
Enzymatic mechanisms for the repair of UV irradiated DNA 
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.Hrurull"s l •tltr'f'r:lll\. A1ussurlllt.~NI.<. l .S.A 

lrradiaticm of Dl\ A wi t h ultrn,iolf' t Ligh1 (tl\) n·:.uhs in llu· forwat ion 

of t wn gi'JICraJ typcs of pho'luproducts of r~·rimidirll'l\. Eitlwr dimr•n• an· 

formNI br t wren aclj:HwJll pyriu&idinP nucl~n1 idrR {thy minP-thyuiÌIII'. Tp'l' : 

cytosiuP·cyl<lloint-. CpC or cy lnsint>-tltymiltl'. C.:pT) hy cyclol•utnnr· riul! 

formation at thc• S.o-doui.IP U(lod s ites. nr tlw t> IPuwn ts of water ma~ add 
acros!' tiJ r barni' sitrs of r~ tosim· to form a '\lllt'r c.tdclucl (phntoh~ dra lc). 

Th1· luttrr 11hort-li' ed plltltn-pr(ldurt is mn~l likc-1) r•·s ponsihl1• fnr 1 h1• tran­

sitiotls nl•srn·t•d (ONo. \Vu,so"l & GROSS!IIA N. l l16S ). w}wrras !Ili' fnrmPr 

t y pl' or lllwtoprutlucts Ira d t n ti w Jt'ath or l Jw Ct>llto (SETJ. OW & SJo:'J'LO)~. 

l9(i2 : ] 9ri3 ; W ALKEU, 1963). 

Tlwrr· art' two grncral IIII'Chauism~ 1.) '~hidt t•c·ll;; ula~ rn t•nw tlll' 

ad,rrst' l!fl t•ctR of such irradiuti tm. Eithf'r thr phntoproductl' n•u~ lw da rc•r tl ~ 

rf'pair<'Ù ~~~ re· versai. fur rxn uapl t• nf l h t· diru.·r h tll' b. Il• thr monuulf'r. ll1 ruuf!h 

vinihl1· l i~lll pl10 t o reacti valiun ( R IJPERT. liJhO). ur Llll' da Il Hl l!'' 111u ~ l 11· 

Tf'ITJI)Vf'll frnau tllt' D NA • w·n t•rally in tlw a h l;l! ll ('t ' t•f visi!Jif' light (~P'l'L.CH\ 

& CArtiiii::U. IC}()4). Thr lntt{·r dar], repajr proc~As Sl'f'Trlb lo lw n mon· w· nPru l 

hiologica l mccbanism anrl a pprars to ltc rchllt•d lo uthcr gf'nPr;.al funl•tion,. 

of tht• ct>lls sue h at.- rc('ombinntiun (H o\\ ;\ n o- F1, \ -voEn:. & Bm n :. l tU1h) 

or rcplicatiou ( KELL\ f'l al .. 19€19). 
Dar1. n·pnir is not confìn•·d t tt l'Y-iuduct·d damagt·. hut al"n iurluclt·;< 

IPsious product>d b y sue l t dh t•rsl' agt:nts ai> mitomyein, X -ray~;, nitrom, 

acid and certain mono- an.rl b ifuuclional alkylul ing al!cnt s ( H owAnn-FLAN­
UERH &. Bovcl':. ] 966). 'l'ht•rf'furl'. enzymf's invo ln·cl in tlw initiul s tagt':> of 

rcpair sy:; tt•an ar•· nut necc·:.:;;arily spc·cifie for 1h1· primar~ chrmi!'al chilllgcs 

in thr dnmaw·cl D A. IIUt ma~ rccogniz<' tht· srcondar~ Cfmst•qu r nct'" of U \: 

for exaruplr lucali:r.t·d rc~iom, of distortion cau!1t·d by dimf'r forrnation. 

Our lahorator~ has b.-•(' 11 conccrned with 1 h e isolatioo of cn?.ymrs \\ hich 

cau n!<'O!-rnÌzf' l oc ali;~,ed rf'~ions of dis tortic111 in dunwgt>d D NA. Mirroroccus 
/uteus. a UV n :sis tcnt nrgauism . was ch11st·n as th t· J.nelf'riul sourct· 

Aull 1 ~1. 1'11}111. Sw11111 411!11111 6, :11!1·:!~:1. 
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IJecnu .- of it.s low end ogennus nur l('ase levels, , .. hich permit th<> d ctcction 

of s ma U amoWlts of flit.to rt ion -.prcifìc t•ndo- an d l'Xonucleast'S. This papcr 

clc·scrilws the propertit>s of t, .. H ··nzynws which togethe r exci. e photoprotlucls 

front UV irradiatC'd double 11truodC'd O A. The firsl l'nzy rnt• is an cncloDI&· 
denso that causes a siu~lc phosphodjcst r.r ho!ld brt'ak 5'· tn a nd immiuent 

t o ench py r imidiae climl'r 1 hns crc•a ting a s ing lf' !' l rancl<'u rt>gion with a 5' 
-h) tlroxy l t>nd. Tb is inri iun s tc·p is followf'd by c·xc·is ion of the clamagE'u 

n•gion hy a S<'cond "pt'C'if1c c• nzynll', an c·xonuc lease "hi<'h is capable o f 
clt>grndin g tbc expo~cd s ingle -.traud NI r<'gion a ris ing frum lhl' incision s t ep. 

rtw cornbineu act ion nf t hl' two <'nzymes results in tht> rc>ll'uSf' of ncid-solublf' 

nuciC'oticl t>s conta ining t li :- minc·· thymin e dim t>rS. 

