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ABSTRACT have evolved to correct the damage caused by UV light. In
] ) addition to direct reversal of the damage by DNA photolyases,
Schizosaccharomyces pombe ultraviolet DNA endo- various excision repair pathways have evolved that can either be
nuclease (UVDE or Uvelp) has been shown to cleave highly specific or non-specific for CPDs and 6-4PPs. Photo-
5' to UV light-induced cyclobutane pyrimidine dimers lyases specific for either CPDs or 6-4PPs have been identified
(CPDs) and pyrimidine-pyrimidone (6—4) photopro- and characterized (3—-6) and these repair Wmabe by
ducts (6-4PP). This endonuclease is believed to light-dependent direct reversal of the DNA to the undamaged
function in the initial step in an alternative excision state. The nucleotide excision repair pathway has a wide species
repair pathway for the removal of DNA damage caused distribution and is comprised of a coordinated series of steps. The
by exposure to UV light. An active truncated form of UV photoproduct is excised by a dual incision event that occurs
this protein, A228-Uvelp, has been successfully over- at a distance'sand 3 to the lesion by a multiprotein complex.
expressed, affinity purified and partially characterized. Cleavage is followed by displacement of the damage-containing
In the present study we present data from a detailed oligonucleotide, gap filling by DNA polymerase and finally
substrate SpeCIfICIty trial. We have determined that the |igation (1) Base excision repair (BER) invo'ves an N_g'ycosy_
substrate range of Uvelp is much greater than was lase/AP lyase cleaving theglycosidic bond of the'pyrimidine
originally believed. We demonstrate that this DNA of the CPD and subsequently incising the phosphodiester
damage repair protein is capable of recognizing an backbone at the abasic site (AP site) viglgase mechanism
array of UV-induced DNA photoproducts ( cis-syn-, (7 8). A third disinct excision repair pathway for the removal of
trans-syn |- and trans-syn |l CPDs, 6-4PP and Dewar  yv damage has also been descrik@e11). This ‘alterndve
isomers) that cause varying degrees of distortion in a excision repair’ pathway was first describedihizosaccharo-
duplex DNA molecule. We also demonstrate that myces pombeells where ultraviolet DNA endonuclease (UVDE
Uvelp recognizes non-UV-induced DNA damage, such or Uvelp, encoded by thevel+gene) makes an initial incision
as platinum-DNA GG diadducts, uracil, dihydrouracil directly 5 to both CPDs and 6-4PPK2,13).Schizosaccharo-
and abasic sites. This is the first time that a single DNA myces pombdJvelp homologs have also been identified in
repair endonuclease with the ability to recognize such Neurospora crassél3) andBacillus subtilis(14). Recently, we
a diverse range of lesions has been described. This have reported the overexpression, purification to apparent
study suggests that Uvelp and the alternative excision homogeneity and initial enzymatic characterization of a truncated
repair pathway may participate broadly in the repair of form of Uvelp (15). This proteinAR28-Uvelp) contains a
DNA damage. deletion of the N-terminal 228 amino acids, but remains active
and stable over long periods of storage.
INTRODUCTION Uvelp is capable of cleaving batis-synCPDs (cs-CPD) and

6-4PPs(12,13). CPDs and-@PPs are the most frequently
Ultraviolet (UV) light induces two major types of photodamageoccurring forms of UV-induced damage but there are significant
in cellular DNA, cyclobutane pyrimidine dimers (CPDs) anddifferences in the structural distortions induced in DNA by these
(6—4) photoproducts (6—4PPs) (1). Persistence of these lesidn® lesions. Incorporation of a cs-CPD into duplex DNA causes
can interfere with essential processes such as transcription arasignificant bending or unwinding of the DNA heib6—21)
DNA replication and may lead to mutation, cell death oland destabilizes the duplex bi.5 kcal/mol (19). It has been
neoplastic transformatidt,2). Vaious DNA repair mechanisms demonstrated that this relatively small structural distortion allows

*To whom correspondence should be addressed at: Department of Biochemistry, Emory University School of Medicine, 4128<Ralas@enter,
Atlanta, GA 30322, USA. Tel: +1 404 727 0409; Fax: +1 404 727 3954; Email: medpwd@emory.edu



