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UvrB plays a central role in (A)BC excinuclease. To
identify the regions of UvrB which are involved in in-
teracting with UvrA, Uvr-C, and DNA, deletion mutants,
point mutants, and various fusion forms of UvrB were
constructed and characterized. We found that the re-
gion encompassing amino acid residues 115-250 ofUvrB
binds to UvrA, while the region encompassing amino
acid residues 547-673 binds to both UvrA and UvrC. In
addition, the region between these two domains, which
contains the helicase motifs II-VI, was found to be in-
volved in binding to DNA. Within this DNA-binding re-
gion, two point mutants, E265A and E338A, were found
to be unable to bind DNA while two residues, Phe-365
and Phe-496, were identified to interact with DNA. Fur-
thermore, fluorescence quenching studies with mutants
F365W and F496W and repair of thymine cyclobutane
dimers by photoinduced electron transfer by these mu-
tants suggest that residues Phe-365 and Phe-496 interact
with DNA most likely through stacking interactions.

In Escherichia coli, nucleotide excision repair is initiated by
the (A)BC excinuclease which excises a wide variety of DNA
damages in a dodecanucleotide (Sancar and Tang, 1993; Gross-
man and Thiagalingam, 1993). This activity results from the
coordinated actions of the UvrA, UvrB, and UvrC proteins.
Specifically, UvrA is a damage recognition protein as well as a
molecular matchmaker (Sancar and Hearst, 1993); it forms an
A2B1 complex with UvrB and guides UvrB to a lesion in the
DNA. Upon binding to the lesion, the DNA is bent by approx-
imately 1300 (Shi et al., 1992) and the area around the lesion is
unwound by about 5 bp! (Lin et al., 1992; Visse et al., 1994b).
UvrA must then dissociate from the lesion before UvrC can
bind to the UvrB-DNA complex to induce the dual incisions
(Orren and Sancar, 1989, 1990; Visse et al., 1992). Upon bind-
ing of UvrC to the UvrB-DNA complex, UvrB makes the 3'
incision after which the 5' incision is made by UvrC (Lin et al.,
1992; Lin and Sancar, 1992). As evident from the ongoing
presentation, UvrB is the central component of the entire ex-
cision repair process; it must interact with UvrA, bind specifi-
cally to damaged DNA, interact with UvrC, make the 3' inci-
sion, and following the dual incisions, it must then interact
with both helicase II and polymerase I to complete the repair
process (Orren et al., 1992). Despite its central role in excision
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repair, there is only a limited information on the structure-
function relationship of UvrB.

In the present study, we have investigated the structural
basis for the multiple interactions of UvrB during nucleotide
excision repair. By assaying deletion mutants, point mutants,
and various fusion forms of this protein for protein-protein
interaction, DNA binding, and excision activities, the UvrA,
UvrC, and DNA-binding domains ofUvrB have been identified.

EXPERIMENTAL PROCEDURES

Materials-UvrA, UvrB, and UvrC proteins were purified as de-
scribed by Thomas et al. (1985). E. coli strains DR153 (recAl AuvrB)/
P'Iacl? and DR1984 (recAl UvrC34)!F'lacIQ were used as hosts for
plasmids overproducing the mutant or wild-type proteins. T4 polynu-
cleotide kinase, T4 DNA ligase, and restriction enzymes were pur-
chased from Life Technologies, Inc. [r-32P1ATP (7000 Cilmmol) was
obtained from ICN Biomedicals, Inc.

UvrB Mutants and Fusion Protein-Site-specific and deletion mu-
tants of the uvrB gene were made by the method of Kunkel et al. (1987)
using the Muta-gene M13 in vitro mutagenesis (Bio-Rad) Kit. The
EcoRI-Pstl fragment of pUNC211, which contained all but the first 21
bp of UvrB (Thomas et al., 1985), was cloned into M13 mp18 (New
England Biolabs), Mutations were then generated by oligonucleotide-
directed mutagenesis and identified by single strand sequencing using
the Sequenase DNA sequencing kit (U. S. Biochemicals) and/or restric-
tion enzyme digestions. After the mutated gene was cloned back into
the expression plasmid pUNC211, mutant constructs were reconfirmed
by double-strand DNA sequencing.

Fusions of UvrB with the maltose-binding protein (MBP) were con-
structed by ligating different fragments of the uvrB gene into the
pMAL-c2 expression vector (New England Biolabs), Briefly, a derivative
ofpUNC211, called pUNC211a, was constructed which introduced the
restriction site for HincII, GTTAAC, at position 747 and a restriction
site for HindIII, AAGCTT, at position 2072 of the uvrB gene (Arikan et
al., 1986). Afterwards, three different fusion proteins ofUvrB to MBP
were constructed: MBPlUvrB(115-250), corresponding to amino acid
residues 115-250 of UvrB, was made by cloning the HincII fragment of
pUNC211a from positions 342 to 750 into the XmnI site of pMal-c2.
MBPlUvrB(251-547), corresponding to residues 251-546 ofUvrB, was
made by cloning the HincII-EcoRV fragment of pUNC211a from posi-
tions 751 to 1783 into the XmnI site of pMal-c2. MBPlUvrB(547-673),
corresponding to residues 547-673 of UvrB, was made by cloning the
EcoRV-HindIII fragment ofpUNC211a from positions 1784 to 2075 into
the XmnVHindIII site of pMal-c2. Fusion constructs were identified by
restriction enzyme digestions.

The fusion proteins were purified as follows. Single colonies ofDR153
harboring the appropriate plasmid were inoculated in 500 ml ofLB with
the required antibiotics and grown at 30°C until an a.D. of 0.6 was
reached. The culture was then induced with 0.1 mMisopropyl-1-thio-l3-
n-galactopyranoside and grown for an additional 4 h. Afterwards cells
were harvested and resuspended in 10 ml oflysis buffer (50 mM Tris, pH
7.5, 100 mM NaCI, 1 mMEDTA, and 10% sucrose) per liter of culture.
Cells were lysed by sonicating 10 x for 10 s each with a Branson
Sonicator. The lysate was spun for 1 h at 40,000 x g at 4 °C and the
supernatant was loaded onto an amylose column equilibrated with
Buffer B (100 mMTris, pH 7.5, 1 mMEDTA, 10 mx l3-mercaptoethanol,
20% glycerol) + 0.1 MKCl. The column was then washed with 5 column
volume of Buffer B + 0.1 MKCl. Bound proteins were then eluted with
1 column volume of Buffer B + 0.1 MKCl + 10 mM maltose. Purified
proteins were dialyzed and stored in storage buffer (50 mM Tris, pH 7.5,
100 mM NaCl, 1 mMEDTA, 5 mM dithiothreitol, and 50% glycerol).