Eviclt>nce suppo rting 1 h e hypothesis o f s in glt·· tranci incis io n by the 

L V ·<·ndonuclc>ase ra ther thn n cloublc-strund cleavugc is prt'SI'Ill t'd in Fig. l . 
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ff DNA lrt'ated wi th thl' t>n zvnw i~ subjected to ultract>ntrtfu~arion at n eutra! 

.Ulci a lkaline pR's, a cliffrrr•~ttiation hetwrrn ~>Ìn ~le· and dnuhlt'·"'trand hrt>ak! 
t•an ht> ma1le. The c·ban gc io the srtlimc>ntation Cllf'fficit' tlt nnl~ at alkalinC' 

p H ''l indic·atrs !>Ìnglt'·slrandf•d seissiun. 

11111 . 1~1. ,...,,,_, .-;,,,,,, 11\ltllll 5, 31K· 3:l:l. 
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Tlw U1-~lt\ lur tl1t· t•utluHudea"t ' j,.., l,.t ..,f'd tttl ''' nl11lit~ tu c·au"" il tu glt­
~;Lrand l>rc•aJ..~ ~~~ la) rlmkzing piHt!ìplwdit•'<lt·r luut~l ;, in l i \ ' -irrarliau·d douhJ, .• 
gtrandrJ uup.l) \i A. H~ nll'a~u riut! L h t· H('pt•aratlf't ' o l' ~·' P-lulwlt>d plws plwntll· 

not~strr l{roup'- 11 1111tg h<t ('Lt•rial alkaliu•· pho.•plantast·. tHit' ran d!'Lc•rniÌnc• tlt• 
uumher of pltv:-.phodit•l'l l•·r honds brob.t•JI. l tH•i,;iuu Il\ Llw enùorn.trlea~<t' pru· 
duc:t•,. a ,..,inglt•· :-lra ntlt·tl n"J!Wn ,,·hich Js sul_t..,, ., JIIt·nt l~ ft'i'U!!ftÌZt'J h~ t 111' ( \ 
-exonm·lt·aJ.t•. \t• t ualnuc·l··nt itl•· rf"l('a'-•' rt·quin·:- t l w prt·'-t·nrt• uf lmth ''""'Ili t"' 

l'urUtcatitm of t/11 · ( l Nulmlllrlt••ts• 

Tlw ÌIICI~"<t llp t·fl:t.)lllt' hu:-; l.ren purilil'd t•on;~iclnahl~· ;o~~ • t• o rdiu ;.: to tiH· 

gt·ueral nt('thod;. giwu in rl\thlt· J. 'l'Ili;; pn·parutiou (fracliou TV) hu' uo 
tlf'lt'l' tahl•· c•nnllic· t 111g t•ll :~.y nw~ su clt L11>o t'XIlHIH:It ·a"t'!! 111 plws pLunwuot•;, l t•rm.,t 'l-. 

1 ~HI.I l, 

Puritication ol t:v-cndonuclcasc 

~ ...... 11 ... 
Ttttul unlt-

\t•lt\'11\ 
l· r u ,. l l " n 

l. Lysi' un d hUI1Ìt'll l iou ! /\:! . :; 7\1<1. :!(Hl 

2. Phu•r M'IHtrulicJit . l · ~·· u:t.!,IJ.io 

111.!!1:! l:!:~,:111U 

4. J)iafiu ruu<•t•ntrutiuu lo.:;nt; ltJO,KIIII 

5. G-7.'l and J)\ /\-rt'llulc"t' l(t:l,!HIU 19.:!:111 

• Sjtecific· urli n t ~ i;. iu unils per rnp: proli'ÌII . 

Tut' <ÙJsolu t c• rJc.pc· ndc•ncy nn lJ\' irradia 1 in n l'ul' U<'l i ' ' it y al su po in t :. l li li H· 

ubscoce of ootHiJit'l'ilit• PndooucleaSt''- (Fil-(. 2). 

I t has h t•t•n pub!liblP tr1 resoh-(' tLc• t!Otlnlluc•lt·at-r almc>st ••u l in·h frnm 

contaminating exonuclt'aSt' activity. L ncll~r ceri n in purification cunditit•ll:>. 

acti,·atiou h~ M~H un d ccrtain mooovnll'n l cn t ions ba..i lJeen ohscn <'d. 
Thc· pH optimum is brtwecn 6.5 and 7.5. Fig. 2 shu,, ~> that tJw endunucleac;,l' 

rrqujres U\' -irradiau·cl douMc-strandtd DJ\A und that its acti\ity Ì!< dos4' 

dependcnt. 