Nucleic Acids Research, 1999, Vol. 27, No. 12257

CPD bases to retain most of their ability to form Watson—Crickpecificity for UV-induced DNA, but should be renamed in order
hydrogen bond§l19,21). On the other hand, NMRudies have to reflect its expanded substrate range. The role of this enzyme in
suggested that 6-4PPs bend the DNA to a greater extent tiha initiation of repair of a variety of DNA damages in addition
cs-CPDs (21,22) and there is a defitaation of (6 kcal/mol (19) to CPDs and 6-4PPs is also discussed in this context.
in the DNA duplex with a resulting loss of hydrogen bond
formation at the ‘3side of the 6-4PP DNA addu(@2). The MATERIALS AND METHODS
ability of Uvelp to recognize such different structural distortion
suggested that it might also recognize other types of DN
damage. Cultures of Saccharomyces cerevisia@Y150) harboring
CPDs can occur in DNA in four different isofornessfsynl  pYex4T-1 plasmids (Clontech) encoding gluthathiSneansfer-
(csl),cis-synll (csll), trans-synl (tsl) andrrans-syrll (tsll)] (23). ase (GST)-tagged full-length (G-Uvelp) and truncated
Pyrimidine dimers exist predominantly in the csl form in dupleXGA228-Uvelp) forms of Uvelp were induced at mid log phase
DNA whereastrans-syn (ts) dimers are found primarily in with 0.5 mM CuSQ. Cells were harvested 2 h after induction and
single-stranded regions of DN@®4). 6-4PPs are alkali-labile crude cell lysates were prepared in 50 mM Tris (pH 7.5), 100 mM
lesions at positions of cytosine (and much less frequentigDTA, 50 mM NaCl, 10 mM8-mercaptoethanol and 5% glycerol
thymine) located ‘3o pyrimidine nucleoside®5). 6-4PPs are in the presence of protease inhibitors (10 ng/ml pepstatin, 3 nM
not stable in sunlight and are converted to their Dewar valenéupeptin, 14.5 mM benzamidine and 0.4 mg/ml aprotinin) using
isomers upon exposure to 313 nm li28,27). In thiswidy we ~ 9lass beads. RecombinanhZ88-Uvelp was purified to appar-
investigate the specificity ah228-Uvelp for a series of Uy €nt homogeneity using a gluthathione—Sepharose 4B (Pharma-
photoproducts: cs-CPD, tsl-CPD, tsll-CPD, 6-4PP and th@d) affinity column and\228-Uvelp was prepared by thrombin
Dewar isomers. We also investigated the possibility that Uve1fieavage on the affinity column as described previdisy.
may recognize other types of non-UV photoproduct DNA )
damage. We describe the activity of Uvelp on DNA oligonucled>ST preparation

tide substrates containing a variety of lesions, including &accharomyces cerevisig@Y150) cells were transformed with
platinum-DNA GG diadduct (Pt-GG), uracil (U), dihydrouracil the pYex4T-1 expression vector without any insert (i.e. expressing
(DHU), 8-oxoguanine (8-oxoG), AP sites, inosine (I) andGST alone). These cultures were induced with Gua@ cell
xanthine (Xn). This collection of substrates contains base lesiogates were prepared as described for the Uvelp proteins. Purified
that induce a broad range of different DNA structural distortiongsecombinant GST was affinity purified on a gluthathione—
The results of these studies indicate that the substrate specifi@gpharose column in an identical manner A2Z8-Uvelp (see
range of Uvelp is much greater than was originally thoughibove) and was included in all of the assays performed in this
(11,13,14,28). Therefore weuggest that this endonucleasestudy as a control for trace amounts of potential contaminating
should no longer be referred to as UVDE, which implies &ndonucleases in the Uvelp protein preparations.

velp preparations

Table 1. Damaged oligonucleotide substrates used in this study

Substrate Damaged oligonucleotide sequence<8') Adduct Opposite base(3)
(A) cs-CPD 30mer CATGCCTGCACGAA"T AAGCAATTCGTAAT cs-CPD AA

(B) UD-30mer CATGCCTGCACGAATAAGCAATTCGTAAT Undamaged AA

(C) cs-CPD 49mer  AGCTACCATGCCTGCACGAAT AAGCAATTCGTAATCATGGTCATAGCT cs-CPD AA

(D) tsI-CPD 49mer AGCTACCATGCCTGCACGART AAGCAATTCGTAATCATGGTCATAGCT tsI-CPD AA

(E) tslI-CPD 49mer AGCTACCATGCCTGCACGART AAGCAATTCGTAATCATGGTCATAGCT tsll-CPD AA

(F) 6-4PP 49mer AGCTACCATGCCTGCACGAAT AAGCAATTCGTAATCATGGTCATAGCT 6-4PP AA

(G) Dewar 49mer AGCTACCATGCCTGCACGART AAGCAATTCGTAATCATGGTCATAGCT Dewar AA

(H) Pt-GG 32mer TCCCTCCTTCCTTA®G* CCCTCCTTCCCCTTC Pt-GG cc

() U 37mer CTTGGACTGGATGTCGGCARAGCGGATACAGGAGCA u AlG

(J) DHU 37mer CTTGGACTGGATGTCGGCACAGCGGATACAGGAGCA DHU AIG

(K) AP 37mer CTTGGACTGGATGTCGGCAXAGCGGATACAGGAGCA AP AIG

(L) I 31mer TGCAGGTCGACKAGGAGGATCCCCGGGTAC | TIC
(M) Xn 31mer TGCAGGTCGACXAGGAGGATCCCCGGGTAC Xn TIC
(N) 8-0x0G 37mer CTTGGACTGGATGTCGGCAXAGCGGATACAGGAGCA 8-o0x0G AIT/GIC

cs-CPDsgis-syncyclobutane pyrimidine dimers; tsl-CPDans-synl CPD; tsllI-CPD trans-synll CPD; 6—4PP, (6—4) photoproducts; Dewar, a Dewar isomer;
Pt-GG, a platinum—DNA diadduct; U, uracil; DHU, dihydrouracil; AP, abasic site; |, inosine; Xn, xanthine ; 8-0xoG, 8-oxoguaniteinduced dimer between
two adjacent thymines; *, a cisplatin-induced diadduct between two adjacent guanines; X, position at which the adductsRJ|,Xdldnd 8-oxoG are incorporated
into the oligonucleotide substrates

aThe bases that are placed opposite to the lesions on the complementary DNA strand.
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Figure 1. Structures of DNA damage lesions incorporated into the synthetic oligonucleotides used in thi&)stidynuced lesionscis-syncyclobutane dimer
(cs-CPD), (6—4) photoproduct (6—4PP), Dewar valence isomer (Déraas;synl cyclobutane dimer (ts-I-CPD) amcns-synll cyclobutane dimer (ts-11-CPD).
(B) Platinum—DNA diadductcis-[Pt(NH3){d(GpG)-N7(1),-N7(2)}] (Pt-GG). C) Non-bulky DNA damage. U, uracil; DHU, dihydrouracil; AP, abasic site; Xn,
xanthine; 1, inosine; 8-0xoG, 8-oxoguanine.

