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Contents DNA. Alterations in base sequence can also arise as a result
of replication and recombination. Without maintenance, the

1. Introduction 233 information encoded by DNA would be altered so dramati-
2. Understanding the Substrates 234 cally that the organism could not thrive. Nature has therefore
3. UvrA 235 devised a solution to this problem: DNA repair. A number
3.1. The Zinc Finger Domains 235 of DNA repair systems have evolved including direct damage
3.2. The ABC ATPase Domain 236 reversal, nucleotide excision repair (NER), mismatch repair,
3.3. Damage Recognition and DNA-Binding by 238 base excision repair, and recombinational repair. Each system
UvrA has developed to specialize in the repair of certain types of
4, UvrB 239 damage. This review focuses on our current knowledge and
4.1. The UvrA-UvrB Interaction 240 understanding of NER in prokaryotes.
4.2. Generation of the UvrB:DNA Preincision 240 The first detection of NER was in the 1960s when
Complex investigators observed the excision of UV-induced DNA
4.3. The UvrB:DNA Preincision Complex 243 lesions from DNA in bacteri&? It was also discovered that,
5. UwrC 247 concomitant with dimer removal, insertion of short stretches
5.1. The UvrB-UvrC Interaction 247 of new DNA into “repair patches” took placeSoon after
5.2. The N-Terminal Half of UvrC 247 these discoveries, complementation studies revealed the
5.3. The C-Terminal Half of UvrC 248 genes responsible for NERuurA, uurB, and uurC. The
5.4. The Oligomeric State of UvrC 249 expression levels of two of these genegA anduurB, were
6. UVIABC in the Context of the Cell 249 found to.be controlle_d by the SOS. respofse, system
7. Beyond Repair 249 involved in up regulating the expression level of a number
8. Acknowledgments 250 0]‘ genes in response to DNA damaglng agents. This is
significant since constitutively i&. colithere are only~25
9. References 250

molecules of UvrA and~250 molecules of UvrB present.
Upon SOS induction, the level of UvrA rises 10-fold+@50
. while UvrB levels rise 4-fold to~1000 molecules per céll.
1. Introduction UVrC is estimated to be present at a mer&0 molecules

DNA is the molecule chosen by nature to store the per E. coli cell and is not regulated by the SOS respchse.

information required to build organisms. These organisms _ 1he UVIABC proteins recognize and cleave damaged
in turn serve to replicate that information. It was initially PNA in a multistep ATP dependent reactfoffrigure 1). In
thought that DNA must be incredibly stable to maintain the Solution, ATP drives the formation of the UvrA dimé.
integrity of the information, but it has been shown that DNA UVIA forms either a heterotrimeric (UveB)™ or a het-
is in fact a dynamic molecule that is constantly damagfed. ~€rotetrameric (UvrAUvrB;)*? complex with UvrB. The
Damage can be caused by exogenous sources such as mafLystal structures of UvrB reveal a monomi&ri® which is
made mutagenic substances and naturally occurring agents@lSo suggested by analytical ultracentrifugation (E. Karakas
including sunlight and dietary mutagens, and endogenousand Kisker, unpublished results) and gel filtratiéithese
sources, such as reactive oxygen species formed duringdata are in contrast to those of atomic force microscopy
cellular metabolism. The result can be base loss, baseStudie$” (H. Wang and Van Houten, unpublished results)
dimerization, base alkylation, base deamination, and baseand cross-linking studi€$,which suggest that UvrB is able
oxidation as well as single- or double-strand breakage leadingto form a dimer in solution and on DNA. Discrimination of
to permanent changes in the information encoded by thedamaged versus nondamaged DNA by the UvrAB complex
is much higher than that by the UvrA dimer alone, indicating
a multistep approach to damage recognitibdvrA initiates
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and damaged DNA, is necessary for damage recognition.
Recognition and transfer of a DNA lesion to UvrB is
hypothesized to trigger hydrolysis of UvrA’s bound ATP, 4t the State University of New York at Stony Brook. She became a
resulting in monomerization and dissociation of UvrA, PpEw Scholar in the Biomedical Sciences in 2000, and she pursues
leaving behind a salt stable UvrB:DNA preincision com- crystallographic and biochemical studies of DNA repair enzymes and
plex1® UvrC is responsible for both the and 5 incision enzymes containing the molybdenum cofactor and also pursues structure
reactiong? Before 3 incision by UvrC takes place, UvrB based drug design studies with an emphasis on new antituberculosis
must be in its ATP bound conformatihThe first incision 298NS

is made at the fourth or fifth phosphodiester bordd3the them817:21.2630 This review focuses on the important ad-
damage, and the second incision, eight phosphodiester bondgances in the study of the structure and function of these
5' to the damag@?>*After incision, UvrC dissociates and  remarkable proteins.

UvrD (DNA helicase 1) is required to release the incised
oligonucleotide. DNA polymerase | fills the resulting gap :
and removes UvrB from the DNA:2DNA ligase seals the 2. Understanding the Substrates

newly synthesized end to the parental DNA, completing the  Nucleotide excision repair stands out from the other repair
NER pathway. Over the past 15 years several outstandingmechanisms in its ability to recognize a broad range of
reviews have appeared, and the reader is encouraged to revisitructurally unrelated DNA damagde$ 2831 (Table 1), which
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system becomes. For instance, Snowden and Van Houten

g @9 A ae found that UvrABC incised a ring closed abasic site (AP)
AP e = =& ring-opened AP< methoxylamine-AP< benzooxyamine-
A % - o AP Likewise, Hoare et al. found that a nitropyren@®-
N} dG adduct is incised (—)-cis-antrBPDE-N?-dG < a (+)-
_ trans-anti-methylcryseneN?>-dG adduct®® There does,
) = s BA, however, appear to be a size limitation. It has recently been
S-MMWWMN ; StalledRNAPol shown that proteirDNA cross-links are substrates for

UVrABC.%>%]n this case, larger oligopeptide cross-links are
repaired less efficiently than shorter cross-links. This suggests
that larger cross-links have to be reduced in size by
endogenous proteases prior to removal by UvrABC.
Interestingly, it was found that the type of damage is not
the only entity that dictates the rate of incision. For example,
Kow et al. found that thymine glycol is incised by the
Synthesis |/ SIS UvrABC system with different efficiencies depending on the

’ sequence context. Using defined substrates containing
identical lesions, Verhoeven et al. found that the incision
rate varied depending on the DNA sequence surrounding the
lesion® This finding indicated that the thermostability of
DNA is affected not only by the type of lesion but also by
the sequence of the DNR.

Ligation o= =»

3. UvrA

The uurA gene has been sequenced from a large number
of bacterial species and encodes a 1085 kD protein.
Structurally, UvrA is thought to be composed of two halves

|
u

ae o separated by a flexible protease sensitive linker region

GTP GODP

. iy . (Figure 2). Sequence homology and mutational analysis have
Figure 1. Recognition and repair of DNA damage by UvrABC. . .
In the global repair pathway UvrA and UvrB form an ATP revealed t_he presence of twa-gpe zinc fingers and two
dependent heterotrimer or heterotetramer (see text) that directlyATP Binding Cassette ATPase (ABC ATPase) domdins.

recognizes damaged DNA. In theanscription coupled repair ~ The ABC ATPase domains each contain a Walker A and
pathway Mfd (TRCF) recruits UvrA to the site of DNA damage = Walker B motif separated by intervening sequences. Preced-
marked by a stalled RNA polymerase. In both pathways, UvrA ing each Walker B motif is the signature sequence, Leu-
loads UvrB onto the damaged DNA and subsequently dISSOCIateS,Ser_G|y_G|y, characteristic of ABC ATPase family members.

leaving behind a stable UvrB:DNA preincision complex. UvrC A : :
binds to the preincision complex and mediates the incisions on both Located within the intervening sequences of the Walker A

the 3 and 5 sides of the DNA. UvrD (DNA helicase II) removes ~and Walker B motifs are the two zinc fingers (Figure 2).
the incised oligonucleotide and UvrC. DNA polymerase | fills the

gap and triggers the release of UvrB. The newly synthesized ends3.1. The Zinc Finger Domains

are sealed to the parental strands by DNA ligase.