Tue high c> ll ir.il'nr.y of tlw cudonuclt·IIIW J'M rccogn izing photoproduct 
ind ucc·cl c.l is turtic>nF i:; indicated also in Fig. 2. I n t lw region IH'twc•en IO' 

. l11h, 1~1. StJ11rr. ,'-:auil<l 111111!1) &, 3 1K·33!L 
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aud l o~ t·r~~.'rnml a t 280 11111 \\ hl'rt' l h) minl'-thymirw c luna le•\ t· l-. ha\ •. lwt• IJ 

dt•l c•rrnirwtl indrpendentl~ hy l'h romutngraphic IIH'I hucls, urw phosphotli­
l"ciPr lroncl i:; brokt' n for t'at·h tlinwr. \ccording In lhc• "ork of SF.n.ow &. 

J#.MWtO~I r''t 01mtr• 

691 ZQl 4()4 503 

100 

; a o : 1•11!.:!. - lln•r tlc•pl'ntlc·cu·\ . ... 
60 rr•ruirrcul'ut tnr 

... rlw l \ c·nònuu-Q. . 40 drJ•~ . . 
~ 

20 

o 
___.._ 

IO' •o• o• o• 
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( \lUI! El! { 19(ro), apprcrxinwlc• ly f)~ 11 ., of ali p~ riruitlirh·-p~ rrmiclirw tlimt·r, ,t l 

:!!UI 11111 (•tenta in" a L lc ·ao,l out· 1 h~ mirw n·s iduc·. Tl~t• rc·liHt·. llw I'O.r.~·mt· no t 

'""' , .. ,hi"itA a s prrifit•Ìt)' l'or l) V - irulru·t•cl cli-.to rtl•c l n·~Ìtll l ,.., lnll al-,o I[U.tn-

1 ilali,,•ly pmducf's a M Ìrr~lt• irrt·i'lit~tr a t c•ach of Llw~c· urc•u.,, Pn·lirninar~ tlula 

uul ic·a tc· Lhat enzymutic uttar·k ot'!:lli'H on thc Sll'nrrcl l'lllllairrin~ the pholu­

p rochu·tH r:ll hf'r tlmn 1111 dii' c•u m p lc·m I'Hlu ry :; tr·aud. 

Jlurrfi.cMitm ~~f rhr V I'XO/Ittc/t•tt~l' 

Thr purifica ti o n n f ti w t>" •i-.rng t•rMyme ha" lu•c•n <ll't'clm plrs lwd h v tlw 

lt>rhnit[UNI oulljnf'cl in Tahlt• 2. Thi ... PnZ)·me tou i:, fr.-1· nf l'•llrlli<· tin:.r uucleaM'S, 

phn~phnrnnnoe;; Lerust•s and parti,·ulnrly the l>:\ A pnh nwr:r..t•. Tlw s ij!ni­

IÌI';IIIt'l' of this l'nzvntat it• rc·sulutiou ,dU lw tli"('ll"!-1'11 in lutt· r ~· ·l'tion~-> of 
rhis n rli1•l•·· 

l'lw c•xonnriPu;;f' is as~ayc•tl hy !lH'Uhllriug tbc• 1'1111\ c·r-.run of L\ -irradia­

l c·d ,, P -di'natii rt>d D \ i rHo at·itl- .. ulu hl t· nuc lc·otidt·"· Duri Ili! pu riHca 1 io n 

.t t•mnparrson Ì!:ì mac..lt• bt'lwl't·n i rradiatt·d an1l uni rra1liatl'll dt•n.llurf'd D 'L\ 

.h .. uh:-trate. -\ timt> ('11\tr~>(' uf thc• 1' 117.\lnatic rt'a<·t iun dPrnorr .. tratr-. that tlw 

purlfif'cl l,- -t''XOnuciPUSt' dnc·Ì> not 1lil-rriminult• lwt\\Pt·u dc·nalurr d 3!P -0' \ 
.uld irradiatt·d df'nalur('d u p -DN \ (Fil!. 3). Ho"t'\l'r. in \l.lult•us a -.Pcuml 

t''XIII IIIdf'U.,(' IS pr!'.,f'lll whidl lli'IÌH·Iy hyciro(yzl'"' dc•IIUIIIrl'd 1)'\f \ l111t i" 

rnhih itNI h~ irradiatt•d dt•natur.-cl DNA. 
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l u addì t i un. the l ' \ -exonuc-lea..'!t' ;.., aLir to degrnd t· 5 ' -0-phosplwr: loli­
gnLhylllidylat••" uf "·a riou<, cbai n l~nght 1- (ser T aJtlt· 3). In ('untrast to cxo-

.Juu, /~1. ·""'"' Srwo/11 (106!1) S, :11'·333. 
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Hydrolysis of oUronucleolldes by VV-exonuclease 
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nucl1•n .- I from Escherichia roli , this rnz)mf' ca n cornplr•trly hyclrolyzc 5'-0-
phospllf)ry lthy midyltbymidine. The eoligonucleotides ha' f' no t bet•n irradiated. 

