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Abstract—In order to obtain insight into the repair mechanism of DNA containing thymine photo-dimer, the
conformation of the duplex d(GCGGTTGGCG) d(CGCCAACCGC) with a thymine dimer incorporated has
been studied by proton NMR. NOE data show that, although the local environment around the thymine dimer
is altered, the gross structural changes are relatively small. T, endonuclease V exhibited a conformational
change on complex formation with DNA. This conformational change occurred around histidine 16 which
was close to tyrosine 129 located in the aromatic segment (WYKYY) near the C-terminus. It is likely that
the interaction between T, endonuclease V and DNA is strong since the complex was not dissociated up

to 1.6 M NaCl.
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A HHEAQ DNA= v, 2494, spehEa 5
oJg] Wo] el sl &S (T glor, o] F 2 A2
DNA &£4h& Zadwlo] E XAk fgle] Hoh 12y
DNA £4k8] o2& ARl EXlskes Eied 25l
-85 o] DNAZ A 3H f-x €t ol¢k 22 DNA ¢
Be AR {7, B BE Fo7 9% 3 k.
A IEE T, phaget & T-even phageel] Hj&, UV =
Akl &g 4k dEl A e Ae] deA
olo(Luria, 1947), UV &4M8 26k E40F 23 9]
ok o A A g} 1963139 W. Harm-& UV Z Aol o3
eAde] 2 WolF T, VFE U7 8} ti(Earm, 1963).
71 %, Sekiguchi 52 T, phage€ g A17) S7-gFl,

2 FAReE 284 DNAS) dfs) 18 doh$ 3 &
&7} A8k 714 ZtoPliti(Yasuda 5, 1976). 0] E4&
T, VFE 74417 di7telolls &84 ¢ AR
Ho} o] &4-7} T, phage?] DNA 8 &4 AR,
T, endonuclease V2t ®= g gl o] 4+ Sekiguchi
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ol &3] 2k4s] AA ], A 16,0009 why o))
72 ke Nakabeppu 5, 1981; Nakabeppu %, 19
).
T, endonuclease V& =2 & 4o]9A, pyrimidine di-
mer-DNA glycosylase®} apyrimidinic DNA endonuc-
leasezh= 270 8] E48A4-E 2b3 ¢lch o] A4+ nucleo-
tide A A 8- 7179 A1dA <) A dimerE A3 5 &
pyrimidine®] glycosyl A%-& A3l apyrimidinic site
(AP site)E QA A 7].32, M 2xkA o] 4] o] AP site2] 3’ &-2]
4t esterd g2 Adglch o] 2E DNA THEL 7
e 71 & 7% A F9 3ltelr) 1984ded+= K.
Valerie 5ol ]3] 217} cloning® ¢(Valerie <, 1984;
Radany 5, 1984), = d7)wi<del] olsf e zle] 122
7} AR =] o). o A-Foll A €] pyrimidine dimert Uvr A,
Uvr B, Uvr C2he 370 ¢] E4Fol 2k DNA 57| F2
BB rHSancar =, 1988). ]S & 4= T, endonuclease
V7l 78] 3ol 3 AL R, B3R 747} 104, 84
6.5%F0] 7 pyrimidine dimer 27tol] 2}, 513124 2]
&Ae] 2% dgcta B 193 9o Thomas %5, 1985;
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Oh 5, 1987; Myles 5, 1987; Sancar 5, 1983). T, endo-
nuclease V& codedh= §AH 2K Valerie 5, 1985; Chene-
vert 5, 1986; Recinos 5, 1986), ¥-& &4 T A}H|(Shi-
mizu 5, 1979F ©|5 E4E AET dAddo =¢shd
DNA -B-50] 3&5& Ao dejxglch &, T, endo-
nuclease Vi o5 dald T8 E40A Y Y48 Gl
Ag-gsh) o)A E3HAg Ho] gk ghA q17ke Al
A 42 73] Z(xeroderma pigmentosum)-2- B kA, B
3] zZhelAde] o8 IWl=R 5]FokS it} 1968+,
J.E. Cleaver= o]3x}19] o ofo] 54 f-ol M £ E ALE-4)
o] z o] FAH e % DNA F=E-7)Fd] Aefl7} 917] of
ol defvie 218 S AHCleaver, 1968). 15 A 44
Z ¥ Ze) w kA Ee Ty endonuclease V& 3]st A
F 2] DNAT-5-5¥0] 3155 Zlo] 33 *(Tanaka 5,
1975; Okada 5, 1977; deJong %. 1985), o] Age] A
AE-2] A1A, = endonucleased] H<zoll 93 7o)
AAFE 9dek o} 212 1719} phagesh= A= He) Wizl
AEF] 59 DNA 87|77} 2= Z& e
W2 ook =g #Zel= DNA $8-%5¢] Zge] gl ha-
mster®] wjFAEe) T, endonuclease VE =3 5]& o,
DNA 8-5-9] 3] 50) SA= ke ¥ 1 glcKValerie
S, 1985). T4 endonuclease V] 7} leveloll 4 2] 2}-8-
mechanism-2- o}&] 2 4HA glA] o}k $2)5= o] v
oA #2}17] FHHINMR)E AF-8-3ted 9} levelol A T,
endonuclease V& DNA9] 725 oi-F5}o] T, endonuc-
lease V4] 2}4- mechanismell #3 278 Q1) shech
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T, endonuclease V -3 AHg zH= plasmid& WA -7(E.
coli)ol| transformationA] 7] & ) AF o 2R E] gkl A
T4 endonuclease V& 2] A4 s}e] NMRAH ]| 2143
of, AA AL o3 2ol F& 30T oA Hjekel &
¢ W=7} 1 ODAXE H%l2 9 Bindoleacrylic acid=.
inductions}gdc}. Inductiondt F 44]7F ol T8 H41A]
7 pellet & 3t} 3 72 sonificationA]# =3 A7)
F ARk A e o)l #4%] ¢l Bio-Rex
70 column-g %3A)7) % salt gradient® A}
Ao| v}& fraction ¥¥-& )29 columndl] E3A]7] =
salt gradient® ZHAvl HFHeogw FHI Al
SDS-polyacrylamide gel electrophoresis® HeldF 2=}
99% °]4e) +EE 7AE wlAe dg 5 sk

