine dimer) %
(6-4) REY, YAT5F 2L HDNABENLENE, 7
EFNT I/ T7NF LY (AFF) 2k B35 Z &
D4 = DNABE LR BET A X 7 Vi F FBREBHE
(nucleotide excision repair : NER) ¥ B&5T2Z &
BHLNTWA, XP-Vik, BEOF ) B2 EHIIHRE
50, ar4  iEERE (Cockayne syndrome : CS) %
FEfkic, X7 VA F FREBFEICRIEET T MEHE
ZFRET, DMNE, BHEEEE, NEE, WREEM%
HEDE, GEB)CH, WEOREMELEERL, A BD2
ﬁkﬁﬁéﬂ%w 28)‘
KBHEICBWTY, X7 LI+ FRFBEICEDLS
UvrA, UvrB, UvrC, UviD D 4O BHESRE ST
BBy Lk FREBESIBER, KBEIOE
FETHRFEINTWLLEZOLND, X7 L4 F FRFE
BHEICET 507812, DNABE I CRIBZRTHRES
RAW T ST &7, BFRBEHRICBVW T, Bt
W, BB ERTERRICYT 2RI~ D, £
DEREE %5 RADBIETFHEECHBEEINL, £h b
DERKRO2EREZTEEREZERL, Th5 DO

ShrET s Li2L ), A UDNABERRIZEY
LD hEBKE (epistasis test) L7558, RADS3,
RAD6, RAD52 7 32 () epistasis group (254 & 7=V,
Z N5 30 epistasis group D ) &, RADS3 epistasis
group BB A B FRA, BEMIZBWT NER
2B b o T 72% . RAD3 epistasis group BIZE 538
ZF D121k, DNA helicase @ motif # b D@ EFH53
2 (RAD3, RAD16, RAD25) & hTwiz,

T/, FTomEMilEo CHOMA I BV T UVICERK

ZHORKRERGVHEE SN, 1IEHOBENHME
i)’ﬁﬁbt. CHALOMICIEE MRS 4
DNA # trasfection L, UVIRSZH % HET 5 BEF
(excision repair cross complementing rodent repair
deficiency : ERCC) HRzE&h®, 205 D ERCCZ,
ERCC3, ERCC5, ERCC6, ERCC81%, #h¥h, XPE /-
13 CS DR N&EIETXPD, XPB, XPG, CSB, CSAT#® 5 Z
L ABE G AT o 72307,

XPOA~GEIUVEOBEKBEET I, 1990441
WRWT/I/O—= V78, BIETXTOREETFHEE
BTV, ar 4 VEREFEA BORRERTFLEE
sEh7z, FNOOBETFIE, WD NERDBERE (O
DNA #1502, @BEOMEIZ3B1F 5 DNAHHO T,
O &UDNASIOKRE, @O LV DNAS DA,
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OFH LVDNASOHA) KBHZIDTHo72. XL
FF FBREBRE, 7/ 25055055 THELL
R 1% L+ 2 1564 (global genome repair : GGR)
&, ERE LG L CHE ORI ERMICBET S
¥t (transcriptional coupled repair : TCR) &
%. XPAIZIEEDNAICHE T % Zn finger ZH B TRPA,
ERCC1, TFIIH & # 4 L3 ~%  XPCix HR23B &
complex % 5 L GGR4: R IR RS 2475 104,
XPE i3 p48 » DDBHF (damaged DNA binding factor)
PEHE LTHENTH S, XPFIZERCCI & complex
TR LEGO MR 2L FX7 LT —E, XPG
EBOSMBRENE I FX I LT -ETHED W,
XPV 2 DNA polymerase 7 (eta) C, BIEOF IR 2E

AT 22 XP-CB L UXP-EE I GGREFEIZK

BERT., a7 4 VEBREA BOBEREETFOIRES
nTHh, ZhoEEEREREHE (TCR) ICEHLLE
ZFTHo7z. CSAIE, 5DWD-40 ) K-+ %35,
CSBH X U'TFIIH O pd4 IZ#E &5 5 4.

21 k b XPB, XPD, CSB BI5¥ 5 L UBRERREF
XP-B# D E K EETFXPB/ERCC3i%, HFER
RAD25/SSL2 DFEEIZF THhH 072779, XP-DEDR
W& {ZF XPD/ERCC21%, H3EEFED RAD3 DAHEEIE
FTho7/9712 XPB, XPDEHEIE, WFhd 2
VA FREBHEICES L, 9ot 72=v + (XPB
(p89), XPD(p80), p62, p52, p44, Cdk7(p38), p34,

Cycline H(p34), MAT1(p32)) » & % 2 EAEER T
TFIHIZ&EhTwa Y 19 XPBEHZIX3'—5 DNA
helicase, XPD &H &35 —3' DNA helicase T 5.
NERIZBWTIIW 4 ?® DNA helicase i§EASLE L S
575, BEORBIZIEXPBAEELEE*E-TED,
XPD O helicase {3 LR Tld 2 4o 721947,

XPB # & U XPD O i 3 B% B A7 7] i 1% T B2 4 Rad25,
Rad3 i3V 3 b helicase T, BRIIBWT, EXREER
F transcriptional factor b (TFIIH ¢ yeast homologue)
D9t 7=y b (Ccll, Kin28, Rad3, Ss!i,
Ssl2/Rad25, Ttb1, Tib2, Tfb3, Tfb4) 124 F T 5 50
(Table 2). EEfHZBWVT, RAD25H & URAD3 ® null
EIEFHERIIEL O LHIET, TN L DEGEFEYD,
BOOEFICHLIERREREHo TWDH I LHRE
n7=%,

CBS i1 helicase motif % % > 168K ? SWI/SF2 family {2
BYA5&EME T, DNAKFMED ATPase i5HIZEF T 547,
helicase {GtEixH L 2\, CBSiX, RNA polymerase
complex \2&F N5 BRI BT % CSB OMFEIE
FPEH Rad26 1%, [EIARIC DNAMKTEYED ATPase {EitE % &
L, TCRIZES-¥ %%, BERMRLIC B\ T RAD26:&IE
FHIEMRIIERE TR Th o 7275, TCRERIEER LY,

v NEENEEEE, 274 VERBEREETFEO
BETICE, MWL EBOHREZFIFEETLSZ LD
5, NER#BABESE, L MIELEBEWIIBVT,
BECBESNIEBETH LI LFFREINE, BEO

Table 2 Function of yeast DNA helicase genes for human recessive heredity diseases