Since fusion proteins were used for most of the studies to identify
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structural domains in UvrB it was essential to establish that these
proteins were "well behaved" with regard to their solubility and qua-
ternary structures. All of the constructs used were as soluble as the
wild-type protein and those that were poorly soluble (e.g. MBPI
UvrB(~1l4-120) and MBPlUvrB(~207-225) were only characterized
genetically. In addition, the constructs used for biochemical studies
behaved as monomers as determined by gel permeation chromatogra-
phy under conditions employed to determine the oligomerization status
of the wild-type protein. Thus, we conclude that the interactions we
detect for the fusion constructs are intrinsic to the UvrB part of the
fusions and are not compounded by competing interactions that arose
from newly created protein interfaces.

Protein Affinity Chromatography-Protein-protein interactions be-
tween wild-type and mutant UvrBs and UvrA, and UvrC were detected
by affinity chromatography. UvrA, UvrB, or UvrC proteins were co-
valently cross-linked to the Affi-Gel-10 resin as recommended by the
manufacturer (Bio-Rad). In general, a typical column contained 3-5 mg
of protein per 500 ILl of resin. The following procedure was then used to
detect protein-protein interaction with purified proteins. 1.0 ILg of the
test protein (or cell-free extract from 1-32 ml of an appropriate culture)
was loaded onto an affinity column that had been equilibrated with
Binding Buffer (50 mMTris, pH 7.5, 10 mMMgCI2, 1 mMdithiothreitol,
2 mMATP, and 20% glycerol) + 0.1 MKCl and washed with 10 column
volumes of Binding Buffer + 0.1 MKCl at a flow rate of 2 mllh. Bound
fractions were then eluted with 2 column volumes of Binding Buffer +
0.5 M KCl. Fractions of 250 ILl were collected and analyzed by SDS-
PAGE and silver staining.

DNA Binding-The binding of UvrB to DNA was quantified by gel
retardation assays. Substrates tested were terminally labeled 12- or
13-nucleotide long oligomers containing either an unmodified base or a
modified mono- or dinucleotide in the center. The following modified
bases were tested: (i) thymine-monoadduct of 4' -hydroxymethyl-4,5' -8-
trimethylpsoralen (T< > HMT): 5' -GCTCGG(T< > HMT)ACCCGG-3';
(ii) 1,2-d(GpG) cisplatin [cis-platinum(II)diammine dichloride] diad-
duct: 5'-TCTA(G G)CCTTCT-3'; (iii) synthetic "AP" site (2-aminobutyl-
1,3-propanediol, ABPD): 5' -GAAGC(ABPD)ACGAGC-3' .

The psoralen and cisplatin containing oligomers were kindly pro-
vided by Drs. John E. Hearst (University of California, Berkeley) and
Stephen J. Lippard (Massachusetts Institute of Technology). Oligomers
without a modified base or with a synthetic AP site were obtained from
Operon Biotechnologies. Binding assays of UvrB to these oligonucleo-
tides were done as follows. 1 nM 32P-labeled oligomers were incubated
with increasing concentrations ofUvrB at 22 "C for 20 min in 50 ILl of
ABC buffer (50 mM Tris, pH 7.5, 10 mM MgCI2, 0.1 M KC1, 1 mM
dithiothreitol, and 10% glycerol). The reaction mixtures were then
loaded onto a 10% polyacrylamide gel and electrophoresed at 80 V for 5
h at 4 "C. Binding of UvrB to DNA was then quantified by AMBIS
scanning. Since the binding ofUvrB to DNA is of low affinity, the bound
fraction does not always yield a sharp band; in fact, quite often it
appears as a smear above the free (unbound) DNA. Thus, the fraction of
DNA not in the band corresponding to free DNA was considered bound
in our analysis.

Fluorescence Quenching-UvrB mutants containing a tryptophan
residue at position 88, 107, 187, 216, 365, 496, or 527 were used to
investigate DNA binding by fluorescence quenching. In these mutants,
phenylalanine residues were individually replaced by tryptophans at
the indicated positions (Phillips, 1994). Since wild-type UvrB does not
contain any tryptophan, any fluorescence detected in these mutants is
a result of the single amino acid replacement. Fluorescence quenching
studies were done as follows: 3 ILM mutant UvrB protein was incubated
with 130 JLM (in nucleotide) calf thymus DNA in 500 JLl of ABC buffer for
5 min at 4 "C. All spectras were taken with a I-em path length quartz
cuvette at 15 "C and measured with an excitation wavelength of 295 nm
with a Shimadzu model RF5000U spectroflurometer.

Repair o{Thymine Dimer by UvrB-The proximity of the tryptophan
residues, which were introduced into UvrB, to DNA was determined by
the splitting of T<>T by the bound protein. A single strand 49-mer
containing a centrally located T<>T (Svoboda et al., 1993) was termi-
nally labeled with [y_32P]ATP . 5.0 JLM mutant proteins were incubated
with 1.0 nM substrate in 250 ILl of ABC buffer for 20 min at 22 "C. The
samples were then irradiated with 293 nm light in a Quantacount
monocoromator at a fluence rate of 500 microwatts/cm? for 30 min. The
DNA was extracted with phenollcholorform, ethanol precipitated, an-
nealed with a 5-fold molar excess of the complementary strand, treated
with MseI endonuclease, and then electrophoresed on a 12% denaturing
gel. The photodimer is located within a MseI recognition sequence,
T<>TAA; thus photoreversal of the dimer restores the susceptibility of
this sequence to the restriction endonuclease (Li et al., 1993) and repair

is measured by the extent of MseI digestion.
DNA-Protein Cross-linking-Cross-linking of the UvrB protein to a

psoralen-adducted oligomer was conducted as described previously
(Orren et al., 1992) to investigate the binding ofUvrB to DNA. Briefly,
1 nM 32P-labeled 13-mer oligonucleotide with a psoralen adduct was
incubated with 10 ",M wild-type or mutant UvrB in 30 ILl of ABC buffer
for 20 min at 22 "C. Then, the reaction mixture was irradiated for 30
min with 366 nm light from a Sylvania black lamp at a fluence rate of
3 milliwatts/cm''. The samples were electrophoresed on SDS-PAGE and
the level of cross-linking was estimated by autoradiography.