Oligonucleotides containing DNA damage described previousl{29). The 49merlgonucleotides contain-

ing a ¢s-CPD (cs-CPD 49mer), a tsl-CPD (tsI-CPD 49mer), a
The DNA damage-containing oligonucleotides used as substratsfi-CPD (tslI-CPD 49mer), a 6—4PP (6—4PP 49mer) and a Dewar
in this study are presented in Table 1. The structure of eadomer (Dewar 49mer) were synthesized as described previously
damaged lesion is presented in Figure 1. The 30mer cs-CP@9). The digonucleotide containing a platinum—-DNA GG
containing oligonucleotide (cs-CPD 30mer) was prepared abadduct (Pt-GG 32mer) and its complementary strand were
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prepared as previously describéD). The uracil-ontaining corresponding to the cleaved and uncleaved substrate were
oligonucleotide (U 37mer), the undamaged oligonucleotides arahalyzed and quantified by Phosphorlmager analysis (Molecular
the complementary strand oligonucleotides for all the substratBsynamics model 445SI) and autoradiography.

were synthesized by the Emory University Microchemical

Facility. The DHU-containing oligonucleotide (DHU 37mer) WasReSULTS

synthesized by Research Genetics (Birmingham, AL). The

oligonucleotides containing inosine (I 31mer) and xanthine (Xt/velp cleavage of CPD-containing substrates

31mer) and their complementary strand were a gift from Dr Yok

Wah Kow (Emory University, Atlanta, GA). The 8-oxoguanine-

containing 37mer (8-0xoG 37mer) was synthesized by Nationg|'9/€ ATP-independent incision event immediatéip$he UV
Bioscience Inc. photoproduct and generating termini containirgy&iroxyl and

5'-phosphoryl groupg12). We have acently described the
. overexpression and purification to apparent homogeneity of
Preparation of labeled substrates recombinant Uvelp as a GST-tagged, truncated protein,

The cs-CPD 30mer, the 49mer UV photodamage-containirfg228-Uvelp, and its corresponding thrombin cleavage product,
oligonucleotides and the Pt-GG 32mer wererfil-labeled with  A228-Uveln(15). The purified @G288-UvelpA288-Uvelp and
[y-32P]ATP (3000 Ci/mmol; Amersham) using polynucleotidecrude cell lysates of recombinant G-Uvelp afi?&8-Uvelp
kinase(31). The tigonucleotides U 37mer, DHU 37mer, | 31mer, Make an incision directly $o CPDs similar to that observed with
Xn 31mer and 8-0x0G 37mer wereshd-labeled using terminal the native proteiigl2,15).

transferase anaf32P]ddATP (3000 Ci/mmol; Amershar(§2). In this study, we have used both &nd 3-end-labeled duplex
End-labeled duplex oligonucleotides were gel purified on a 209%PD 30mer (cs-CPD 30mer) to demonstrate the ability of Uvelp

non-denaturing polyacrylamide gel. DNA was resuspended #@ cleave a CPD-containing substrate at two sites (Fig. 2A and B).
ddH,0 and stored at —2C. The primary product (arrow a) accounted f®0% of the total

product formed and resulted from cleavage immediatetythe
damage. The second incision site was located 1 nt upstream and
yielded a cleavage product (arrow b) which represented the
5'-End-labeled duplex U 37mer (20-50 pmol) was incubated wittemaining 10% of the product formed. This minor product is 1 nt

6 U of uracil DNA glycosylase (UDG) for 30 min at@7in  shorter or longer than the primary product depending on whether
UDG buffer (30 mM HEPES-KOH, pH 7.5, 1 mM EDTA and 5'- or 3-end-labeled substrate is being examined. The longer
50 mM NacCl) to generate the AP site-containing oligonucleotideninor product formed when the substrate waengl-labeled

(AP 37mer). The DNA was extracted with PCIA (phenol:chloro{Fig. 3B) is indicative of a secondary incision site rather than the
form:isoamylalcohol, 29:19:1 v/viv) equilibrated with HE buffer presence of a contaminatingekonuclease activity. The same
(10 mM HEPES-KOH pH 8.0 and 2mM EDTA) with 0.1% cleavage pattern was observed for each type of Uvelp preparation
8-hydroxyquinoline and was evaluated for its AP site content bysed, i.e. crude extracts of cells expressid@Zs-Uvelp and

