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The dual-incision nature of the reaction of UV-irradiated
DNA catalyzed by the UvrABC complex potentially leads
to excision of a damaged fragment. However, neither
fragment release under nondenaturing conditions nor the
UvrBC proteins are turned over. The addition of the UvrD
protein to the incised DNA-UvrBC complex results in
excision of the incised damaged strand and in the turnover
of the UvrC protein. In an effort to better understand the
involvement of UvrD in the excision step, immunoprecip-
itation was used to detect interacting proteins with UvrD
in the DNA repair. In this communication, it is shown that
UvrA and UvrB are precipitated with UvrD in solution
but the UvrAB complex is not. In the incision complex,
UvrB could be precipitated and the preincubation of UvrD
with UvrB revealed an inhibitory effect on the turnover of
the incision complex. These data imply that UvrB in the
incision complex seems to recruit UvrD to the 3 incised
site of the incised strand by protein-protein interaction
and to allow initiation of unwinding by UvrD from the
resulting nick in a 3’ to 5’ direction.
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Introduction

The nucleotide excision repair (NER) in Escherichia coli
is catalyzed by the multisubunit incision endonuclease
UvrABC that initiates the excision of a large number of
different DNA adducts including pyrimidine dimers
(Grossman et al., 1998; Sancar, 1996). The UvrA dimer
forms the UvrAB complex, which is an active protein
complex searching for DNA damage with its helicase
activity (Oh and Grossman, 1989). Once the complex
recognizes DNA damage, the UvrBC-DNA complex is

* To whom correspondence should be addressed.
Tel: 82-52-259-2359; Fax: 82-52-259-1694
E-mail: bcahn@uou.ulsan.ac.kr

formed by the interaction of a stable preincision UvrB-
DNA complex with the UvrC protein (Orren and
Sancar, 1989; 1990). It is believed that UvrB cleaves a
phosphodiester bond four to five phosphates 3’ to the
damage and that the eighth phosphate backbone 5" to
the damage is incised by UvrC (Lin and Sancar, 1992;
Zou et al., 1995). In the excision step of NER, it has
been reported that the UvrD protein is involved in the
turnover of UvrC and releases the incised DNA lesion,
making repair synthesis possible by DNA polymerase
and DNA ligase (Caron ef al., 1985; Husain et al., 1985,
Orren et al., 1992). Although significant progress have
been made in understanding the overall mechanism of
E. coli NER, the molecular aspects of excision by UvrD
remain unclear.

UvrD displays a 3" to 5° polarity in the DNA
unwinding of blunt ended duplex DNA, nicked DNA,
and a 3’-overhang containing duplex DNA in vitro,
in that a 3’ single-stranded DNA flanking the duplex
facilitates the initiation of unwinding (Maston, 1986;
1989; Runyon et al., 1990). Optimum unwinding by the
prebound UvrD-DNA complexes requires a 3’ single-
stranded DNA tail of 3640 nts (Ali et al., 1999). When
compared the length (12-13 nts) of the incised fragment
to the requirement of the 3’ tail for UvrD, although
there is a dramatic DNA structural change near the 3’
incision position (Visse et al., 1994), the incised length
may not be enough for UvrD to recognize a 3’ tail
directly. However, a recent report revealed that UvrD
had a potential interaction with MutL, a component of
the methyl-directed mismatch repair pathway (Hall
et al., 1998), suggesting that protein-protein interactions
may be responsible for directing the involvement of
UvrD in DNA repair.

In an effort to understand how the UvrD protein
recognizes the incised site for its helicase activity,
immunoprecipitation was used to identify NER proteins

Abbreviations: NER, nucleotide excision repair; 6xHIS, 6
histidines.
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interacting with UvrD. UvrA and UvrB were precipi-
tated with UvrD in solution and UvrB in the incision
complex was precipitated as well. These results suggest
that UvrB in the incision complex seems to recruit
UvrD to the incised site and to allow initiation of
unwinding by UvrD from the resulting nick.

Materials and Methods

Strains, enzymes, DNA and nucleotides E. co/i BL21(DE3)-
AuvrD was provided kindly by Dr. S. W. Matson (University
of North Carolina, Chapel Hill). E. coli K-12 was from KCTC
(Korea). pET33b(+) was from Invitrogen. Pfu DNA poly-
merase was from Stratagene. All DNA modifying enzymes
were from New England Biolabs. 6xHIS monoclonal antibody
was from Clontech. The monoclonal antibodies of UvrA,
UvrB, and UvrC were kindly provided by Dr. Lawrence
Grossman (The Johns Hopkins University). UvrA, UvrB, and
UvrC were purified as described previously (Kovalsky and
Grossman, 1994; Yeung et al., 1986). Primers for PCR were
from the Core facility of The Johns Hopkins University.