Incision Assay-A 137-mer duplex with a centrally located furanside
thyrnine-psoralen monoadduct (T<>HMT) (Van Houten et al., 1987)
was labeled with 32p at both termini on the damaged strand and used
in an incision assay as described previously (Lin et al., 1992). Briefly, 1
nm of substrate,S nM UvrA, 80 nM UvrB, 40 nM UvrC, and 0.1 JLg of
unmodified pBR322 DNA were incubated in 25 JLl of ABC buffer con-
taining 2 mM ATP for 20 min at 37 "C; the reaction was stopped by
adding 2 JLl of a 1:1 mixture of 0.25 M EDTA and 5 mg/ml oyster
glycogen, precipitated with 60 ILl of ice-cold ethanol and analyzed on 8%
denaturing gels. The incision products observed were a 66-mer repre-
senting the 5' incision, a 60-mer representing the 3' incision, and a
78-mer representing the 3' uncoupled incision.

RESULTS

Protein-Protein Interactions-Previous studies failed to de-
tect any UvrB-UvrC interaction off DNA; therefore, it was
assumed that UvrB, upon binding to damaged DNA, undergoes
a conformational change which enables UvrC to bind to the
UvrB-damaged DNA complex (Orren and Sancar, 1989). How-
ever, these studies employed hydrodynamic methods which are
not practical for detecting weak protein-protein interactions
between a large number of protein pairs. To study a possible,
direct interaction between UvrB and UvrC, protein affinity
columns of UvrB and UvrC were employed. When E. coli cell-
free extract from a strain overproducing the UvrB protein was
passed through the UvrC affinity column, the UvrB protein
was retained on the column (Fig. tA). However, in addition,
RNA polymerase was also retained on the column with rela-
tively high affinity raising some doubt about the specifity of
binding. A control column without any cross-linked protein was
used to further clarify the specificity of these bindings. UvrB
did not bind to the control column, but some RNA Pol did (data
not shown), suggesting that the binding of UvrB to the UvrC
column is specific, while the binding of the subunits of RNA Pol
to the UvrC column is primarily nonspecific. To further ascer-
tain that the UvrB-UvrC interaction revealed by this assay was
specific, E. coli cell-free extract from a strain overproducing the
UvrC protein was passed through an UvrB affinity column.
Fig. 1B shows that in this case, only the UvrC protein is
retained on the column. Thus, we conclude that UvrB and
UvrC do interact off DNA specifically, but with lower affinity
than the UvrA-UvrB interaction, which can be easily detected
by hydrodynamic methods. More importantly, since these col-
umns were able to detect weak but specific protein-protein
interactions, they were used subsequently to identify the UvrA
and UvrC binding domains of UvrB.

UvrA-binding Domains of UvrB-Protein sequence of the
Mfd protein (transcription-repair coupling factor, TRCF) re-
vealed a stretch of 137 amino acids which displayed a high
degree of sequence homology to amino acid residues 115-250 of
the UvrB protein (Selby and Sancar, 1993). Since both TRCF
and UvrB bind to the UvrA protein, it was hypothesized that
this region of homology may be involved in binding to UvrA. In
addition, a screen for dominant negative uorb" mutants gen-
erated by random mutagenesis yielded a mutant expressing
only the amino-terminal half of UvrB (Moolenaar et al., 1994),
further supporting the idea that residues 115-250 of UvrB
binds to UvrA. To test these predictions and narrow down the
binding site, a fusion of the maltose-binding protein with amino
acid residues 115-250 ofUvrB (MBPlUvrB(115-250)) was con-



Structure and Function of the UurB Protein 8321

A
UvrC Co lumn

A
UvrA Column

UvrC Column

2 3 4 5 6

10

10

9

Elute

9

8

Elule

8

7

7

5 643

Flow Through & Wash

2

Flow Through & WashL

L

Lane 1

Lane 1

"'- UvrB

Elute

~ML Flow Through & Wash

Lane

Lane 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

UvrB Column
B

Flow Through
L & Wash

Elute

J M

I ~ ~~ !!!!!! ~~ -- · - -- - -" -- ..--

~ U v rB ·
(547 ·( 73)

10

10

Elute

987

UvrA Column

Flow Through & Wash

UvrC Column

3 4 5 6

Flow Through & Wash Elute

2

L

L

Lane 1

B--uvrc

FIG. 1. A, binding of Uvr B protein to UvrC affinity column . Cell-free
extrac t from 30 ml of ORI 53/pUNC211 culture overexpressing th e
UvrB protein was load ed onto an UvrC affinity column (0.5 mIl con-
taining 3 mg of UvrC protein . Th e column was wash ed with 10 column
volumes of binding buffer + 0.1 ~ I KCl and bound fra ction s were elute d
with a continuous gra die nt of binding buffer + 0.1 ~ I KCI to binding
buffer + 1.0 xr KC\. F ra ctions of 0.25 ml were collected and analyzed by
SOS-PA GE gels and silver sta in ing. L , load ; M , pu rified UV" B as a
marker ; (3, (3' , la rge subunits of RNA polym era se. B, binding of UvrC
prot ein to Uvr B affinity column. Cell-free extract from 1.2 ml of
OR1984/pUNC3274 culture overexp ressing th e Uvr C protein was
load ed onto an UvrB affin ity column (0.4 ml ) containing 5 mg of UV"B
pr otein . Th e column was wash ed and bound prot ein s were eluted and
ana lyzed as in pan el A .

st ru cted and applied to th e UvrA and UvrC affinity columns.
Fig . 2A shows that thi s fusion protein binds to the UvrA affin-
ity column but not to th e UvrC column, sugge sting that this
region of UvrB specifically interacts with UvrA . In ad dition , 4
deletion mutants of UvrB within this region were constructed
(MBPlU vrB(LH I4-120), MBPlUvrB(LlI36-145), MBPlUvrB-
( ~ 1 6 6- 1 7 3) , and MBP lUvrB ( ~207 -225 » a nd tested for comp le-
mentation in vivo. All these deletion mutants failed to comple-
ment a uurls " mutation, presumably because of fa ilure to bind
to UvrA. However, th ese mutant proteins had low solubility
and were not am en abl e to in vitro an alysis .