EJvelp isolated frons.pombevas first described as catalyzing a

Preparation of AP substrate

cleavage with 0.1 M piperidine at 90 for 20 min. affinity-purified GA228-Uvelp and228-Uvelp (Fig. 2A and B,
lanes 24, respectively), as well as extracts of cells expressing
Uvelp assays G-Uvelp (data not shown). No cleavage products were observed

when the ¢s-CPD 30mer substrates were incubated with buffer
Reactions with various Uvelp preparations were carried out ingaly or purified recombinant GST prepared and affinity purified
total volume of 20ul and contained reaction buffer (20 mM in an identical manner to the purified Uvelp proteins (Fig. 2A
HEPES pH 6.5, 100 mM NaCl, 10 mM Mg@nd 1 mMMnCJ})  and B, lanes 1 and 5, respectively). This control eliminates the
and end-labeled oligonucleotide substrate (10-30 fmol). Thsossibility that these DNA strand scission products are formed as
substrate/buffer mix was incubated for 20 min at@#with g result of the presence of trace amounts of non-specific
Uvelp. In the case of G-Uvelp andZ28-Uvelp crude cell endonuclease contamination. We conclude that Uvelp recog-
lysates 5ug of protein were used for all assays. Fifty nanogramgizes a duplex cs-CPD-containing oligonucleotide substrate and
of affinity-purified GA228-Uvelp (0.75 pmol) ans28-Uvelp cleaves this substrate at two sites. The primary site is immediately
(1.2 pmol) were incubated with all of the UV-induced photopros' to the damage and the secondary site is 1 tut the site of
ducts. For all other assays Ojtg of affinity-purified damage.
GA228-Uvelp (7.5 pmol) and228-Uvelp (12 pmol) were
incubated with the substrates. Two micrograms of affinity-puriy,
fied recombinant GST (72 pmol) was incubated with each
substrate under identical reaction conditions to control fodvelp is capable of cleaving both CPDs and 6—-4PPs when they
potential contaminating nucleases which may have co-purifiege incorporated into oligonucleotide substréies13). These
with the Uvelp preparations. DNA repair proteiisdherichia lesions induce substantially different distortions in duplex DNA.
coli exonuclease IIE.coliendonucleases lll and IE,coliuracil ~ The ability of native Uvelp to recognize both of these damages
DNA glycosylase an8.cerevisiaendonuclease lll-like glycosy- prompted us to investigate whether this endonuclease was also
lase (Ntg)] specific for each oligonucleotide substrate were als@pable of recognizing other forms of UV-induced photodamage.
incubated with these substrates under their individual optimuifo determine the substrate range of recombih228-Uvelp for
reaction conditions, as a means to determine the specific DNAV-induced bipyrimidine photoproducts, various Uvelp prep-
cleavage sites of Uvelp. The reaction products were analyzedamations were incubated with synthetic 49mer oligonucleotides
20% denaturing (7 M urea) polyacrylamide gels (DNA sequencingontaining different forms of UV damage (Fig. 1A). The
type gels) as described previougq$3). The DNA bands substrates used in these experiments weeadlabeled duplex

velp activity on bipyrimidine UV photoproducts
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Figure 2. Sites of Uvelp cleavage of CPD-containing substrates. Various

Uvelp preparations were incubated with & 3-end-labeled (*) cs-CPD
30mer. Cleavage products corresponding to Uvelp-mediated strand scission of . - L .

cs-CPD 30mer were visualized on a DNA sequencing-type g5 {End Ilegure _3. U_velp activity on bipyrimidine UV—|r_1d_uced photoproducts. To
labeled cs-CPD 30mer duplex was incubated with buffer only (lane 1), an S‘i}e"';mrlee dlf gr\:gtlc)%rc\;\éiatjsct:api?ﬁiem erig':?:?slsz%or?q bz:oealli Szi;trr:sns]ingf
extract of cells overexpressind\@8-Uvelp (5ug) (lane 2), affinity-purified j ! - )
GA228-Uvelp (lane 3), affinity-purified228-Uvelp (50 ng of each) (lane 4) ]E;AdZZB-Uvelp (Ianle 1) and G(-ijelp (lane lel(ﬁOf each) and a:cfflnltyr;purl-

and affinity-purified GST alone (Rg) (lane 5). B) 3-End labeled cs-CPD he A228-Uv_e1p (lane 3) an [QZS-Uvelp (arle 4) (50 ng of eac ) were
30mer duplex was incubated with the same UveLp preparations. Order of lanelicubated with the following "&end-labeled (*) duplex oligonucleotide

is the same as for (A). Arrows a and b indicate the primary and secondarySleJSt"’E’ltes A) cs-CPD 49mer, §) 6-4PP 49mer, Q) tsI-CPD 49me/|:,
cleavage sites. The photoproduct (TAT corresponds to CPD) containing a(P) $SII-CPD 49mer andE) Dewar 49mer. The UV photoproduct (T"T)

section of cs-CPD 30mer is shown at the bottom of the figure. For simplicity containing a sect‘ion_ of the sequence is shown at the bottom of the figure.
the complementary strand is not shown. Arrows a and b indicate the major and minor products formed by Uvelp-

mediated cleavage. Arrow uc indicates the uncleaved substrate.

cs-CPD 49mer, tsI-CPD 49mer, tsll-CPD 49mer, 6-4PP 49métie formation of any cleavage products (data not shown). We
and Dewar 49mer (Table 1). Generally, purifiei228-Uvelp conclude that Uvelp recognizes and cleaves these five UV-in-
andA228-Uvelp cleaved all of the bipyrimidine photoproductduced bipyrimidine photoproducts in a similar manner and that
substrates in a similar manner with respect to both the site atitby are substrates for this enzyme. This is the first time that a
extent of cleavage (Fig. 3A-E, lanes 3 and 4). The cleavagingle protein endonuclease capable of recognizing such a broad
pattern observed when crude cell lysates of G-Uvelp anmdnge of UV-induced photoproducts has been described.
GA228-Uvelp were incubated with the substrates was less

consistent (Fig. 3A-E, lanes 1 and 2). Very onv levels of prpducggvelp activity on an oligonucleotide substrate

were o_bserved _when these extracts were incubated with t Sntaining a platinum-DNA GG diadduct

