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ABSTRACT. The uurA, uurB, anduwrC genes ofEscherichia colicontrol the initial steps of nucleotide
excision repair. ThelwrC gene product is involved in at least one of the dual incisions produced by the
UvrABC complex. Using single-stranded (ss) DNA affinity chromatography, we have separated two forms
of UvrC from both wild-typeE. coli cells and overproducing cells. UvrCl elutes at 0.4 M KCI, and
UvrCll elutes at 0.6 M KCI. In general, both forms, in the presence of UvrA and UvrB, actively incise
UV-irradiated and CC-1065-modified DNA in the same fashion; i.e., they incise six to eight nucleotides
5' to and three to five nucleotides$ % a photoproduct or a CC-10653-adenine adduct. They produce
different incisions, however, at a CC-106M3-adenine adduct in the sequen¢e&ERATTA*CG- present

in the Msp—BsiNI 117 bp fragment of M13mpl. UvrABCI incises at both thleahid 3 sides of the
adduct (UvrABCI cut), while UvrABCI!I incises only at the Side (UvrABCII cut). Mixing UvrCIl and
UvrCll results in both UvrABCI and UvrABCII cuts, and the levels of these two types of cutting are
proportional to the amount of UvrCl and UvrCIl. DNase | footprints of Mepg —BsiNI 117 bp DNA
fragment containing a site-directed CC-10&&lenine adduct at the-6ATTA*CG- site show that UvrClI,

but not UvrCl, binds to the adduct site. Furthermore, the pattern of DNase | footprints induced by UvrCII
binding differs from the pattern of the footprints induced by UvrA, UvrAB, and UvrABCI binding.
Interestingly, while the presence of unirradiated DNA enhances the efficiency of UvrABCII in incising
UV-irradiated DNA, it does not enhance UvrABCII incision of the CC-1868-adenine adduct formed

at 3-GATTA*CG-. These results show that two different forms of UvrC differ in DNA binding properties
as well as incision modes at some kinds of DNA damage.

The uurA, uurB, and uurC genes ofEscherichia coli
control the initial steps of excision repair of DNA damaged
by ultraviolet (UV) radiation and chemical carcinogens
which destabilize the DNA helical structure (for reviews,
see refsl—4). We have found that Uvr proteins are also
able to incise DNA damage introduced by DNA helix-
stabilizing chemicals, such as anthramycin, mitomycin C,
and CC-10653%—8). In general, the purifiediorA, uurB,
anduurC gene products act in concert to incise bothfsix
to eight bases) and 8three to five bases) to the damaged
bases(s)9). However, incision on only the'®r 3 side of
a particular adduct also occurs concomitantly with dual

incisions. Single incisions have been reported at pyrimidine
dimers, N-(deoxyguanosin-8-yl)-2-acetylaminofluorent,
(deoxyguanosin-8-yl)-2-aminofluorene, psoralen, anthra-
mycin, and CC-1065 DNA adduct$,(7, 10—13).

The mechanism which determines whether a single or dual
incision is made by the UvrABC nuclease is unclear,
although there are several plausible models. (1) Single 3
incision events have been produced by using aged UvrC or
suboptimal reaction conditionsl4). (2) The mode of
UvrABC incision may be dependent on the conformation of
the damaged DNA (which may in turn depend on the
particular DNA sequence)lp). (3) There may be multiple
forms of the enzyme which incise the same damaged DNA
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was the predominant product of the UvrABC reaction. We
have found that the UvrABC complex preferentially incises
on the 5 side of the CC-1065-modified adenine in the
sequence’SGATTA*CG- present in the 117 bplspg —BsiNI
fragment from M13mp17%).

We have recently separated UvrC into two forms. One
form elutes at 0.4 M KCI (UvrCl), while the other elutes at
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0.6 M KCI (UvrCll) from ss-DNA cellulose 15). In the at 0.4 M KCI, and one-third of the protein eluted in a peak
presence of UvrA and UvrB, these two forms of UvrC incise at 0.6 M KCI (15). The two forms are designated UvrCl
the CC-1065-modified adenine in the-GATTA*CG- and UvrClIl, respectively. This preparation avoids any protein
sequence differently (for convenience, we have termed theprecipitation and may be completed within 12 h of cell lysis.
collective functions of UvrA and UvrB with UvrCl and By purification of just the peak material of the phospho-
UvrCll as UvrABCI and UvrABCII, respectively); UvrABCI cellulose column on ss-DNA cellulose, UvrC containing no
incises 3as well as 5to the damaged base, while UvrABCII  SDS-PAGE detectable impurities was preparéé)( How-
incises principally on the '5side. In addition, UvrABCI ever, to ensure that no significant portion of the protein
recognizes the other modified sites in the 117 bp fragment preparation was excluded, we have performed several
more efficiently. We have found that while UvrClII binds to  purifications in which a range of fractions encompassing the
the CC-1065-N3-adenine adduct at the GATTA*CG- site, phosphocellulose peak was subjected to ss-DNA cellulose
UvrCl does not, and the pattern of DNase | footprints induced chromatography. We found that the KCI concentration must
by UvrCll differs from that induced by UvrA and the be maintained at 0.2 M during the purification to avoid
(UvrA),UvrB complex. The possible mechanisms for these precipitation of the overproduced protein. Results similar to
sequence-dependent incisions on the CC-1063-adenine those described above were obtained by substituting 0.1 mM

adduct by UvrABCI and UvrABCII are discussed. DTT for the 10 mMpg-mercaptoethanol in the buffers and
even in the absence of added reducing agent. The enzyme
MATERIALS AND METHODS prepared in the presence of DTT and 50% glycerol is very