UvrC-binding Domains of UvrB-To identify the region of
UvrB which bin ds to UvrC, two oth er MBP fusion proteins of
UvrB were mad e. One, MBPlUvrB(25 1-546), was comprised of
the so-called helicase motifs II -VI of UvrB, while the other,
MBPlUvrB (547-673), consisted of th e carboxyl-terminal 126
amino acid s of UvrB. Ana lysis of th ese fusions using the UvrA
and UvrC affinity columns revea led that MBPlUvrB(547-673)
bound to the UvrC column (Fig. 2B ) and interestingly enough,
also bound to th e UvrA column with an affinity comparable to
that for th e MBPlUvrB(l15-250) fusion (Fig. 2, A versus B ).
Thus, it appears that whil e UvrC bin ds only to the carboxyl-
terminal domain of UvrB , UvrA binds to both the ami no-

FIG. 2. A , binding of MBPlU vrB(115-250) to UvrA an d UvrC affinity
columns. 1.0 JJ.g of MBPlUvrB(115- 250) protein was loaded onto eit he r
an UV"A (top pan el ) or an UvrC (bottom panel ) affinity column. The
column was wash ed with 10 column volumes of binding buffer + 0.1 ~ I
KC] and bound fra ctions were elute d with bind ing buffer + 0.5 ~ l KC\.
Fracti ons of 0.25 ml were collected and an alyzed by SOS·PAGE gels and
silver sta ining . L , load; M , purified UvrC as a marker . B, binding of
l\lBPlU vrB(547- 673) to UvrA and UvrC affinity columns. 1.0 JJ.g of
MBPlUv"B (547-673) was loaded onto either an UvrA (top) or an UvrC
(bott om) affinity column. Th e column was wash ed and bound prot ein s
were elute d and ana lyzed as in pan el A .

terminal an d carboxyl-termi nal domains of UvrB , suggest ing
that t he bin ding domains of UvrA and UvrC in th e carboxyl-
terminal half of UvrB may overlap. Furthermore, the UvrA-
and UvrC- bin ding regions on UvrB appear to be restricted to
the areas defin ed by th ese fusion protein s as MBPlUvrB (251-
546 ) failed to bind to either th e UvrA or UvrC affinity column
(data not shown).

DNA Binding by UvrB-It was previously believed that
UvrB could not bind DNA by itself, bu t th at upon loadi ng of
UvrB by UvrA onto DNA, a sta ble UvrB -DNA complex is
formed (Orre n and Sancar, 1989). However , when a 13-nucle-
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FIG. 3. A, binding of UvrB protein to ss DNA contai ning a lesion .
5 '- labeled substra tes (l nxi ) were incubated in a 50-/.Ll reaction mixture
containing increasing concentrations ofUvrB in ABC buffer for 20 min
at 22 "C. Samples were then load ed onto a 10% ployacrylamide gel a nd
electrophoresed at 80 V for 5 h at 4 "C. The speci fic activities of the
substrates were as follows : T< >HMT, 14.8 Ci/n mol; Pt-(GpG), 18.6
Ci/n mol; ABPD, 7.4 Ci/nmol; and un modified CUM ), 7.6 Ci/nmol. F, free
DNA; B, bound DNA band. The UvrB concent rations in the reaction
mixtures were: Lanes 1 and 6, 0 /LM ; lanes 2 a nd 7, 1.5 /LM; lanes 3 a nd
8, 3.2 /L~I; lanes 4 and 9, 6.5 /LM ; and lanes 5 and 10, 13 /L~1. B,
qu an t ita t ive a na lysis of the bin ding data. The pe rcent binding was
determined by quanti fication of t he ra dioactivity in the unbo und frac -
t ions . Data from pan el A an d two other experiments conducted under
identical cond it ions were ave raged. Error bars show standard devia-
tion . Square, T< >HMT; circle, Pt -(GpG ); triangle, APBD; diamond,
un modified.

otide long oligonucleoti de with a psora len adduct was mixed
wit h the UvrA , UvrB, an d UvrC proteins , it was discovered
th at up on irradiation wit h 366 nm ligh t , only UvrB becam e
cross-linked to the psoral en adduct (Orren et al., 1992). This
suggeste d that UvrB could perhap s in teract with dam aged
DNA in the abse nce of UvrA. Thus, we decided to investiga te
the direct binding of Uvr B to DNA in more det ail.

Binding to Dam aged Oligomers-The cross-lin king of UvrB
to a 13-nucl eotid e long oligomer containing a psoral en fur an -
side monoadduct raised the possibili ty that UvrB may bind
specifically to ss DNA containing a lesion . Using th e standa rd
gel ret ardation assay, we tested the binding of UvrB to single-
stra nd oligomers wit h three lesions kn own to be repaired by the
(A)BC excinuclease: thy mine-psoralen monoadduct , 1- 2-
d(GpG) cisplatin diadduct , and a synthetic AP site. The results
are shown in Fig. 3. UvrB is ind eed a DNA-binding protein ,
a lbeit with lower a ffinity than most specific DNA-binding pro-
te ins. It binds with higher affinity to psoral en or cisplatin-
modifi ed DNA (K" - 5 x 10- 6 ;II) th an unmodified DNA or DNA
containing a n AP site (K" > 10- :; ;II). Fu r th erm ore, it appea rs
th at UvrB binds with higher affinity to lesions that are effi-
ciently rem oved by (A)BC excinuclease (psoralen an d cispl atin )
th an lesions that are poorly rem oved by this enzyme (AP site ).

To deter mine if UvrB also bound specifically to doubl e-
strand DNA wit h a lesion , gel retarda t ion assays with single -
and doubl e-stranded DNAs containing a thymine-psora len
monoadduct were conducted . Fig. 4 shows tha t UvrB bind s to
ssDNA with T< >HMT bu t has no affinity for dsDNA contain -
ing the sa me adduct . Furth ermore, it a lso a ppears that UvrB
ca nnot discriminate between ss DNA an d dsDNA whe n the
DNA has no lesion (Fig. 5), which fur th er supports the notion
th at UvrB binds specifica lly only to ss DNA with a lesion.