Yeast Gene Chr, locus, ORFsize Mutant Function
helicase gene Systematic name phenotype
Inviable
’ Nucleotide- excision repair,
RAD25/SSL2  Chr.IX,YIL143C 2352 bp ra:;it;on Subunit of transcription factor b
RAD3 Che.V,YERIZIW 2337 bp :::::zfr'. Nucleotide- excision repair,
7 sens. Subunit of transcription factor b
viable
’ Nucleotide- excision repair,
RAD26 Chr. X, YJRO35W 3258 bp tagé:t;on Transcription-coupled repalr
viable, MMS DNA end-Joining repair, Subunit
YKUSO/HDF2 Chr.Xlll, YMR106C 1890 bp sens. of Ku autoantigen
viable y
’ X-ray damaged repair, Mitotic
RADS4 Chr. VI, YGL163C 2697 bp ragé?‘t;on and melotic DNA recombination
SGS1 Chr. XIll, YMR190C 4334 bp viable, MMS DNA repair, Mitotic and melotic

DNA recombination
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EEKRTHWZNERIZET 25 FBEEN LR,
SEBME (WILEMAE) 12815 NERBEORZE
DERIZKVICES L. S0E)1C, BEREHRETS
TRHHLIPEHMBICELTEY, TEromEE T
CRFESNIBEEOBETICBVT, BROWEFLVRERD
EPR 2%, DNA helicase BT DRI Z 138K
ZLRLTWVS,

3. HOR&KBER DNA helicase #{5F & BRER
MEF

FBE % (diffuse collagen disease) %, [LR&iMEREHE
WIREBT, 50747V /74 FESRELRT. B8, B
HiE, BEER, BREE, Rz CNEEEHEKICB
WTRIEERPBHEZEEIN, HOREREE2RT. Ku&g
BHE (Ku70-Ku80) X, BOHEHEE (autoimmune
disease) DI&REHE (scleroderma) « %5 tEis 2 EHAER
HOoHCHEL LTREREN:. KuBEHHOY 722
v FTd b Ku80 L DNA helicase B{ZFTH 5 Z &,

LA ALY Y K BERREET 712 b
(p465) IZHE& L, DNAKRFEE T T 4 v FF—¥ED
DNARAMRAG RS E LTHEEL, DNABEB LUV
(D) J recombination {28 5-LTWwA. Ku80i%, Toh
KA O CHOMRL Iz BV T X -ray X B RS % T2
RERBROBRZH#EIET % ¢ b XRCC (X-ray repair
cross complementing rodent repair deficiency) E{Z T
DXRCCS L F—D#EEFT, BFMian YKUSO/HDF2
OMEEEFTH 7. KuZHE L, DNA helicaseiF
BEHELTVDEY,

BERIZBVWTYH, yKu80/HAf2i%, yKu70/Hdf1 &
complex % 2B L, non-homologous end-joining (NHEJ)
WFL LTHEET 5%, DNAIRRFERNZ A b L 2R
LR, EREMGTR, REAEEWHESFICLD, DNAK?2
AU EE LD, EREWIIB VTR, £ U7 248
OB L D BEEREDY, SRl
DNAKUZ, RKinEHEE#HME (NHE]) X hfish

=%, HFBEGONHE]CBES$ 2 BEFiE, yKu80-yKu70 -

complex, Mrell-Rad50-Xrs2 complex, Sir2-Sir3-Sir4
complex, Ligd-Lifl complex "5 & T35, yKu80-
yKu70 complex ¥, YK SN /-DNAXKMBIZHEEL,
DNAKMR L5 & F¢2WE % T2,

bR AEDOBEEREY BV T, 2RHY)
WHEE 72 TR REST T YR THIRZEEROSIE
BRI E 2V (D) J recombination 123, NHEJ S
B53 5. #0084, Ku70-Ku80-DNA-PK complex
& XRCC4-DNA ligase IV complex 23 5-4 5 = & A58
%; Ehi- 57), 58).

4, a5+ 32 7REDNA helicase #{xF & BR8]

BEF ’ '

I I7 (WhiEEm) &, BEANTSOCVED
—2T, 12F-38HO/ oy OF) RTF FHHIC
EBERETEL, EENESOEVOEEIEEERD
BKETHD, BELHEIHICLST, ¥9€3I 7,
B, THEIIOEENL, oI I TOERE, EEET
BRFENRCTAIEREZOBEKEICLIETT
5. BEOHAE, AEkE, RERM, BAREMER
FRL, FRIMIFKANIIAT 7O HOHAESEHES N
5, a7 ITETITHEESBICEIET S, 19954,
a7+ 3I70OERKNEEFX-linked o-thalassemia
/mental retardation (ATR-X) #%, X-linked helicase-2
(XH2) BIZFLR—ThhHI LD RENI. ATR-X &
{ZF, BEEFORADS4IHRM LA LTy,
ATR-Xiza 70V y EBHOHMHIZELo TWED T
LWt EZLRTWDY, ZOBEEICOVTIZHMIC
o TWhwn,

Rad54 iZ, DNA #fEtEhelicase i+ L, BEERICE
WT, X-rayll L 215EOBE, s MA%RL,
RESHMAAMEZIZEb o TV B0 gzt
RAD54 2R % &+ 5, RDH54/TID1 BIEFHTEAE
L, ZO#EEFD helicase motif #F L T 5%, Rdh54
i DNABIESB L ' DNA D supercoiling IZf5 L,
DMCI1 L HEMERT A%, 72, e MIBWVT, BE
RAD54 DMELEEF hRADS4 (Chr. 1p32) b Eh
TEYVY, ZhSDBEFORELOBEIIOVTY
FERAHF- N 5B,

ATR-X#%, ¥ FDaZ 0¥y 2 &G BEFORIIC
EDXHIZEb o TV ANV TI, ERAL Y s
o> TWhWwA, 4%, Rads4, RAhs4 H DS HIHIZ BT
HHEFEDHH S 2R AIENT, ATR-XDO#EEICOW
TR ELZ PRI NS,

5, TN —LERE, T VF—ERE OMLC -
b ALY EERBIFEDNA helicase B{EF & XBH,
. BRAERBETF

1995 472 5 1999 4E 122217 T, 32D DNA helicase &
EZFD, FREESEERCTEBORERBETL LTH
EINTz, FNHIE, TV — LIEBERE (Bloom syndrome:
BLM)® | vy x )+ — B (Werner syndrome: WRN)?,
OhALY P FAYYEFEREHEET (Rothmund-
Thomson syndrome: RTS)? Tdh 5. Zh53DDR(E
T, MRS KBED recQ, HFRED SGSIIZHEIM
PHLTWwWE., KBHEDRecQ X, recBC sheB back-
ground {2 331} % thymineless death DEFiiE Iz H 2 H
EF & LTI984EICFE S, RecF DM A2 DR
WKEELTWwE Z e LI ENAM O RecQEH