] o ) stable, and no loss of activity was detected after storage for
Materials Restriction enzymebisp, Sal, andHinfl, T4 1 year at—70 °C.

polynucleotide kinase, bacterial alkaline phosphatase, acryl-  The UvrCl and UvrClI proteins have the same apparent
amide, bisacrylamide, agarose, and NACS Prepacs convertmygjecular weight after SOSPAGE of 65000 as previously
ible columns (NACS PACS) were obtained from Bethesda reported for UvrC 16, 17). UvrC purified with or without
Research Laboratories. The restriction enzyBstNI was  polymin precipitation reacted identically in the experiments
obtained from DuPont New England Biolabs. Yeast tRNA eported here.
was obtained from Sigma Chemical Co. AfP-labeled End Labeling DNA Fragments withP. (1) 3 End 32P

nucleotides were obtained from Amersham Co. or DuPont Labeling Msp+BstNI 117 bp and Other DNA Fragments
New England Nuclear. from M13mp1 and pBR32M13mpl RF DNA (19ug, 4
Purification of UurCl and UurCIl. UvrC is present in wild- pmol) was reacted in a total volume of 2Q with 20 units
typeE. coliat only low levels (ca. 20 molecules/cell), thereby of BsiNI (10 unitsiL) in the supplier’s buffer containing
necessitating its purification from cells harboring overpro- 0.2 mg/mL bovine serum albumin for 30 min at 80. The
ducing plasmids. Two suitable plasmid constructions have reaction was quenched on ice, and thaée3mini of DNA
been describedlg, 17). The plasmid pDR3274, carried in  fragments were labeled at room temperature by the addition
CH296 (rC34) or DR1984 (ecAl, uurC34) cells, which of 8 uL of [a-32P]dTTP (10uCi/uL) and DNA polymerase
contains the completarC structural gene under the control | (Klenow fragment) in a total volume of 2@L. The
of an inducibletac promoter, was a generous gift of A. fragments were purified by phenol/chloroform extraction,
Sancar (University of North Carolina at Chapel Hill, Chapel centrifugation through G-50 in 10 mM Tris-HCI (pH 7.5)
Hill, NC). UvrC was purified from CH296/pDR3274 cells and 10 mM EDTA, phenol/chloroform extraction, chloroform
after induction with 1.0 mM isopropy$-p-thiogalactoside extraction, and ethanol precipitation in the presence of 1 M
for 18 h. Cells were harvested, washed in 0.3 M sucrose ammonium acetate. Typical recoveries were 2.0’ cpm
and buffer A [50 mM Tris-HCI (pH 7.5), 1.0 mM EDTA, (Cherenkov counting). This treatment generated three singly
and 0.1 mM DTT], suspended iy volume of 0.3 M KCI 3'-end®?P-labeled BsiNI fragments [1809 bp (positions
and buffer A, and sonicated for minimal times on ice (30 s 6401—-1014), 952 bp (positions 1034.996), and 127 bp
bursts at a 50% duty cycle for a total of £8 min with a (positions 6274-6401)] and a 137 bp fragment in which both
microprobe), with cell breakage monitored by absorbance 3' ends were3P labeled. These DNA fragments were
at a wavelength of 600 nmAfy). After centrifugation separated on a 5% acrylamide gel and recovered by electro-
(2000@ for 60 min), the supernatant was either applied elution. The 137 bp fragment was further reacted with 50
directly to a phosphocellulose column equilibrated with 0.3 units ofMspl to generate a single-&nd#?P-labeled 117 bp
M KCI and buffer A or precipitated with polymin, resus- Msp —BsiNI fragment, and this fragment was purified on a
pended in 0.3 M KCI and buffer A, and then applied to the 5% acrylamide gel, electroeluted, phenol extracted as
phosphocellulose column, after which chromatography was described above, and ethanol precipitated. The above prepa-
employed by eluting with buffer A containing KCI gradients ration also supplies the 127 ligstNI—BsiNI fragment as a
ranging from 0.3 to 1 M. A peak of UvrC was located near singly 3-end-labeled DNA. TheEcdoRI—BsiNI 129 bp
0.5 M KCI by SDS gel electrophoresis and corresponded to fragments of pBR322 were’' 3nd labeled with%?P as
the major peak ofzgg-absorbing material. UvrC-containing  described previouslyl@).
fractions were combined, diluted to 0.3 M KCl using 0.2 M (2) 5 End P Labeling the Mspt+BstNI 117 bp DNA
KCI and buffer A (dialyzed vs 50 volumes of 0.3 M KCI  Fragment from M13mpII'he 250 bp fragments isolated from
and buffer A fo 2 h in some preparations), and applied to Msp digestion of M13mp1l RF DNA were' ©nd3?P labeled
a fresh column of ss-DNA cellulose equilibrated with 0.3 with sequential bacterial alkaline phosphatase and T4 poly-
M KCI and buffer A. The ss-DNA cellulose column was nucleotide kinase treatment and then digested B to
developed with a continuous gradient of 0.3 to 1.0 M KCI. generate the singly’®nd??P-labeledMsp —BsiNI 117 bp
In this preparation, two-thirds of the UvrC eluted in a peak fragments as described previousk).(The EcoRl—Hadll
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(+) GGCTCGTATGTTGTGTGGARTTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCC
(=) CGAGCATACAACACACCTITAACACTCGCCTATTGTTAAAGTGTGTCCTTTGTCGATACTGGTACTARTGCTTAAGTGACCGGCAGCAAAATGTTGCAGCACTGTCCCTTTTGGGA

Ficure 1: DNA sequences of thielsp—BsiNI 117 bp fragment of M13mpl RF DNA. The CC-1065 binding sites are indicated by dotted
lines, and the length of the lines represents the relative affinity of drug binding. The UvrABC incision sites for the CGxdebihe
adduct at the GATTACG site are denoted with arrows. The numerical system is the same as in M13mp1.