Fluorescence Quenching-Quenching of t ryptopha n fluores-
cence by DNA is a commonly used and sens it ive method for
studying DNA-pro tein interactions (see Ferrari et al . (1994» .
Wild-type UvrB does not contain any try ptophan, bu t does
conta in 23 ph enylal anine residu es scattered throughout the
protein (Arikan et al., 1986; Backendorfet al., 1986 ). By replac-
ing ph enylal anines with t ry ptopha ns through site -directed mu-
tagen esis , we generated fluorescen t UvrB derivatives in order
to investiga te UvrB-DNA int er action by fluorescence quenching.

Seve n phen ylal an ine residu es that were distributed
throughout the prima ry stru cture of Uvr B were repl aced ind i-
vidually with t ryptophans to obta in UvrB mutan ts with a Trp
residue at positions 88, 107, 187 ,216, 365,496, or 527. Since
th e Ph e to Trp substitution is a conservative change , the mu-
tan t proteins were fully functiona l and behaved identicall y to
wild-type UvrB protein in eve ry as pect including in vivo
comp lem en ta tion. Th e mutan t protein s were purified and the
quenching of Trp fluorescence of these mu tan ts by ss DNA was
investigated .

Th e resul ts of these studies are shown in Fig. 6. Seve ral
features of this data should be noted . First , th e Trp emiss ion
maxima of all the mu tants are between 330 and 340 nm , whi ch
is lower than th e emission maximum of 355 nm for free t ryp-
tophan. Th e blu e shift of th e Trp emission typicall y occurs
when th e tryptophan is in a hydrophob ic environment. Thus, it
appears that all of th e Trp residues and by exte ns ion, all of the
Ph e residues which were re place d by Tr p residues , are located
in a hydrophobic environment within UvrB. Second, according
to fluorescence intensity, th ese mu tan ts fall into three classes;
F107W with th e lowest in ten sity; F88W and F527W with in-
termediate in ten sity; and F187W, F216W, F365W, and F496W
with the highest level of inten sity. Th e environme nts of th e
various Trp residues influe nce the deact iva t ion of the excite d
t ryptopha ns by non-emi ssive pathways to different degrees and
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F IG. 5. A, binding ofUvrB protein to single-strand and double-strand
oligonucleotide. 5' labeled single- and double-str and DNA were incu-
bated in a 50-/.l1reaction mixture containing increasing concentr ations
of UvrB in ABC buffer for 20 min at 22 °C. Samples were then loaded
onto a 10% polyacrylamide gel and electrophoresed at 80 V for 5 h at
4 °C. F, free DNA;B, bound DNA band. The UvrB concentrations in the
reaction mixtures were: Lanes 1 and 6, 0 /.lM; lan es 2 and 7, 1.5 /.l~I ; lanes
3 and 8, 3.2 uxt; lan es 4 and 9, 6.5 /.lM; and lan es 5 and 10, 13 /.lM. Note
that the dsDNA conta ins some ssDNA contaminant , and a slower
migrating minor species of unknown origin. B, quantitative analysis of
data in pan el A . The percentage of binding was determined by quanti-
fication of the radioactivity in the unbound fractions from panel A .
Square, ssDNA; dia mo nd, dsDNA.

with reasonable efficiency, the tryptophan must be in contact
with the DNA (see Kim et al . , 1992 ). Th er efore, to determine if
the fluorescence quenching of F187W, F365W, and F496W
resulte d from contact of the Trp residue wit h DNA or from a
conformat ional change up on binding, th e abilities of these mu-
tants to split dim ers were inv estigated .

Wild- type and mutant UvrB proteins were mixed with a
49 -nucleotide long single-strand DNA with a cen trally locat ed
T< >T within the Msel recognition site T< >TAA (Svoboda et
al., 1993 ) and irradiated with 293 nm light. Fig . 7 shows that
none of the mutants which did not display any fluor escence
quenching could photoreverse the dim er. Of the three mutants
which displ ayed fluorescenc e quenching, F365W an d F496W
were capable of re pa iri ng the dimer , while F187W was not. We
conclude that the que nchi ng of fluorescen ce observed with
F365W and F4 96W is the result of direct contact of the trypto-
phans in these mutan ts wit h the DNA and hence, these resi-
dues mu st be located within the DNA-binding domain ofUvrB.

F IG. 4. A, binding ofUvrB protein to ssDNA and dsDNAcontaining a
thymine-psoralen monoadduct. 5' labeled single- and double-strand
DNA containing a thymine-psoralen monoadduct were incubated in a
50-I.tI reaction mixture conta ining increasing concent rations of UvrB in
ABC butTer for 20 min at 22 °C. Samples were then loaded onto a 10%
polyacryamide gel and electrophoresed at 80 V for 5 h at 4 °C. F, free
DNA; B, bound DNA band. The UvrB concentrations in the reaction
mixtures were: Lanes 1 and 6, 0 /.lM ; lan es 2 and 7, 1.5 /.l~I; lanes 3 and
8, 3.2 /.l~I ; lan es 4 and 9, 6.5 /.l~I ; and lan es 5 and 10, 13 /.l~1. B,
quanti at ive analysis of data in panel A . The percentage of binding was
determined by quantification of the radioactivity in the unbound frac-
tions from panel A . Square, ssDNA-T< > HMT; diam ond, dsDNA-
T< >HMT.

as a re sult, different fluorescence intensities are observed. To a
fir st a pproxima tion, tryptophans more accessible to solvent or
polar a mino acids are more lik ely to decay by non- emi ssive
pathway and henc e, have lower qu antum yield of fluorescenc e.
Tabl e I shows the quantum yie lds of Trp fluorescence for the
va r ious UvrB mutants. Finall y , ss DNA specifica lly quenches
the fluorescenc e of three mu tants, F1 87W, F365W, and F496W.
Quenching can be caused by eithe r direct contact of the DNA
with these tryptoph ans or as a result of a conformational
change that may have occurred up on DNA bin ding which af-
fect s th e solvent accessibility to these residues. In order to dif-
ferentiate between these tw o possibilities, we conducted photo-
induced dim er splitting by wild-type and mutant proteins.