DNANY 7 — EERRIZFHRE & B RLEE T ORRRERT 59

B, 610 amino acids{aa), 5F%&74 KDa, X7 L %
F FELTATP, dATP2FIH T2 L5 CTE, BRL
D F 1A 3'—5'0 DEAH type ® DNA helicase T 5 %,
recF 728241, 7ecBCD sbcBC background-lZ B\ T UV
IR WEEL, £/, recQ REZEEMIL recBCsheBC
background i2BWTUVE L U MMS &S /RTI &
DG & T 5 6 68

51 bk b recQiBRIBIEF

e MIBWTIE, BAET TIC5EHEO RecQ MFEEE
F#% (DNA helicase Q1/RecQL, Blm, Wrn, Rts
/RecQ4, RecQ5) »#H&E &N T2 (Fig. 2). F4 O
3t 7' Vv — 78 & U’ Puranam & Blackshear iz & ) 7 17—
= % & 1.7 DNA helicase Q1/RecQL%, KBEH®
recQ M BEZF L L TcDNADRIE SN/ W ORI
HFLEE T CThH o729 0 20k, 19954, 1996412
R\, DNA helicase EBfZFTd 5 BLM, WRN S,
positional cloning iz X Y ElE@ & 722 20k, v
N recQ RSB FAEPIIIER SRR, Eiz2o
D recQFEEF (RECQ4, RECQ5) 3o 0—=> %
ER7TV, RECQ4i%, T b oy b - bavy ViEREE
{EFRISTHAZ LALLM E Lo/,

TN — LEERE, TV —fEREE, o bhAY R - b
LV VIEREE, ThS3o0EREIIVTRY, BER
%, DNABEERY, ReafTLEtr Ry, FREK

Sgs1 (S. cerevisiae)

ATPase Q1/RecQL (H. sapiens)
Blm (H. sapiens)
Wrn (H. sapiens)
Rts (H. sapiens)

RecQ5p (H. sapiens)

Rqh1 (S. pombe)

RecQ (E.col))

vz L 1447 aa

B as% Z4 649 aa
Al 1417aa

1432 aa

[ BN 7 1208 aa

B s ZR| 991 aa

(1 X |l 1328 aa

610 aa

J o ZANN

BUBRIZHEBTH D, T — MEBEBIL, BREOMI,
BB, BEAE, BUHBEEONE (BB T L
eew) BRESHTWE D™ iz, HRT
200BITETH 2G4 FDLYY AL WA, BHEAT
LI6BHI LA HE I NT D, Th— AEREEED
ffiZ B Tid, HEREBABOMABRZ L, Mkfa

. ER3EHL (sister chromatid exchange : SCE) O¥iE®

ERAEESN, RS T L EF VLRI TH S EMS 2%
FHERTIEPRESRTVWED,

7z v F—EREE, HROER 1200010 6,
TRDVARIIBVTHESNDDTHS, ROBEE
IEIRIE, BEBIET, 20006 8%, KEO®EL, A
MR EDERDVIEE ), BETFHNHFMIT4647F T
HHW Wy v F—ERBEREOMIIIB VT
B F D5 ks, telomere DM, Rk Rk, HEE
DILELBEEIN™ 80 dEsY . topoisomerase 1 DFE
%H)T & 5 camptothecin® % 4 -nitroquinoline 1-oxide
(ANQO)¥ |2 ERT Z EAME SR TS,

oAy b PAYUEERIL SREOMI, BF
ReECBREETEL, 7h— L ERE, 7oV F—iER
B, MEREAHCH L) REREZETLZHW, i
RT200F4FHEENRTEY, 2FTIARTH. H
AANTL, BHIOHREPHE, TbLs b PAVUIE
BEEOBEMILIIB VT, REEROTY AL 2 {LBHEN
BN, Mk, UV, RIS Ry,

Helicase domain identity (%)

- : Helicase domain

: Highly acidic reglon
: C-terminal RecQ conserved region

[ :+rRDC domain

Fig. 2 Comparison of RecQ family protein
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DNA helicase Q1/RecQL, RecQ5 D ZERIZHET S,
BEBEERIBEITOEIARESR TRV,
RecQ5 122V Cid, KiE, Topo lllad & U8 L HMELE
BB T L as s,

5.2 HIFRERSGST

SGS1i3, HFEEHEEIZ BV TDNA topoisomerase Il
(Top3) DMIZTHIEROIEIERIE L MM T 5 EREMAE
F & LT19944EIZFIE &, slow growth suppressor @
BEXFEH o TSGSI L&t b, HMEREICE
W, top3 TR, BRI THBREEASEIEL,
Bt late S/G2124E1E LT W/, F/2, DNAEDEL
ESBOBETHEAEZEEO LEPBEIR, BTH
BAMET LTW2% . 1op3T BB E AL THEL TV
BE, HHMEENEET AHMASHETEL T S, &
DOFEEER OIE L ZRRBRE BT L2 25, HIZH
DBIEFIZEENRA->TVLE I EXbIY), FOEGETF
FPEIELTHEONI-DONSGSI TH D, sgsl-top3 ~HEH
RFEERICB W TIIIEEEDS BIE T 543, sgsl B
DEREFIIBWTIE, HREEOME IR TEERK
EREKETH o7, T, sgsl-top3 —EBEZFERKI
BT, top3REROSHEMARZ DI S -,
Sgsli, 1447 aa, DEAH %! DNA helicase T, KK
ICBWIUDNABE S L UHARZIZEE LT 5 RecQ
IZ helicase domain 2BV TEHWHREZH LT3,
Two-hybrid system IZ & 2 EEBEDH R, SgsliiDNA
topoisomerase III (Top3)® % X U'DNA topoisomerase
II (Top2)®” LHMEMRAT L LAH LTSN,
SGSI1B/IZT22— FT2EAHE, 12ITPRBHICK
% H# RecQ |24 F 14 % A § % helicase domain 2STE7E L,
helicase domain ® RecQ & DAL 47 % TH - 7-.
SGS1:EEFiE, & 5 helicase domain D IZEVN
K, CREFTHH Y, NEMIZIL, highly acidic region,
CRMlizix, C-terminal RecQ conserved region, helicase
and RNaseD C-terminal (HRDC) domain %74 L T\ 7z,
SgsliZEFFIZDNA helicase {GHEH T2 Z L5 2
EN® 8 g7 Soslid, G-G pair 4 EHDNA
REERTHERIAE LTV,