Dewar isomer (Fig. 3E, lanes 1 and 2). No cleavage products were

detected when the damaged substrates were incubated with butfér have shown that Uvelp is capable of cleaving a range of
alone or purified recombinant GST, demonstrating that no oth&iv-induced photoproducts. All of these lesions cause different
DNA repair proteins were responsible for the cleavage of theelical distortions when present in duplex DNA. To determine
substrate (data not shown). In addition, incubation of Uvelp witwhether A228-Uvelp was capable of recognizing distortions
end-labeled undamaged substrate (UD 30mer) did not resultéaused by non-UV photoproduct diadducts, we investigated
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whether Uvelp recognized an oligonucleotide containing a 123456
platinum—DNA lesioncis-Diamminedichloroplatinum(ll) (cis-
platin) is a widely used antitumor drug that induces several types
of mono- and diadducts in DNA. One of the major, biologically
relevant adducts formed results from the coordination of N-7 of
two adjacent guanines to platinum to form the intrastrand
crosslink cis-[Pt(NH3)2{d(GpG)-N7(1), -N7(2)}] €isPt-GG)

(Fig. 1B; 34). A 5end-labeled duplex 32mer oligonucleotide
with a single platinum intrastrand crosslink between positions 16
and 17 (Pt-GG 32mer) (Table 1) was incubated with either
GA228-Uvelp orA228-Uvelp and the reaction products were
visualized on a denaturing polyacrylamide gel (Fig. 4). The
3'—5' exonuclease activity &.coli exonuclease Il was used to NH,
identify the specific site of cleavage of Uvelp, as a platinum—

DNA diadduct will terminate or stall the digestion of the duplex

DNA at this site (35,36). Incubian of 5-end-labeled Pt-GG =1
32mer with exonuclease lll (Fig. 4, lane 3) generatené-la- w5
beled oligonucleotide fragments witht8/droxyl termini. Base-

specific chemical cleavage (Fig. 4, lane 1) of the same substrate

generates 'Eend-labeled fragments witH-Bhosphoryl termini

which consequently migrate faster than the exonuclease |l

product on DNA sequencing-type gels. (Due to over-reaction de \ /
with hydrazine all of the nucleotides are revealed in the PL*
sequencing lane.)&228-Uvelp cleaved Pt-GG 32mén the A
GpG adduct position at two adjacent sites (Fig. 4, lane 4, arrows
¢ and d). The products (c and d) migrate with the exonuclease lll

products confirming that they havéi$droxyl termini. Com- Rigure 4. Uvelp activity on a platinum—DNA GG diadduct-containing

_par_lson with the Maxam-Gilbert seql_Jencmg ladder (Flg. 4, lane ls)ubstrate. Affinity-purified @228-Uvelp (lane 4) anti228-Uvelp (0.5.9)
indicates that the &228-Uvelp-mediated cleavage products ar€(ane 5) were incubated with-8nd-labeled duplex (*) Pt-GG 32mer. This
generated by cleavage at sites located 2 and 3 td Be  substrate was also incubated with buffer alone (lan€.@))i exonuclease Il
platinum—DNA GG diadduct. The &228-Uvelp-mediated ﬂ?g}lbpfrft)mega) (lane 33 and Sﬁi'}i%pu"lﬁed GSITP?d('a”e 6). M?X;‘m r
e loert sequencin: ane (0} € olilgonucleotide was carriea out to
Clea\./age product_s were quantlfled by Phos_phorlm_ager analy identify the siteqof clea%/age. Arrows ¢ andgd indicate the major and minor
and it was determined that cleavage at the primary site ¢ (arrow glavage sites, respectively. The platinum-DNA GG diadduct containing a
accounted fofB0% of the total product formed, while cleavage section of the substrate is shown at the bottom of the figure. The sequence of
at the secondary site (arrow d) accounted for the remaining 10%e complementary strand is omitted.
In contrastA228-Uvelp appeared to cleave Pt-GG 32mer only
at the primary site ¢ (i.e. 2 nt @ the damage) (Fig. 4, lane 5).
When the quantity of protein used and the total amount of produg,
formed is taken into account it is estimated that the cleavage{é

Pt-GG 32mer by Uvelp is40-fold less efficient than cleavage ~ap jtes arise in DNA from the spontaneous hydrolysis of