The two zinc finger motifs of UvrA have a G X520
includes carcinogenic cyclobutane pyrimidine dimers and CX,C consensus sequence in which the four cysteine residues
6—4 photoproducts induced by UV radiation, berge[ coordinate one zinc molecuté The N-terminal zinc finger
pyrene-guanine adducts caused by smoking, and guanine is less well conserved between UvrA molecules than the
cis-platinum adducts formed during cancer chemothefapy. C-terminal zinc finger. Consistent with this observation,
The strategy employed by NER is the same in all three mutations in the N-terminal zinc finger that lead to a loss in
kingdoms of life, and the same range of damages is zinc binding have no effect on NER. It was therefore
recognized. Nevertheless, the UvrABC proteins are only concluded that the N-terminal zinc finger is not essential for
utilized in prokaryotes and archae bacteria, whereas eukary-NER in »itro.*® However, bacteria containing mutations in
otes utilize a much larger number of proteins. No sequencethe C-terminal zinc finger render the cells profoundly
homology to the UvrABC proteins was detected so far, with sensitive to cell killing by UV light®® In an independent
the exception of a small region at the C-terminus of UvrC study, Wang et al. created the C-terminal zinc finger mutation
and the ERCC1 proteift. C763F, which retained nm vivo repair activity, failed to

Several studies analyzed the structure and conformationbind DNA, but retained vigorous ATPase activityThey
of DNA adducts with respect to the rate of incision by the concluded that the C-terminal zinc finger is primarily
UVrABC systen® It has long been known that-6} photo- responsible for UvrA’s DNA binding capacity. While it has
products distort the DNA backbone more than cyclobutane been shown that mutations in the cysteines of the C-terminal
pyrimidine dimers (TT pyrimidine dimers) and are incised zinc finger give rise to dysfunctional proteins, it cannot
at a higher rate than TT pyrimidine dimers bathvitro and directly be concluded from these studies that the zinc finger
in vivo, suggesting that DNA distortion is a major component is the major motif responsible for DNA binding by UvrA.
of the recognition procesé.Although there is no absolute A prime example is the damage recognition protein in
consensus for damage recognition, the general rule seemsnammalian NER, XPA, which is also a;®/pe zinc finger
to be the following: the larger the chemical substituents, protein. In XPA, the zinc finger subdomain does not directly
the higher the rate and extent of incision by the UvrABC interact with DNA#>46 Although the zinc finger is not
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Table 1. DNA Damage Recognition by the UvrABC Nuclease
damaging agent lesion or adduct description repair by UvrABC refs
I. Single Base Modifications
4-nitroquinoline-1-oxide ANQOpurine adducts + 155-157
apurinic/apyrimidinic sites abasic sites, reduced apurinic sites (ring opened) + 17,158-160
aflatoxin-B1 purine adduct${’-guanine, formamidopyrimidine ++ 109, 161-164
alkoxyamine modified AP sites AP analogue ++ 165, 166
anthramycin N2-guanine +++ 167-169
CC-1065 N3-adenine ++ 147,191, 192
cholesterol synthetically prepared cholesterol adducted base +++ 170
fluorescein synthetically prepared fluorescein adducted thymine ~ +++ 18
ionizing radiation dihydrothymine\-glycosideg-ureido not repaired+—+ 27,38, 158
iodobutyric acid urea residuisymine glycol
HO-C?®,C8-thymine
menthol synthetically prepared menthol adducted base + 149
multifunctional alkylating agents O*alkyl thymine,O%-methyl guanine, not repairedf 131, 17174
NS-methyl adenine
N-acetoxy-2-acetylamino- C8-guanine ++ 82,175-181
fluorene (AAF),N-hydroxy-
aminofluorene (AF)
N'-methylN-nitronitrosoguanidine 05-methyl guanine ++ 131, 173, 207
(MNNG)
polycyclic aromatic N2-guanine, benzaljpyrene diol epoxide, +++/++ 36, 103, 116, 126,
hydrocarbons (PAHS) methylchrysenéZ®-guanine, 1-nitropyrene 163, 181-186
psoralen monoadduct (e.g. 8-methoxypsoralen (8-MOP) +++ 9,70, 177,18%190
and 4,5,8-trimethylpsoralen (TMP))
II. Intra- and Interstrand Cross-links
cisplatin N’-guanine, GG, AG/GxG ++/+++ 39, 193-198
cyclohexylcarbodiimide unpaired T and G residues ++/+++ 199
DNA —protein/DNA—peptide chemically induced +/++ 35—-37
cross-links
mitomycin C,N-methylmitomycin A N’-guanine;0%-methyl guanineN?-guanine ++ 6, 200-204
N,N'-bis(2-chloroethyl)N-nitrosourea bifunctional alkylation ++ 200, 205, 206
nitrogen mustard bifunctional alkylation ++ 200, 204, 206
psoralen C?,C8-thymine; bisadduct +++ 9,99, 177, 187,
190, 208-212
UV irradiation pyrimidine dimer C°,C8-pyrimidine), ++/+++ 9, 36, 108, 156,
6—4-photoproduct 213-215
Ill. Natural Bases
A-tracts AAAA not repaired 8, 27
dsDNA not repaired 8
extrahelical bases or loops in DNA not repaired 199
mismatches A-G; G-G not repaireet 189, 199
sequence specific bends not repaired 8,216
IV. Backbone Modifications
2-aminobutyl-1,3-propanediol (ABPD) synthetically modified + 189
azidophenacyl bromide synthetically modified, phosphorothioate linkage + 18
cholesterol, Chol-S, Chol-P synthetically modified, tethered to backbone +++ 39, 95, 98, 122, 149
fluorescein synthetically modified, tethered to backbone +++ 36, 84, 88, 217
phosphorothioate, methyl phosphorothioate  synthetically modified + 18, 105
phosphotriesters not repaired 8,27
single nucleotide gap synthetically modified +++ 18, 95
single strand nick (3or 5) synthetically modified +++ 18, 98, 159, 218
in dsDNA with modified bases
single strand nick in dsDNA synthetically modified +++ 18, 95
V. Intercalators
actinomycin D inhibits repair 219
caffeine inhibits repair 219221
chloroquine inhibits repair 220
ditercalanium noncovalent bisintercalator ++ 222,223
doxorubicin/AD32 + 224,225
ethidium bromide inhibits repair 219
Hoechst 33258 inhibits repair 219

a Repair key: +, 0—25%; ++, 25-50%; +++, >50%.

responsible for DNA binding, deletion of part of the finger
or site-directed mutagenesis of the zinc-coordinating Cys-
108 results in a loss of DNA binding activity:*® The

suggestion has been made that the zinc finger is required to

maintain the proper conformation of this protein region and
that in its absence conformational distortions arise that
abolish DNA binding. Therefore, while it iskely that the

C-terminal zinc finger of UvrA interacts with DNA to
facilitate the NER reaction, it cannot be ruled out that this
motif is also required for structural integrity.