CHETIT, sgslZREBFICBVTE, AlilasHP B
S BB S RN B DB ESEOER S ORT S,
R 5 F M DB R G R O DNAML 22 2 JHE 0 L
A, FHFEAEIOBEEO LAFRESRTVS Y,
D F 1, HADHEIN—TIIBVTD, sgsl EREH
2B TR B 25 (SCE) 257T#T 5 2 & k3t
LW,

T 7esgs I ERBICB W THHMBOADS R BT 5
L, MROSHFEEIT40%IZE TET L, SgslH &1k
OEWHNZEE LTV B I EARENSY, HFREBIC

BT, MO E - THRAMEEREIME T35 &
FEFIC, FEEroMARIIZEDVELSDNADY ~
7" (extrachromosomal rDNA circle : ERCs) DnAs#R
BENDN, sgsl EREFIIBVTE, O RKIEATFAMK
IO RGETL, BHROZBILOETHRGEATYS
LEZ LN 1Y,

BUE F TIZHE SN T % RecQ family BHE 12, £
NDREZIIZED, REL2DIZpHINE., KBHE
RecQ, ~¥ 7 2 mRecQL, mRecQ5, ¥ } DNA helicase
Q1/RecQL, RecQ51Z, 600~ 900 aa T helicase domain ®
BADCRMIDARVEF 2HFH>2DDTHAH. 91
DO NV—T713, HIFERERSgs1, SR EEE Hus2/Rghl/
Rad12, =7 A2 Blm, Wrn, & b Blm, Wrn, Rts/RecQ4 T,
#1400 aa Do %5 DTHD. BEDODIT NV~ T,
helicase domain D WAIZHE4 2 NK, CEREHBEH LT
b‘éw.

WERRBIIBWTRF /470y KT L, £
4 ) LEHI O 15 AT database # IV THRBETEEIC %2 »
72. RecQMHEEZTHTH {HEHF SN Tv 5 helicase
domainz 7u—7& LT, WFEBEDSY /L7147
Y2 RBELEE, SGSIDANOBEZFIIB L H
27z, B MIBWTIEHEEIZ, 52 RecQ family ZEHE
PHRESINTVWE I b, #EOBETH TN, i
HNCLTE& PR S, BEHARIIBWT
Sgsl &Mk MZBIT 5 RecQ family B HE DR % +
—N—=F v P LTH-TWwB EEI NG,

5.3 HW3FEE Sgs1 DBWEEL b b RecQEREIBIEFEY
DHEE

FLDTN—TIZBWT, Sgsl OEEFMILIZ BT S
BRI D W TIRET LR,
1) HFEBERICB VT Sgslid, FHRDRE O DNAK
%, DNAMIARZIIBWTHELTRLLTWEZ LY
B & 22z L7 5,

sgsl MR FREEEMRIE, 7T F ALK (MMS, EMS,
MNNG), X UHUIZESH®%E7R 1L (Table 3), inter-
chromosormal recombination 570 L TWwWa Z & & B
72L7: (Tabled), ZhoDERI L, BFEBEHIIBVL
TSgslix, AT 2O DNAISIE, DNAM AL ZIC
BOTHRTELZLTVWL I L ZHELMII L. sgsliE
EFBIRRIE, TAF Vbl (MMS, EMS, MNNG) &
B RT EVIFRIL, TV — AEBREEEOME
BT NENMEH (EMS) ICEREZEWHEFRTEVIHREE
—H LT/, MMS, EMS, MNNG% 0 7 V¥ V(L]
12, DNADEREESOTVF VALY, HEOLERB L
URE:, single-strand DNA, double:strand DNA O£ %
HELBZEY BMbhTwS, 72, 7AFLLHIC
£ % DNABFED SHEEEZ ISDNAD Y 25| &2 2§
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TEHHESA TR, Zolkn, TALDTVF
MEENIC X DB &R I SN DNABEIIHLT, 4
2 DNABERESEHVTWE L EZ GND. KL OFF
TNV —FIZBWT, MMSIZ X 2 DNABEIIxT S
Sgs1iZ & 2 DNABEBIEIZDWT, M TED
7o, BEEBICBVTIE, BICDNABEIINT 2568
BHEZNCHEDLIATPREREIATVLEIERLIN
5 DEEFE D DNASIEAZIRZ Sgs1 5§ 5 2, epistasis
testiZ & BT 21T o 724558, SGS112, RAD51, RAD52
& [6] U epistasis group 2B 3 5 Z L HTRE M, SgslHE
54 % DNABERER AR AR 2 BERE S 5 Z
EHEHS o 72100,
"SGS1ODNABIRIC BT A HREx £ 2 H5 EC, BER
BEZFRLZLTCHUIRETFELT, EHENLBEETDY
SRS2T&H A, Srs2i%, Sgsl & FHiZ3'—5 helicase i
PEDBDIEBHMOENTNE Y, g2k sgs1 D _HER
ZTFBERRIY, BB AREBIBICI LR VETHHE
WHITEF EASE X A H B Z EARE ST NSO,
10 h OB T NV —TIZBWThH, sr2BEFHER

X, E2ICMMS, HURS M Z R LA, srs2-sgsl &
BIEFREERIE, JEF IS5V MMS, HURSE M 2R L7z,
F 72, srs2TIERR % background & U 7z sgsl iR
Bk (srs2-sgsI-ts) R HIRIRE T CH#ET 5L, DNAS
B, RNA polymerase I transcription 2SfHE & 72102,
L7:h5-> T, Sgsl & Srs2idl# OB THIEL TS

#°, DNA i, DNA4 %, RNA polymerase I

" transcription (2 BV CFORBIE—FAIBH LTV &

Zibhb,

sgslBIn-FHEMII, Rz I28 v Tinter-
chromosormal homologous recombination 23 7o L T\
7z, THETIT, sgslBEBRIZBWTIE, KlifarREY
BIUBBASHBIIBI I R6ETEOERI DK
T, ARHAN S B DA R Bt £ ) DNASL A3 2 4
BO LA, FHRAMARZOBEED LASRES AT
29 Fi HADHRT N — TIZBNTH, sgsl
BERRICB W TR 5 H3KR (SCE) Pt T 52
ERHELLY, SABACBITAEENO LR, 7
V— LEEREBEOMILIZ BT ASCEHELR™, v