of the UV-induced photoproducts. Despite this significant, : ; : i
decrease in efficiency it can be concluded that Pt-GG 32mer i%éﬁlgt%%y:gs;?ﬁ%éﬁ?;g:zIgigéﬂgt;‘zgnzg:‘gggﬁé’gsee
substrate for Uvelp, albeit a poor one, and more importantly thal o1 sically 5 to the site to yield &' 3ydroxyl terminus, AP
Uvelp is capable of recognizing and cleaving a non-UY(aqeq cleave by B-elimination mechanism leaving & @3-
photoproduct dimer lesion. unsaturated aldehyd89). To determine if Uvelp were able to
recognize and cleave AP sites we incubated affinity-purified
Uvelp activity on substrates containing non-bulky GA228-Uvelp andA228-Uvelp and crude extracts of cells
DNA damage expressing G228-Uvelp with a send-labeled oligonucleotide
substrate containing an AP site placed opposite a G residue (AP/G
The ability of Uvelp to recognize and cleave non-UV photopro37mer). The products were analyzed on a DNA sequencing-type
duct DNA diadducts prompted us to investigate whether othgel as before (Fig. 5A, lanes 3-5, respectivéiggherichia coli
types of base damage could also be recognized by this versagitedonuclease Il (which has an associated AP lyase activity) and
endonuclease. These damages included abasic sites (AP sitEg)oli endonuclease IV (a hydrolytic AP endonuclease) were
uracil (U), dihydrouracil (DHU), inosine (1), xanthine (Xn) and used in order to determine if the cleavage products formed during
8-oxoguanine (8-oxoG) (Fig. 1C). For these studies, we utilizeidcubation with Uvelp preparations were as a result of a
37mer oligonucleotide substrates with the damages placed n@aglimination mechanism or hydrolytic cleavage (Fig. 5A, lanes
the center of the molecule and within the same DNA sequen@eand 6, respectively). Uvelp recognized the AP site in this
context (Table 1). These oligonucleotides, AP 37mer, U 37magjigonucleotide substrate and cleaved it in a similar manner to
DHU 37mer and 8-oxoG 37mer, were incubated with variouk.coli endonuclease IV. Incubating the Uvelp proteins with an
Uvelp preparations and the reaction products were analyzed aigonucleotide substrate where the AP site was placed opposite
DNA sequencing-type gels. In addition, 31mer oligonucleotideto an adenine residue (AP/A 37mer) resulted in no significant

%

HenooononNEna=S=S

#53' CCTTCCTTCCGGCCCTCCTTCCC., 2°

ntaining inosine (I 31mer) and xanthine (Xn 31mer) were also
sted as potential Uvelp substrates (Table 1).
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change in the amount of cleavage product formed (Table 2). To
further support the notion that Uvelp recognizes AP sites, we
used unlabeled cs-CPD 30mer as a specific competitor for Uvelp.
Addition of 40x unlabeled CPD 30mer to reactions of a

A

_ Uwlp gc
NTEy, Engst T
U

5'-end-labeled AP/G 37mer with the purifiedA228-Uvelp
resulted in ariBb0% decrease in the amount of product formed
(Fig. 5B, lane 5). The addition of 4Qunlabeled undamaged
30mer (UD 30mer) had no effect on the amount of product
observed (Fig. 5B, lane 7). We conclude that Uvelp is capable of
recognizing AP sites and that changing the complementary base
to G or A has little effect on the extent of cleavage.

)

"
-
= =

a _.. -
h —»
Table 2. Activity of Uvelp on oligonucleotide substrates containing uracil, 1234567
dihydrouracil and AP sites
B

>

T
Protein U/G _ U/A _ DHUIG DHU/A APIG  AP/A P
NT B ]

aPositive 90-100 50-60 70-80 15-20 90-100 90-100 UC —p
control

GA228- 8-12 1-5 37-42 10-15 90-100 90-100
Uvelp

GST 1-5 1-5 1-5 1-5 1-5 1-5

The percent of substrate converted into total DNA cleavage products formed
when the DNA damage lesion is base paired with a G or an A in the complemen-
tary strand. Details of experiments are outlined in Materials and Methods.
3Positive control: when analyzing U 37mer, uracil DNA glycosylase (UDG)
was used as a positive control; for assays involving DHU 37me8. tleeevi-
siaeendonuclease llI-like homolog Ntgl was used as a positive cdatcolj
endonuclease IV was used as a positive control for AP endonuclease activity.

A =P i -
b—* 1234 567

Uracil lesions can occur in DNA by the spontaneous deamin- C A
ation of a cytosine residue (1). Dihydrouracil is a pyrimidine e l ) .L .
photoproduct that is formed by the deamination of cytosine with Er-""'
subsequent ring saturation upon exposure to ionizing radiation

under anoxic condition@0). To determine if Uvelp regnized

UI’.aCI| and dihydrouracil Ies_|ons we 'T‘CUbatedz_‘z,s'Uvelp Figure 5. (A) Cleavage of an oligonucleotide substrate containing an AP site
with 3'-end-labeled 37mer oligonucleotides containing uracil anthy Uve1p. To investigate if Uvelp was capable of cleaving an abasic site in a
DHU residues placed opposite to a G (U/G 37mer and DHU/Gydrolytic manner we preparedagd-labeled (*) abasic substrate, AP 37mer,
37mer). The results of this set of experiments are summarized find incubated this substrate with buffer alone (lang.&pli endonuclease i1

o B (AP lyase, lane 2), affinity-purified &228-Uvelp ané288-Uvelp (0.5ug of
Table 2. Purified @228-Uvelp cleaved U/G 37mer and DHU/G each) (lanes 3 and 4), extracts of cells overexpressk@@Uvelp (5ig)

37merin atypical Uvelp-mediated fashion: immediately#ie  (ane 5) E coli endonuclease IV (hydrolytic AP endonuclease, lane 6) and

position of the lesion to form a major product and again 1tot 5  purified recombinant GST (&) (lane 7). B) Competitive inhibition of AP site

the damaged site to form a minor product (data not shown). Thecognition and cleavage. To demonstrate that the products generated are a

major product accounted GB0% and the minor produco% =SuofUvelp medated deauage at he AP Ste, AP STmerwas cbated i

of the total Uvelp-mediated cleavage products formed. GA228-Uvelp (0.5.9) (lane 3) with 18 and 46 unlabeled cs-CPD 30mer