DNA B % EHx|

Ty endonuclease V& 7]Z(DNA)=4 thymine
photo-dimer& 17] §53H= DNA 10mer2 %h4steic)
Thymine photo-dimer 171 -f-3H= DNAE protected
thymine dimer derivative® A}-8-8}o] %rAd s}l ch(Taylor

%, 1987). DNA®] Z o]+ 10 mer o]Akal 75 o] gl o]
bindingel] & ¢J3-& w|X]#] ¢do2F 10 merg FAI8}
ot} o] Mzl thymine dimerE 33} specific
DNAS} o8 ¥ §+8}2] 9 nonspecific DNAS 8 5}o]
repair 2t-4-% el 22 nonspecific DNAE §+4d 5]
NMR A#ej A1&3tgc}. Nonspecific DNAE DNA &
371& AHg-shed §43etsich DNAEAE-> 500 OD o]4t
stodvh. 43k DNA sequencese 53} zt},

(D 5" d (GCGGATGGCG)3
3" (CGCCTACCGO)dY

I 5" d (GCGGTTGGCH)3
3" (CGCCAACCGC)dS

(1D 5 d (GCGGTTGGCG)3'
3' (CGCCAACCGC) 5

DNA AA= o3 2ol d3gin) $41 494 HPLCR
A A 3le] major fraction-$ 5 ¥}gith o] DNAE Pyridine
Dowex columng& E32#A pyridine e 7HE F, o]
& thA] Na* Dowex columng E34#A NatdEegi=
G5 v) #2402 Chelex DowexE F3A)|A F50)
&5 AAsAT o) AE BHAFAZF Ush= buffers
A gkaledet. 90T o] A annealing$- 3k3 NMR A3 o
AHg-84] et