The number of pbotoproducts in denatured D~ A produced ut 280 nrn Joes 
r10t f•lft•ct UV -r·xonuclt>a~e activity (Fig. 4). In contrast , :.nake 'rnom pbo-
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Nmtoiom,.: D~ \ Flrou~h indicati'" t hn t tJw. l'Ili.~ 1111' , ... Ìll\ oh f•d in tlu· dark 

rcpnir "Y" t<·m . 
:\ut•h·otidf• rclt•ltJ-<· froJlJ lmtlt druatun·d anù arratlu\lt•d dt·uoturl'd D '!\\ 

O(·<·urs 111 l111• sanlf" rate anrl lr•" •ll> oO aft t' l '''" lwu r,.. "itlt 1!10 JWr r•·nt 
Ja,droly:<Ìl- (Tal.lc·4). Thf• ÙCf!rad a tiun or naiÌ\I· D 'l\J.\. irrudaalc·ll t\H1Ì\C' DJ\ ,\ . 

Specllich~ or UV-eAOnuclt:a !.. 

f• u IU t• u H Il d 

l. lrrarlmted lu.•at-dt'natrrrt'd / .. C"olr l>\\ 

:!. H t oHIPuatured D'\ \ 

3. lrrud1ated natl\·e IJ\.\ 

l. 
-------------

5. H\A .. 

6. lrrodtnted nutiH· J)\ \ ( l \ -enrltmur lt'u•r lrl'· 
fllt>~l) 

-
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(),111 a 

• ' utÌ\c irrndi:lletl DI'\A \\Ufo trNIII'rl wi tlt tlw liV-Cinduttnc·lru•o• uutil ().O.'illtufLIUOit•• 
of pbo•photlteste r t.ond• Lod been bmlt.t•n. "iul· leolld~ n•lt>u,c• 111 tlu• Nt~r i ~ repnrtt•d for u 

4-hr peri!lrl. Th" other rntupouucl ,.. ' "err mruhnti"Ò fur o 2-ltr Jtl'rulll unrlrr ~umrlnrd o••ll\ 

I'UIIdititlH•. 

ur H N.\ uuwun t:- t u no mnrr t han l pl'r l't· n t. Jlm-t•\ l' r. n a t Ì\ l' irracliatt·rl 

D'< l\ '' hich ha iS h rl'll preincuha tt•tl "ith l"\ t•udomu•lf•u<,t• ,.,n that O.O:>H 
nl!J.mOJc., of pho pLodii'H«>r bond, ha' t' IH·<·n hwlt•n, lt- t< UM't-pt i!Jic· tn the l' · 
t•:xnnurh•asf'. Al!:>u, o li~onuclro tidt•'>. inrludin~ dinucll'otidt•l>. an• h) dmlyz•·tl 
h~ this enzymr y icldiog 5' ·moncmucleu t i<h·" a" t hl' mujur produt• l t- rekn<.ed. 

Tllf' combim•d action of tht• ( l ' rndn- ami t'l'flllllrl l•t• " 

l f l'\ ·Pxonuch·a,l' i:-. allowed tu rea<• t wit h l iY.irrudiutl•d dnuhh··t>l raocl(·cl 

atJ>.D!\A (1.0 1 O· rrgs/ mm2). wbich has lwl'n pre ' iou-.1) trcatl'd with Q · 

endunurlt•ose, until tlw amount of nuclc•o tide n·lt'a~c·d ha!' rt•aciH'rl o muximuut 

lun it. an estimate of tbc s izt> of tlw cxc·Ìbrd n ·gion ran lu• rlr•t t• rmined. Frum 
Fi~-t . 5 it is clcar that fìvl' nu cll'o t itlcs ari' c•x:c i~>••d for t•vcry 11inglc stran d hrcak. 