3.2. The ABC ATPase Domain

The majority of proteins within the ABC ATPase super-
family with known function are involved in molecular
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Figure 2. Domains of the UvrABC proteins. UvrA consists of two halves (white and yellow, respectively) separated by a protease sensitive
linker (gray). Each domain contains one ATP binding site composed of a Walker A motif (Al and A2), a Walker B motif (B1 and B2), and

an ABC signature sequence (ABC1 and ABC2). Each domain also contains an insertion domain (crosshatched areas) and one zinc finger
(Zn1 and Zn2) located between the Walker A and ABC signature. Conserved ATPase motifs are indicated in red and orange in the N-terminal
and C-terminal domains, respectively. UvrB is color coded according to its domain architecture (see Figure 3) with domain 1a in yellow,
1bin green, 2 in blue, 3 in red, 4 in white (the crosshatch is the UvrC interacting region), gévhaigin in cyan. The six helicase motifs

(I to VI) found in domains la and 3 are indicated. UvrC contains two distinct endonuclease centers, an N-terminglGfamily

nuclease domain (blue) responsible foir®ision and a C-terminal endonuclease domain (purple) that performsitieston. The potential

UvrB interacting domain (B-interacting) is colored in orange, the Cys rich region is gray, and the tanderhbglpin—helix domains

implicated in DNA binding are shown in green.

transport. However, a few other DNA metabolizing enzymes, and K37M. While binding of radiolabeled ATS in the
whose crystal structures have been solved, also possess thigresence of plasmid DNA suggested no difference between
fold. These include Rad50, MutS, and the SMC protéins. these mutants and the wild-type protéiran independent

All of the ABC ATPase superfamily members function as study using equilibrium gel filtration to measufel-ATP
dimers or higher order oligomers. On the basis of the binding revealed defective ATP binding of the Walker A
available structures of ABC ATPases, a unifying model of K37A mutant®®

how this domain folds has been adopté@he ABC ATPase Mutagenesis of the N-terminal or C-terminal Walker A
elements-the Walker A motif, Walker B motif, Q-loop,  motifs revealed that both domains of UvrA possessed active
signature sequence, and His lecgre all integrally involved  ATPase$%0|n both studies, mutagenesis of the N-terminal
in forming an interface between two subunits such that ATP Wwalker A motif resulted in a protein that had a lowés,

is sandwiched between théiiThe composite ATP binding  value than the corresponding C-terminal Walker A mutant,
is created by the Walker A and Q-loop motif of one subunit suggesting that UvrA has a high and a low affinity binding
and the signature sequence, Walker B motif, and His loop site. These mutants also showed that the two ATPase
of the other subunit (for a review, see ref 52). Due to this domains are not equivalent, because the wild-type and
architecture, each active site is capable of binding two C-terminal mutant proteins demonstrate cooperative ADP
molecules of ATP. Thus, ATP binding is thought to stabilize binding while the K37A mutant does not; therefore, coopera-
the dimer architecture, while ATP hydrolysis drives dis- tive nucleotide binding can be attributed to the N-terminal
sociation of the subunif$.On the basis of the observations domain of UvrAS6 As is the case with other ABC ATPases,
that UvrA contains all the conserved ABC ATPase elements, the ATP binding sites in UvrA are not equivalent and appear
it can be postulated that the ATPase domains of UVrA to be allosterically regulatei:50.61

function in a way similar to the case for other ABC ATPases,  Eyen though by sequence analysis and site-directed

although UvrA is slightly more complex because it possesses mutagenesis UvrA possesses two ABC ATPase domains with
two ABC ATPases. the potential for four nucleotide-binding sites per dimer, only

The original observation that UvrA must be a dimer to be one ATP per UvrA dimer has been observed experimen-
functional came from UvrA dilution studies. In these studies, tally.5¢ In addition, only the N-terminal domain of UvrA
low concentrations of UvrA promoted monomer formation could be cross-linked witf?P-ATP, suggesting that the ATP
and caused a drastic decrease in the specific activity ofis bound at the N-terminal ATPase siteConsidering that
UvrA’s ATPase>>°¢ Additional evidence came from Myles each Walker A site has the potential to be in one of three
et al., who cleaved UvrA into two domains and showed that states (empty, bound to ATP, or bound to ADP), there are
only the N-terminal domain possesses the ability to dimerize 43 or 64 potential configurations for UvrA’s ATPase sites,
independently, suggesting that UvrA dimerizes in a head- and it remains to be determined why UvrA possesses multiple
to-head fashiofi? The ATPase motifs in the N-terminal potential ATP binding sites and yet only binds one ATP per
domain alone are likely insufficient to stabilize the dimer, UvrA dimer.
and an additional interaction, which could be provided by  The role of UvrA’'s ATPase activity has been the subject
the N-terminal G zinc finger motif, may be required. of numerous studie®:56:57.60.6265 |nterpretation of the data

In the crystal structure of ABC ATPases in complex with is complicated since UvrA contains four potential ATP
ATP, the Walker A motif (Gly-Lys-Ser) interacts with the binding sites per dimer and interacts with UvrB, which also
phosphates of the ATP molecufe>358 Walker A motif possesses an ATP site. UvrA's ATPase is modulated by
mutants in the SMC protein have shown that substitution of several factors such as UvrA protein concentration, UvrB,
Lys to Ala disrupts ATP binding? Likewise, mutation of and DNA. UvrA is an ATP/GTPase while UvrB is strictly
Lys to Met within E. coli MutS severely impaired its ATP ~ an ATPase. In the presence of UvrA, GTP, and damaged
binding>® Similar Walker A mutants have been created DNA, the addition of UvrB causes a decrease in GTP
within both of E. coli UvrA’'s ABC ATPase domains: K37A  hydrolysis®35The opposite is observed if ATP is included
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in this reactiorf*®5The observed increase in ATP hydrolysis absence of cofactor, the suggestion was made that the UvrA:
is most likely due to activation of UvrB’s cryptic ATPase DNA complex does not undergo a significant conformational
site and not associated with UviA suggesting that the change upon nucleotide hydrolysis.

interaction of UvrB with UwrA and DNA leads to a Nonspecific and specific DNA binding constants have been
suppression of UvrA’'s ATPase/GTPase activity. derived for UvrA on the basis of several different binding
UvrA was originally described as a DNA-independent assays. From DNase | footprinting and titrations of UvrA
ATPase? however, it was later shown that the appanént on a 137-bp DNA fragment, equilibrium DNA binding
for ATP or GTP decreases with increasing dsDNA concen- constants oK = (0.7-1.5) x 18 M~* andKys = (0.7—
tration or upon addition of ssSDN&:**In addition, nondam- 2 .9) x 105 M~ were determined (monomer concentratiéh).
aged DNA causes the apparéqy for ATP to decrease more  Therefore, UvrA binds to damaged DNA with a specificity
than damaged DNA: Since UvrA binds to DNA as adimer,  ratio of 1¢ compared to nondamaged DNA. While the UvrA:
and ATP is believed to bind at the interface of the dimer, pNA complex shows specificity, it is also salt sensitive, is
ﬂ]efpr?'l?gcbe of DN? m%y S'”?D')t{ Cauﬁﬁ a |:3Vt\_/e”n% of the short-lived, and is weaker than the UvrB:DNA compléx
m for y promoting dimerization. The relative changes . : : iy
in theK,, may be directly correlated with the relative binding Dﬁf\n%t;)nqggéﬁgg nailtsigr? o&alr&svflpr\e rﬁ&gﬁgéﬁ:&ﬁgg t

affinities of UvrA for the various DNA substrates. independently created Walker A ATPase deficient point