The cloning and purification of HIS-tagged UvrD The wvrD
gene in E. coli K-12 genomic DNA was amplified by PCR with
Pfu DNA polymerase and two primers containing a Ncol and
Xhol site, respectively, which flank the gene. Amplified uvrD
was cloned into the Ncol and Xhol site of pET33b(+) to
create an in-frame translational fusion with 6 histidines. This
construct was designated pETUvrD-HIS. After transforma-
tion, colonies were screened for those containing plasmids
encoding the uvrD gene by both restriction and PCR assay.
The cloned construct was identified finally by a full-
length DNA sequencing of the uvrD gene.

To over-express this new recombinant UvrD, the
BL21(DE3)AuvrD cells containing pETUvrD-HIS were grown
at 30°C to 0.5 of Aggo. IPTG (Isopropyl-p-D-thiogalactopyr-
anoside) was then added to a final concentration of 0.4 mM
for induction. UvrD was purified in one step through a Ni?"-
binding column according to the supplier’s protocol (Nov-
agen). Bound proteins were eluted from the column with
elution buffer containing 200 mM imidazole. Fractions were
analyzed by SDS-PAGE and the pooled fraction was dialyzed
against UvrD storage buffer (20 mM Tris-HCI, pH 8.3,
200 mM NacCl, 50% Glycerol, ] mM EDTA, 0.5 mM EGTA,
30 mM B-mercaptoethanol). The new recombinant, UvrD,
was designated UvrD-HIS. The helicase activity of the purified
UvrD-HIS protein was examined.

Immunoprecipitation UvrA (10 pmole), UvrB (12.8 pmole),
and or UvrC (15 pmole) were incubated with UvrD protein
(12 pmole) in 100 pl of reaction buffer (20 mM Tris-HCI,
pH 7.6, 10 mM MgCl,, | mM DTT, 85 mM KCl, 100 pg/ml
BSA, 2 mM ATP, 5% glycerol) at 25°C for 20 min. One
hundred pl of dilution buffer (TBS: 20 mM Tris-HCI, pH 7.6,
137 mM NaCl + 1% Triton X-100 + 1 mg/ml BSA) was
added to the reaction mixture and then incubated with 10 pl of
Mouse IgG-agarose (Sigma) to prevent subsequent coprecip-
itation of non-tagged proteins at 4°C for 1 h followed by
centrifugation. The supernatant of the mixture was incubated
with 2 pl of 6xHIS mAb at 4°C for 1 h and the protein-

antibody complex was precipitated with 10 pl of Protein G-
agarose at 4°C for 1 h. The precipitates were washed with the
dilution buffer, TBS and 50 mM Tris-HCl (pH 6.8). The
proteins in the precipitate were resolved by SDS-PAGE and
then transferred onto nitrocellulose membranes. The mem-
branes were immunoblotted with monoclonal antibodies to
UvrA, UvrB, UvrC, and UvrD.

UV streak test A streak test was performed on LB-agar plates
containing IPTG as described previously (Thaigalingam and
Grossman, 1991). The plates were incubated at 30°C for
overnight.

Incision assay Incision was carried out as described previously
(Ahn and Grossman, 1996). UvrA (1.0 pmole), UvrB
(1.3 pmole), UvrC (1.5 pmole), and or UvrD (6 pmole) were
incubated with 200-500 ng of UV-damaged plasmid DNA
(320350 J/m?). The plasmid DNAs were then analyzed
by agarose gels and detected by ethidium bromide staining.

UvrD Helicase assay To detect UvrD helicase activity, a
blunt-ended duplex DNA substrate (121 bp) was prepared by
BamH 1 and Pvull restriction enzyme digestions of pTZ18R
followed by fill-in of T4 DNA polymerase and [o->P] dTTP.
Purified UvrD proteins were incubated with the prepared
DNA substrate in the standard reaction buffer (20 mM
Tris-HCI: pH 7.6, 35 mM NacCl, 2.5 mM MgCl,, 2 mM ATP,
4 mM B-mercaptoethanol) for 20 min at 37°C and the
reactions were then terminated with stop solution (20 mM
EDTA, 0.2% SDS). The DNA was analyzed by electropho-
resis through a 9% polyacrylamide gel followed by autoradi-
ography of X-ray film.