Thi1. is iwport anl h rcaust• prt>\ ioos work empio) io!! •H-tbyminc· lahelf'd 
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D'i\ indicat rd that Lhree thymine residues are prt'SI'nt in eacb dimt•r region 
(G ROSSI\tA" et al., 1968). Thus. dimer formation appears more likr ly to oreur 
in tht> th} rnine-rich un•ns. 
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:ertiou of tbe ( J V exo- uud endonucleas~ O§ rompart'Ù to the numbtr uf 
pho•pbnuiester boods hrokeu by tbe UV t•ndonucleobe during the inci•ioo 
prorf' ... 
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Exclslon of pyrimidlne dimers from V·lrrodlaled H·DNA 
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-- l 
\ :!..;·hr incubation wo ra rried out uulier c-onditihM Òl'•rnh!'d in Fil(. 2. fhe tu•ul-•n­

luhle fror l i<~n "n~ neulrolil('d "ilh 0.015 uù of IO " "Oli nnd tbr prl"rirnt.o tt r.-moHII h\ 
•·rn trofu~otion. rJu· hupcrnatonl lluid WB!I dried. ct-•tL•pended in O. l mi ll 20 .uuJ 'uhjf'<· trd 
ln hi~th·' ult .. .::e elrctrophoresis. The ncid-prt>cipitable fr,wtion '•n• oh•.,.IIHol t n 11.0.) rnl 
(l 0 and 0 .) 111J formir Orld (97 01

11). \fter the •OJU t iOU hac( Jtt:-rn h\drnh .tf'd Jl J'.)• C 
r .. , 2hr, it \Hl~ HIUI~.tet.l h} l\\O-rlimrn:.iolnnl rhrornato~:raphy. 

l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 



' llu "'l!''"llun prutlut•t ;. n ·lt·,t·t ·tl front l \ ·trr<ttltal•·d tluu),),. :-1 rautl•·tl 
3 11-D:\;\ im·lud•· IIIOnouul'lt·utid•·;. a ,; \\t•lla ... di - aut! lrlltllt' lo•otttf• ·' t'lllllaiuin ;. 

llw lll'lttal dtnlf ·t .•. \ '1111l ~ ttf t ito l>\\ ( 1.11 IO l 'l'l! 111111) lwlun· attd allfot 

1' 11:1.~ ttlati<· l n·atrn•·HI ;,ltlt\\ ;. tt hll fll'r C' t'Ili cl t•f• n·a ~• · in t Ili' lllltttlwr o l' L li\ ­
rnlllt ' dllllt' r~o alt<·r l'>.<·i;..ion (Taltlt :; ). !"tllll't' 11 fta ,. lt• ·•• tt .),m,u llt.ll tlw d lt­
t•i••llt ' "f d i nwr t• xri«iun cl,.,.,.,.a:-"" w i Ili i rrutlttt l io n du,• ·~ ahtt' ,. l \1 t'q~" • 111 m ·. 

a IliO l"'r t ' t ' Ili lo1-• of l h~ 111111• ·t·unta tllln;• d1111t'r• '"' ' 11111 ' ' 'P"'' It'tl ( l ' l! 2 1 
Tlw 11\ ·<' tlllonudea,.., • pn· p ara l io ra ll!•t ·d iu tl11 ~ P'I.JII ' rÌIIH'III "•'" ~ l i j!lttl~ 

t'OIIIam in a t•·rl ''11h t' '\unut·IPtt•• '" th.tt a 111111'• 1' '\lt 'll'" ' tlt l-( ratla llnll ul 

J)'\ \ ""' oJ, ... ,.n •·Ù 1ltun in fi :.: ' · 

'itt ,~, l 

Tlll' ìnì tìal pbo .. plwdlt '"'ll ' l lumd hrrtl, ,.ll 11111 • 1 J., . n·a ... unahh l' '""' ' t•• 
t•;wlt t hnuin•· thllwr pa1r Httlt tla.ll 1' '\1 i ... u tt 11f tl1• d ittwr •·an "''l ur a1' f'IHil· 

p.H1i1·d '" nn mun· tlaau thn·1· t u l'unr ••tlwr llll l' lt•ntllll'• . Tlu;, t' )l.l ft uwh 

t>fhri••nt prm•r·'"" occurto "'l'' 't·ìhcalh :l · 111 tlw ( l,.ft -.ul1·) lui':IIIIHI •d tlw t h~· 
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inca aon trp catalyzt•d by the endonuclease ao<l the ournber of ~uch groups 
appcaring after the excision sequence when t•xposcd Lo the c•-xonuclt>a r . 
After the incisioo s tep ooe phospbomonoester group is ti t rata bit' hy bacteri al 
ulkaline pho11phomonoesterase (BAP) und a second uppt•ars aftcr rt'nll)val 
uf the ~>i ngl stranded n•gion by the UV cxonoclcase (Tahlc f1). 

TABLE 6. 

\ppearance of phosphomonoester aroups ln lnclsed aod exclsed DIIJA 

'llurnbcr ''' PlloMphoro<tno~•tt'r OrnupR nttt•r 

T l 111 t• ( m l n a ) 