- I mutants and assessed DNA binding. One study reported that

6.3.ADamage Recognition and DNA-Binding by the specific binding by the N-terminal mutant was indistin-
VI guishable from that by wild-type Uvr&S The other reported

UvrA plays a vitally important role in the NER mechanism that the N-terminal mutant had lost its damage specific
due to the fact that it is the first component of the system to binding® In both studies the C-terminal mutant was more
recognize DNA damage. How UvrA facilitates DNA damage defective in DNA binding, as judged by DNase | footprint-
recognition remains to be elucidated. UvrA displays no ing* and filter binding assay¥,and displayed an increase
sequence-specific DNA binding, and it binds and recognizes in nonspecific DNA binding relative to that of wild-type
a wide variety of DNA perturbations. Zou et al. has UVrA. It was therefore concluded that ATP hydrolysis in
conducted a thermodynamic analysis of UvrA’'s DNA the C-terminal domain of UvrA is essential to allow
binding. In this study, the authors took advantage of the dissociation from nondamaged DNA sites. Additional support
intrinsic fluorescence of benzipyrene diol epoxide (BPDE) ~ comes from the substitution of AHS in DNA binding
DNA adducts to evaluate the effects of temperature and saltexperiments; ATPS promotes tight nonspecific dsDNA
concentrations on UvrA’'s DNA binding abili§?. It was binding®® These studies underscore the importance of UvrA’s
concluded that although some electrostatic interactions aredynamic ATPase as an integral part of UvrA’s DNA damage
involved, only a small number of counterions were released detection mechanism.
from the DNA upon UvrA binding. This suggests that  Early nitrocellulose filter binding studies in the presence
hydrophobic forces are largely responsible for complex of ATP showed that UvrA possessed a higher affinity for
formation. Dimerization of the ABC ATPase domains is also ssDNA than dsDNA, but bound nonspecifically to ssSDRA.

a hydrophobically driven process and therefore would Subsequently it was reported that retention of UvrA:ssDNA
account for some of the observed hydrophobic fof€es.  complexes was “abysmally low”, and therefore Mazur and

It has been proposed that UvrA possesses two DNA Grossman extended the study of UvrA and ssDNA via
binding sites, one within the N-terminal domain of UvrA competition experiments.They investigated the association
and the other within the C-terminal domaihin an attempt and dissociation rate constants for UvrA binding to ssDNA.
to localize the DNA binding domain of UvrA, Wang and The equilibrium association constants for UvrA binding to
Grossman identified a putative hetixurn—helix motif ssDNA were 7x 10°f M~* and 2 x 10" M™%, while the
within the N-terminal domain of UvrAR? They randomly dissociation rate constants were 410 s and 7.5x
mutagenized this region and obtained eight single substitu-107° s, in the absence and presence of ATP, respectively.
tions, of which they characterized two: G502D and V508D. Thus, ATP significantly decreased the rate of dissociation
These mutant proteins are located between the signaturefrom ssDNA!C leading to higher overall binding affinity. In
sequence and the Walker B motif, and they lost their ability addition, they noted that dissociation of UvrA from ssDNA
to distinguish damaged from nondamaged DNA. However, was 40-times slower than dissociation from UV-irradiated
on the basis of the available crystal structures of ABC dsDNA in the presence of ATP.These intriguing observa-
ATPases, these amino acids would not be solvent exposedtions suggest that UvrA binds to ssDNA and damaged DNA
It therefore seems unlikely that these amino acids are directlythrough different types of interactions and that UvrA might
responsible for DNA binding, but they could instead perturb have some other uncharacterized function with respect to
ATP hydrolysis in the N-terminal ATPase domain and ssDNAin vivo. In the presence of ATHS, UvrA exhibits a
thereby disrupt UvrA'’s functions. reduced binding to ssDNA. Strike and Rupp showed in cross-

UvrA has been proposed to bend and unwind DNA upon linking experiments an increase in the percentage of UvrA
binding® When UvrA is incubated with plasmid DNA in  cross-linked to nondamaged ssDNA in the presence of ATP,
the presence of topoisomerase, the DNA undergoes a changéut a decrease in cross-linked protein when A%Pwas
in the linking number, suggesting that UvrA unwinds the included’ They suggested that UvrA has two modes of
DNA.%How UvrA induces this change on the DNA structure association with ssDNA: a loose initial interaction that
is currently unknown. DNA footprint studies have shown permits trapping by filter binding assays and a second close
that UvrA specifically binds to damaged DNA in the association that is achieved after ATP hydrolysis. Further
presence and absence of nucleotide cofactor and produces studies to analyze the role of UvrA and ATP in the presence
DNA footprint that is 33-bp in lengtf® Because the number  of ssDNA led to dissociation constants féhermus ther-
of protected base pairs does not change in the presence omophilusHB8 UvrA (Tth UvrA) and damaged ssDNA of
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Figure 3. Structure of UvrB in complex with ATP. Helicase

domains la and 3 are shown in yellow and red, respectively.
Domain 2, the UvrA interacting domain, is shown in blue. The
B-hairpin is shown in cyan and observed to interact with domain \
1b in green. The ATP molecule, located between domains 1a and €§ " eso
3, is shown in all-bonds representation and color-coded by element. s %=

Kg = 0.43uM and 0.1uM in the absence and presence of
ATP, respectively? Binding to nondamaged ssDNA was
dramatically influenced by the presence or absence of
nucleotide cofactor. Thiy for UvrA binding to nondamaged
ssDNA was greater than 30M while in the presence of
ATP theKy was 0.12uM. These results suggest that ATP
drastically affects the affinity ofth UvrA for nondamaged UvrB

ssDNA andTth UvrA binds with at least 100-times higher ~ "¢

affinity to damaged ssDNA than nondamaged ssDRA. Figure 4. Structure ofE. coli UvrB’s domain 4. Left, interaction
between two domain 4 molecules as observed in the crystal

4. UvrB structure. Residues that have been mutated are indicated by spheres

and labeled. The side chains of Phe 652 and Glu 640 are depicted
UvrB plays a central role in NER since it interacts with in all-bonds representation. Glu 640 is colored magenta because
all the components of the system: UvrA, UvrC, UvrD conflicting results for this mutant have been reported. Right, the

. hypothetical model for the interaction between UvrB (green) and
(helicase 1I), DNA polymerase |, and DNA. As part of the the similar region of UvrC (orange) based on the interaction seen

