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ABSTRACT: The influence of DNA base sequence context on the removal of a bulky benzo[a]pyrene diol
epoxide-guanine adduct, (+)-trans-B[a]P-N2-dG (G*), by UvrABC nuclease from the thermophilic organism
Bacillus caldotenaxwas investigated. The lesion was flanked by either T or C in otherwise identical
complementary 43-mer duplexes (TG*T or CG*C, respectively). It was reported earlier that in the CG*C
context, a dominant minor groove adduct structure was observed by NMR methods with all Watson-
Crick base pairs intact, and the duplex exhibited a rigid bend. In contrast, in the TG*T context, a highly
flexible bend was observed, base pairing at G*, and two 5′-base pairs flanking the adduct were impaired,
and multiple solvent-accessible adduct conformations were observed. The TG*T-43-mer duplexes are
incised with consistently greater efficiency by UvrABC proteins fromB. caldotenaxby a factor of 2.3(
0.3. The rates of incisions increase with increasing temperature and are characterized by linear Arrhenius
plots with activation energies of 27.0( 1.5 and 23.4( 1.0 kcal/mol for CG*C and TG*T duplexes,
respectively. These values reflect the thermophilic characteristics of the UVrABC nuclease complex and
the contributions of the different DNA substrates to the overall activation energies. These effects are
consistent with base sequence context-dependent differences in structural disorder engendered by a loss
of local base stacking interactions and Watson-Crick base pairing in the immediate vicinity of the lesions
in the TG*T duplexes. The local weakening of base pairing interactions constitutes a recognition element
of the UvrABC nucleotide excision repair apparatus.

Among the different DNA repair pathways, nucleotide
excision repair (NER) constitutes a mechanism that
recognizes bulky DNA lesions (1, 2). DNA adducts
derived from environmental polycyclic aromatic hydro-
carbon (PAH) carcinogens are examples of bulky DNA
adducts that are repaired by prokaryotic (3-6) and
eukaryotic (7) NER pathways. Benzo[a]pyrene (B[a]P), a
widely studied PAH compound (8), is metabolized to the
highly mutagenic and tumorigenic diol epoxide enantiomer
(+)-7R,8S-dihydroxy-9S,10R-epoxy-7,8,9,10-tetrahydrobenzo-
[a]pyrene ((+)-anti-B[a]PDE). The latter binds predomi-

nantly to the exocyclic amino group of guanine in native
DNA (9).

Much of what is known about the removal of bulky
adducts by prokaryotic NER comes from extensive studies
of the repair pathways inEscherichia coli(10, 11). The
general mechanism involves the interaction of two UvrA
molecules that form UvrA2 dimers in solution (12). The
dimers then associate with a UvrB molecule to form a
UvrA2B (13) or a UvrA2B2 (14, 15) complex that, in turn,
binds to the site of the damaged DNA (5, 13, 16-22) and
leads to an ATP-dependent local unwinding around the site
of the lesion (23, 24). This conformational change is believed
to trigger the dissociation of UvrA2 from the complex. The
resulting UvrB-DNA complexes are strongly bent (25, 26),
and the DNA is wrapped around the protein (27, 28). Studies
of the interactions between the UvrA2B and DNA substrates
suggest that adducted bases are identified by a multilevel
recognition process. The recognition by UvrA appears to be
based on changes in the local characteristics such as
deformations or perturbations of the normal structures of
double-stranded damaged DNA, rather than on the recogni-
tion of the lesions themselves (1, 4, 10, 29). UvrB appears
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to provide a second level of damage discrimination that
involves a strand separation and hydrophobic stacking
interactions via the intercalative insertion of aromatic amino
acid residues on theâ-hairpin of UvrB between neighboring
base pairs (19, 21, 24, 27, 30-33). The UvrC protein
interacts with the UvrB molecule in the UvrB-DNA
complex to form a pre-incision UvrBC-DNA complex with
4-6 unpaired bases in a bubble-like structure around the
site of the lesion (24, 34). This protein complex exhibits an
ATP-dependent endonuclease activity (35) with an initial 3′-
incision at the fourth-fifth phosphodiester bond on the 3′-
side of the lesion, followed by a 5′-incision at the eighth
phosphodiester bond (36, 37).

The conformations of the (+)-trans-B[a]P-N2-dG adducts
(G*, Figure 1) (38) and several stereoisomeric adducts (39)
in double-stranded DNA have been investigated by NMR
methods. The relative efficiencies of incision of DNA
sequences containing such B[a]P-DNA lesions by mam-
malian (40) and prokaryotic (5, 6, 21, 41, 42) NER proteins
have also been studied. The influence of base sequence-
context effects on the NER of different bulky adducts has
been noted (5, 6, 34, 42-46). Effects of adduct conformation
on NER have been described for stereoisomeric B[a]P-N2-
dG adducts in the same sequence context (5) andN-[deoxy-
guanosin-8-yl]-2-aminofluorene adduct positioned at different
sites in aNarI mutation hotspot sequence (47).