90 2!!.:1 ~3 .6 

J6.2 h8.9 

2i0 ;o.tl 112. o 

Thr t·udonuclrttsf' can initiate hydrolysis cither ;) ' - or '\' LO l he 
clinlt'r rl'gwu. lf tlw f•-xooucleasl' initiate hydroly<~is 3' · ICI thl' •lamagt' lilH~r­
ating uni) 5' ·mononucleotidl's an extra phosphomooot•~>ll' r group tnuld uot 
appc•ar af'll'r t~xci~ion (mt>chanism l, Fig. 6). [f the initial l'nclunucleolvtic 
hrruk oct~urred 5' · t o the dumagt>d rt>gion it i(> Lo he c"'\.(lt'Ctcd th.at tbc t·xo­
nuc•lc•use anitiated hydroly~i:. from the 5'-t•nd libt•rutin~ :i' ·monodeo-xv· 
nut•lcotitl(•s (mt'chanisrn 2, Fig. 6). This is so m t'\\ ha t unu<;ual for tbl'rt' i~ 

uni~ nne instanct> reportt'd io wbicb an rxon urleasc initiatf'" hyrlro l y~;i, 

o Il l h e 5'·lerminus Jibt>roting 5' -mononucJeoticii'R. ~OrmnJiy sue h ntH·leot id es 
art· lihrrat1•tl wbt•n initiation occurs n t tht' 3' -hydroxyl t' tHl of n l'laain. Cnn· 
\ t•rAt·ly, 3'-monouucleotides a re usuaJiy Lihl'ratPd wlu·n a n I'XOntlt'lt•ase ini­
tiutc hydrolyt>is al tht> 5'- l'tHI of a DNA chain. Therl'forr, a • '-ymmetrirul • 
type cxonuclrase aetivity wou ld be r(lf[ltired tu Mttisfy Llw datn th at wt'ru 
nhtninPd. AA will ht> showo in tbe next 11cctinn nf thi'! pttpl'r thP ( V t·xnnu­
··h•a e (t'"X<'tAing enzyme) iiaitiatt>s bydrolysis l'rom 1•it'wr t hl' 5' ur 3' ·ll·r· 
111inus nf ~-o•ngle strunded D A. Thus tbe UV l'ndonur lt•uMt' iuiti:Ht•!! hytlro­
l\t>Ì'i ~· • to tbc damagt•d rc·gion. 

That tht' uV l.'lldonurlrase leaH·s a 3' pho:.phot) l termllllll> on tlw 
untlamagt'll fragmcnt is prO\ icled from cxper•mcntutinn \\ ith 1 hl' polynu­
t' IPnt id t' kinll'lf'. Tlais f'nzyml' in the p res.-nce of \ TP <~ pt·cifically pho ... phon • 
l.tll'<~ 5 ' · O II ~roup . Tht>rt>fort>. posi ti ... r phosphor: latino implic a frc·r j ' -0 II 
,:ruup. Prc·t rt'atml'lll with hacterial afkalioc• pho<ìphut ''"è a 'l " IIPI'f'"'-Hn 
hr;.t s tt•p fi1r pho •hory lation implii's Lhe prt>st•m•c• nf n 5'-pho;.plwn l :.!rtlllp . 



32t ~A C'l'O th AH l I.TI!\t. t l l l l 1.~11 1' 111111>-1· 1\~1\ l" 

~ud1 e.xpcrinll'llbwen· iJÙlialt.:J \\Ì tlt t'UIIlru b pr•l\itiNI II ) lht· Ut-t' o f U\a~t · 

tr('lt l cd 32P- DJ\ A. Plwspho ryla ti o n \Ht" nn l oh:·wn •·d ('\t'Il wLt·n t h•· conlrul:­
pro\ idt·d for quantitalÌ\'t' ph•tr< phon latiun ,,•itlt tlw l.inul-'1'. l 1 Af'I'UH' d Jikt>h 
t h al tLe prr~rnct• of jJlwtuprodu<·t., mi!!ht iu fili' t hm t· lweu inhiltitiuf! th• 
ar tion of tlu• pOI) nuclcu tid t• I..JnaM'. Ju ordt.:r In I'.Xamiaw t Ili.., in mur•· d t•tai) 

tllf' iu<·ÌHNI irrntliatrd •• P-V:\A Hll~> lr·•·atl'd with purilll'tl ph~>1ttr••urtl\a­

tin !! cuzynw frum yPal'l whit.:h iu l Ili' prt•:o••llt'l' n l 'Ì!-ÌIJI•· ligh1 mllnumPrizt"· 
tlH muw dimer .... ' ' ith tlw u;.t· uf thi" t'll :f.' ntt · (a ~ift uf Ur. .1. ctluw) antl 
lar l..m!! pho:-phmnonorst••ra ... •· qnnntitali"· plw1-phon latlllll urrurrt•(l witlr 
111'-1\TP. Tlwre•fun· tlw ph•l"'plaatt· "' lt•fl 1111 tlw :r. pu~Ì I IIIII lo tlw ll'ft of 
:\ '. tu tlw dama~rd r q!lltll (Tahl1 -;). 

J 'BI l -

Requlremenb (or phosphorylaLlon ol lncisetl Dl'IIA 

l• ... - ,. r l 1• t J u , . 

1\ ' d iY\\ 

Phulorencth ul.-d l f \ 'd 1)'\ i\ - U \ ... uelouuclea~•· 

1 \ ' d DNA. 11\' eod!lntlf•le•u•.- .l 1\inn•e· pleu 
t~pbmoonnl'~ l era~!' 