UvrAB complex, UvrB is critical for the second phase of iy the domain 4 crystal structure. Side chains of residues located
damage recognition. After initial identification of a poten- at the interface are drawn. An alignment of the two regions that
tially damaged site by UvrA, UvrB is involved in verifying  are similar inE. coli UvrB and UvrC is shown.
the nature of the damage and remains bound to the DNA
forming the preincision complex, which is recognized by (I—VI) distributed throughout domains 1a and®3he two
UvrC (Figure 1). The crystal structures of UvrB from domains are connected to each other by a short linker and
Bacillus caldotena® (PDB code 1D9Z) andThermus have ana/f/a sandwich-fold (Figure 3). The structures of
thermophilu®* (PDB codes 1C40 and 1D2M) have been domains l1a and 3 are similar to the core domain of other
solved. The structure d8. caldotenaXJvrB has also been helicases including Pcr&X Rep?” and NS378 In addition,
solved in complex with ATP (PDB code 1D9X). UvrB is all the residues necessary to couple ATP hydrolysis to strand
composed of five domains referred to as 1a, 1b, 2, 3, and 4.translocation are preseltAt the interface of domains l1a
The structure of the UvrB:ATP complex is shown in Figure and 3 is UvrB’s ATP binding site (Figure 3). The ATPase
3 and illustrates the protein’s overall architectural fold. site of UvrB becomes activated in the presence of UvrA and
Domain 4 is completely disordered in both Becaldotenax damaged DNA, or when the coiled-coil domain of UvrB
and T. thermophilusstructures. A UvrB fragment encom-  (domain 4) is cleaved off47°A detailed structural analysis
passing domain 4 has been isolated, and it was found to formof UvrB and its ATP binding site, including a detailed
a coiled-coiled structuré&-’>(Figure 4). Domain 2 is mostly ~ comparison of UvrB to related helicases, was reviewed by
disordered in the original UvrB structures. The structure of Theis et aP®
domain 2 was elucidated when a point mutant of UvrB from  On the basis of the presence of the helicase domains in
B. caldotenaxXY96A) crystallized in a different space group UvrB, it has been envisioned that the UvrAB complex could
as compared to the case of wild tyffeFigure 3 shows a  simultaneously “scan and sense” the DNA duplex for
hybrid structure containing the wild-type UvrB:ATP complex damage?® However, in contrast to “true” helicases, which
from B. caldotenaxand domain 2 from the Y96A mutant. couple ATP hydrolysis and subsequent domain motion to
Domains la, 1b, and 3 are well ordered in both Bhe the unwinding of long stretches of DN%,the ATPase
caldotenaxand T. thermophilusstructures. activity of UvrB is associated with very limited DNA
UvrB is classified as a member of the helicase superfamily unwinding, only displacing up to 22 nucleotides depending
on the basis of the presence of six conserved helicase motifoon the DNA's melting temperatuf@:# Thus, more recent
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work describes this activity as “strand destabilization” region of UvrA is poorly understood. Only a few reports
activity rather than helicase activi#§.The current model have probed for which domains of UvrA are required for
suggests that UvrB does not use its helicase domains to scartthe interaction with UvrB. Claassen et al. created a series of
along DNA, but rather to distort the DNA at lesion sites, C-terminal deletion mutants of Uvr®:*” The mutants were
facilitating recognition and incision by UvrC (discussed insoluble and thus purified from inclusion bodies. For each
below). UvrB mutants deficient in ATPase activity (Table UvrA mutant, a productive UvrAUvrB interaction was

2) are also defective in repair and the associated supercoilingnferred on the basis of the observation that addition of UvrB,
activity, as well as DNA strand destabilizati&#> 8’ Since or the K45A UvrB ATPase deficient mutant (Table 2), led
the strand destabilization assay will be mentioned a numberto an increase in ATPase activity. All of the mutants, the
of times throughout the review, it should be briefly explained largest with 710 deleted amino acids from the C-terminal
here. The assay involves adding UvrA, UvrB, and ATP to a end, interacted with UvrB in this study, and therefore, it was
DNA substrate composed of a short oligomer with a centrally concluded that the N-terminal 260 amino acids of UvrA are
located lesion annealed to a single-stranded M13 circle DNA. sufficient for UvrB interaction. However, previously it was
The UvrAB complex is able to destabilize the short damaged shown that the elevated ATPase activity measured in the
oligonucleotide to the extent that the addition of SDS and UvrA:UvrB:DNA complex was due to the activation of
EDTA will lead to the dissociation of the oligomer from UvrB’s cryptic ATPase site and not to UvrA&.In addition,

ssM13 DNA as analyzed by native PAGE. the UvrA mutant with 710 amino acids deleted would have
removed the ATPase catalytic residues and therefore could
4.1. The UvrA —UvrB Interaction not have produced the observed elevated ATPase activity.

Thus, the conclusion that the first 260 amino acids are

_ UvrB interacts with both UvrA and UvrC in solution and g tficient for interaction between UvrA and UvrB has to be
in complex with DNA8 However, no complex containing re-evaluated.

all three proteins has ever been observed. Sequence com- The ABC ATPase motifs of UVrA are important for the

parisons have suggested that residues in domains 2 and 4 Gfyeraction with UvrB. Mutation of the Walker A sequence,
UwrB are responsible for these proteiprotein interac-  Gs 1o GAS, of UvrA either in the N-terminal or C-terminal
tions®%° Domain 2 is located between domains 1a and 1b gomain of UvrA lead to greatly reduced complex formation
(Figure 3) and is homologous to a domain present in the pepyeen the proteirf§. The authors noted that the two
TRCF (transcription repair coupling factor) protein (also yants behaved differently in DNase | footprinting experi-

referred to as Mfdj>?®° TRCF releases a stalled RNA  yonts designed to monitor the appearance of an UvrB-
polymerase from a lesion and interacts directly with UvrA dependent DNase | hypersensitive site as an indication of

to initiate damage repdir(Figure 1). UvrA is able to bind  hq4yctive complex formation. In this assay, the N-terminal
UvrB and TRCF, suggesting that the homologous portion \yaiker A mutant possessed 10% of the UvrB loading

of these two proteins (domain 2 in UvrB) is the UvrA binding - 5ivity, compared to wild-type UvrA, while the C-terminal
domain?® Furthermore, a fusion protein of the maltose mutant exhibited about 1% activity.

binding protein and residues 116 to 251 frémcoli UvrB,  yyestigating the precise role of UvrB’'s ATPase activity
whlchggznco_mpasses_domam 2, was shown to interact With o the formation of the UvrA:UvrB complex is complicated
UvrA.>> A similar fusion protein using domain 4 of UVIB — gjnce poth UvrA and UvrB possess ATPase activity. Mutants
(E. Coggres'dugs 548 to 674) interacted with both UvrA and ot yrB were created to evaluate whether ATP binding or
UvrC.® Despite the interaction with UvrA, deletion of v qrysis by UvrB is required for the interaction with UvrA
domain 4 results in a UvrB variant that can still form the (Table 2). A mutation in the Walker A motif of UvrB (K45A)
preincision complex and hence still interacts with UwgA2* results in a UvrB variant that is unable to hydrolyze ATP

but no longer recruits Uvr&:23% Since UvrA and UvriC 1+ s siill capable of interacting with UvrA as measured by
both interact with domain 4 of UvrB, the UvrA interaction ihq recovery of salt-resistant nucleoprotein compléges.

might serve to block UvrC binding to UvrB prior to the wyile it is impossible to infer the true nature of these
dissociation of UVrA. This would ensure that both phases complexes, the fact that they were resistant to high salt
of damage recognition have been achieved and completedyggests that they were UvrB:DNA complexes. Therefore,
prior to the incision reaction. hydrolysis by UvrB is not a prerequisite for UvrA:UvrB
The structure of UvrB's domain 2 has #uSBBABAA complex formation in the presence of DN®Further support
topology (Figure 3). The core is formed by a six-stranded comes from studies using the helicase mutants of UvrB
antiparallel-sheet. One face of thé-sheet is exposed to  (Taple 2)33 The UvrB mutants in this study lacked ATPase
the solvent while the other interacts with erhelix and a  activity, yet they were shown to interact with UvrA on the
two-stranded antiparallgd-sheet. Domain 2 is structurally  pasis of the findings that UvrA’s ATPase activity was
similar to no other known protein and only contains sequence requced when these UvrB mutants were added to UvrA:DNA
homology to the aforementioned TRCF. On the basis of the complexes, and by diagnostic DNase | DNA footprinting
crystal structure as well as phylogenetic analysis of UvrB analysis. Moreover, in the presence of UvrA, UvrB, GTP,
and Mfd, conserved surface residues were identified and gng Uv-irradiated plasmid DNA, filter-binding assays were
subsequently mutated. TEe caldotenaxtvrB mutants were  sed to capture salt-resistant compleiéince UvrB cannot
assayed for their ability to interact with UvrA via pull-down  gccommodate GTP into its nucleotide-binding podRéte

assays. Four mutants displayed impaired UvrA:UvrB com- yegyits suggest that UvrB does not require cofactor binding
plex formation: R183E, R194A/R196A, R194E/R196E, and at g|l to interact with UvrA.