Pyrimid ine Dimer Splitting by UurB-In mod el studies on
photosen sitized splitting of pyrimidine dimers , it has been
foun d tha t excitat ion of free indoles in solution (Helene and
Charli er , 1977 ), tethered to the dim er (Kim et al. , 1990), or as
Trp re sidue s in si ngle-strand DNA-binding proteins (Helene
and Char lier, 1977), all lead to the cleavage of the cyclobutan e
ring by ph otoinduced electron transfer (see Kim et al. , 1992). In
addit ion, for the reaction to occur from a DNA-bound protein

o 5

UvrB (uM)

10 15
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FIG. 6. F luorescence q uench ing of
UvrB-Trp mutants . 3 J.L~I muta nt UvrB
pro tei n was inc ubated wit h 130 J.L ~I (in
nucl eotid es ) ca lf-thy mus DNA (ss DNAl in
500 J.LI of ABC buffer . Flu orescen ce emis-
sion spectra were measured with excita-
tion a t 295 nm . A a nd B indi cates fluores-
cen ce emission before and a fte r t he
addit ion of DNA, res pectively. Th e dia-
gram in th e bottom re presents the pr i-
ma ry seq ue nce of the UvrB protein , t he
locati on of th e helicase domains I-VI (box-
es ), an d the sites of the F -- W substitu-
tio ns. The slit wid th was adj us ted for each
mutant to obtain an optimal signal, hence
the re lative intensities in different panels
are not directly comparable.

Wavelength (nm)
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498

I Ia
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II- 385
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c

T ABLE I
Flu orescence Properties of UurB (F-- Wj Mu tants

Th e reaction mixtures conta ine d 3 J.LM of Trp eithe r in UvrB or
dissolved in buffer a nd 130 J.L~ I (in nucl eotid es) ca lf th ymus DNA
(ssDNA).

M u ta n t Arnllll;( n rn) <b,," 'h Fluorescence 'h T()T repa irquenching by DNA

F88 W 328 0.0 1 2 0
F J()7W 329 ().()2 4 0
F187W 328 0. 10 22 0
F2 16W 329 0.0 1 2 0
F365W 342 0.06 12 35
F496W 332 0.01 J() 20
F527 W 329 0.02 2 0
Try ptopha n 353 0.12 0 0

rr <Pf" is fluorescence quantum yield in ABC buffer .

In contrast, repeated at te mpts to repair dim ers with F187W
fail ed even th ough this mutant was qu enched by DNA twice as
efficiently as th e othe r two mutants. It appears th at upon
binding to DNA, Uvr B undergoes a sign ifica nt conform ational
chan ge such that residue 187 becomes subs tant ia lly exposed to
th e solvent leading to drastic quenching of fluorescence of
F187W.

Psoralen-m ediated Cross-linking and Gel Retardation of
UvrB Mutants to Oligonucleotid es-Furanside thymine-psor-
alen monoadd uct is photo reactive a nd thus an oligon ucleot ide
containing this adduct can be photocross-Iinked with 366 nm

ceu
.J::

e 0. $: $: $: $: $: $:0 $:c a. r-, r-, CD III CD r--co a co CD '" C\J
0 e- co

u::: u::: C\J C") .,. IIIo I- U. U. U. U. u,

Lane 2 3 4 5 6 7 8 9

49__

21--

FIG. 7. T he repair of t hymine di mer by mutant UvrB proteins.
A single-stranded 49-mer (I ml) containing a centrally located T< > T
was incubated wit h 5 J.L~I mutant Uvr B protein in 250 J.Ll of ABC buffe r
and irradiated wit h 293 nm light at a fluence rate of 500 microwa tts!
em" for 30 min . Afte r irradia tion, the DNA was ext racted with phe nol/
chlo roform, annealed wit h the comp lementary strand, a nd treated wit h
MseI restriction en donuclease, which digests only th e repa ired DNA, to
generate the 2 1-mer. This is a n a utoradiograph of a 10% polyacryl-
amide gel.

irradiation to protein s which bind thi s DNA (Orren et al. ,
1992 ). In order to furth er defin e th e DNA-binding region of
UvrB, photocross-Iinking experiments were done on Uurll "
mutants which were isolated by alanine scanning mut agenesis
within the putative DNA-binding domain ofUvrB. In addition ,
two oth er mutants th a t had been previously characterized as
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FIG. 8. Psoralen-m e d iatcd cross-Iinking of mutant UvrB pr-o-
teins. 1 nxr termi na l lab eled psoral en add ucted 13-m er oligonucleot ide
was incu bated wit h 10 ILM UvrA, UvrC protein s, or wild-typ e or mutan t
Uv rB proteins in 30 I.d of ABC buffe r for 20 min at 22 °C. Th e mixture
was irradiated wit h 366 nm light at a fluence ra te of 3 milliwatts/cm"
for 30 min at 4 °C. Th e pr oducts were analyzed on 15% SDS- PAGE
followe d by autoradiogra phy .
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FIG. 9. B inding o f m u ta n t UvrB prote in to oligonucleotide con-
taining a t hym ine·psoralen monoadd uet. 5 ' la beled ssDNA (l nxr)
containi ng a T< > HMT was incuba te d in 25 ILl of ABC buffer containing
wild -type or mu tan t UvrB pro tei ns at th e indicated concentrations for
20 min at 22 °C. Sa mples were t he n loade d onto a nati ve 10% polyacryl-
amide gel a nd elect rophores ed a t 80 V for 5 h at 4 °C. A, autoradio-
graphs of rep resentati ve gels. WT or mu tan t UvrB concentrations were
as follows: lan es 1 a nd 6, 0 IL~ I; lan es 2 a nd 7, 1.25 IL~I ; lanes 3 and 8, 2.5
IL~I; lanes 4 and 9, 6 IL ~I ; a nd lanes 5 a nd 10, 12.5 IL ~ 1. B, quantitative
a na lys is of the bind ing da ta . Data poin ts from th ree experiments were
averaged. Th e standard errors for all of the data points wer e less th an
10% and hen ce er ror ba rs a re not shown for clarity. Square, wild-type;
diamond , D510A; circle, D478A; triangle, E98A; closed square, E265A;
a nd closed triangle, E338A.
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either a DNA bending mutant, D478A (Lin et al. , 1992 ; Hsu et
al., 1994), or binding mutant, D510A (Lin et al., 1992 ), were
teste d as controls. Th e results (Fig. 8) revealed that three
mutants , E98A, E265A, and E338A, had greatly reduced cross -
linking efficiency comp ared to th e wild-ty pe protein . In addi-
tion, the D478A mutant cross-linked to DNA with an efficiency
comparable to th at of the wild-ty pe Uvr B protein , which is in
ag ree ment with the ea rlier conclus ion that this mutan t bound
DNA norma lly but was un ab le to bend it . Unexpectedly, the
D510A mu tan t whi ch cannot be load ed onto DNA by UvrA, was
also cross-linked quite efficiently. To inv esti gate th e DNA bind-
ing properties of these mutants further , we conducted gel re-
ta rdation experime nts with th e sa me set of mutants.