P\'' tl D'\\ t l'\ eudulltll'lco~r pholorc·oe·le 
vnllon ..._ "iun•r ± plw~phomonoe•ll•rn•c· 

J'J&u.,l•lJulllhJU .. -tt·r S:NHtittoil 
'l'"lllctl.·~ 

ltt·ti\t•d fr-uu 

('tl)' IIIU'It"'ttlldt­
kauu~ 

:!tlh l 

Tht· IIIH'It·ntidl' di_., taJH'P re·mcnt·tl t'rum tlw chtmal!t·!l ri '!.(HIIl relati\c· l o 

tlll' ~>tte• of t•ndonucleol)tir hydrul~ t-i:- j ., curn•ntl ) umlt•r trt \1'!:- li~atmn with 

t hl• u~oc• uf t l ~t • polynuc·lc•ntitk k.iua:-c• antl 111'- t\ TP . 

. \IPchanism of c•xonuriPnçr• nrtJ0/1 

l n ordc•r t n dc·lrrmicu• froru whidt c· rHinf Ringle• ~olrandc•cl l)'< A thc· c·n~'llll' 

initiatf' .. hydrol)sis twu ,.perie'- nf 0'\A~o \\'t' re s~ ntlu•,llc•cl. (hw. a 3' 
-terminali) laln•l<'d D\ 1\ ,,a, pn·pun•d L) iucuhutiJI~ D\-\ , 3 H-dt\TP aud 
thc· K coli DNA polyuwra:<r. UudN tlt f'.,e • l'tlltclitulll t- oul) a Hingle 11u clc>utidc· 
i:- irtt·nrpuratc·d at tlw gn)\\ÌII!! c·utl (3' -OH eucl) (lf rac· lt I>~.\ stranel. Thus. 
t'uclt Sl'parate t> trand of' a D.:\IA nw lc•culP lwnr~« a la!Jc·h·el dA:\1P at it:. 3' 
-0 Il <'Ilei. Lalwling thc· :;• -OH eu cl 111' t• o r h 1- 1 ruud uf J>N A wu!' ncc()rnplished 
'' ilh y3~-l)·ATP. Dl A aud polymu•lt·o tidt· kinutw. This t•n:r.ynw in t lu• prt·st•nN· 
of "TP catal y?<'t- t hl' phnsphoryla1 iou of emi~ :l' -OJ l ~ruup1- nf l'lidi polymers. 
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fncubating the e t~pecilically laheled subs tra tes with thr Uv rxonu­
druse nnù rneasuring the rate of label release as a fractioo of totul nuclcotide 
rdea e proviùes a measure of terminus speci6cit)•. The n• ultR uf s uch 
•·~perimt•nts are givcn in Fig. 7 (a. b). In cach ca e ' tuclit'd, \\ht•n 75 per 
cl'nt of the labf'l was released from the 3'. or 5'- t•nd lt•"s than ;; JH'rrent 
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Fig. 7. - u) Hotio of rdeose of 
.l'·tf'rminolly label­
ltcl 0 \ I O lotaJ 
nucleot•du. 

b) llotio or relu•e of 
'l'·terrnin~lly label­
ll'd nurleotides to 
totaJ nucleotidu 
rrorn 0"\ \ , 

11 1' tbe to tal intt·rna1 nucleotides were hydroly:wd. [t i11 t•onr ludrd from 
these data tbat this rxonuclease initiates hydrolysis frnm bot!& c·ruls of 
th<' DNA choins. 

'l' lwso rcsulls wore unexpected in that .no pre:ct·•lrnt ha!j hl'l' rt provid4'd 
li1r such a unifJIIC rnechuoism of exonucleolytic hyrlrolyRis, wi th 1 ho cxccp­
liun uf orw cas(~ . T bc DNA polymerase from E. coli in nddit.iou lO itR poly­
nwrizing propertics has two exonuclease activitirs nssvciutt•d wit h this 
higbl y purfietl prot.c•in. Thrre is the 3' ---+ 5' cxonucl~>ase uoti v iLy which ucts 
un native DNA whose acti vity has been ascrihed to a hyd rolytir rcversnl 
uf t hr poly nwrizing propcrty of the enzyme ( KORN BE R<;, 1969). [n ntldition 
there is n 5' - 3' cxoouclease activity for c;ingle s trnnth·d O~A ami t-ucb 
.m at:tÌ\ ity is prcsumed to be located at a diffcrl'nt catalytic .,itc• on tlw protcin 
from tbc two former acti' itiPs. Apparently thr S'- 3' l'"<llntu·lt•a,.t• c•an ulso 
111 thP rour e nf its normal hydrolytic funrLions rrmo\1' l'T cliuwr" in it 
Jlll lh ( Ktt,LY Pt fii.. 1969). 
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may b e further degraded to nuclcotides and a yet smaller fragment ... 
T he total num ber of nucleotidcs rcleased a pproximates fìve per initial 
nucleotide break. 