174 and 78 bp fragments of pBR322 wereehd labeled
with 2P as described previousl{Z).

CC-1065 Modification.CC-1065 was dissolved in di-
methylformamide and stored at20 °C at a concentration
of 280uM (e3¢5 = 48 mM™1). Dilutions of this solution were
made into TE buffer [10 mM Tris (pH 7.5) and 1 mM
EDTA] just prior to use. Mixtures of labeled DNA and CC-
1065 with final concentrations of 1.4 103to 1.4 x 1071
#M CC-1065 and 10000100000 cpm off?P-end-labeled
DNA (estimated specific activity of B&pmjfg) were reacted
at 37°C for 2 h. The modified DNA was precipitated with
2 volumes of—20°C ethanol after the addition of ammonium

and dissolved in 80% formamide, 10 mM NaOH tracking
dye mix (0.1% xylene cyanol and 0.1% bromophenol blue).

DNase | Footprinting of the Binding of the CC-1065
Adenine Adduct by uf Proteins. The Msp—BsiNI 117 bp
DNA fragments containing a site-directed CC-16@flenine
adduct at the SGATTA*CG- site were 5end labeled with
32p at the non-drug-binding strand and reacted with Uvr
proteins as in the UvrABC nuclease reaction described above.
The method of DNase | footprinting on the UvDNA
complexes is the same as that described previo3ly (

Denaturing Gel Electrophoresi€hemical sequencing was
carried out as described by Maxam and Gilb&@) (with

acetate (final concentration of 2.5 M) and washed with 70% the modifications described previousty2j. UvrABC reac-
ethanol. The precipitation was repeated, and the DNA was tion products were applied to a sequencing gel, consisting

dissolved in TE buffer.

Construction of the MspiBstNI 117 bp DNA Fragment
and the 73-mer Containing a Site-Directed CC-1665
Adenine Adduct at thé BSATTA*CG- SiteConstruction of
the Msp —BsiNI 117 bp fragments containing a CC-1665
N3-adenine adduct at the-6ATTA*CG- site was the same
as described previously). To construct the 73-mer with a
CC-1065-N3-adenine adduct at thé-6ATTA*CG- site,
two synthetic oligonucleotides '(@CGTCCAGGTTCG-
GAAACAGCTGTGACCATGATTACGGATTCACTGG-
and 3-TCGAGCGTCGACGAATTCGCCGACGGCCAGT-
GAATCCGTAATCATGGTC-) were hybridized to form a

DNA duplex and reacted with CC-1065, and the single-strand
regions in the DNA duplex were filled by DNA polymerase
| to form a double-stranded 73-mer. Subsequently, the 73-

mers were digested witBal and 3 end labeled witl¥?P as

described above. This 73-mer contains only one CC-1065

binding site at 5GATTA*CG-.
UV Irradiation. 3°P-labeled DNA fragments were irradiated

of 8% acrylamide ath 7 M urea in TBE buffer [50 mM Tris-
HCI, 50 mM sodium borate, and 10 mM EDTA (pH 8.3)],
in parallel with the Maxam and Gilbert sequencing reactions
(20). After electrophoresis, the gel was dried in a Bio-Rad
gel dryer and exposed to Kodak X-Omat RP film-at0 °C

for various lengths of time. The intensity of the bands was
determined by scanning with a Bio-Image Analyzer.

RESULTS

UwrCl and UurClIl Can Be Differentiated by Characteristic
Incisions at CC-1065DNA Adducts CC-1065 is an anti-
tumor antibiotic fromStreptomyces zelensigich reacts with
adenine in ds-DNA in a sequence-dependent mar2Br (

In contrast to bulky chemical carcinogen-induced DNA
adducts which cause destabilization of the DNA helix, CC-
1065-DNA adducts stabilize the helix; this was evident by
the increase in the melting temperature and resistance to S1
nuclease digestion of CC-1065-modified DN22J. The CC-
1065-DNA adducts are also heat labile; heating the modified

with a germicidal lamp (Sylvania, C15T8, major emission pNA leads to strand breakage at the adducted position, which
at 254 nm) to produce one cyclobutane pyrimidine dimer can pe visualized on DNA sequencing gel3,( 24).

per DNA molecule, as previously describelB),

UuorABC Nuclease Reaction®JvrA and UvrB proteins
were purified fromE. coli K12 strain CH296 carrying
plasmids pUNC45urA) and pUNC211 urB). Purifica-

Previously, using UvrC proteins eluting at 0.65 M KCI from
ss-DNA cellulose chromatography, we found that these UvrC
proteins, working together with UvrA and UvrB, incise only
at the 5 side of the CC-1065N3-adenine adduct formed at

tions were essentially as described by Sancar and R)pp ( the 3-GATTA*CG- sequence in théisp—BsiNI 117 bp

with some maodifications 19). The plasmids and strain

fragment of M13mp1 (Figure 1), and that these Uvr proteins

CH296 were kindly provided by A. Sancar. An aliquot of do not incise CC-1065DNA adducts formed at the other

modified labeled DNA (usually 10000 cpm for a final DNA
concentration of 0.62.0 nM) was reacted in 50 mM Tris-
HCI (pH 7.5), 10 mM MgC}, 100 mM KCI, 1 mM ATP,

and 1 mM DTT. UvrA, UvrB, and UvrC proteins were

three CC-1065 binding sites [TTTTA*-, -GATAA*-, and
-GGAAA*- (7)]. We have recently separated the UvrC
proteins into two forms and discovered that the two forms
of UvrC have different affinities for ds-DNA bindindL).