NMR A&

Sample buffer2+= 50 mM potassium phosphate(pH 6.
5 03M KCDE Abg-sigick NMR £4-& 23T o4 3}
A}, 43 NMR 7|#A& JEOL GSX 400M#} Bruker
AMX 500Melct. DNA<] D20 sample2 %7272
2l & A Z319.2.v Protein?] D,0 sample< D0 dialy-
sissle] A3 g} 2D NOESY, DQF-COSY, TOCSY =
1.5~2.5 mM DNA £9& AL83}9 o0, proteing 2 mM
L85 alg-stgdch. NOE mixing time2 100~200 msE
A48l o TOCSY mixing time-2 50 ms& AH&-3tgic)
1D NOE 4132 200 ms®] presaturation pulse£} 2 s2
delay® ©o]Fo|3l inter-leaved difference spectroscopy
& AMEEhed 3tk Hy0 Soll A 2] 3312 1-1 echo
pulse S ARg-3}e] 22 sted ). Chemical shift 3h-2 2,2-di-
methyl-2-silapentane-5-sulfonate 8 7|F& 2.2 3}t

Ao

DNAZ| Peak Assignment '

DNA2] w284 proton peak?| assignment base
proton¥ sugar H1' proton Ale]g] NOEE ¢]-&-s}eich
Z- right-handed DNA®|| 4] base proton(pyrimidine2] H6,
purine$] H8)7} 22 2k7]¢l| 9l H1' proton(=E+E 5’ &2
°o]-%%719] H1' proton) Ate]l&] Ae|7} 7}749] NOEZ}
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Fig. 1. A Region of 2D NOESY spectrum showing the cross-peak between the base H6/H8 and sugar H1' protons of decamer
containing the thymine dimer. Sequential assignments of the d(GCGGTTGGCG) strand are indicated by lines. The spectrum was
recorded for D0 solution (2 mM DNA) with a mixing time of 200 ms.

el b 728 o]4-9)c} DNA I, DNA II, DNA I112] mi-
nus strandel] 3] $3 4 sequential assignmentE- 1%
}. DNA III(-TT-)¢] plus strand$) sequential NOE= G
1-G4, G7-G10 Apololl e o] = glort G4t TS Abe]
o= NOE7} #& 5 A ¢atch(Fig. 1). o] A-& o] H-4{ol A
Fzol W37} 9l5i8-& itk DNAS] 234 imino,
amino proton peak®] assignment® HyO% ol A &3] sheq
s stoitl. GC17 GC10 imino proton-- terminal fraying
effectw] Zoll H 08} ko] vl wite} F55#] dglct
GC2~GC92] imino proton=} amino protonel] o] k3
3] assignment3}git}.

Thymine Dimer 842 = 213t Chemical Shift 4%}
DNA 118} DNA II12] 7} proton peak chemical shift
7ro 2 3 E] RMSD(root mean square differences) #t=
-3 thFig. 2-1). o] AAlellE wakAd, w]ashA] proton
peak®] chemical shift =52 A-&3]c}. Chemical shift£]
713 Z &7t Aoy 2L thymine dimer siteo] #|qt
dimer positione]] o]-%&F B-Eexx Wzl adejydct
o]% W3l: dimer site2FE] A7} AT E HA}
7431t} Dimer site®] 3 Zofl ]33 9l= GC7 base
paire| A& vl mA 2 W sr} deojydl. A4 ez Wk
5 & Rrhs 3 Zofx] ZA dolyte} <Y imino proton
peak(TA5, TA6, GC7)= thymine dimer A4 2 up-
field shift jelich. ¢]& 2 shifts thymine dimer
Aoz QA3 base pair 3+ AT oFsfol o
27t} Thymine dimer 34J°o 2 1% RMSD 9] =
717} o= Al 718 217415 DNA 112} DNA I A}e] 9}
RMSD zr& Faled v)wstedct (Fig. 2-2). DNA 112} DNA
III AFe]&] RMSD 312 thymine dimer site3- #| £ & +}