The rcsultin g gap in the D NA is terminated by phosphomonoester 
groups a t its 3' and 5' termini. P olymerization hy t he DNA polymerase 
most likely synthesizes 5' ~ 3' rcqu iring preliminary removal of the 3'-phos­
phoryl group for polymerization to occur. Th c gap is then prohably filled 
by a D NA polymerase in which new nucleotides are inserted to t he end of 
t he space left during the excision process. Fi.nal phosphodiester bond for ­
mat ion is completed by a polynucleotide joinin g enzyme, result ing in com­
pletely repaired D NA. 

Many of t heee cnzymes are currcntly u nder study as well as their 
importance with respect to contro! loci. 

I nvolvement of nucleases in repair in v ivo 

E vrn though thc individuai and combincd activi ties of the two enzy­
mes already discusscd in this paper are consistent witb the eurrent models 
for the removal of darnaged regions in UV irradiatcd D NA from in vivo 
s tuclies, it must be estahlishcd that t hey do, in fact, participate in cellular 
rep air proccsses. E stablishment of such a eorrelation was pro vided from an 
examination of t he properties of a series of mutants and transformants of 
M. luteus. 

A comparative s tudy was performed with three strains of llf. luteus 
induding the wild t ype (ATCC-4698), a mutant obtained from this strain 
with N-methyl-N'-nitro-N-nit rosoguanidine (N SG) identified as ML-7- and 
a transformaot ML-7+ ohtained by t ransforming ML-7- with wild type 
DNA ( MAHLE R & G ROSSMAN, 1968). 

Each strain was examincd with rcspect to its scns itivy to UV and 
X -rays, t he ability of su ch cells to repair irradiated hacter iophage B.1 

(host celi reactivation, HCR) , t he fate of tby mine-thymine dimers in its 
DNA during postirradiation growth periods, the resulting single strand 
interruptions arising from the excision proceEs, the presence of interruptions 
in newly synthesized DNA (F1) and the inhihition of DNA synthesis. These 
physiological properties were examined to dc termine whethcr they in fac t 
rrfl ect t he influence of the UV endo- and exonucleases. 

Table 8 presen ts, in summary form, the resu1ts of a large numher of expe­
ri ments involving these three strains. Tb ere is a direet correlation between 
the resist ence to UV "radia t ion and the leve! of UV cndonuclease in t hese 
organisms. lnitial experiments of UV endonu clease wcre madc on crude 
t' Xtracts of these orgarusms with the result that t he leve! in J IL-7 1 was 
marginai and t>quivocally negative. Purifica tion of the UV endonucleasf's 

. / 1111 , J,,l. S>tJWr. Srwilrì fl[JH!ll 5. :llH-:133. 
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was followed lo an d including plw,c; piHH'!'IIu losl' cltrornal ul!ruplt~ (1• rat·t iou :~. 

'l'a bi t• J ), revealing significant. hu l le"' Prf'rl IPwl:- o f ti ... C'IIZ"11c· i 11 l\ l L-7 
which }cad lO pf'rccot of th c s pc>c·ific· U('IÌI il~ of tlw parc·nlul ·wild 1y pc• s trai n. 

Sirnilar purificatiou procrdurN; of ML-1 did noi ~it'ltl nn~ di'Lt·c·lahh· lr>Yc·b 

o.f ti w euzym!'. That ML-7- i11 a san~lc• ~e n e t ic tran&furmution ~< l "l' protlured 

onl) a portion of the t'nzymc· acl iv i t' i;.. eurn•nt h. intl'rprl'tc·d in tc · rrn~ o l 
a multipli' gc•n ctic svs tcm whidc ma~ Jw Pxpre!'!'f•d 111 lc · rut ~ nf u multipl•· 
prOlf'in sy~tem. 

1AIIU Il 
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levels of UV endonuclease. Normally there is a very rapid onset of 3 H-thymi­
tline incorporation into the new DNA witb only slight delay for tbe 
initiation of repair synthesis. Tbe delay in such incorporation is, again, a 
rcfiection of endonuclease lcvels . As expccted there is a complete block to 
s ucb synthesis when the enzyme is abscnt thcreby implicating the n ecessity 
of initial breaks for such repair syntbesis. 

An examinatinn of the hydrodynamic prnperties of newly synthesized 
DNA reveals the presence in these s trains of post-replicative repair activity 
( R UPP & HowARD-FLANDEllS, 1968). Although theorctical considerations 
at t bis point would allow both the excision and postreplicative repair 
activities to fuUy resto re v iable DNA it scems clear t hat these systcms 
are in fact interdl'pendent such that each is necessary for the survival of 
the celi when its DNA is damaged. It follows thcn that a search for 
mutants which, though defective in the postreplicativc repair machincry, 
conlain the norma! complemcnt of excising cnzymes, is indeed desirable. 
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