Table 3 Sensitivity of sgs1 disruptants to various DNA damaging agents

Straln background

w303
sgs1::URA3 sgs1::URA3 sgs1::URA3

~ YPH MR

Genotype

uv 2004/m2  + + +
X-ray 8 Krad + + ND
MMS 0.01% - - -
EMS 0.2% - - ND
MNNG 0.001% - - N.D
Mitomycin C 100 pg/ mi + + N.D
Bleomycin 100 pg/ ml + + ND
Hydroxyurea 100 mM - - -

+ : same degree as wild type, - : senstive, N.D : not determined,
MMS : methyimethanesulfonate, EMS : ethylmethanesulfonate, MNNG : N-methyl-N'"-nitro-N-

nitrosoguanidine

Table 4 Effect of sgsI disruption on interchromosomal homologous recombination in mitosis

Strain Genotype Plasmid Mitotic recombl.
(His+ frequency)

MR101 SGS1/8GS1 vector 58 x 10°

MR301 sgs1::AUR/sgs1::AUR vector 421 x 10°

SGS1

70 x 10°
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TV F—EREBREOMBICBI D, REKORE, £ RELRESBHOMMEL T AEAY, —R, &
BEOFHENS O o har b - bAYVERBEICBITS (kA THD. RS R CIXIMHIBCIER L
REREY A 7HE LHBELTVWALEEIONS, TH Y, BIEZFHEKI hyper recombination & 7% 5.
T/, TV —-EER, ThAY M AV VERR ZHIZH LT, BESEBICIBVTIE, REMCENT
KWBWTHESWLEMELOERE SEVEENSH 2 BY, HEFEERCBVTIEHEAEZ OFEESMETT
EEZLNS, A, LLadS, Ihbld, EEROFXEN i r &

SgslD#EEED L= — 7 (F¥fRy) 23, RS A5E, KESHMEVWZ S, 2F hiKlasRIcE

Strain )
background  Genotype
W303-1A SGS1/SGS1 %

sgs1::URA3/
sas1::URAS3

YPH499 SGS1/SGS1 %“

sgs1::URA3/ ,4

sas1::URA3
/7
MR966 / c SGS1/5GS1 // /////// 7 //////%
MR93-28 ]_|

sgs1::URA3/
sas1::URA3

0 20 40 60 80
Sporulation (% of asci formed)

Fig.3 Poor sporulation of sgsl disruptants
Diploid cells incubated on YPD plates for 2 days were transferred onto 1% KAC plates and incubated for 5 days to allow sporulation. Sporulation
was monitored with a phase-contrast microscope and the percentage the cell number which formed asci was measured.

A B
100 _ 600
3 500-
75 1 9
— $ 4001
3 )
§ 507 £ 3007 3 e
% —8— Wild -vect g B —— 3951'3651
= ild -vector | 2 200
25 -y el
& N £ 1001
oeedo— 9/ §

0 12 24 36 48 0 12 24 36 48

Time after shitting to SPM (h) Time after shifting to SPM (h)

Fig.4 Poor sporulation and reduction in the level of intergenic recombination of sgsI disruptant
Cells were removed at various times after shifting to SPM. Aliquots of 1 ml were taken at the various time points after shifting to SPM, and the
sporulation, recombination and cell viability were examined. MR101 (wild type) tvector (@), MR202 (sgsl.;:URA3)+vector (pRS314) (),
MR202+SGS1 (pYCp1305) (4). (A) Sporulation was monitored with a phase-contrast microscope and the percentage of the cell number which
formed asci was measured. (B) The frequency of recombination between the hisI-1 and hisI-7 alleles was measured by return to-growth-assay.
The frequency was examined by the number of forming colonies on SC-His(-) plates versus the number of forming colonies on SC plates after
incubation for 3 days at 28 C.
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WTid, DNABELEHT, I I AP % (BIBE

MR, HRTLIEVLETHS. —7, BEGH

BB Tid, TSR LMAARZIICEY, BEIEE,
EMTELIEIYELEIND, ZOEBIRIZBTLE
H#%, Sgslid, #IEHTAERE (MFL4a%E)
REZBILT, HBMLTW2LEEZLND,

2) SgslIEBARHMIC BV THELRLTWEZ L
LU
sgs1BIEFBHRMRIE, RFEROKRT, MEnRHAS

B2 HEENRTE#RLA (Fig. 3, 4). 72, SGSI mRNA
DFENPRF RO E TR ICBEE S N/ (Fig. 5).

v b ORELE - MEIZ B 5 mRNADOZHIE, BLMIZ
MR & A HE, WRNILHERR, FHE, 904, RTSZH9RR &
R TEW™ ., BLM, WRN, RTS® mRNAAERIRT 5
es - ML, BREROBN AWML EEEL TS L
Zz20N05, SHIZTV—LEBEREBEIIBVT, B
BEORHTFERAREFRE SR TSP,

T AZBVTE, BRIEBVLTRICEVWEREE
Eh, BFEROEAT— V%> CBLMDREBIZD

Time in SPO (h)

6 8

255 »

18S »

Fig.5 Fluctuation in the level of SGSI mRNA after shifting to SPO
Wild-type cells were removed at various times after shifting to SPO. Total RNA was isolated from the cells, and aliquots (30 ug) of the RNA were

analyzed by Northern blotting.

A SGS1/SGS1

Time after shifting to SPO (h)

60 350 35|
° 200 400 600 ] 200 400 600 0 200 400 600
o 350~ 350~ 250~
< 3 3 3
] ] 3 =
4 3 E E
@ = - -
] 3 3 3
c . 3 ¥
5 3 3 3
2 3 3 E
(8] s 1 T 1 I 1 f
0 200 400 600 0 200 400 600 0 200 400 €00 [} 200 400 600

FL2-A

Fig. 6 Flow cytometrical analysis of DNA content
MR101(SGSI) and MR202 (sgs1::URA3) cells were removed at various times after shifting to SPO and fixed with 70% ethanol. DNA content of

the samples was analyzed with a FACScan/CellFIT System.
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WTHREE, ¥4 I7 VHOMREINT 5 E£%
I7HBICHAZICHMLTW S I EARERLI®, 5
2, BImEHHEIL, BETEREGHEFEIZHOF AT
7T VO SHIACENT TY F 7 A EHERDTE
BHENRTWBRET, YT 7 AvBEEHKLEIZRPAL
HEiZdotRICHET . BIMBEFO/, v 279 b
<~ ADERPRASNIMER, BLMO/ v 2T b
T RIEERET, REOBAPEE SN, 4
A135HFTIBLALOESERL, £0HAR
apoptosis IC L 5L D EEZ 572,