In order to gain a better understanding of the fundamental
principles underlying base sequence effects on NER, we
investigated the efficiencies of incision catalyzed by the
UvrABC system of two DNA duplexes containing identical
(+)-trans- B[a]P-N2-dG adducts embedded in two different
sequence contexts. The two sequence contexts were selected
in order to maintain the same minor groove conformational
motif of the lesion, while changing the thermodynamic
stabilities of only the two base pairs flanking this lesion. In
one duplex, the lesion G* was flanked on both sides by T
and in the other by C (these duplexes are denoted by TG*T
and CG*C, respectively; Figure 1). These two types of

substrates were selected because the properties of the (+)-
trans-B[a]P-N2-dG adducts have been extensively studied
in these base sequence contexts by NMR (38, 39, 48) and
other biophysical techniques (48, 49). A single minor groove
conformation is observed, all Watson-Crick base pairs are
intact (38), and the adduct causes a rigid bend (49) in the
CG*C sequence context. In contrast, multiple adduct con-
formations are observed in a TG*T sequence context, a
weakening of Watson-Crick base pairing is observed at
adduct G* and the two 5′-flanking base pairs, and the site
of modification is characterized by a highly flexible bend
(48, 49). Theses observations indicate that base pair opening
in the immediate vicinity of lesions G* is more facile in the
TG*T than in the CG*C sequence context. If local structural
deviations from normal base stacking and Watson-Crick
base pairing caused by the lesions represent an important
recognition element for prokaryotic UvrABC proteins, inci-
sions should be favored in TG*T relative to CG*C sequence
contexts, and such an effect can be related to differences in
nearest neighbor interactions. This hypothesis was tested
using UvrABC proteins from the thermophilic organism
Bacillus caldotenax(50) and fromE. coli.

EXPERIMENTAL PROCEDURES

Preparation of B[a]PDE-Modified Oligonucleotides. All
oligonucleotides were synthesized using the Biosearch
Cyclone DNA synthesizer and were purified by standard
HPLC protocols. The BPDE-modified oligonucleotides were
generated by direct synthesis methods using racemicanti-
B[a]PDE obtained from the National Cancer Institute
Carcinogen Reference Repository (NIH, Bethesda, MD). The
procedures used and the methods of characterization and
verification of adduct stereochemistry were the same as those
described earlier (51).

The 11-mers were extended to 43-mers by standard
ligation methods as described elsewhere (52). The 43-mer
oligonucleotides were either 5′-end-labeled with [γ-32P] ATP
or 3′-end-labeled with 5′-[R-32P] ddATP (GE Healthcare Bio-
Sciences, Piscataway, NJ), thus forming 44-mer oligonucle-
otides (Figure 1). The 5′-end-labeled substrates were prepared
by labeling 5 pmol of the 43-mer oligonucleotides with
[γ-32P] ATP using 10 units of T4 polynucleotide kinase in a
10 µL reaction volume at 37°C for 1 h. The 3′-end-labeling
reactions were conducted by labeling the 43-mer TG*T and
CG*C oligonucleotides with 5′-[R-32P]ddATP at 37°C for
30 min. The 50µL reaction mixture contained 5 pmol of
the oligonucleotides, 0.1 mM ddATP, and 50 units of
terminal deoxynucleotidyl transferase (calf thymus, GE
Healthcare Bio-Sciences, Piscataway, NJ). The reaction was
stopped by adding 5µL of 0.5 M EDTA solution. The end-
labeled 43-mer or 44-mer oligonucleotides were purified
using 20% denaturing polyacrylamide gel and then desalted
by ethanol precipitation.

B. caldotenax UVrABC Incision Protocol. The cloning of
B. caldotenaxUvrA, UvrB, and UvrC genes and the
purfication of the proteins have been described in detail
elsewhere (53). Aliquots of the UvrA, UvrB, and UvrC stock
solutions (0.5, 0.8, and 1µM, respectively) were stored at
-20 °C. Before use, the enzymes were diluted with UvrABC
buffer (50 mM Tris-HCl at pH 7.5, 50 mM KCl, 10 mM