added, giving a final concentration of 15 nM each or as We then further tested the reaction of these two forms of

indicated in a final volume of 2kL. Reaction times were

UvrC toward the CC-1065DNA adducts formed in this

as indicated at 37C. Reactions were terminated by phenol/ Msp—BsiNI 117 bp fragment. The 117 bp fragments singly

chloroform/isoamyl alcohol (1:0.96:0.04) extractions fol-

3’ end labeled at thBsiNI site were modified with moderate

lowed by chloroform extractions. The DNA was then (0.02-0.2uM) CC-1065 concentrations, followed by reac-
precipitated in the presence of ammonium acetate (1 M) with tions with UvrCl and UvrCll in the presence of UvrA and
2.5 volumes of ethanol, washed with 80% ethanol, dried, UvrB, and the resulting DNA was separated by denaturing
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M13mplRF DNA. DNA fragments were purified; 8nd labeled

FIGURE 2: UWIABCI and UVrABCII incisions of the CC-1065-  With ¥P, modified with CC-1065 (lanes—17), and then reacted
modified 3-end32P-labeled Msp—BsNI 117 bp fragment of with UvrA and UvrB (lane 1), UvrCl (lanes 2 and 3), UvrClI (lane
M13mpl RF DNA. DNA fragments were purified’ 8nd labeled 4), UvrABCI (lanes 5 and 6), or UvrABCII (lane 7) as described
with 3P, modified with CC-1065 (lanes—35 and 10), and then [N the text. The resultant DNAs were separated by electrophoresis

reacted with UvrA and UvrB (lane 1), UvrCl (lane 2), UvrCll (lane  iN @n 8% denaturing polyacrylamide gel. Lanes1d are the G,

3), UVrABCI (lane 4), UvrABCII (lane 5) or heated at 9C for GA, TC, and C reactions, respectivelyg]. The CC-1065DNA

10 min (lane 10) as described in the text. The resultant DNAs were @dduct-induced thermal-alkaline labile baneg and the UvrABCI-
separated by electrophoresis in an 8% denaturing polyacrylamide€ut and UvrABCII-cut bands (arrows) are indicated at the left. The
gel. Lanes 69 are the G, GA, TC, and C reactions, respectively -GATTACG- sequence is indicated at the right. The polarity and
(20). AB, CI, ClI, ABCI, and ABCII represent DNA reacted with the Iabele(_:i end (*) of thé?P-labeled DNA strand are indicated at
UWrA and UwrB, UVrCI, UvrCll, UVrABCI, and UvrABCll,  the right side of the panel.

respectively. The CC-106DNA adduct-induced thermal alkaline The appearance of a DNA fragment of a length corre-

labile bands (lane 10 at the -TTTTA*-, -GATTA*-, -GGAAA*-, . S , :
ané -GATAA(*- sequences, where A* represents the CC-1065 sponding to the incisions’ 30 the adducted adenine on a

binding adenine) are indicated at the right, and the UvrABCI-cut 3-labeled DNA can only mean that the corresponding 3
and UvrABCII-cut bands are indicated at the left. Y and X represent incision was not made by the enzyme. Th@sisions found

DNAl fragfmentlsJ W'i&fé gﬂd WithOULCCélAOTGTSAbgging. respectivTer:y, on this 3-labeled DNA lie in two bands (X and Y in lane 5,
resulting from Uvr. cuts atthe - *CG- sequence. The  rigyre 2) located 7 and 11 bpt the -GATTA*CG- adduct
ﬁ%ﬁgégnfﬂ ttﬂg Iﬁgﬁtles?d«zngf(ﬂ)]; fptfr?;-.labeled DNA strand are site. The first (X band) of thes_e bands (7 Bpdbthe a_ldd_uc_:t)
probably represents DNA which has undergone incision as
gel electrophoresis. The results in Figure 2 show that well as loss of the CC-1065 molecule. We conclude that the
UvrABCII incisions are primarily 7 bp 5to the CC-1065 Y band represents’fncised DNA fragments which retain
DNA adduct formed at the sequence@ATTA*CG- (A* CC-1065. The Y band, according to Maxa@ilbert se-
denotes the adduct formation site, which is at position 6229 quencing lanes, appears in a position between the bases
in M13mpl) and that the other adduct sites are poorly located 11 and 12 bp from the adduct at the -GATTA*CG-
recognized, if at all (Figure 2, lane 5). These results are site, which is consistent with a conformational rather than
similar to the results we previously reported for this DNA length origin for the size difference. The intensity of the
fragment ). UvrABCI, in contrast, produces an incisioh 3  autoradiographic bands located 11 bpdbthe adduct was
to the CC-1065DNA adduct formed at the' 8S5ATTA*CG- greatly diminished by longer (:630 min) heating times at
site (Figure 2, lane 4). Furthermore, Figure 2 shows that 90 °C prior to loading the reaction products on the gel (data
UvrABCI recognized all four of the CC-1065 adducts no shown)A 2 min, 90°C heat treatment was adopted in
(-TTTTA*, -GGAAA*-, and -GATAA*-) identified by heat the standard assay to minimize thermal incisions of 5
treatment in the test substrate (Figure 2, lane 10). At eachUvrABC-incised DNA at the -GATTA*CG- site, which
adduct position, UvrABCI incisions were found 3 or 4 Bp 3 could lead to an underestimation of theifcision level.
to the adduct site. We note that signals significantly lower  The results in Figure 3 show UvrABCI and UvrABCII
than the 3incision bands are found ¥ the -GATTA*CG- reactions with CC-1065-modified'Bnd-labeledMsp —
site on the 3end-labeled DNA fragment; these results BsiNI 117 bp DNA. The 5incision produced by UvrABCI
suggest that the UvrCl preparation contains some UvrClI. at the -GATTA*CG- site occurred 7 bpg %o the modifica-
Incisions by UvrABCI at three different modification levels  tion, as expected. At the other two CC-1065 modification
are similar, and their extents appear to be proportional to sites, UvrABCI produces'Sncisions 7 or 8 bp 5to the
the modification level as determined by heat treatment. = modification site (Figure 3, lanes 5 and 6). UvrABCII
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Ficure 4: Effect of UvrCl and UvrCIll on UvrABC incision of
the CC-1065-modified '3end32P-labeled Msp—BsiNI 117 bp
fragment of M13mp1l RF DNA. CC-1065-modified DNA fragments
(lanes 1-13) were reacted with different ratios of UvrCl and UvrCII .
(total concentration of 16 nM) in the presence of 15 nM UvrA or
15 nM UvrB under the standard UvrABC reaction conditions as