R213A/E215A. These results suggest that UvrB interacts ] o
with UvrA through arginine mediated electrostatic interac- 4.2. Generation of the UvrB:DNA Preincision
tions > Complex
Although much is known about the regions of UvrB In the absence of UvrA, UvrB does not bind to dsDNA,
responsible for the UvrA interaction, the UvrB interacting and its affinity for sSSDNA is in the micromolar range whether
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Table 2. UvrB Mutations Prepared in E. Coli or B. CaldotenaX
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DNA Protein
Mutation® Domain ATPase Complexes Repair References
. - uv
E. coli B. caldotenax ABC Incision survival
WT WT + UvrA AB, B, BC 3’ then &’ WT See references below
D15A (D16) 1a NR NR NR ~WT 2
G39D 1a NR NR NR Reduced &
G39S 1a NR NR NR Reduced 8
G44R 1a NR NR NR Reduced &
K45A 1a Defective AB, no B Defective Defective 7
K45D 1a NR NR NR Defective N
K45R 1a NR NR NR Defective i
N51A 1a ~WT ~WT ~WT ~WT N
N51K 1a NR NR NR ~WT i
V52D 1a NR NR NR ~WT °
I53R 1a NR NR NR ~WT i
D55A (Q55) 1a NR NR NR ~WT i
F88W (F89) 1a ~WT ~WT ~WT ~WT ©
B-hairpin mutations
Y92A Bh Enhanced AB, B~WT Reduced NR 8
Y92wW Bh NR ~WT Reduced NR %
Y92A / Y93A Bh Enhanced Reduced B Reduced / BC incision NR 18
D93A (D94) Bh NR NR ~WT Reduced 2
Y93A ph Reduced AB, Reduced B Reduced NR &
Y95F Bh NR ~WT NR NR *®
Y95W Bh NR B enhanced ~WT NR *
Y95A / Y96A Bh Enhanced AB,no B Defectve | BC Defective 108
Y95W / YOBW Bh NR Defective NR NR %
Y96A h ~WT AB,no B Defective NR el
YoBW Bh NR Defective NR NR %
E98A (E99) gh NR ND 3’ only NR o0
E99A ph Reduced AB,noB Defective NR &
Y101A/ F108A Bh Enhanced AB,noB Defective Defective 18
Y101W Bh NR Defective Reduced NR %
D105A (D106) Bh NR NR ~WT ~WT 2
F107W (Y108) h ~WT ~WT ~WT ~WT o0
E110A gh NR ~WT ~WT NR >
E110R h Enhanced ~WT ~WT NR 27
K111A Bh Reduced AB, B~WT Reduced NR 8
D111A (D112) Bh NR NR ~WT ~WT 2
R123A 1a Reduced AB, noB Defective NR il
H124A 1a ~WT B enhanced ~WT NR o
D134A (D135) 1a NR NR ~WT ~WT 2
Domain 2
D167A (E168) 2 NR NR ~WT ~WT 2
R183E 2 1/ TGTPase Reduced B Reduced NR it
F187W (F188) 2 ~WT ~WT ~WT ~WT 90
R194A / R196A 2 1/ TGTPase ~WT ~WT NR e
R194E / R196E 2 J 1 TGTPase Reduced B Reduced NR 6
R213A / E215A 2 1/ TGTPase ~WT ~WT NR o
F216W (F217) 2 ~WT ~WT ~WT ~WT o0
H247A (H248) 1b NR NR ~WT ~WT
F249A 1b Reduced AB, B~WT ~WT NR b
E265A (E266) 1b NR ND 3’ only NR °©
R289A 1b Reduced AB, B~WT ~WT NR ol
R289A / R367A 1b Reduced AB, B ~WT Reduced NR ol
E307A 1b Reduced AB, reduced B Reduced NR b
D326A (D327) 1a NR NR ~WT ~WT 2
D331A (D332) 1a NR NR ~WT ~WT 2
D337A (D338) 1a Defective AB, ~WT < 5% WT Defective 2
E338A (E339) 1a NR ND 3’ only Reduced o0
D338N 1a Reduced AB, no B Defective NR 217
H340F (H341) 1a NR NR ~WT Reduced 2
H341A 1a ~WT ~WT Reduced NR 27
D353A (D354) 1b NR NR ~WT Reduced 2
F365W (F366) 1b ~WT ~WT ~WT ~WT o0
R367A 1b Reduced AB, reduced B Reduced NR 8
D372A (D373) 1b NR NR ~WT ~WT 2
D419A 3 NR NR ~WT ~WT 2
D433A 3 NR NR ~WT ~WT 2
D478A (E478) 3 Enhanced AB, ~WT < 5% WT Defective 290
F496W (D496) 3 ~WT ~WT ~WT ~WT %
G502R (G501) 3 NR NR NR NR 8
G502R / G509D (G501 / G508) 3 NR NR NR NR &
R506A 3 Reduced Reduced Reduced NR 27
G509S (G508) 3 Reduced AB, no B ND ~WT 88,92
D510A 3 Reduced Low/ AB, ~ WT Defective Defective 2239
D510A 3 Reduced AB, no B Defective NR 2
D510N 3 Enhanced ~WT Reduced NR 2
E514K (E513) 3 ~WT AB, | B, low C Reduced ~WT 83,92
DNA Protein
Mutation® Domain ATPase Complexes Repair References
. . uv
E. coli B. caldotenax ABC Incision survival
E514K / R541H (E513 / R540) 3 Defective AB, no B ND ~WT v
D521A 3 NR NR ~WT Reduced 2
D523A 3 NR NR ~WT Reduced 2
F527W 3 ~WT ~WT ~WT ~WT 90
F527A 3 ~WT Enhanced B Reduced NR &
R544H (R543) 3 Defective AB, no B ND ~WT 83,2
H581F 3 NR NR ~WT ~WT 2
D594A 3 NR NR ~WT Reduced 2
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Table 2 (Continued)