FIGURE 1: Structure of the (+)-trans-B[a]P-N2-dG adduct and site-
specifically modified 11-mer oligonucleotide duplexes. Definition
of the 43-mer and 44-mer sequences used in the UvrABC incision
and UvrAB binding experiments. The UvrC nuclease incision points
of the 5′-end-labeled 43-mer and 3′-end-labeled 44-mer duplexes
are shown by the vertical arrows. The sequences of the 11-mer
and 21-mer (horizontal bars) of the 5′- and 3′-32P-labeled incision
fragments, respectively, are also shown.
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MgCl2, 5 mM dithiothreitol, and 1 mM ATP). The buffer
and enzymes were kept at 0°C during the dilution. The
diluted enzymes were pre-heated at 55°C for 5 min to
achieve optimal activity and to inactivate possibleE. coli
contaminant nucleases. In the incision assay, the final
concentrations employed were 25 nM UvrA, 40 nM UvrB,
50 nM UvrC, and 2 nM oligonucleotide duplex substrates.
The reactions were carried out in 40µL solutions obtained
by mixing 4µL of UvrABC buffer, 6µL of the diluted UvrA,
UvrB, and UvrC solution, 2µL of the double-stranded DNA
substrate, and 28µL of water. After incubation of these
solutions for a specified time interval and temperature, the
reactions were stopped by adding 1.3µL of a 0.1 M EDTA
solution to a 6µL aliquot of the reaction mixture. The
solutions were then centrifuged in a low-vacuum concentrator
(“SpeedVac” Model SVC 100, ThermoFisher Scientific,
Waltham, MA) at a medium drying rate in order to reduce
the volume to less than 2µL. The samples were heated at
90°C for 3 min, then quickly chilled in ice-water, and loaded
onto a 20% denaturing polyacrylamide sequencing gel in
TBE buffer (0.089 M Tris, 0.089 M sodium borate, and 0.002
M EDTA). The gel was operated at about 55-60 °C. Upon
completion of the gel electrophersis run, it was dried and
the bands were visualized using a Storm 840 PhosphorImager
(GE Healthcare Biosciences, Inc., Piscataway, NJ). The
relative radioactivities of the bands were evaluated employing
the ImageQuant software of the Storm 840 system.

E. coli UVrABC Incision Protocol. The E. coli NER
proteins were expressed and purified as described elsewhere
(53). The UvrA, UvrB, and UvrC stock solutions were
diluted to concentrations of 0.2, 5, and 2µM, respectively,
with the UvrABC buffer in 20% glycerol/ H2O solution. The
buffer was pre-chilled to 0°C before use. As in the case of
the experiments withB. caldotenax, the DNA substrates were
dissolved in UvrABC reaction buffer and pre-heated at 37
°C for 5 min. The diluted UvrA and UvrB solutions were
mixed first, and then the UvrC was added with all solutions
chilled to -20 °C in a salt-water/ice bath. This mixture of
enzymes was then added to the DNA substrate solution. The
final incision reaction mixtures contained 10 nM UvrA, 250
nM UvrB, 100 nM UvrC, and 2 nM DNA substrate. TheE.
coli repair reaction was stopped and analyzed in the same
manner as the NER reactions withB. caldotenax.

Protein-DNA Binding Experiments by Gel Electrophoretic
Mobility Shift Assays. The binding reactions were performed
with 2 nM DNA solutions (32P-end-labeled modified strands),
25 nM B. caldotenaxUvrA, or 40 nM B. caldotenaxUvrB
and 25 nM UvrA (same concentrations of these proteins as
in the incision reactions) in 20µL of ABC buffer and
incubated at 37°C for 30 min. Glycerol was then added to
the solutions (80% v/v), and the reaction mixture was loaded
onto a 4% native polyacrylamide gel (29:1). The electro-
phoresis was performed for 30 min at 4°C with a current of
50 mA in a vertical mini-gel electrophoresis unit (Hoefer
SE 250, 8× 10 cm) and running buffer (TBE buffer
containing 10 mM MgCl2 and 1 mM ATP). The gels were
then dried and visualized by autoradiography.

UV DNA Melting Profiles. The dissociation of the double-
stranded DNA duplexes as a function of temperature was
measured by monitoring the UV absorbance of DNA
solutions (50 mM sodium phosphate buffer and 100 mM
NaCl at pH 7.2) at the DNA absorbance maximum of 260

nm and the B[a]P-residue absorbance maximum at 346 nm
utilizing a diode array spectrophotometer (Model 8453,
Agilent Technologies, Inc., Santa Clara, CA) equipped with
a thermostatted cuvette. The melting profiles were generated
by plotting the absorbance at a given wavelength as a
function of temperature.

RESULTS

UV Melting Profiles and Physical Characteristics of the
G* Adducts in CG*C and TG*T Sequences. The UV (260
nm) melting profiles of the TG*T and CG*C 11-mer
oligonucleotide duplexes are shown in Figure 2A. The
melting points of the duplexes,Tm, were determined from
the maxima in the derivatives of plots of the absorbance at
260 nm versus temperature (data not shown). TheTm value
of the TG*T-11-mer duplex (30( 1 °C) is ∼15 degrees
lower than theTm value of the CG*C-11-mer duplex (46(
1 °C). This indicates that T:A base pairs flanking the adduct
tend to destabilize the TG*T-11-mer duplexes as shown
previously by NMR methods (48). The Tm values of the
TG*T-11-mer and CG*C-11-mer duplex are∼11° and 9°,
respectively, lower than those of the respective unmodified
TGT- and CGC-11-mer duplexes.