Per3|3tence_ of uracil 3:nd DHU Iespns throygh repllcathn MaYlanes 4 and 5, respectively) anckEhd 4& unlabeled UD 37mer (lanes 6 and

lead to the incorporation of adenine residues opposite the respectively). Arrows a and b indicate the primary and secondary

damaged base. To examine if Uvelp was equally efficient dfvelp-mediated cleavage products, respectively. Arrow uc indicates the
i ; ; ; ncleaved substrate. A portion of the sequence of the AP substrate is shown at

recogmzmg _uraC|I and DHU when they were base paired with aﬂﬁ)bottom of the figure. S corresponds to deoxyribose and p corresponds to

adenine residue we constructe_d the substrates U/A 37mer aBfbsphate. The location of the cleavage sites of endonucleasg)lia(E

DHU/A 37mer. The results obtained from the analysis of Uvelndonuclease IV (g) are also indicated. For simplicity the complementary

cleavage of these substrates are summarized in Table 2. Niand is omitted from the figure.

Uvelp-mediated cleavage products were observed when purified

GA228-Uvelp was incubated with the U/A 37mer (Table 2).

Incubating purified @228-Uvelp with DHU/A 37mer rather maintained (U/A or DHU/A), Uvelp either fails to recognize the

than DHU/G 37mer resulted in a 4-fold decrease in the amoulasion completely (U/A) or the extent of cleavage is significantly

of Uvelp-mediated cleavage products observed (Table 2). Uvedpcreased (DHU/A).

recognizes and cleaves uracil and DHU when they are placedAdditionally, the Uvelp preparations were incubated with the

opposite a G (U/G or DHU/G). However, when the lesions arfollowing substrates to determine if these lesions were capable of

placed in a situation where Watson—Crick hydrogen bonding lseing cleaved by Uvelp: inosine (the deamination product of
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adenine) and xanthine (the deamination product of guaninejcognizes tsll-CPDs has been descrigdd. This glycosylase
placed opposite a T or C (I/T 31mer, I/C 31mer, Xn/T 31mer analso cleaves substrates containing cs-CPDs and to a lesser exten
Xn/C 31mer) and 8-oxoguanine (a product of oxidative damagé#3l-CPDs, but it does not recognize 6-4PPs or Dewar isomers.
placed opposite all four bases (8-oxoG/G 37mer, 8-0xoG/Ahe Uvelp studies reported here are the first description of a
37mer, 8-0xoG/T 37mer and 8-0xoG/C 37mer). The amounts efngle DNA repair endonuclease capable of recognizing such a
Uvelp-mediated cleavage products formed for each of thgroad spectrum of UV-induced photoproducts. Another group has
substrates examined have been quantified as a percentage ofdlse observed Uvelp-mediated cleavage of a Dewar-containing
original substrate and are presented in Table 3. High levels photoproduct substrate (A.Yasui, personal communication).
products are observed when Uvelp is incubated with substratégetic studies should determine which of these substrates are
containing UV photoproducts, while low to moderate levels argreferentially processed by Uvelp.

observed when Uvelp is incubated with substrates containing UAll of the UV-induced photoproducts used in this study cause
DHU, Pt-GG DNA diadduct and Ap sites. Uvelp cleavage of theubstantially different distortions when they are incorporated into
complementary strand was not observed for any of the substratfplex DNA (19,21,27,42-44). It is pdbe that Uvelp is

examined in this study. recognizing the structural distortion caused by these DNA
damages as opposed to a specific lesion. To determine if this were
Table 3. Uvelp cleavage efficiency on different substrates the case we investigated if Uvelp was capable of recognizing a
non-UV-induced dimer-like lesion. Formation of ttie-Pt-GG
Substrate Percent cleavage intrastrand crosslink causes a bending in the double helical
cs-CPD 49mer 89 structure towards the major groove with a partial unwinding of
tsI-CPD 49mer 75 the DNA (45). This beding is not believed to prevent the

platinated strand from base pairing to its complement to form a

tsl-CPD 49mer » duplex, although there may be some effects on base stacking and
6-4PP 49mer 1 the stability of the duplex DN45,46). DNA cleavage pducts
Dewar 83 were observed when Uvelp was incubated with the platinum-
AP 37mer 12.5 containing substrate Pt-GG 32mer. Uvelp was less efficient
DHU 37mer 3 (CK0-fold) at recognizing and cleaving this substrate than it was
Pt-GG 32mer 25 at cleaving the cs-CPD 30mer substrate. We also observed a
U 37mer 1 change in the preferred site of cleavage when Uvelp was
8-0x0G 37mer 0 incubated_with Pt-GG 32mer. This_ change may be due to the
|31 conformational structure of the platinum—DNA diadduct—-Uvelp
mer 0 . .
i 31mer 0 complex. It is also possible that the presence of the metal and

appended ammine ligands in the major groove caused the
m%bserved shift in cleavage site. In addition, it is also noteworthy
that the 5deoxyribose of the adduct is fixed in the (%Bdo

aThe percent cleavage was calculated by quantifying the amount of Uvelp-
diated cleavage product formed when 300 ng of affinity-purifiadZ8-Uvelp

possible that this structural asymmetry on theide of the adduct
DISCUSSION affects the position of cleavage. These factors, taken together,