DNA Protein
Mutation® Domain ATPase Complexes Repair References
. - uv
E. coli B. caldotenax ABC Incision survival
C-terminal “coiled-coil”
K634A 4 NR NR ~WT ~WT 2
H636F 4 NR NR ~WT ~WT 2
E637A 4 NR NR ~WT ~WT 2
E640A 4 NR Normal C ~WT ~WT o2
H645F 4 NR NR ~WT ~WT 2
E650A 4 NR NR ~WT ~WT 2
E652A 4 NR NR ~WT ~WT 2
F652L 4 Hyper + UvrA ~WT 31, 5~WT NR 7488
R658A 4 NR NR ~WT ~WT 2
D659A 4 NR NR ~WT ~WT 2
H662F 4 Hyper - UvrA NR ~WT ~WT 2
E666A 4 NR NR ~WT ~WT 2
S672A 4 NR NR ~WT ~WT =
Domain Deletions
574 A NR AB 1-2% WT NR 02
609 A (UvrB*) T -UwrA AB <0.1-1%WT Reduced 16,22,63,92,226,227
630 A NR AB, BC 1% WT NR o2
649 A NR AB, BC 2% WT NR o
A2 (A154-247) L/ 1GTPase A enhanced Defective NR 18,85
AB-hairpin (A 97-112) Hyper + UvrA AB enhanced Defective NR 18,6588
MBP/UvrB(115-250) NR Binds to A NR NR ©°
MBP/UvrB(251-546) NR DNA binding, No A or C NR NR o0
MBP/UvrB(547-673) NR Binds to Aand C NR NR o

aMutations are listed under the species in which they were pregaredported in the original literature cited in the far right columfhere
may be slight discrepancies in numbering due to the inclusion or omission of Metl when numbering the protein sequences. When necessary, in the
E. coli column, residues in parentheses are included to indicate the analogous residue in the sequence of WB/rBdidotenaxand are labeled
as such on the UvrB structure shown in Figuré BIR = not reported; ND= not detected:~WT = wild-type-like activity, see individual reference
for more detail; Enhanced dr= greater than WT; Reduced 6= less than WT; ATPase activity is in the presence of UvrA and UV-irradiated
DNA unless otherwise noted; MBR maltose binding protein.

Table 3. Intermediates and Products Formed by UvABC in the truncated on the'3side of the damage, in the absence of
Presence of Various DNA Constructs UvrA, yielded no UvrB:DNA preincision complex. However,
Intermediates and products formed _ References in the presence of UvrA, formation of the UvrB:DNA
ff)‘:m:l‘ inpresence of UyeA * withou Ui preincision complex and the UvrB:UvrC:DNA complex is
mismatches observed. In contrast, experiments usingréncated DNA
ey — A bers T in the presence of UvrA showed no preincision complex
8 bp e A ABBBC3 5 - "
— s AABBBC S o formation, suggesting that the UvrAB complex is approach-
oppositestrand st 3 site —a— A AB B BC : . ing the DNA damage from the' Side. Interestingly, in the
damaged strand at 3" site X AABBBC 5 - » absence of UvrA, UvrB is able to bind and form a stable
Gomged smd a5 sie o= 4B ® preincision complex in a damage-dependent fashion when
lamaged strand af site —A
SppositestandatS'sie —a— A AB(BBC ¥ 5)' BBCY () * the DNA is truncated at the’ ®nd but not if it is truncated
ek —+— AABBBC 5 - oo 3' to the damage. These results also suggest that dsDNA 5
opposite 3" incision site  ——i— A AB B BC - » to the lesion impedes formation of the preincision complex
opposite 5” incision site =t A AB B BC 3" 5° 3y s R
dsDNA, no lesion — @ : o and one of the roles of UvrA must be to overcome this
5" overhangi d _ (A) BC 5 - H H
?;;’:,:':“:g:ihzg“ W ? a b_arner. Truncating qnly the nondgm_aged strand on the 5
mismatche _—— -
M el e 5 W side Ieads_to _fqrmatlon of the preincision complex as well
ssDNA with lesion — (B) © as 3 and 5 incision in the absence of UvrA. Further evidence
ssDNA, no lesion _— ((B)) *

for a 5 approach by the UvrAB complex is observed when
aA, AB, B, and BC refer to the formation of different nucleoprotein  cross-linked DNA is used as a substrate. In this case,
complexes containing UvrA/UvrB/UvrC as demonstrated in footprinting - translocation of the UvrAB complex stops prematurely since

or gel shift experiments.’3and 3 refer to incision products detected .. : ; ;
after the reaction. Parentheses around the complex or incision product§t is not able to separate the strands at the lesion. Assuming

(i.e. (BC) or (3)) indicates that the amount of complex or incision that_th_e _complex approaches the d.amfige from thﬂd&:.
product is minimal*UvrA likely does not participate in the formation  the incisions should be' Shifted, which is exactly what is
of these complexes since they also form in the absence of UvrA (seegphserved for certain cross-links.

following column). . . .
9 ) It has been proposed that DNA repair events including

or not the DNA is damage¥.ATP hydrolysis, presumably base excision repair and NER proceed in an orderly manner
by UvrA, is required in order to generate UvrB:DNA in which each successive enzymatic step in the reaction
complexes since ATFS and ADP cannot be used as cascade recognizes a proddenzyme complex rather than
substituted?6° This is consistent with the notion that UvrA  binding to free DNA intermediat€d:10%1%lVarious models
catalytically loads UvrB onto sites of DNA damage-ow have been proposed for damage recognition by the bacterial
the loading is achieved has been studied extensively by NER system. In 1996, Sancar and Hearst coined the phrase
analyzing the nucleoprotein complexes formed by UvrA, “molecular matchmaker” to describe a number of protein
UvrB and/or UvrC in the presence of various DNA substrates DNA interactions that involve a handoff of DNA from one
(Table 3). Moolenaar et al. studied the role of the DNA protein partner to the next in an arranged marriage between
flanking the lesior?® DNA substrates with both strands two partners that would not occur otherwise. They suggested
truncated 5or 3 to the lesion, with respect to the damaged five criteria that UvrA must follow to be a molecular
strand, were examined (Table 3). Experiments using DNA matchmaker for UvrB and damaged dsDIA First, in
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the absence of UvrA, the affinity of UvrB for dSSDNA should contains a damaged base. The joint actions of UvrA and
be physiologically insignificant. Electrophoretic mobility shift  UvrB imposes a high degree of damage specificity on the
assays have shown that this is true; UvrB can bind ssDNA NER process.

in the micromolar range but does not display measurable

affinity toward dsDNA Second, UvrA must promote a 4.3, The UvrB:DNA Preincision Complex

stable complex between UvrB and DNA. Using numerous i L i )
independent techniques, several laboratories have demon- During characterization of the NER reaction, it was
strated that UVrA is required to load UvrB onto damaged immediately apparent that the addition of UvrB to filter
dsDNAZ2° Third, the UvrA or UvrB proteins should bind or ~ Pinding exp(%nments increased the recovery of Dipiotein
hydrolyze ATP. As has been discussed, both proteins arecOmplexes The half-life of UvrB:DNA complexes varies
endowed with ATPase activity. Fourth, UvrA should form depending on the lesion but ranges from 135 min using UV
a complex with UvrB and DNA, inducing a conformational treated DNA to 400 min for the UvrB:aflatoxin-B1 DNA

change, but not covalently modify either UvrB or DNA. This Complex:*1% The stable UvrB:DNA preincision complex
is a key feature of damage recognition: the action of one S€rves as a scaffold for the binding of UvrC. The unique
protein promoting a conformational change to allow recogni- stability of the preincision complex, before and after excision

tion by a second protein. In the context of the UvrA:UvrB; Of the lesior*®and at high ionic strengttt; lies in what is
DNA complex, it was shown that UvrA must induce a perhaps the most prominent feature of UvrB, a flexible