The 11-mer duplexes, however, are too small for the
UvrABC incision experiments because the footprints of the
UvrA and UvrB proteins bound to damaged DNA duplexes
range from 19 to 33 base pairs (54). It was therefore
necessary to construct the longer 43-mer duplexes depicted
in Figure 1. TheTm values of the 43-mer duplexes are
significantly higher than those of the 11-mer duplexes (Figure

FIGURE 2: (A) Typical UV melting curves of the B[a]PDE-modified
double-stranded forms of the TG*T-11-mer and CG*C-11-mer
oligonucleotide duplexes. The absorbance (260 nm) measurements
(10 mm optical path length) were made at∼7 µM oligonucleotide
concentration and 100 mM NaCl and 20 mM sodium phosphate
buffer solution at pH 7. The rate of temperature increase was 0.5
degrees/min. Comparisons of UV melting curve profiles of (B) the
unmodified CGC- and modified CG*C-43mer duplexes (0.7µM)
and (C) the unmodified TGT- and TG*T-43-mer duplexes (1µM)
monitored at 260 nm. (D) Absorbance of the same B[a]PDE-
modified CG*C- and TG*T-43mer duplexes (∼1 µM) monitored
at 346 nm as a function of temperature.
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2B and C). However, effects of the lesions on the thermal
stabilities are still observable, especially in the case of the
TG*T-43-mer duplex becauseTm ) 75.0 ( 0.9 °C, about
3-4 degrees lower than theTm of the unmodified 43-mer
duplex (Figure 2C). In contrast, theTm value of the modified
CG*C-43-mer duplex is only slightly lower than theTm of
the unmodified CGC-43-mer duplex (Figure 2B).

The 260 nm UV melting profiles (Figure 2B and C) reflect
the melting of the entire duplex but do not provide insights
into the local melting characteristics of the (+)-trans-B[a]P-
N2-dG adducts. The pyrene-like B[a]P residues exhibit an
absorbance in the 300-360 nm region, well outside the
absorption band of the DNA (Figure 3), and are highly
sensitive to changes in the local environment. At 25°C, the
absorption spectra of the lesions reflect their environment
in the double-stranded form with maxima near 346 nm, while
at temperatures beyondTm at 82-85 °C, their absorption
spectra are red-shifted and characteristic of a single-stranded
environment with maxima near 350 nm (55) and a marked
decrease in the molar absorption coefficient (Figure 3).
Depending on the wavelength of observation, either hyper-
chromic or hypochromic absorbance changes can be observed
as duplexes are formed or as they undergo dissociation (55).
In the case of the CG*C-43-mer duplex, the absorbance at
346 nm is higher in the duplex than in the single-stranded
form, and this absorbance decreases slowly with increasing
temperature. A further abrupt decrease is observed in the
75-80 °C region (Figure 2D) near theTm of 79.4( 0.4 °C
measured at 260 nm (Figure 2B). In contrast, little change
in the absorbance at 346 nm is observed in the case of the
TG*T-43-mer duplex in the entire temperature interval
(Figures 2D and 3A), suggesting that there is no significant
change in the local environment of the pyrenyl ring system
as the temperature is increased from 15°C to ∼82 °C.

Incisions Catalyzed by UVrABC Proteins from B. caldot-
enax.Typical gel autoradiograms obtained after the incisions
of TG*T-43 and CG*C-43-mer duplexes after different
incubation times at temperatures of 37°C are depicted in
Figure 4A. The incision products are the 5′-end-labeled 11-
mer oligonucleotides (Figure 1). The single-stranded 43-mer
sequences containing the (+)-trans-B[a]P-N2-dG lesions
migrate slower than the unmodified strands (lanes U). In

some cases, two bands are observed in the region of the 43-
mers at the top of the gels. The upper band disappears when
the solutions are extracted with a standard phenol-
chloroform solution, which is attributed to protein-DNA
complexes (data not shown) that did not affect the quanti-
tation of incision products. At 37°C, the TG*T-43-mer
duplexes are incised with greater initial rates than the CG*C-
11-mer duplexes (Figure 4B). In this example, the initial rates
of incision are 2.6( 0.15 times greater at 37°C in the case
of the TG*T-43-mer than in the case of the CG*C-43-mer
duplexes. Repeated experiments with different preparations
of UvrABC over a period of 3 years consistently yielded
values for this ratio in the range of 2.3( 0.3.

The thermophilic UvrABC proteins are active and stable
up to 55-60 °C (50, 53), and it was therefore possible to
obtain reproducible incision results in the range of
37-55°C. The temperature dependence of the initial incision
rates was measured for both the TG*T- and CG*C-43-mer
duplexes, and typical gel electrophoresis results are shown
in Supporting Information, Figure S1. The results are plotted
in Figure 4C according to the Arrhenius equationk )
Aexp[-Ea/RT] in the semilogarithmic representation, where
k is the rate constant (proportional to the measured initial
incision rates),Ea is the activation energy, andA is the pre-
exponential factor. These Arrhenius plots are linear within
experimental error, and the activation energies deduced from
the slopes of these plots areEa ) 27.0( 1.5 and 23.4( 1.0
kcal/mol for the CG*C- and TG*T-43-mer duplexes, re-
spectively.