Th e results a re shown in Fig. 9. Three mutants, E98A,
E265A, and E338A had no detect abl e affinity for DNA; D510A
had lower affinity , and D478A had affinity for DNA compa ra ble
to that of wild- type, Th e discrepan cy betw een th e ea rlier con-
clusion th at D510A is a DNA binding mutant (Lin et al. , 1992 )
and th e current resul t can be reconciled by assuming th at th e
main defect in this mu tant is in th e loading step (which is what
was mea sured previously) ra th er tha n formation of a complex
with th e single-s tranded region of the DNA a fte r th e loading
reaction . In contrast, th e th ree mutants , E98A, E26 5A, and
E338A, are true DNA binding mutants which are defecti ve in
maintaining a sta ble complex subse que nt to loading. In agree-
men t wit h this conclus ion, it was not possible to isolate UvrB-
DNA compl exes of th ese mutants by gel exclus ion chroma tog-
raphy (data not shown), suggesting that th ese mutants eit he r
have no affin ity for DNA or bind DNA very tran sien t ly.

To inves tiga te the latter point, inci sion assays were per-
form ed with (A)BC excinuclease reconstituted with th e mutant
protein s. Th e results are shown in Fig. 10. Unlike wild-type
UvrB, only th e 3' incision was mad e by th e (A)BC excinuclease
recons tituted with th e E98A, E265A, a nd E338A mutants.
Since all ava ila ble data suggest tha t UvrC mak es th e 5' inci -
sion (Lin and San car , 1992 ) and th a t th e 5 ' inci sion , under
certain conditions, is the rate-lim iting ste p (Visse et al. , 1994a ),
these resu lt s suggest that a tran sien t UvrB·DNA compl ex is
form ed with the mutant UvrBs and when UvrC interacts with
this complex, UvrB is abl e to mak e the 3' inci sion . However, it
a lso appea rs that th ese compl exes are so tran sient th at Uvr B
dissociates from th e DNA before UvrC ca n mak e the 5 ' incision.

DISCUSSION

UvrB plays a central role in nucl eotid e excision repair. It
inte racts with both the UvrA and UvrC protein s in ad dition to

binding, bending, and inci sin g DNA. In th is work , we ha ve
at te mpte d to identify the regions of UvrB involved in interact-
ing with UvrA, UvrC, and DNA. In ligh t of our findin gs, th e
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(3-clamp of DNA Pol III which is loaded onto DNA by the "Y
complex (Kuriyan and O'Donn ell , 1993) can asso ciate wit h
DNA directly when a 100-fold molar excess over the DNA Pol
III holoenzym e of th e (3 subunit are used in the reaction (Crute
et al. , 1983; Kwon-Shin et al., 1987). Simila rly, the gp45 pro-
tei n, which is th e polym erase cla mp for T4 DNA polymerase
(gp43) a nd is load ed onto DNA by the gp44/62 complex (Huang
et al. , 1981; Noss al an d Alberts , 1984), can be load ed directly
onto DNA by using eit he r a high concen tra tion of gp45 (Reddy
et al., 1993) or by including polyethylen e glycol in the reaction
mixture (Sander et al., 1994). Here we show th at th is proper ty
of protein s which use the aid of molecular matchmak ers also
applies to UvrB. Specifically, we demonstrate that at high
concentrations of UvrB, th e protein can bind to ssDNA with a
lesion in the absence of UvrA. Furthermore, based on th e
limited number of lesions we tested , it app ears as though th e
affinity of UvrB to a lesion correlates with how efficien tly that
lesion is excised by the (A)BC excinuclease.

Upon loading UvrB to a lesion , UvrA dissociates from th e
DNA, leaving a stable UvrB-DNA complex that is bent by about
130 °C and in addition , is locally den atured by about 5-6 bp
around th e lesion (Sancar and Tan g, 1993). Thi s suggests th at
UvrB is th e "ult imate damage recogni tion subuni t" of th e
(AlEC excinuclease which determines th e efficiency of removal
of a lesion from DNA. Hence, this study proposes that in con-
t rast to UvrA (the proximal damage recognition subunit ),
which recogn izes damage in a duplex, Uvr B binds to th e area of
den aturation around th e lesion to form a Uvr B-DNA compl ex
and th e form ation of this complex the n determines whethe r or
not inci sion occurs .

It has also been reported previously tha t although th e (A)BC
excinu clease recognizes a wide va riety of damages, the level of
excision is widely differen t for each type of dam age (Huang et
al. , 1994). Thi s study now shows t hat th e affinity of UvrB to a
particular lesion is correlated with how efficiently that lesion is
excised and thus further supports th e notion that UvrB is the
ultimat e damage recognition subunit of th e (A)BC excinuclease .