Results and Discussion

Biochemical characterization of HIS-tagged UvrD In
order to identify proteins interacting with UvrD in
solution using immunoprecipitation with monoclonal
antibody against UvrD, UvrD was tagged with 6
histidines (6xHIS) at the C-terminal. To determine the
ability of UvrD-HIS to function in UvrABC-mediated
nucleotide excision repair, the complementation of this
new recombinant UvrD to UV resistance was examined
by a UV streak test. The plasmid pETUvrD-HIS was
transformed into E. coli strain BL21(DE3)AuvrD which
is UV sensitive (George et al., 1994). As shown in the
UV streak test (Fig. 1A), UvrD-HIS, supplied on a
plasmid, complemented the UV-sensitive phenotype
of E. coli strain BL21(DE3)AuvrD, suggesting that the
expressed UvrD-HIS protein retains its function in
the DNA repair process. The UvrD-HIS protein was
purified through a Ni?*-HIS bind column with a single
band purity (Fig. 1B). The purified UvrD-HIS protein
could unwind blunt ended duplex DNA in a protein
concentration-dependent manner (Fig. 1C). These re-
sults, consistent with those of previous observations
(Matson, 1989; Runyon et al., 1990), indicate that the
recombinant UvrD-HIS has an active helicase activity.
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Fig. 1. Biochemical activity of histidine-tagged UvrD protein. A. UV streak test. The constructed pETUvrD-HIS plasmid was
transformed into the BL21(DE3)AuvrD strain. MH1, AuvrA; uvrA deletion mutant. BL21(DE3), AuvrD; uvrD deletion mutant. B. The
purification of UvrD-HIS through the Ni?*-HIS bound resin. Lane 1, molecular weight standard; lane 2, cell extract; lane 3, soluble
fraction; lane 4, flow through; lane 5, washing with binding buffer; lanes 6-8, washing with washing buffer; lanes 9 and 10, elution
fractions. C. The helicase activity of UvrD-HIS. Lane 1, no protein; lane 2, 10 nM, lane 3, 30 nM; lane 4, 100 nM; lane 5, 200 nM; lane

6, heat denatured substrate.

A physical interaction of UvrD with nucleotide excision
repair proteins UvrA and UvrB To detect any interac-
tion of UvrD protein with UvrA, UvrB, or UvrC in
solution, each purified protein was incubated in the
reaction buffer. Proteins which bind nonspecifically to
the solid-phase matrix were removed by preadsorption
of the incubated protein mixture using Mouse IgG-
agarose followed by centrifugation. The supernatant
was incubated with anti-6xHIS monoclonal antibody
exclusively specific for the 6xHIS tag. The complex of
antibody, UvrD-His, and Uvr proteins was precipitated
with Protein G-agarose which interacts with the anti-
body. The precipitated sample was washed to remove
proteins that are not tightly bound to the matrix. The
precipitate was analyzed by SDS-PAGE and then the
proteins were detected using the antibodies specific
for UvrA, UvrB, and UvrC, respectively (Kovalsky and
Grossman, 1994). No nonspecific precipitation was
detected in the absence of UvrD (data not shown).

With the incubation with UvrD, UvrA, and UvrB were
precipitated but UvrC was not (Fig. 2A, lanes A, B, and
C). The two thick bands were heavy chains (H) and light
chains (L) of IgG, respectively. When UvrA and UvrB
were pre-incubated, no protein was precipitated with
UvrD (lane AB). However, UvrB was still precipitated
even with pre-incubation of UvrB and UvrC (lane BC).
These results suggest that UvrD interacts with UvrA or
UvrB in the context of the immunoprecipitation system,
that the interacting sites of UvrD for UvrA and UvrB
may overlap, and that there may be a differential affinity
of UvrB for UvrA and UvrD.

Discussion

Upon binding of the UvrAB complex to the site of
damage, a stable pre-incision UvrB-DNA complex is
formed resulting in the release of UvrA. Then, UvrC
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interacts with UvrB in the UvrB-DNA intermediate and
is believed to trigger an endonuclease activity of UvrB
and UvrC. The complex of UvrBC with incised DNA is
called an incision complex. In order to examine whether
UvrD interacts with UvrB in the preincision and
the incision complex, the UvrA, UvrB, and/or UvrC
proteins were incubated with UV-irradiated DNA and
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Fig. 2. Immunoprecipitation. A. Immunoprecipitation with
UvrD. UvrA (10 pmole), UvrB (12.8 pmole), and/or UvrC
(15 pmole) was incubated with UvrD (12 pmole) in 100 pl of
reaction buffer at 25°C for 20 min. The reaction mixture was
incubated with 10 pl of Mouse IgG-agarose to prevent subse-
quent coprecipitation of non-tagged proteins. The supernatant of
the mixture was incubated with 2 pl of 6xHIS mAb at 4°C for
1 h and the protein-antibody complex formed was precipitated
with 10 pl of Protein G-agarose at 4°C for 1 h. The precipitates
were washed with the dilution buffer. The proteins in the
precipitate were resolved by SDS-PAGE and then transferred
onto nitrocellulose membranes. The membranes were immunob-
lotted with monoclonal antibodies to UvrA, UvrB, UvrC, and
UvrD. B. Immunoprecipitation of UvrD in the presence of
UV-damaged DNA (300 ng).

then UvrD was added to the reaction followed by
immunoprecipitation (Fig. 2B). The extent of precipi-
tated UvrB was greater in the presence of UvrABC with
UV-damaged DNA than in the presence of UvrAB and
UV-damaged DNA and was similar to that of free UvrB
in solution. Some precipitation of UvrA was detected as
well, probably due to free UvrA or UvrA dissociated
after the formation of the precision complex. However,
no protein was precipitated in the absence of UV-
damaged DNA (Fig. 2B, lane ABC). These results
indicate that the interaction of UvrD with UvrD seems
to be stronger in the incision complex than in the
preincision complex and that the interaction may be
dependent on UV-damaged DNA when all three
UvrABC proteins are present.