7] E9(GCl~4, GCT~10)o)| 4] DNA 11} DNA I A}
o]¢] RMSD gtk 2zt Zich

T, Endo V2 DNA I, DNA TI2{2| Sak| SAA| o]
Li= XPEN M XS Peak 243}

T, Endo V9] ZAgte}As 3817 $1%] T, Endo Vel
o} & DNA Iz} DNA 11¢] Age 24180k DNA ITE T,
Endo Vel 7512 o) AP <9<l —0.9, —1.25 ppmel| 4]
A 29 peak} vrebde}. EE —05~0.5 ppmol| 4 peak
7h=e) wislrt glolvkFig 3-1). AAEE 44 9.7 ppm
F90)| A} =g peak”} vtebdrh webA] boundR el ot
free B8] A}o]2] exchange”} NMR time scale®t} %t}
X 7L obgirh —1.25 ppm®) peakE irradiation$i-& v
8.35 ppm $-Z¢] NOE~} vJelstei(Fig. 3-2). 8.35 ppm<]
peak= histidine 169] aromatic ring®] C-2H peake]t}.
walAd —~1.25 ppm F22¢] CH; peak= histidine 16 %
Z¢] amino 4+2] methyl”) & & <= 9lck. DNA T Z 2]
7%= peak ¥ 3}9] oFsto] DNA I A 32] 73-9-9F E5tcth
~-0.992 —1.25 ppmsl] A EF peaks} “iepA] 24sko
—0.5~0.5 ppm, 28] I 9.5~10 ppm <] peak 7+ = HI=
zpgie}.

T Endo V2| DNA IIgle| S#fx| MA| 2ojt uxpd
Peak #3530 g5k Q&Y

ol o] Al de) NMR peaks Ae) 3344
TZE A yhd sl indicatore]th o]S A 4 H 4
peaks aromatic ringol] 9}8f ring-current shift¥l me-
thyl7}2] peakZ F= o]Fo} glch o] E peaks =Y
A2 denature A # 32722 9% 51 gle] 2ok Ty Endo
Vel DNA® complex #Ae2 ¢ 324 peak
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Fig. 2. 1) Root mean square (RMS) differences of the chemical shifts between the proton signals of DNA II and DNA TII (upper
figure for the plus strand and lower figure for the minus strand).
2) Root mean square (RMS) differences of the chemical shifts between the proton signals of DNA II and DNA I (upper figure

for the plus strand and lower figure for the minus strand).
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Fig. 3. 1) The high-field and low-field resonances of T, Endo
V and its complexes with DNA I in H;0. The molar ratio
of T, Endo V to DNA was 1, and the concentration of T, Endo
V was 0.5 mM.

2) NOE difference spectra (off-resonance minus on-resona-
nce). The peak (—1.25 ppm) are saturated for 200 ms.
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(—09% — 125 ppm)E GAE=F S7HA 7HHA] B
#tiFig. 4). NaCl F=& 16 M7HA F7HAASE —09
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Fig. 4. Effects of increasing concentration of NaCl on the
high-field resonances of T, Endo V * DNA II complex, with
different ratios of NaCl to T, Endo V * DNA II complex. The
concentrations of NaCl are respectively 0.3 M, '1.3 M, L6 M.
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ppm®] peak$} —1.25 ppm<] peak+ 2] ®Hglo] gl
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(1]

Cyclobutane-type pyrimidine dimer®] £xj7} DNA
Fzol distortiong de vty <42l el Dimers]
Z )= DNA2] melting temperature® w331 (Hayes 5,
1971), aldehyde 3 Ad-&- 2 =] A5} (Shafranovskaya 5,
1973), single strand-specific endonucleasecy w3t ¥h-g-
A& =glciLegerski 5, 1977; Heflich 5, 1977). NMR
dataZ# € thymine dimer 5% F44ql FaHsE=
WA AAFERH I v 2A s S Ysdth & th-
ymine dimer & DNA duplexi B-form DNAe]A] of
7}+9] distortionTh& el F23 HEE dimer site
2R o]l%o2 Hxl HEejzg ¢gten, dimer
site?] 5" 2R} 3 Fo] ] F5 & 9 Uik DNAS]
imino proton peak2] chemical shift2%¥ thymine di-
mer &8 DNA(DNA IIDel 4 371 2] hase pair(TAS5, TAS,
GC7)2] gzglo] oFsle H9lont A=A dgh&
tutesd

Proteine] DNAE 7}81-& v protein®] 7232 o
AR = peak W37t AT AR Aol A dofytet,
TTe2-& §H-3h= DNA 112} 797} AT wjd-& &3}

m 128
Tyr 129
His 16

A

\
Tyr 137

4
Tyr 131 Qﬁt

Tyr 132

Fig. 5. Relative orientation of His 16 side chain to the side
chains of aromatic C-terminal amino acid (WYKYY). These
data is from a X-ray crystal structure of T, Endo V.