Th is conclusion, then, raises th e qu estion of how UvrB binds
to damaged ss DNA. Several observations bear on this question.
First, mutations in the charged residues of the so-called heli-
cas e moti fs interfere wit h binding (Lin et al. , 1992; Moolenaar
et al., 1994; Seeley and Grossman, 1990) suggesting th at the se
motifs constitute at lea st part of th e DNA-binding domain.
Second, these studies suggest that ionic interaction pla y an
important role in the formation of a UvrB-DNA complex. How-
ever, seemingly parodoxicall y, the UvrB-DNA complexes are
very st able in high-ionic strength buffers (Orren and Sancar,
1989 , 1990 ) suggesti ng tha t the main interaction between
UvrB and DNA is hydrophobic. Finall y, in this study we have
demons trated by fluor escence quenching and photoinduced
elect ron transfer th a t residu es Ph e-365 and Phe-496 of UvrB
are pr esumably in direct contact with the DNA bases . All these
observations combined sugges t th e following model for the for-
mation of UvrB-DNA complexes: th e initial contact with the
DNA which is aided by UvrA, is mainly ionic in nature. After-
wards, up on ATP hydrolysis, UvrB undergoes a conformational
change which expose residues Ph e-365 , Ph e-496 , and possibly
oth er aromatic re sidues for direct in teraction, perhaps by in-
tercalation, with the bases.

Th e propos ed mode of interaction ma y also explain the "spe-
cific" bin ding of UvrB to a lesion. Since the (A)BC excinuclease
re pairs virtually all lesion s in DNA, previous ly we and others
have argued that the subunits of the enzyme cannot be making
direct contact wit h an essentially infinite number of chemica l
groups which cons t it ute a "lesion" an d hence it has been gen-
erally assum ed that the enzyme recognizes the backbone dis-

-c <: <:
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3' incision --.,

following st ru cture -fu nct ion model for UvrB is propo sed
(Fig. 11).

Th ere are two regions of UvrB which are responsible for
binding to UvrA. Th e first region , encompassing amino acid
residues 115-250, is homologous to a region in the amino-
terminal half of TRCF which also binds UvrA (Selby and
Sancar, 1993). The second region , encompassing amino acid
residues 547-673, is located in th e carboxyl terminus ofUvrB.
Previous studies have shown that cleavage of the 43 carboxyl-
terminal am ino acid s of UvrB generates UvrB* (Arikan et al .,
1986), which is catalytically inactive (Lin et al., 1992 ) bu t bind s
both UvrA (Orren and Sancar, 1989) and UvrC (Lin et al., 1992)
wit h normal affinity. Therefore, the carboxyl-terminal region
that is involved in binding to UvrA can be narrowed down to
amino acid residues 547-630.

Recently, the 135-amino acid long region in the TRCF , which
has 25% sequence identity with amino acid s 115-250 of UvrB,
was found to be sufficient for high affini ty binding of TRCF to
UvrA (Selby and Sancar, 1995 ). Since UvrB makes a tighter
compl ex with UvrA compared to TRCF, it is possibl e that th e
region in th e carboxyl-terminal half of UvrB , which also inter-
act s with UvrA, contributes to th e formation of a mor e stable
UvrA-UvrB complex. Significantly, th e carboxyl-terminal do-
main of UvrB which interacts with UvrA is al so essentia l for
formation of a UvrB-UvrC compl ex. Thi s finding, therefore,
explains why a ternary complex containing all three subunits
cannot be isolated, and why UvrA must dissociate from th e
A2B 1,DNA complex before UvrC can bind to the UvrB-DNA
complex and initiate th e dual inci sion s.

UvrB is a member of a family of proteins which require th e
as sistance of a molecular matchmaker to bind DNA (Sancar
and Hearst, 1993 ). In the case ofUvrB, UvrA is req ui re d to load
UvrB onto DNA with a lesion. It has been suggested that many
of the proteins which bin d to DNA by this mechanism can
actua lly form a DNA-protein complex in the abse nce of th e
matchm ak er unde r specia l conditions such as ext re mely high
pr otein concentrations or th e inclusion of mac romolecular
crow ding compounds in the reaction mixture. For exa mple, the

3' uncoupled ---"

FIG. 10. Inci s ion of a 137·mer duplex with a centrally located
furanside thymine-psoralen monoadduct by (A)BC excin u clease
r econstituted wi th wild-type a n d mutant Uv r B p roteins. 1 nxr
substra te lab eled at both termini of th e damaged stra nd was incubated
in 25 I.Ll of ABC buffer + 2 mxt ATP conta ining 5 nxt UvrA, 80 nxt wild
type or mutan t UvrB , 40 nM UvrC, and 0.1 lig of pBR322 for 20 min at
37 °C. Th e reaction was stopped by adding 2 iii of a 1:1 mixture of 0.25
~ I EDTA, 5 mg/ml oyster glycogen, and 60 iiI of EtOH. Th e precipitate
was collected by cent rifuga tion, resu sp ended in form amideldye mix-
ture, and ana lyzed on a 8% polyacrylamide DNA se quencing gel. Th e
products generated by the du a l incis ions are a 66-mer indicated by S'
incision, and a 60·me r indi cated by 3 ' incision , res pectively. Th e band
mark ed 3 ' uncoupled is a 78-mer which can only be generated whe n the
enzyme mak es the incisio n 3' to the lesion but fails to mak e the incision
5 ' to the dam age (Lin and San car, 1992).
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FIG. 11. Structure-functfon model for UvrB. The black boxes numbered with Roman numerals are the so-called helicase motifs. UvrA binds
to two well defined domains in the amino- and carboxyl-terminal halves of the protein. The UvrA-binding region in the amino-terminal domain is
homologous to the UvrA-binding region of TRCF. The UvrA-binding region in the carboxyl-terminal domain overlaps the UvrC-binding site. The
helicase motifs participate in DNA binding and within this DNA-binding domain, residues Glu-265, Glu-338, and Asp-510 contact DNA possibly
through salt bridges with phosphates counterions while residues Phe-365 and Phe-496 presumably intercalate into the DNA. The carboxyl-
terminal 43 amino acids contain the catalytic residue Glu-639 (Lin and Sancar, 1992).

tortions of the DNA (Sancar and Tang, 1993; Grossman and
Thiagalingam, 1993). In light of our finding of direct binding of
UvrB to lesions, we would like to propose the following model:
UvrB in fact does have a lesion binding pocket where the
modified bases fit in. We propose that this is a hydrophobic
pocket and because oflack of requirements for specific H-bond
donors or acceptors or for formation of salt bridges of unique
orientations, a vast number of chemical groups can be accom-
modated within this pocket. Presumably the degree of hydro-
phobicity, the size as well as some other, as yet to be deter-
mined, factors contribute to the relative affinities of various
side groups for UvrB and hence their susceptibilities to func-
tion as substrates.
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