To examine the functional importance of the inter-
action of UvrD with UvrB and UvrA in excision repair,
the incision of DNA damage by UvrABC was investi-
gated (Fig. 3A). The UV-damaged supercoiled DNA
was incised partially (Fig. 3A, lane ABC) but most
of the damaged supercoiled DNA was incised in the
presence of UvrD and a linear form of DNA was
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Fig. 3. Effect of the interaction of UvrD and UvrB on incision.
A. The effect of UvrD on incision. UV-damaged supercoiled
DNA (200 ng) was incubated with UvrABC (lane ABC) or
UvrABCD (lane ABCD). UvrD was incubated with UvrB (lane
BD) or UvrA (lane AD) before addition of other proteins and
UV-damaged DNA. The reactions were analyzed on an agarose
gel. M.L: Micrococcus luteus UV-endonuclease. B. The effect
of UvrDANI101 on incision. UV-damaged DNA (500 ng) was
incubated and then a half of the reaction was loaded onto an
agarose gel. Lane DAN: only UvrDAN101 was incubated with
DNA.
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detected (Fig. 3A, lane ABCD). This increased extent of
incision and the appearance of a linear form of DNA
are due to the turnover of UvrC by UvrD, in agreement
with earlier reports (Caron ef al., 1985; Husain et al.,
1985; Orren et al., 1992). However, when UvrD was
incubated with UvrB prior to the addition of UvrA,
UvrC, and UV-damaged DNA, the linear form of DNA
was not detected (Fig. 3A, lane BD — AC), whereas the
pre-incubation of UvrA and UvrD produced the linear
form of DNA (Fig. 3A, lane AD — BC). These results
suggest that the interaction of UvrD with UvrB prior to
formation of the UvrAB complex and the incision
complex could affect NER incision due to the compet-
itive interaction of UvrB with UvrA and UvrD. Thus,
in order for the interaction of UvrD and UvrB to be
functional in the NER process, the interaction should
occur at the excision step.

Since it has been reported that the N- and C-termini
of UvrD are essential for the interaction with MutL
(Hall et al., 1998), we constructed a mutant lacking
the N-terminal 101 amino acid residues that failed to
complement the loss of UvrD in excision repair (data
not shown). This mutated gene product (UvrDAN)
was purified through a Ni**-HIS bind column (data not
shown) and the purified protein was added to the
UvrABC incision assay (Fig. 3B). As shown in the
figure, the increased incision was not detected (lane
ABCDAN) when compared to lane ABCD, indicating
that the N-terminus of UvrD would be required for its
activity or turnover of the incision complex. We are
currently exploring the role of the N-terminus of UvrD
in excision repair, the investigation of the critical
residues for the interaction of UvrB and UvrD, and
the interaction of UvrD with UvrB in the incision
complex using a DNA substrate containing a single
adduct.

The results presented here propose that UvrB in the
incision complex seems to recruit UvrD to the 3" incised
site of the incised strand by protein-protein interaction
and to allow initiation of unwinding by UvrD from the
resulting nick in a 3’ to 5 direction. Therefore, this
directional unwinding turns over UvrC and excises the
incised fragment, but UvrB remains on the opposite
strand.

Although E. coli contains at least 11 DNA helicases,
the specific interactions of some helicases with other
proteins have been reported in biological processes. For
example, DnaB replication helicase interacts with DnaC
in replication initiation (Wahle et al., 1989) and with t
subunit of E. coli replicative polymerase III in elonga-
tion (Kim et al., 1996). UvrD is the only helicase for
nucleotide excision repair and methyl-directed mis-
match repair processes. This UvrD interacts with MutL,
a component of the methyl-directed mismatch repair
pathway (Hall ez al., 1998). Thus, this kind of specific
protein-protein interaction provides the specificity of

the helicase capable of functioning in biological pro-
cesses. Furthermore, the discovery of a physical inter-
action between UvrD and UvrB may lead to advances
in our understanding of nucleotide excision repair in
eukaryotic systems where the TFIIH complex is com-
posed of two kinds of helicases similar to UvrAB and
UvrD, respectively (Drapkin et al., 1994; Wang et al.,
1994).
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