BB ORESHOBELBWE AL, SGSI DR
BRI BUI LRI OWTRE 21T o 28R, sgsl#
EFHERIIB VT, BES 20T DNAA RIS B4 5k
CRIFEREEITL T (Fig. 6). RICEESEM B
A, ZRUIKEY, BEFHARIEYIIOVWTE
WL, BETEMEARZ OBBE, Fig. 70L& )12
775, BESEEABZOBRADRAT v 7ix, REMA
{2 DNA double strand break (ZZ${YIWF, DSB) °A %
BETH S99 IR, Mrell, Spolliz & Y

Hot spot of DSB
29090—0-0-0—
Pre-DSB complex
—ASHYIWT (DSB) (Mre11, Spo11)
Post-DSB complex
DSB®processing (Mre11, Rad50, Xrs2)
> —
— <
RPA,
- Rad51,52,54,55,57
MHJA Dmci ,:I'Id’1 Y
- —
_

¥ 1

non-crossover

( crossover
(gene conversion) -

Fig. 7 Meiotic recombination process in yeast

REBIRYICDSBATE A &5, RIZ, Radb0, Xrs2 A%E A
EhMrell LESKRZE L, Spoll DEEFE L exonu-
clease &M & ) DSB A7 5 O DNASH O#H{L (DSB
® processing) 479 MUY Mrell#&HIC L 5
DSB @ processing iZ & ) #FEH 372 148 DNAIZRPA
(replication protein A) 2%#5& L, # Z1ZRad51; 52, 54,
55, 57T A5 A LM AR RS2 Bt T 5 120 20 14
SIDNAIZ#5A L TV A RPALZ, ¥ Rad52 %54 L 12,
Rad55, 57HAE T T, Radb2iZRadb1DEET 5 &,
Rad51E+CEAL, 745 AY MEEZERT 21,
& 5 iZRad51iZRad54 25454 L, MHEGEBHEOHKRE, H
SRFIEAEATT % 27127 {518 DNAA R & Holliday
BEOMMIZL D, crossoverf! ) L < idnon-crossover
(gene conversion) BIDFH A2 EYHHEL B, non-
crossover Bl O A 2 EY OBEAIZ1E, DNAD B L
IR Y FBEIMTONL P ARk Y BV T,
BB S EAAIZICBIT A DSBEYICOWTHIE#E
UM B % EliE (RFLP : restriction fragment length
polymorphism) - Southern hybridization %2 & § 12+ 130
T 24T o 7245 R, DSBEDEA L #ITOENNELE
Ehi- (Fig. 8). DSB® processing 2S#47¢ 9, DSB
BERL T L ZEDH BN TV 5 rad50S # % back-
ground & L7235 4213 110, 17, 19, 130 DoR o) i 4714
BULBENLTWEDS, rad50S-sgsltRIZBWVTH, DSBA®
HAHREEAINT: (Fig. 9). FHEOHEZ, redl
BI O mekl/mred BREBIZBVTOHRE ST NS PO,
redl B L Fmek] EERIZB VT, DSBOEAIHIEEX
n5A5, redl-rad50S, mekl-rad50S DEKDDSBE
127ad50S L IZIZFRIBEDL XLV TH-7. ZDHEBE
L T DSB formation ? kinetics 7%, red1 8 & Fmekl %R
B2 B\ TiE, DSB5 double Holliday junctions {2 1f)
79 recombination checkpoint 2 & H IH & h 2 HM)IZ
RS Tws iR ENnG,

sgsl BIZFHERICBWTY, Rk, DSBOFAHE
WEH LY D DSBEHKD kinetics W E 2 LT TWATH
REMENE R OND, BIZTHIMEZEYITOVTHETL
72455, crossover #!, non-crossover B3t |2 Bk & [F]
BEHZs s (Fig 10).

BB E R 28R FRTI, »2BILTICRIA
BhHaEE, LEO 7T T LIEHET LV, S0k
BIIHMVICETTHI LML N TS, SPOI3IE,
Bk 5% (meiosis I) (ZELBIETT, spol3iE
EFREEENRIE, 55— B0 3 % bypass L TH RS
FUCHER, EFWEL2RTINTEL., 2020, #lA
BZMPCEAE T 5 EEFOBREICL 2RTFOBENS
&, spol3EZFOHIEIZ LY rescue 52 L ATHET
H BTN MREINZ, WHMARZ OWHOBILIC
M5 7 5&EFT, DSBOBBICEET S, 2070,
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SGS1/SGS1 sgslA/sgsiA

Kb 0 2 46810240 2 4 6 81024 M (h)
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40—

Fig.8 Detection of DSB in sgsI disruptants
MR101 (SGSI) and MR301 (sgs14:AUR) cells were harvested at various times after shifting to SPO. DNA samples were isolated from the cells,
and aliquots (5 g) of the DNA were digested with Xho I and separated in agarose gel. DSB was analyzed by Southern blotting in the YCR47C-
YCR48W region.

A rad50S-SGS1 rad50S-sgs1

02 345 67 891024 (h) 0234567891024(h)
” W

(Kbp}

@:wm@%ﬁsxﬁﬁ§n w%ﬁw%wﬂwﬁﬁm

58_ £ i Hg M o ws S <~ DSB
0.6

B 8.0

—®— rad508-SGS1
—0— rad50S-sgs1

<)
< 60
>
g i
£
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[1]
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Fig. 9 Accumulation of DSB in rad50S-sgsl mutants
Wild-type cells and sgsI disruptants of rad50S background, S1510 (SGSI) and RKH 221 (sgsi::AUR), were harvested at various times after
shifting to SPO. DNA was isolated from the cells, and aliquots (5 g) of the DNA were separated in agarose gel. DSB was analyzed by Southern
blotting in the YCR47C-YCR48W region. (B) The intensity of the band corresponding to DSB was quantified and expressed as a percentage of the
intensity of all bands in the lane. 7ad505-SGS1 (@), rad50S-sgs1 (A).