We next considered whether base sequence effects on
incision rates are also observable with UvrABC proteins from
the non-thermophilicE. coli. The time course of typical
incision reactions of 5′-end-labeled TG*T-43-mer and CG*C-
43-mer duplexes at 37°C are shown in the gel autoradiogram
in Figure 5A, and the same 11-mer 5′-end-labeled incision
products are observed, as in the case of theB. caldotenax
experiments. The fraction of 43-mer duplexes incised is linear
up to about 30 min (Figure 5B). The difference in the incision
rates catalyzed by theE. coli UvrABC proteins exhibits the
same trend, as in the case of incisions catalyzed by UvrABC
from B. caldotenax.However, the initial incision rates of
TG*T-43-mer duplexes are only∼1.7 ( 0.1 times greater
than the incision rates of the CG*C-43-mer duplexes. We
also examined the incision rates on the 3′-sides of the lesions
by labeling the modified oligonucleotides at their 3′-ends,
and a typical gel autoradiogram is shown in Supporting
Information, Figure S2. The fractions of 3′-incised 44-mers,
as evidenced by the appearance of the expected 21-mer 3′-
incision products (Figure 1), are similar to the fractions of
5′-incision products (Figure 5B). This is consistent with the
previously established notion that the 3′-incision precedes
the 5′-incision when lesions are excised byE. coli UvrABC
proteins (36). We note in passing that in contrast to the
efficient 3′-incisions observed in the case of the proteins
derived fromE. coli, the 3′-incision was significantly less
efficient in the case of the UvrC protein derived fromB.
caldotenax, as discussed by Jiang et al. (53). These results
indicated that the 3′-incision catalyzed by theB. caldotenax
UvrC proteins does not need to precede the 5′-incision as in
the case of the incisions of damaged DNA catalyzed by
UvrABC proteins fromE. coli (36).

FIGURE 3: UV absorption spectra of the B[a]P residues in (A)
TG*T-43mer and (B) CG*C-43mer duplexes (same as those in
Figure 2) in the 300-400 nm region measured at 25°C (duplex
form, black lines) and>80 °C (denatured form, gray lines).

Thermophilic UvrABC NER Proteins Biochemistry, Vol. 46, No. 23, 20077009



Binding of UVrA and UVrB Proteins to the TG*T- and
CG*C-43-mer Duplexes. The possibility that the difference
in incision rates of the TG*T and CG*C duplexes is due to
the recognition of the damaged sequences by UvrA or a
combination of UvrA and UvrB proteins was explored.
Autoradiograms of typical native gel experiments conducted
with proteins fromB. caldotenaxare shown in Figure 6. The
UvrA and UvrB concentrations were the same as those
utilized in the incision experiments, except that UvrC was
absent. The bands shown in Figure 6 were assigned according
to the identifications described earlier (31, 56). The formation
of UvrA2-DNA complexes ([UvrA]) 25 nM, [UvrB] )
0) is distinctly greater in the case of the TG*T-43-mer than
in the case of the CG*C-43-mer duplexes by a factor 1.7(
0.2 (Figure 7A). The concentrations of the UvrA2B com-
plexes are also greater by a factor of 1.7( 0.4 in the TG*T-
43-mer than in the case of the CG*C-43-mer duplexes.
However, the levels of UvrB-DNA complexes are more
similar to one another, although still greater in the case of
TG*T by a factor of 1.3( 0.2 (Figure 7A). Additional details
are provided in Supporting Information. The dependence of
UvrA2-DNA complex formation on the concentration of
UvrA is depicted in Figure 7B. The shapes of the curves are
sigmoidal, reflecting the complexity of coupled equilibria
that include the dimerization of UvrA molecules. The
apparentKd(50) values (UvrA concentrations needed to bind
50% of the DNA molecules) are 59( 3 and 83( 4 nM for
the TG*T- and CG*C-43-mer duplexes, respectively. How-
ever, the ratios of initial incision rates (TG*T/CG*C) are
independent of the UvrA concentrations in the range

of 25-200 nM at 37 or 55°C (Figure S3, Supporting
Information).

DISCUSSION

Prokaryotic nucleotide excision repair proteins recognize
and excise a variety of structurally distinct lesions (4, 57).
It has been proposed that the UvrABC system probes the
distortions of the DNA helix associated with the loss of base
stacking and Watson-Crick hydrogen bonding that causes
local destabilization of the double-stranded DNA at the site
of bulky lesions (10). Naegeli and co-workers advanced the
related concept that mammalian NER proteins probe the loss
of hydrogen bonding and the local structural disorder caused
by bulky DNA adducts (58). Because bulky lesions such as
the (+)-trans-B[a]P-N2-dG adducts are known to destabilize
DNA duplexes (59), we postulated that the degree of local
disorder and destabilization might also depend on the nature
of the bases flanking the lesions. We tested this hypothesis
by replacing C:G base pairs flanking the adduct G* by the
thermodynamically less stable (60, 61) T:A base pairs and
by measuring the incision rates catalyzed by UvrABC
nuclease. The UvrABC proteins from the thermophilic
organismB. caldotenax(53) are suitable for probing such
effects because incision kinetics can be studied at different
temperatures, up to∼55-60 °C (50).