may also be responsible for the decrease in cleavage efficiency of

Uvelp is believed to initiate the first step in the alternativdJvelp when itis incubated with Pt-GG 32mer. Although Uvelp
excision repair pathway for UV photoproducts and is the onlig unique among UV repair enzymes in recognizing cs- as well as
known single protein endonuclease capable of recognizing at®tCPDs and 6-4PPs, it is not unique in recognizing a platinum
cleaving such a wide range of UV photoprodi@ts14). Uvelp adduct as well as either a CPD or a 6-4PP. Photolyases from
has been cloned, overexpressed and affinity purified in an actiecerevisiaeand E.coli have been shown to bind to platinum—
stable truncated fornfy228-Uvelp(15). The reslts presented DNA GG diadducts as well as CP48,49) and nuclease SP
here provide evidence that the substrate specificity range isblated from spinach leaves recognizes and cleaves DNA
Uvelp is much broader than was originally suspected. Based epntaining a platinum—DNA GG diadduct as well as 6—4B®s
these results, it is likely that Uvelp and its repair pathway may beWe have also demonstrated that Uvelp is capable of cleaving
involved in the repair of a number of different types of DNAa number of non-bulky DNA lesions: AP sites, uracil and
damage. dihydrouracil. The cleavage efficiency of Uvelp decreased

Uvelp cleaves immediatelyts CPDs and 6—4PPE2). Inthis  dramatically when U/G and DHU/G 37mer substrates were
study we demonstrate a second minor cleavage site (accountieglaced by U/A and DHU/A 37mer substrates. It is possible that
for (1L0% of the product formed) 1 nt upstream of the major sitédJvelp is recognizing a distortion caused by the formation of a
This minor product is only observed when greater amounts @fobble base pair between the uracil and DHU and the opposite
protein are utilized, as is the case in the assays described her& rather than the actual lesion itself. Changing the opposite base
is possible that this secondary product was unobserved previoutdly an adenine had no detectable effect on Uvelp-mediated
because of the limited quantities of partially purified nativecleavage of an AP site, however, this does not rule out the
S.pombdJvelp available. possibility that changing the base to either cytosine or thymine

We have demonstrated that Uvelp generates cleavage produntsy affect Uvelp cleavage of this substrate. We have recently
when it is incubated with oligonucleotides containing a variety afeported that Uvelp is capable of recognizing and cleaving
UV photoproducts: cs-CPDs, tsl-CPDs, tsll-CPDs, 6—4PPs amdismatched base pairs, indicating that the loss of hydrogen bond
Dewar valence isomers. Recently, a BER N-glycosylase whidbrmation is a significant factor in determining the substrate
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specificity of Uvelp (51). Itis not surprising therefore that Uvelp@1

Yonemasu,R., McCready,S.J., Murray,J.M., Osman,F., Takao,M.,

failed to recognize the inosine-containing substrates as it has beenYamamoto K., Lehmann,A.R. and Yasui,A. (198ticleic Acids Res25,

reported that inosine is able to form hydrogen bonded base pajs

with all four normal bases (52). Inowmtrast, in substrates
containing xanthine placed opposite a T or C (where hydroges
bond formation is unstabl®3) and 8axoguanine when it was
placed opposite all four bases no Uvelp-mediated cleavag®e
products were observed. It is clear therefore that the loss
hydrogen bond formation is not the sole factor in determining the
activity of Uvelp on uracil- and DHU-containing substrates. It i26
also apparent that the degree of DNA bending is not solel
responsible, as Uvelp recognizes lesions that induce minimal

1553-1558.

Bowman,K K., Sidik,K., Smith,C.A., Taylor,J.S., Doetsch,P.W. and
Freyer,G.A. (1994Nucleic Acids Res22, 3026—-3032.

Yajima,H., Takao,M., Yasuhira,S., Zhao,J.H., Ishii,C., Inoue,H. and
Yasui,A. (1995EMBO J, 14, 2393-2399.

Takao,M., Yonemasu,R., Yamamoto,K. and Yasui,A. (18@@)eic Acids
Res, 24, 1267-1271.

fg Kaur,B., Avery,A.M. and Doetsch,P.W. (1988pchemistry37,

11599-11604.

Rao,S.N., Keepers,J.W. and Kollman,P. (1984#)leic Acids Resl1,
4789-4807.

Wang,C.-l. and Taylor,J.-S. (19%pc. Natl Acad. Sci. USR8
9072-9076.

bending, such 6_13 ¢s-CPDs, and One.s that induce a much grei‘éerMiaskieWicz,K., Miller,J., Cooney,M. and Osman,R. (19R6)m. Chem.
degree of bending, 6-4PPs, to a similar extent. The nature of the soc, 118 9156-9163.

damaged lesion itself must play an important role in directingo
Uvelp to the site of damage. Perhaps it is a combination of factors
that determines the substrate preference of Uvelp, for examp?@:
the size and structure of the lesion, the distorting effect of thg
DNA damage giving rise to bending of the DNA backbone and/ar,
a loss of hydrogen bonding ability possibly resulting in extraheli23
cal protrusions. Determination of the structure of Uvelp and i
interactions with DNA may elucidate the most important factoré®
as well as the mechanism underlying Uvelp activity. 26
It has been shown recently that the nucleotide excision repair
enzyme XPG serves as a cofactor for the efficient function @B
hNth1 by promoting binding of hNth1 to the damaged OB4). 29
It is possible thah vivo other accessory proteins may contribute®®
to the efficiency of Uvelp, thereby enhancing its ability to initiatey;
the repair of a wide variety of DNA damages. Reconstitution of
the Uvelp pathwam vitro would allow us to examine the effects 32
of other proteins on the activity of Uvelp and to investigate theffd
roles as cofactors in the Uvelp-mediated recognition and repgiy
of different types of DNA damage. 35
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