mrel 1 EARFHEEENRIE, DSBIERATIES (2HETET, fa DHFFHEII D Ttetrad analysis, T RMAABRR |
FIIHEIE L A 5 1 80130 2 = T SPOI3, MRE1L & DVTHRE L. Z08E, KESDsgl —spoz3ﬁ&i§a‘*
SGS1D ZEBIZTHEME R L, BRTEKE, T (L, spol3RiEREE B ) HE—HH T H bypass T 5 HH
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DSB8 si
A P x stesg vl P x
Chr. A l l l hisaX-LEU2 [ ' [URrA3 ] l
P X X M P X - X
Chr. B L__.Ll his4aB-LEU2 l l l
: Probs B -
P1 (19.9 Kb)
R1 (18.5KD)(CR) Xhot
R2 (13.8 Kb) digest
P2 {12.3 Kb){CR)
P1 (19.9 Kb) -
A1 (18.5KB)(CR)
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Fig. 10 Detection of physical recombinants sgs] disruptants
(A) A map of the his¢-LEU2 locus on Chromosome III. P, X, and M indicate the restriction sites of Pst I, Xko I and Miu 1, respectively. P1 and P2
indicate the fragments derived from the parental DNAs after digestion with Xko 1 or Xko 1/Miu 1. R1 and R2 indicate the frogments derived from
crossover products. R3 indicate the fragments derived from non-crossover product. (B) (C) NKY2846 (SGSI) and RKH225 (sgs1::AUR) cells were
harvested at various times after shifting to SPO. DNA was isolated from the cells, and aliquots (5 g) of DNA digestd with X#o I (B) or Xho 1/Mlu
I (C) were analyzed by Southern blotting. Probe B was derived from pNKY155.
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Table 5 Sporulation, spore viability and recombination in sgsI-sp013 and sgsI-mrel1 double gene disruptants
Strain Genotype Mitotic recombl.* Sporulation® Spore viability Meiotic recombi.
(His+ frequency) (%) (%) (His+ frequency)

24h 96h 24h

‘MR101 SGS1SPO13 MRETT 58 x 10* 81 88 75/84 (@93 379 x 10°

dsi sgs1 57.6 x 10° 8 10 72/ 124  (s8.1) 3.9 x 10°

ds13* spo13 9.5 x 10°* 52 79 48/120 (w9 6.5 x 10°

ds1s13* sgs1spo13 56.3 x 10° 10* 15 15/128 (17 39 x 10°

dsimii sgs1 mreitl 38..8 x 10* 06 0.1 0/120 (o 0.2 x 10°

ds13mt1* spo13mrell 446 x 10°* 33* 55* 86/136 (832 0.1 x 10°

*he frequency of mitotic recombination batween the his1-7 and his1-7 alleles was examined by mesuring the number of colonies on  SC-His(-) plates

versus the number of colonies on SC plates.

°Diploid cells were pre-cultured in SPS and Inoculated into SPO at a density of 2x 10’
points, and the sporulation was monitored at the time of 24 or 96 h after shifting to SPO with a phase-contrast mi
(or dyads (*) for spo13 disruptants} versus total cell number was examined.

His/mi with vige ing. Aliquots of 1 il were taken at the time

pe and the p ge of tetrads

“Spore viability was determined for after dissection, by dividing the number of spores forming colonies by the total number dissected.

hah

“The fr q y of meiotic r ination

colonies on SC-His(-) plates versus the number of forming colonies on SC plates.

TE&Lh otz sgsl-mrel I TIBHRTIX, mrellfk L [F
¥, BFEEETH o7 (Table5).

U EokgE2 6, SgslidHolliday junctions O #EEC
VIATIREWE#E 2 b, check point b & T, KK
FEADNABHOKT 4 & DSBEB O H 0 #E I,
DSB 2B @ kinetics % §ill# 5 % 2272 % T Sgs1 13#FE L T
WwWheEZOLNLE, LEPLENSL, WolA, DSBAF
ABZEWNTELHEMICIOVTIE, FOH%ODODSBO
processing % 0@ L AE ITHITL, BABEZ OBEDT

the his1-1 and his1-7 alleles was examined at time of 24 h after shifting to SPO by the number of forming

PPtk L FARICHEIT T A L ER DAL,

3) HAVEFEMEREA, NXK, CEDREvector & H
W OMR, Sgsl DBBEOEBIIER LM
6 iz L 7»: 138), 139)-

Sgsl DEREIZ BT, S ZEM L BT RO
WEEIZ BT, helicase IFEDBEREPRLH T L%
HTHLMI L, RELAHE LB Rvector 2 EA L
TEBHRERRL, BEOROERELFMI S LTEH

100 §
—
*
S
= 10
2
£
3 1
(/2]
—o— WT -vector
—&— WT-SGS1
0.1 —=— WT - pATP1(sgs1-hd)
—0— 8gs1-vector
—A— sgs1- SGS1
—00— sgs1-pATP1(sgs1-hd)
0.01 :
0 0.01 . 0.02
MMS conc. (%)

Fig. 11 Effect of pATP1(sgsI-hd) on MMS sensitivity of sgs1 disruptant
Wild type cell(MR101) was transformed with vector (pRS314) (@), full length of SGS1 (A), and pATP1 (sgs1-hd) (). sgs1 disruptant(MR301) was
transformed with vector (pRS314) (O), full length of SGSI (A), and pATP1 (sgs1-kd) ((J). Transformed cells were cultured in SC medium lacking
Trp at 28 C, diluted and inoculated on SC plate lacking Trp, with indicated concentration of MMS.
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Mitotic recombination
(His(+) recomblinants / 10° viable cells )

Fig. 12 Effect of pATP1(sgsI-hd) on mitotic interchoromosomal homologous recombination of sgs disruptant

HARETFVRTHDLILEZLNT.
BIFEFTIZ X 1, 3'—5 helicase IEM 4 EOZ LIRE A
TWwA%®, 22T, RecQ helicase 12 3\ TEEEIAEF
&N T\ 2 helicase motif [ 1222 % A7 pATP1 (sgsI-
hd) FVEELL7:. pATP1iZZ OB RIZ X Y helicase iEH
PHEETHI LR, BICHE SR TWSY, pATP1 %,
sgs] BIZFRUERICEB S ¥, MMS, HU RS M, A
RAORBOMABZIZRIZTEEIZOWTHRE L.
pPATP1 i3 sgsI BIZFHIFEKRICB VT, MMSEE %,
HU BE5t, RS REARZ OTTEZHETLZ &
WTELDP oD LT, pATPLIZEFIEKEB L O
?ﬁﬁﬁ’”’fﬂ&?ﬁ%z@ﬁ?“%%%&f@iT@@L?’ U
DFEERED S, BB Sgsl DH#EREIZ 1L helicase [
PERENVWEEZ SR, FHTESHEME X ORES

Sgsli, H{t%

ZUHA D Sgs1 DIRFEB ) 5 helicase iGN ER M AR 2 5
CEEMDTHLPZL.