Sequence Effects on Local Structural Order and the
Conformational Characteristics of B[a]P-N2-dG Adducts of
TG*T- and CG*C-11-mer Duplexes.Although a single minor
groove adduct conformation with the B[a]P residue on the

FIGURE 4: Time and temperature dependence of incisions determined with either TG*T-43-mer or CG*C-43-mer oligonucleotide duplexes
(2 nM). (A) Typical gel autoradiograms of 5′-end-labeled incision products (11-mers) appearing after incubation withB. caldotenax25 nM
UvrA, 40 nM UvrB, and 50 nM UvrC at 37°C as a function of incubation time. U: unmodified TGT-43-mer or CGC-43-mer oligonucleotides.
M: ladder of oligonucleotide markers 8, 10, 12, 14.......30, 32 bases in length. (B) Example of the time course of incisions at 37°C; the
data points represent the average of 4-6 independent experiments. The error bars indicate the standard deviations. (C) Arrhenius plots of
the initial incision rates as a function of temperature. The activation energies determined from the slopes of the best-fit straight lines are
Ea ) 23.4( 1.0 kcal/mol for the TG*T-43-mer andEa ) 27.0( 2.0 kcal/mol for the CG*C-43-mer duplexes. The averages were calculated
from 3 to 4 independent experiments, and the error bars denote the standard deviations of the measurements. The incubation times at the
different temperatures were adjusted to maintain incision yields below 20% in all cases.
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5′-side of the modified guanine is observed in the CG*C
sequence contexts with intact Watson-Crick base pairing
in the flanking base pairs (38), the same adduct in a TG*T
sequence context has entirely different properties. The B[a]P
residue exhibits multiple conformations on the NMR time
scale, and base pairing is weakened within the trinucleotide
sequence 5′-d(...ATG*...)•3′-d(...TAC...). The imino proton
resonances associated with normal B-DNA Watson-Crick
base pairs were not observed in this region of the duplex
(48). The enhanced exchange of imino protons with the
solvent (62) indicates a higher frequency of base pair opening
events in this segment of the duplex. A less pronounced
destabilization of local base pairs caused by the same
(+)-trans-B[a]P-N2-dG adducts has also been reported in a
TG*C sequence context (63). The local destabilization of
base pairs on the 5′-side of the adduct in the TG*T

duplexes is consistent with the orientational preference of
the bulky pyrenyl residue on the 5′-side of the modified
guanine residue G* (39, 48, 64), and there is no NMR
evidence for the existence of an intercalated structure.
Circularization and gel electrophoresis studies of the TG*T-
11-mer duplexes further indicate that there are significant
differences in the local environments of the TG*T and CG*C
duplexes. A flexible locus of bending is observed at the site
of the lesion in TG*T, which allows for the formation of
circular DNA molecules as small as 77 base pairs in size
(48). In contrast to the highly flexible TG*T-11-mer duplex
sequence context, the CG*C-11-mer duplexes exhibit a rigid
bend (49) as well as a greater average extent of bending (65).

Probing the Local B[a]P-N2-dG Adduct EnVironment in
TG*T- and CG*C-43-mer Duplexes. Studies of the melting
and spectroscopic characteristics of the TG*T and CG*C
complexes suggest that the sequence effects on the local
environment of the (+)-trans-B[a]P-N2-dG adducts observed
in the 11-mer duplexes persist in the 43-mer duplexes (Figure
2). In general, the effects of base sequence on the melting
characteristics of double-stranded DNA can be estimated
from consideration of the free energy terms defining the
interactions between successive dinucleotide steps (59). The
5′-TG or 5′-GT dinucleotide steps in double-stranded oli-
gonucleotides are thermodynamically less stable than the 5′-
CG or 5′-GC dinucleotide steps (60). The base sequence
effects onTm are predominantly enthalpic in nature (60) and
arise mainly from differences in base-base stacking interac-

FIGURE 5: (A) Typical gel autoradiogram of incision products (11-
mers) after incubation of UvrABC proteins fromE. coli with either
TG*T-43mer or CG*C-43-mer oligonucleotide duplexes (2 nM)
at 37°C. U: unmodified TGT-43mer or CGC-43mer oligonucle-
otides. A ladder of oligonucleotide markers 8, 10, 12, 14.......32
bases long is shown in the middle. (B) Time course (min) of
incisions at 37°C catalyzed by UvrABC proteins fromE. coli and
5′-end-labeled TG*T-43mer (9) and CG*C-43mer (b) duplexes
and 3′-end-labeled duplexes (0 andO), respectively.