described in the text. Only the CC-106BNA adduct-induced 3
thermal alkaline labile bands—) and the UvrABCI-cut and
UvrABCII-cut bands (arrows) at the -GATTA*CG- and -TTTTA*-
sites are shown. The numbers at the top of the panel represent the —
concentrations (in nanomolar) of UvrC added, and the symbols 123 4
and — represent with and without Uvr proteins, respectively. X Ficure 5: UvrABCI and UvrABCII incisions of the CC-1065-
and Y represent the same DNA fragments as described in the legendnodified 3-end?2P-labeled synthetic 73-mer. Double-stranded 73-
of Figure 2. The polarity and the labeled end (*) of fe-labeled mers were constructed, 8nd labeled witl¥2P, modified with CC-
DNA strand are indicated at the right side of the panel. 1065 (lanes %4), and then reacted with UvrABCI (lanes 2 and 3)
or UvrABCII (lane 1) or heated at 90C for 5 min (lane 4) as
produces a '5incision 7 bp to the CC-1065 adduct at the dlescriber?l in the textE.;J Tje resultant DIAS et seplaﬁedcgy
* : : electrophoresis in an 8% denaturing polyacrylamide gel. The CC-
-GATTA*CG- site on 3-end-labeled 117 bp DNA, with no 555 AN adduct-induced thermal alkaline labile band (lines,
evidence of a 3incision. These results are consistent with ) at the -GATTA*CG- site and the UvrABCI-cut and UvrABCII-
UvrABCII making only 3 incisions at this site. As with'3 cut bands (arrows) are indicated. X and Y represent the same DNA
end-labeled DNA, the other modification sites on tHe 5 fragments as described in the legend of Figure 2. The polarity and
end-labeled DNA are incised poorly, if at all, by UvrABCII the labeled end (*) of thé?P-labeled DNA strand are indicated at
. ’ ’ the right side of the panel.
(Figure 3, lane 7).
Adding both UvrCl and UvrCll in the reaction including
UvrA and UvrB and the 3end-labeled 117 bp modified with
CC-1065 resulted in both UvrABCI and UvrABCII cuts

(Figure 4, lanes #13). In this experiment, the intensities of

the incision bands resulting from pure UvrCl (lane 5), UvrClI 102 uM CC-1065, and then reacted with UVIABCI or

(lane 6), and a series of different proportions of UvrCIl and UVIABCII. The results in Figure 5 show that UvrABCI

UvrCll are compared. Two results are evident from the series.” .. . .
of reactions inFI)anes ~713. (1) The uncoupled incision at incisions were found primarily 4 bp & the CC-1065 adduct

the B side of the -GATTA*CG- sequence, a characteristic at the -GATTA*CG- site in a position identical to that found

: : the longer 117 bp fragment (Figure 5, lanes 2 and 3).
of UvrABCII, predominates as the UvrCll concentration n o= .
increases, showing that UvrCII activity may mask UvrCl UVrABCII incisions were again found 7 and 11 bpté the

activity. (2) Both UvrCl and UvrCIll may be active in the CC-;(;)65-.m?difiedhadeninle (Figurg Séjlabne 1)'. Thecsé rleosgéts
same reaction, and the UvrABCI cutting intensity is pro- &'€ ldentical to the results obtained by using CC- -

: L : dified 117 bp fragments, and indicate that the uncoupled
portional to the UvrCl concentration in the mixture. The latter ”,“_’ o ’ .
effect is more evident in the cutting at the BI TTA*- site 5 incision on the CC-1065adenine adduct at the -GATT-

shown in the bottom of the gel. A*CG- site by UvrABCII reflects the unique structure of
UurABCI and WrABCII Produce the Same Characteristic  the drug-DNA adduct at this sequence as well as an intrinsic
Incisions on a CC-1065-Modified Synthetic Oligomehe property of UvrABCII.
distinct incision pattern of UvrABCI and UvrABCII on the UorABCI and WrABCII Similarly Incise CC-1065-Modi-
CC-1065-adenine adduct at the -GATTA*CG- site in the fied Adenines on Other DNA Fragmeni® investigate the
117 bp fragment could be due to reaction of UvrABCI and sequence effect on the incision of CC-168%3-adenine
UvrABCII with different populations of the DNA fragments  adducts by UvrABCI and UvrABCII, we have further
carrying different extents of CC-1065 modification and/or determined the incision patterns by these two enzyme
with different sites of CC-1065 modification. To test this complexes on six more DNA fragments modified with CC-
possibility, we have used two chemically synthesized oligo- 1065. These fragments were eithéob3 end labeled with
nucletides to construct a 73 bp fragment which contains a 3?P, and the sites of CC-1065 modification were identified