4 OBFFY V— 7125 T, MMS, HU I & 5 DNA
HEICES T 5 DNABE O, SCEDTLHEDHMIZH
Th, pATP1 CRMMH T2 2 £ATT &Y, helicase {5
PRETHHIEEFROIELEY, T2, topl-sgslfk
R OBTERBIEDO R Z, helicase EHIZLETLE W
ENREENTVS M, —7F, top3-sgsl BiEtk 58
DL, helicase IEHIIVETH o 7214,

UEDHEL T LB EFig 130 L1225, MMS,
HUC & 215204 % DNABTE, SRS 24 o4 &
BZ, top3WIEMRIC & 2 HIEMIHI O MR ITIE, Sgsld
helicase IEM 4 L EE Lz, BFEE, BSOS ZEAER
AB I, topl BIEMROBFEIIFIC BV TiE, Sgs1d

Table 6 Dissection of Sgsl functions

Strain plasmid 2Sporulation *Meiotic recombi.
(% of asci formed ) (His+ frequency)
12h 24 h 24 h
MR101 + vector 82 89 27.8 x 10°
WT) + pSGSt 82 89 26.1 x 10°
+pATP1 (sgs1-hd ) 81 89 24.1 x 10°
MR301 + vector 7.0 9.2 55 x 10°
(sgs?1 A) + pSGS1 25 58 248 x 10°
+pATP1 (sgs1-hd) 28 51 17.3 x 10°

*Wild-type cells (MR101) and sgs1 null deletion disruptants (MR301) were
transformed with pRS314 (vector only), pYCp1305 (containingthe full length of SGS1),
and pYCp1309 (pATP1; sgsi-hd ). Sporulation was momtored with a phase-contrast microscope

at 12 and 24 h after shifting to SPO.

*The recombination frequency between the his1-1 and his1-7 alleles was examined at 24 h

(for RTG assay) after shifting to SPO.
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Sgsl

Helicase &%

+ MMS, HUIZX 3 DNA 5
FiodT28H

© RS RSB AR
B EROMH
(interchoromosomal
homologous, SCE)

- top3-sgs? ¥EDMFAEDHID
E#

Helicase ¥tk

« RFER

s BESRMESRIBE
EROMH
(interchromosomal
homologous)

* topl-sgs1 R DAL H
DEE

Fig. 13 Function of Sgs1 helicase

helicase iEHIZ # L E L S, BHEOHER, D
ERRELOMEERPEETHL I EBEZ LN,

SgslDNE, CEKOEBBAGOBEEIC OV THFTZED D
2%, NEK, CHERFESB LU, Sgsl?helicase domain
X b B ERAT @ highly acidic region 7 E#o 0D EIE %
RE & 72 SGSI vector 2 EBLL 7=, Zh 6 DEESGS1
vector ¥ VT, sgsIBETFRHUIERO DNABIE (MMS,
HU S W), Mo M Az, BTEK, WK
SR AN RITTERICOWTRE Lz, £20#
%, DNABES & CFI 52U AR IZOW T,
helicase i&EASIET, N>R 1-45 aa$ L 17698-1195 aa
® helicase domain, RecQ conserved region S4B TH
D, BRESHICBTHEEEIZ W TIE, helicaseifiid
DI TIE 2 h 27228, 126-400 aa, 596-1195 aa 555 A5 4
BwehbZ LkERL (Fig. 14). B8 Two-hybrid
system Z W FEIT O R, Sgsl DN XK 1-283 aaid
Top3 &, 446-746 aaid Top2 X MEMEHTAFIREN
THEY, MERCBVT, Thon&HEOHEERN
RELEHSLTWAE I EATRE XN,

IhOESEE, b RecQ family HEE L ILE, @b
FTA5ZLI2X D, Blm, Wrn, Rts ERHE DH#EERICBWT
BEELZBMB LY, MOEHE L OHEEAICERLT
MEHRT 200, FRLMRE LD EPHFTE S,
BEHEOBRMEE, MOBAR L OHEMERE SO H
WhH#EDDZLIZLD, SGSIDMWAES LT, & kRecQ

HELREZEF O, RERED A =XLIZD0T, &
SIS BT ASED S NE Z AR E NS, T2,
L%, FLOWEBIIHEDLABEGEFORBIIRETS L
MHIFEIND. '

6. b
BEBTHRIRLZERT VS FEEFHLTIE
X, S5 (EILEMR) B 2HERETO
BREFAITOMEOERIZKWVIIFES L. BEHIET
LETRHLPEHMBICELTEBY, ZOBENTSEY
LESEWIIELZEI TR BFESATVIEEIIE, &
SLRABEMICBIT AREOBITICBVTRVWET VAR
&l HERE 6%, DNA helicase BIZF O BaefET
MRIEBLE(RLTVS, BRICBVWTHEDORIEY I
o IBET, ELOBRTHET BB, RESND
R E T EET AR RE PEET A,
RecQ family EHE 2BV T, ABH RecQid, HFEE
B Sgsl 2L T 28T, RWNEK, CRKT#EEL,
e EEE L OHEAEH W HEIZ L, DNA helicase {&%
RLEE LWL H o, BIZZONK, CED,
FRFROLEIIE L THELLEFAFRDSREERT,
BREMIZE BV TII 5T O RecQ family EHE &
LTHBET BIZE > T 5,

EEIC BV THERER E LTHEAT ki, He
DB BT A BEOEN D ETHoE LT, A
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Fig. 14 Schematic diagrams of domains of Sgs1 for mitotic and meiotic functions
The symbols + and -, indicate to require and not require helicase activity for the functions, respectively.

i, @FERE LTHL, ERICEREROERHE
REMLELIIEEYTL. INLDERIE, 100F
EFORBIZED, BAMIIELTL AHERTHS. &
L L7- & (2 B ARBBMDEIR, EEREE
FORBPEDE, EEREEGTFLHEARTAEEFED
DEINEHBIZBI 2 ZDBEFORELBHL, KRE
EhoTHAL LERNEING, BE, BEEREDICE
TAEERITE LT, £FERYBIRTLD/ v T
7k Y AERERL, FORRAMEPBBINLIEH

Zw, L2LEWL, BoN/ v 72T TR0

ERHAED, e MIBULIRBRAErLFHIAZbO LD
GORRHIENHL. EE, BLMBEGFO/ v o7
7 b v RAIBERIET, WRNEEZEFD/ v 279 b
TOARBEEYRES ol TOERIZ, wUAL
v MBI 5Blm, Wrn D#EREDEWIZE 200, B
P REe FOREDBRE, 7EXT7TOHBEDENE
I2EB3DEEZOLNDD, ZOMENL MIBITA
RecQ family EHE OBEEMRITICB VT, 20BN E
BT~y VB EIRER, 51 MIB
TBEBREED AN Z XA LBITARSDZ LS R
5,

i

AREDOETFIZH D, THBVAELET LA
HREICECREWLET. 4, Be0ZHh, &
PER VAT LAKEBOSHIOL DEIha L
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