FIGURE 6: Typical autoradiograms of gels (4.5% polyacrylamide)
obtained after incubation ofB. caldotenax(A) UvrA (25 nM), or
(B) UvrA (25 nM) and UvrB (40 nM) with either the CG*C-43-
mer or the TG*T-43mer (2 nM) duplex incubated at 37°C.
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tions (66). Thus the observed lowerTm values of the TG*T-
11-mer duplexes as compared with those of the CG*C-11-
mer (Figures 2A) are consistent with the thermodynamic
properties of these two duplexes.

The simultaneous sharp changes in the absorbances at 260
and 347 nm of the CG*C-43-mer duplexes in the vicinity of
the Tm temperature indicate that the distinct minor groove
conformation of the (+)-trans-B[a]P-N2-dG adducts is
maintained until the entire duplex melts in a cooperative
manner (Figure 2B and D). However, in the case of the
TG*T-43-mer duplex, the lack of change of the absorbance
at 346 nm as a function of temperature is consistent with
the absence of a distinct minor groove binding site and the
exposure of the B[a]P residue to solvent in the entire
temperature interval studied. These result are consistent with
the enhanced flexibility and local destabilization of the two
base pairs flanking the adduct of the 5′-side at ambient
temperatures (48) and with the apparent solvent exposure
of the B[a]P residue of G* in the TG*T-43-mer duplex.

Taken together, these physicochemical studies of the
properties of oligonucleotide duplexes with single, identical
(+)-trans-B[a]P-N2-dG adducts point to weaker base pairing/
base stacking interactions in the TG*T than in the CG*C
sequence context. The highly flexible bend in the TG*T
sequence context suggests a greater frequency of base pair
opening events (48) because bending of the double helix and
base pair opening are coupled to one another (67). These
notions are consistent with the experimentally observed
multiple adduct conformations in TG*T sequence contexts

(48) and a single conformation in CG*C sequence contexts
(38). Our results indicate that the UvrABC proteins can sense
sequence-dependent differences in base pair opening dynam-
ics and the accompanying greater local disorder in the TG*T
sequence context at 37°C, that is, at temperatures that are
significantly lower than theTm of the overall 43-mer duplex
(Figure 2B and C).

Base Sequence and Temperature Effects on Incisions
Catalyzed by UVrABC Nuclease.The incision efficiencies
increase as a function of temperature, and the linear
Arrhenius plots (Figure 4C) suggest that there are no abrupt
changes in the conformation of the protein that affect the
incision of the damaged DNA strand. Because the measured
incisions are a result of a complex series of steps, it is
difficult to attribute specific molecular events to the measured
activation energies. The proteins and the DNA substrates are
likely to contribute to the observed temperature dependence
of incision rates.

The activities of thermophilic enzymes increase with
temperature. Our measured activation energies in the range
of 23-28 kcal/mol are near the higher range of values
characterizing the temperature dependence of catalytic rate
constants of some other thermophilic enzymes that range
from ∼5-24 kcal/mol (68-71). It is widely accepted that
the remarkable activities of thermophilic enzymes result from
a conformational rigidity at ambient temperatures with the
substrate oriented in unreactive configurations. As the
temperature is raised, the electrostatic and other interactions
that stabilize the unproductive protein conformations are
weakened, resulting in a greater flexibility and thus a greater
probability of achieving a configuration that favors the
formation of the transition state (72, 73).

The difference in activation energies, although small, is
remarkable, showing that the DNA substrate contributes to
the measured activation barrier. The activation energy is
lower by 3.6( 1.8 kcal/mol in the case of the TG*T duplex,
thus indicating that the thermodynamically less stable T:A
base pairs and weaker nearest neighbor base stacking
interactions (60, 66) contribute to the lowering of the reaction
barrier in the TG*T case. It has been suggested that UvrB
binds to DNA by inserting aâ-hairpin between two partially
unwound strands of the DNA in the pre-incision complex
(27, 74), thus disrupting 4-6 base pairs (33). Similar
â-hairpin motifs have been observed in the crystal structures
of the UvrB protein fromB. caldotenaxand the thermophile
Thermus thermophilus(75, 76). Sequence homologies of
these UvrB proteins with UvrB fromE. coli suggest that a
similar DNA binding hairpin motif may also be found in
the latter (32). The insertion of theâ-hairpins into double-
stranded DNA involves the unstacking and disruption of
Watson-Crick hydrogen bonding that involves significant
costs in energy (60, 61). The relevance of base stacking
interactions to DNA repair has been discussed recently (77).
Raising the temperature from 37 to 55°C causes a greater
flexibility of the DNA substrate. Such temperature-dependent
dynamics have been demonstrated by observations of a
gradual loss of the imino-proton NMR resonances due to
exchange with solvent at temperatures well below theTm of
the DNA duplexes and the enhancement of base pair opening
rates in oligonucleotide duplexes as the temperature is
increased (78). Indeed, it has been shown using the fluores-
cence of 2-aminopurine, that the unstacking of nucleobases