-GATTA*CG- site and its surrounding 37 bp sequences that
are identical to the 117 bp fragment but has no other CC-
1065 binding site. These DNA fragments wefteBd labeled
with 2P on the drug-binding strand, modified with 1:4
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Table 1: UvrABCI and UvrABCII Incisions at CC-1065-Modified Adenines in Different DNA Sequences

incision$ (bases from modified site)

CC-1065-modified  labeling UVrABCI UvrABCII
sequence orgin size (bp) sequence end 5 3 5 3
M13mpl
Msp —BsiNI (6159-6274) 117 GATTA*CG 3 - 4 7 -
GATAA*CA 3 - 4 - 4
GGAAA*CA 3 - 4 - -
GTTTA*CA 3 - 4 - -
BsiNI—BsiNI (1014-1966) 952 ACTAA*AC 3 - 4 - -
ACTTA*TA 3 - 4,5 - _
BsiNI—BsiNI (6401-1014) 1809 TATTA*AC 3 - 4 - 4
AATGATTA*AA 3 - 4 - 4
AATTA*AA 3’ - 4,5 - 4,5
ATTA*CT 3 - 4,5 - 4,5
ATTTA*CT 3 - 4,5 - 4,5
CAAGATTA*CT 3 - 4,5 - 4,5
BsiNI—BsiNI (6274-6401) 127 TAATA*GC 3 - 4,5 - 4,5
pBR322
EcoRI—BsNI (4359-130) 129 TTAAA*TT 3 - 5 - 5
EccRI—Hadll (4359—173) 174 TTAAA*TT 5 7 - - -
Haelll —BanH| (296—375) 79 AAGTA*CG 3 7 - - -
CGATA*GT 5 7 - 8 -
M13mpl 7
Msp —BsiNI (6159-6274) 117 GATTA*CG 5 7 - 7 -
synthetic 73 GATTA*CG 3 - 4 7 -
a2 The symbol— denotes that cutting was not observed.
by alkaline heat treatment. The results in Table 1 show that a8 8 G T
the patterns of UvrABCI and UvrABCI!I incision of the CC- CICIG AC C T4 0 4
1065-N3-adenine adducts are identical for 16 different Ei 5'
sequences, including &-6ATTA*CT- sequence and a5 -
GATTA*AA- sequence. These results suggest the unique -,
feature which leads to the unusualssde only UvrABCII _ p e .
cut is dependent on not only theside sequence of the target r"' =T
adenine but also its' 3ite sequence. At present, we have = _— e
not yet determined precisely the crucial sequences at'the 3 _“ ‘E
side of the adenine adduct which will determine the - s - ® _A
UVrABCII specificity. e q A
i ; Tl .
Incision of UV-Induced Photoproducts in the MsjstNI - - .
117 bp Fragment of M13mpS$ince no significant difference . ;E
in the incision of CC-1065DNA adducts by UvrABCI and - -4
UvrABCII was observed in DNA fragments other than the _P — -
Msp—BsiNI 117 bp fragment of M13mpl, these results M —| - - :—fE
suggest that this particular DNA fragment may have unusual - G
structure. Itis therefore of interest to determine whether these — & —é
two forms of UvrC proteins have qualitative or quantitative _ héd . -
differences in incising UV-induced photoproducts in this —-T ;
fragment. The 3%?P-end-labeled 117 bp fragments were UV T3 1 s 6 7 s -

irradiated to produce one photodimer per fragment followed

by reaction with UvrABCI or UvrABCII (Figure 6). The

. L end®?P-labeledMsp —BsiNI 117 bp fragments of M13mpl RF
_eff|C|ency of incision of the UV photoproducts by UvrABCIl  S\a DNA fragmgnts were purif‘i)ed, ’%end labeled Witﬁ3zp'
is much lower than that by UvrABCI at most photoproduct jrradiated with UV to produce one cyclobutane pyrimidine dimer
sites; however, there are significant differences in the incision per DNA fragment, and then reacted with UvrABCI (lane 1) or
pattern between these two enzyme complexes. The photo-UVrABCII (lane 2) as described in the legend of Figure 2, or with
dimer formed at the 'SGAT <>TACG- (T<>T represents T4 endonuclease V (lane 7). Lane 8 is the control DNA. Lanes

. . o 3—6 are Maxam and Gilbert G, GA, TC, and C reactions,
the cyclobutane thymine dimer) site is refractory to UVFABCIl  espectively. Sequences of interest (-GATTA-, -ACTGG-, and
but is sensitive to UvrABCI, and the cuts by the latter render -GTCGT-) are indicated at the right side of the panel. Lines at the
a two-band pattern (the cuts occur either 3 or 4 nucleotidesright represent contiggous pyrimidines, and lines at the left represent
3 to the photodimer). Photodimers formed at the other the UV photoproduct-induced UvrABCI- and UvrABCII-cut bands.

e . The polarity and the labeled end (*) of tA#-labeled DNA strand
sequences are sensitive to both UvrABC! _and UVrABCII; e indicated at the right side of the panel.
however, the cuts by the former are significantly stronger
than those by the latter. Band M in lane 2 could result from formed at the -AG>TGG- site or an incision 7 nucleotides

a UvrABCII incision 3 nucleotides '3to the photodimer 5 to the photodimer formed at -GTCGFKPTT-.