= DNA [¥c}% peak ¥W3}7} Zioh DNA 112 71318 o
el b= 527303 peakrt o] =2 Ql7HE NOEE #ald)
A3} His 16 T92h= A& dsich wepd o] 12L& &
Ao F cimAle] T3Pt Aot S-S o 7+ vk His
163} |- 7}71-8 $]x ol Trp 1283} Tyr 1297} &3k}
(Fig. 5). Trp 1283 Tyr 129+= T, Endo V9] C-terminal
aromatic ring clusterdl WYKYYd| &35l o] ¥$+=
DNA2}¢] bindingel| #eddhs F-92 FE55E FHeorh
DNA 19} T, Endo V& complex 4 &8-& E71537F Abelic).
0]7]¢ T, Endo V7} thymine dimer 3 DNAE %
o]l digestsli¥|z]7] wjF<] NMR &F#4o) E7}53lch
w}2h4] DNA I, DNA I1¢} Ty Endo V& complex A& 2
22E modeld 5T 4 ol sich

duta ¢l DNA A% b A%, T, Endo V&= ¢}
9] arginine® lysine #7)%& -3l3L vk Protein
X9 9] electrostatic potential®] graphic display & 53l 4]
arginine} lysine2] positive charge”} protein®] §HZ:of|
2972 vehia olv A-S dstelFig. 6). whehA] o] F
817} DNAS} electrostatic interaction& 3t = 49
bl =2} Arg 262 T, Endo V71 nontarget DNAS
scanningshted "3 AV|E2 <4HA JciDowd 5,
1990). Arg 26-2- T, Endo V¢] glycosylase Z43} 42
o1zl Glu 23%% 747 Aglel Y25k 9lokFig. 6).
Glu 233} Arg 262 T, Endo V& AAF=0f| A helix H
1ol Z=Z)3ch wieba] o] helix Hlo] DNA<Le] Hgd
Do ol 7L 225 4 9} Ty Endo V= Ctermi-
nalel] aromatic ring amino acidz} %3} sequence(WY-
KYY)E z3 glck o] ¥4 2] point mutation 3}
ZXE o] 47} thymine dimer specific bindingel]
oJ gt g5 A 2 oHStump 5, 1988). ©] aromatic seg-
ment+= T, Endo V& target siteol] &8} 21X A7) =
ZF83F 9L e A 2ok

DNA I=} DNA II+ non-specific DNA9| X E-3}1
NMR dataZ %3] T. endonuclease V7} ¢]5 DNAE

Fig. 6. Schematic drawing of T, Endo V from a X-ray crystal
structure. The shaded area represents a cluster of positive
charges.
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TEE 4= gloke AS 4ot} whebA thymine-thymine(-
TT-)® o] T, endonuclease V2] DNAZ %] £23 7
72t} DNA 2% ol a2 gpecific DNASHE 743 AgS
3h} non-specific DNAgHE oF§r Z3HEFE electrostatic

AgHhS g} weka] AEE S 271719 2F3k non-spe-
cific 22 474 3= DNAs} iz Rejgdd). T,
Endo V * DNA II B-&o] NaCl& 713 =% 16 M
717 &8 2AAd 2] peak (—0.9 ppm, —1.25 ppm)
ol WE7} 9185 & 5 slvk @2ts] DNA I+ non-speci-
fic DNA=Z}®. #}7) 3ol semi-specific DNAZIZ & <
Aot

ZAtel 2

o] =EE “Aedishz WAsIF B $eEATAN 1992

D)ok BAAER AlepRATE A ge) skl AT
8" A=

=
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