FIGURE 7: (A) Formation of UvrA2-DNA complexes (average of
four experiments as in Figure 6A with standard deviations) and
UvrA2B- and UvrB-DNA complexes (average of four experiments
as in Figure 6B) incubated at 37°C. Black bars, TG*T-43-mer
duplexes; hatched bars, CG*C-43-mer duplexes. (B) Fraction of
TG*T-43-mer (b) and CG*C-43mer (O) duplexes (2 nM) bound
to UvrA2 proteins in buffer solution in 4% native polyacrylamide
gel (see Experimental Procedures for details).
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and the extrusion or flipping of the 3′-nucleotide flanking a
cholesterol lesion is an important step governing incisions
catalyzed by theE. coli UvrABC nuclease system (79). A
recent cocrystal structure of UvrB bound to DNA substrate
containing a three base pair duplex and three base single
strand junction supports these fluorescence studies. The
structure demonstrated that theâ-hairpin of UvrB is clearly
inserted between the two strands with significant base
stacking interactions between Tyr96 and the base pair 5′ to
the flipped out base (33). The lower enthalpies (60, 61) and
free energies (66) of base stacking interactions in the TG*T
sequence context should favor the extrusion of a 3′-flanking
thymine relative to extrusion of cytosine in the CG*C
context. The smaller activation energy and the enhanced
incision rates observed experimentally in the case of the
TG*T-43-mer duplex are consistent with these consider-
ations.

Binding of UVrA and UVrB to TG*T- and CG*C-43-mer
Duplexes at 37°C. As a first step toward understanding the
basis of the base sequence effects on incision rates observed
at 37°C, we investigated the binding affinities of UvrA or
UvrA plus UvrB to the TG*T- and CG*C-43-mer duplexes
when both are present in solution at concentrations identical
to those used in the incision experiments (Figures 6 and 7A).
The formation of UvrA2 (Figure 7B) and UvrA2B complexes
(Figures 6B and 7A) is distinctly greater in the case of the
TG*T- than the CG*C-43-mer duplexes. This observation
suggests that the UvrA2- and UvrA2B-damaged DNA com-
plexes, which are involved in the initial recognition step of
DNA damage associated with bulky lesions, depend on base
sequence context (Figures 6 and 7). Overall, the sequence
dependence of UvrA2 and UvrA2B-DNA complex formation
(Figures 6 and 7) is consistent with the notion that the UvrAB
proteins recognize the local distortions in the DNA structure
that entail a base sequence-dependent weakening of base
pairing and base stacking interactions (10). However, the
sequence-dependent UvrA2-TG*T and CG*C binding con-
stants alone (Figure 7B) cannot explain the differences in
incision efficiencies (Figure 5). The ratios of TG*T/CG*C
initial incision rates are insensitive to the UvrA concentration,
even at saturating conditions of UvrA binding at 200 nM
(Figure S3, Supporting Information). These results indicate
that the differences in initial incision rates are not simply
proportional to the fractions of DNA molecules initially
bound to UvrA2 before UvrB binding occurs.

The concentration of UvrA2B-DNA complexes is se-
quence-dependent and observable at UvrA concentrations up
to 45 nM under conditions that are otherwise similar to those
of the incision experiments (Figure S4, Supporting Informa-
tion). However, smaller effects of base sequence context are
observed on the formation of UvrB-DNA complexes (Figure
7A), especially at UvrA concentrations approaching 45 nM
(Figure S4, Supporting Information). These results are
consistent with the suggestions that UvrA is essential for
bending and opening the DNA duplex at the site of the lesion,
thus facilitating the insertion of the UvrBâ-hairpin into the
duplex once it has been opened by UvrA (33, 79).

Summary and Conclusions.During prokaryotic nucleotide
excision repair, damage detection and commitment to inci-
sion is believed to follow two tiers of recognition: (1) UvrA
provides the first level of detection, (2) while UvrB verifies
the damaged strand and provides a second level of detection

(3). The three-dimensional structure of UvrB fromB.
caldotenaxsuggests that this protein uses a helicase fold to
process damaged DNA into a stable pre-incision complex
using a padlock-like mode of binding in which aâ-hairpin
is inserted between the two strands of the DNA duplex in
the vicinity of the damaged nucleobase (32). The insertion
of the â-hairpin requires a local unstacking of DNA bases
that results in the apparent extrusion or base flipping of a
nucleobase flanking the lesion site (33, 79). The ease of
separation of the two DNA strands is likely to depend on
base sequence context because the interactions between
neighboring base pairs are base sequence dependent (59, 60).
The greater incision efficiencies observed in the case of
identical (+)-trans-B[a]P-N2-dG lesions embedded in TG*T
as compared to CG*C sequence contexts in otherwise
identical duplexes is consistent with this model and the
greater structural disorder in the TG*T duplex sequence
context observed by NMR methods (48).
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