Ficure 6: UvrABCI and UvrABCII incisions of UV-irradiated’'3
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Ficure 7: DNase | footprints on the Uvr-bourtddsp —BsiNI 117

bp fragment of M13mpl containing a site-directed CC-1065
adenine adduct at thé-BATTA*CG- site. The non-drug-binding
strand of theMsp —BsiNI 117 bp fragment was'®®nd labeled with

32P, and the DNA fragments were then reacted with Uvr proteins
individually or in different combinations under standard UvrABC
reaction conditions. At the end of the incubation, DNase | was added
as described in the text (lanes 1, 2, anell5). The resultant DNA
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those of UvrCll alone, but are different from those of UvrA,
UvrB, UvrAB, and UvrABCI. For example, X and Y bands
observed in DNAs that bind to UvrCII with UvrA and/or
UvrB (lanes 8, 11, 13, and 15) are much stronger than those
that bind with UvrA, UvrB, UvrAB, and UvrABCI (lanes
5, 6, 9, and 14). There are significant changes in the
footprinting of UvrA, UvrAB, and UvrABCI (see bands
0O—R), and the changes are not the same as those that have
been found in DNA fragments containing site-directed
cyclobutane dipyrimidines or psorale26-28), where UvrA
binding induces 33 bp footprints and binding of UvrAB
reduces the footprinting to 19 bp. It is worth noting that
footprints 8 bases beyond Gpstream and 6 bases beyond
3 downstream of the drug binding site become similar for
UvrABCI and UvrABCII binding; however, within this
region, there are distinct differences.

Effects of Competite DNA on the WrABCI and
UVRABCII Incisions of the CC-1069N3-Adenine Adduct
at the -GATTA*CG- SiteWe have found that UvrCll is a
ds-DNA binding protein while UvrCl is not, and this
UvrClI—DNA binding may interfere with proper (UvrA)vrB
photoproduct complex formation and consequently inhibit
the dual incisions of the photoproduct by the UvrABC
complex; furthermore, we have found that the affinity of
binding of UV-irradiated DNA by UvrA is higher than that
by UvrCIl (15). These UvrCiH+-DNA binding-induced
inhibitory effects on UvrABC incision of the photoproduct,
however, can be eliminated by adding nondamaged competi-

was then separated by electrophoresis in an 8% polyacrylamidetive DNA (15). In contrast, the results in Figure 7 show that
gel as described in the legend of Figure 2. Lanes 3 and 4 are purineUJyrA does not significantly affect the DNase | footprints of

and pyrimidine reactions, respectiveBg|. Lanes 1 and 2 are DNA
without and with a site-directed CC-1065 adduct, respectively,
reacted with DNase | directly, and lanes-5 are DNA with a
site-directed CC-1065 adduct treated with Uvr proteins as indicated
(A represents UvrA, B UvrB, Cl UvrCl, etc.) and then treated with
DNase | as described in the text. The Y@C-1065 adduct binding

induced DNase | footprinting areas (a-1, a-2, and a-3) and bands

(X, 0, Y, P, Q, and R) are indicated. The polarity, #3e-labeled
end (*), and the CC-1065 binding site are indicated at the left side
of the panel.

Binding of WrClIl but Not UurCl to the CC-1065
Adenine Adduct at the'BATTA*CG- SequenceSince
UvrABCIlI and UvrABCI incise the CC-1065adenine
adduct at the SGATTA*CG- sequence differently from

the binding of the CC-1065N3-adenine adduct at the
-GATTA*CG- site by UvrClIl. These results suggest that the
binding affinity of the CC-1065adenine adduct at the
-GATTA*CG- site by UvrCll may be stronger than that of
UvrA under these reaction conditions. If this is the case, then
we expect that competitive DNA may have different effects
on the UvrABCII incision of photoproducts and the CC-
1065-adenine adduct at the -GATTA*CG- site. To test this
possibility, we have reacted UvrABCII with the CC-1065-
modified and UV-irradiatedMsp—BsiNI 117 bp fragment

of M13mp1 in the presence of different amounts of competi-
tive DNA. The results in Figure 8A shows that the presence
of competetive DNA reduces the intensity of the UvrABCII

adducts at other sequences, it is of interest to examine theincision on the CC-1065DNA adduct without increasing

interaction between Uvr proteins and the dri@NA adduct

at this particular sequence. Asp —BsiNI 117 bp fragment
containing a site-directed CC-106&denine adduct at the
5-GATTA*CG- site was constructed, and the non-drug-
binding strand was'3abeled with*?P as described previously
(7, 25). These DNA fragments were reacted with Uvr
proteins individually or in combination under standard
UvrABC reaction conditions, and were subsequently digested
with DNase | to determine the level of Uvr protein binding.
The results in Figure 7 show that UvrCIl as well as UvrA
and UvrB binds to the drugDNA adducts while UvrCI does
not bind (lanes 58). Although it appears that these Uvr
proteins bind more to the' 3ide of the CC-1065 binding
site than to the sside region, UvrClII binding causes changes
in the footprinting pattern at the Side region (brackets a-1,

the intensity of the characteristic UvrABCI incision. In
constrast, while the presence of competitive DNA enhances
UvrABCII incision at the phtodimer formed at the
-ATTT <>C-, —AAT <>TCA-, and -GTT<>TT- sites, it
reduces the level of cutting of the photodimer formed at the
-AC<>TGG- site (compare lane 1 to 3 in Figure 8B).

DISCUSSION

We have purified two forms of UvrC proteins from
overproducing cells and have demonstrated that these two

forms of UvrC also exist in wild-typee. coli cells (@15).
Although both forms of UvrC, together with UvrA and UvrB,

are able to incise photodimers, our results show that UvrClII
is a ds-DNA binding protein, but UvrCl is noL%). In this
paper, we have presented one interesting finding, that is, in

a-2, and a-3) which are not observed with the UvrA and the presence of UvrA and UvrB these two forms of UvrC

UvrB binding (lanes 5, 6, and 8). Furthermore, the patterns
of binding of UvrClIl with UvrA and/or UvrB are similar to

proteins react differently with CC-1069\3-adenine adducts

formed in theMsp —BsiNI 117 bp fragment of M13mp,
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Ficure 8: Effects of competitive DNA on the UvrABCI and UvrABCII incisions for (A) CC-166BNA adducts and (B) UV photoproducts
formed in theMsp —BsiNI 117 bp fragment of M13mpl RF DNA. The-8nd?2P-labeled DNA fragments were either modified with
CC-1065 or irradiated with UV as described in the legends of Figures 2 and 6, and then reacted with UvrABCI or UvrABCII in the
presence of different amounts of lineariz¢d174 RF DNA: 0 for lanes 44 and lane 13, 0.02g for lanes 5-8, and 0.2ug for lanes

9—12 (A) and 0 for lanes 1 and 2 and Q8 for lanes 3 and 4 (B). The resultant DNAs were separated as described in the legend of Figure
2. In panel A, the CC-1065DNA adduct-induced UvrABCI-cut and UvrABCII-cut bands) are indicated at the left side of the panel and

the heat-induced CC-1065 adduct bands are indicated by linpst(the right side of the panel. In panel B, the photodimer-induced
UvrABC-cut bands {) are indicated at the left side of the panel. The polarity and the labeled end (*) &RHabeled DNA strand are
indicated at the right side of the panel. The sequences of interest are indicated, and the-symbdicates the photodimer position.

especially with the adduct formed at the GATTA*CG-
site. The reasons why UvrABCII incises onlyd the CC-

26, 27); however, recently, it has been found that UvrB binds
to ss-DNA @9). Our results suggest that the DNA structural
1065-N3-adenine adduct at thé-6ATTA*CG- site and changes induced by the CC-166&denine adduct at thé-5
fails to incise the drugDNA adduct formed at other GATTA*CG- site may facilitate UvrB binding. What
sequences in this DNA fragment are unclear. Paradoxically, structural changes are required for Us#BNA binding and
both UvrABCI and UvrABCIlI show the same incision how this UvrB—DNA binding may affect UvrABC incision
patterns for the CC-1065adenine adduct at 13 other remain to be determined.
sequences in pBR322 and other M13mp1 fragments (Table e cyrrent understanding of the sequential events of the
1); these results together strongly suggest that the 5 g5 incision by UvrABC for damaged DNA is as follows.
GATTA*CG- sequence within theMsp—BsNI 117 bp  The gamaged DNA is recognized by the (UvsidyrB
fragment of M13mpl RF DNA may have an unusual complex either by vector movement of this protein complex
structure. or by molecular collision. After binding to the damaged DNA
Our DNase | footprinting results demonstrate that UvrCIl site, UvrA may be released from the complex, and UvrC
binds strongly to the CC-1069\3-adenine adduct at the  subsequently joins the (UvrA)vrB— or UvrB—DNA dam-
5-GATTA*CG- sequence. The footprints of UvrACII and  age complex. This binding changes the tertiary structure of
UvrBCII are similar, if not identical, to the footprint of  UvrB and induces the phosphodiesterase function of UvrB,
UvrClIl alone. In contrast, the footprints of UvrACI and which incises 3of the damaged DNA, and consequently,
UvrBCI are similar to that of UvrA. These results indicate this 3 incision further alters the structure of the UvrBC
that the drug-DNA adduct formed at this site may be bound  complex to induce the' hosphodiesterase function of the
by UvrCll more favorably than by the (UvrAlyvrB com- UvrC protein (for a review, see refsand3). The lack of a
plex. Consistent with this notion is the finding that competi- 3 incision by UvrABCII on the drug-DNA adduct at the
tive DNA has different effects on UvrABCII incisions of -GATTA*CG- sequence demands an alternative mechanism;
the UV-irradiated and CC-1065-modifiéddsp—BsNI 117 e propose that at certain sequences UvrCll may bind before
bp fragment of M13mp1 RF DNA (Figure 8). the UvrA—UvrB complex, and this UvrClI binding prior to
We observed that addition of UvrB alone also protects UvrA and UvrB binding may result in a singlé &ide incision
the drug-bound DNA from DNAse | digestion. This result rather than in 5and 3 dual incisions. It is quite possible
indicates that UvrB binds to the CC-106&denine adduct that the same mechanism may exist for some types of damage
at the -GATTACG- site. It has been shown that UvrB does formed at other sequences; that is, UvrCIl may bind to these
not bind to unmodified double-stranded DNA and the UV damaged bases more favorably than the (UsdA)B
photoproduct and psoralefdNA adduct in ds-DNA 10, complex does, resulting in d Bicision rather than in"sand
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3 dual incisions. We have evidence which shows that
binding of UvrCll to ds-DNA hinders the formation of the
(UvrA),UvrB photoproduct complex, and consequently

hinders the UvrABC dual incisions of photoproduci®)
However, the ds-DNA binding affinity of UvrCll is lower

than that of UvrA and can be “diluted out” by addition of

“competitive DNA” in the reaction mixture 16). We

hypothesize that UvrCIl may bind to some damaged sites
more strongly than UvrA and this binding either prevents

formation of the UvrA-UvrB complex or facilitates an
unusual UvrCI+UvrABCII complex formation which ren-
ders only a 5incision.
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