ot charo s Siou o |-t o ot of a1 e 3 T
to bind tightly to damaged DNA! Simultaneously, UvrB is o E q arg i ( bg y o (E y5A
promoted to go from an inactive state to a conformation that Phobic and aromatic residues at its base and tip (Figure SA).
is capable of hydrolyzing AT UvrA is required for ~ |he aromatic and hydrophobic residues at the tip of the
strand opening around the lesion since UvrB can interact N2irPin form van der Waals interactions with domain 1b.
with and promote incision on a lesion in the context of an Thed ar(_)manlc re|3|dues at trée bgsi of the bh_aurpm are
unpaired flap or bubble in the absence of UWFA%-103Fifth, Furr?alocmc;rr]lg?rgnfs? Vsim eexspilc;]se ’ an i S olw_no grt\gr?gg SEFE;'
after the UvrB:DNA complex is created, UvrA should A ggesting functional imp :
dissociate from the complex. The departure of UvrA from majority of conserved residues in UvrB, including those that
Fhe cpmplex is suppqrted by a number .of ob§§rvati'ons g;‘vaeré)foecna{ggtg;e%gggrfgf;%eagsagﬁ:i? ipnh(aniotuyrr;etngable
including DNA footprinting and electrophoretic mobility shift ’ P gur ‘
assays (EMSAJ21%4 While UvrA fulfills the role of a A homology model of UvrB bound to .DN;Q was built on
molecular matchmaker in all five criteria, this analogy fails gﬁ E?S,Llss%f tr;isg\rugaléreseoéfgge_?hf;elrf g jeelspl)rr]e?jci)(r:?s Ifhxa¥vlth
to fully appr.eC|.ate“the role of UvrB in darrlage verification. the S-hairpin inserts itself between the two strands of the
The description “molecular matchr_naker suggests that the DNA, thereby clamping one of the strands between the
matched molecules are passively joined, like an arrangedﬂ_hairpin and domain 1b (Figure 5B). This mode of DNA
marriage; in this regard it has to be clearly stated that UvrB binding by UvrB was coinedrhe Padlock Mode® The
actively participates in the selection of its “spouse”, the hydrophobic residues at the tip of the hairpin are predicted
damaged DNA. UvrA binds both damaged and nondamagediq pe involved in strand opening and clamping of the DNA.
DNA and furthermore attempts to handoff both of these There is no direct evidence indicating whether UvrB grasps
DNAs to UvrB. However, neither gel shift assays nor DNA  the damaged or nondamaged DNA strand. On the basis of
footprints led to the formation of UvrB:DNA complexes with  the available biochemical data, it has been suggested that
nondamaged DNA even though there is a small but measur-the nondamaged strand is tightly clasp&dAdditionally,
able amount of incision seen on nondamaged BRAhus,  pNase | footprinting experiments have shown that UvrB

UvrB and DNA are not simply being matched by UVrA, but - preferentially protects the nondamaged DNA strand from
rather UvrB is actively engaged in the “damage verification” cleavage?®

step of the reactioff.®1% The padlock model explains the remarkable stability of
In the normally transient UvrA:UvrB:DNA complex, UvrB  the UvrB:DNA preincision complex. It also agrees with the
must determine if damage is present. If this is the case, UvrB observation that the preincision complex does not spontane-
will grasp the damaged DNA from UvrA to create a stable ously form, since a conformational change in UvrB would
UvrB:DNA complex. Otherwise, UvrB rejects the DNA and  be required to move thg-hairpin away from domain 1b to
helps to promote UvrA dissociation. Support for this notion allow insertion between the strands of duplex DNA. It is
comes from DNA footprinting experiments and cross-linking thought that UvrA triggers this conformational change in
experiments. In the DNase | footprint experiments, ATP and UvrB, leading to the release of the tip of tfiehairpin from
UvrB increase the specific binding of UvrA by decreasing domain 1b. Further support for this model comes from the
the amount of time UvrA resides at nondamaged DNA studies using truncated DNA by Moolenaar et al. mentioned
sites!?” In cross-linking experiments, it was shown that the above (Table 3). Substrates with both strands truncated 5
B-hairpin mutant of UvrB, which forms a stable UvrA:UvrB:  to the damage, relative to the damaged strand, were able to
DNA complex, does not engage the DNA and therefore the form preincision complexes in the absence of UvrA. Since
majority of the cross-linking captured Uvi&These results  the damage is close to the end of the DNA, the model
suggest that, prior to transferring the DNA from UvrA to predicts that UvrB could “slide” onto the end of the DNA
UvrB, the presence of damage has to be verified by UvrB. without requiring UvrA to unwind the DNA and assist UvrB
If no damage is present, UvrB dissociates. This could also in inserting its hairpin between the strands. If the damage
weaken UvrA’s affinity for DNA and thereby lead to a were farther from the end, then UvrB would not be expected
release of both proteins. In this way, UvrA initially searches to bind, which is exactly what is observed when using a
for “irregularities” in the DNA and through successive steps substrate that is not truncated. If UvrB would slide on the
of recognition UvrB takes a closer look at whether the DNA nondamaged strand, then the amount of preincision complex
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complex is formed, similar to the case for the substrate in
which both strands are’ fruncated. Similar UvrB loading
experiments in the absence of UvrA were performed using
a DNA substrate with both strands truncated on thsicke,
and no preincision complex was observed. If UvrB is in fact
sliding along the nondamaged strand, these results suggest
that UvrB has a preference fot & 5 movement because
the 3 truncated substrate would require UvrB to move in
the B to 3 direction along the nondamaged strand. Intrigu-
ingly, NS3 helicase is a’'35' acting helicasé!*?as are
the other two helicases that are structurally similar to UvrB,
Rep314and PcrAl1®

To test the validity of thé?adlock Model the tip of the
p-hairpin (GIn 97 to Asp 112) frorB. caldotenaxJvrB was
removed® The ASh UvrB variant was unable to form a
stable preincision complex and was inactive in UvrABC-
mediated incision, but it was still able to interact with UvrA
and form the UvrAB:DNA complex in competition with
wild-type UvrB. TheAgh UvrB variant does not destabilize
a damaged duplex. Surprisingly, the ATPase activity of the
Aph mutant in the presence of UvrA and UV irradiated DNA
was elevated 7-fold in comparison to wild-type UvrB while
the GTPase activity of UvrA decreased. These results are
attributed to the fact that the UvrA dimer can recruit the
B _ Aph UvrB mutant to the damaged site, but the mutant is

unable to verify the damage and continuously hydrolyzes
ATP while unsuccessfully trying to engage the lesion. The
model was further strengthened when residues Tyr 101 and
Phe 108, located at the tip of the hairpinin coli UvrB
(Figure 5A), were mutated to alanine to test if they were in
fact involved in DNA strand separatidff The Y101A/
F108A mutant was unable to bind or promote incision of a
50-bp DNA substrate with a cholesterol adduct located in
the center of the oligonucleotide. It was concluded that the
Y101A/F108A UvrB double mutant is a separation of
function mutant that possesses ATPase activity but lacks the
strand separating activity.

The padlock model predicts that the highly conserved
aromatic residues (Tyr 92, Tyr 93, Tyr 95, and Tyr 96) at
the base of the hairpin interact with the DNA (Figure 5). It
has been suggested that hydrophobic and/or base stacking
interactions with aromatic amino acid side chains play a role
in damage recognition by the UvrAB compl&¥®1%making
these residues prime candidates for the damage verification
Figure 5. B-hairpin region ofB. caldotenaxvrB and the UvrB: center of UvrB. Thus, residues Tyr 92 and Tyr 93 were
DNA preincision complex model. (A) The Gtrace of UnB s mtated to alanine, which led to an UvrB variant that is lethal

shown and color-coded as in Figures 1 and 3 withAH®irpin in : : ;
cyan, domain 1b in green, domain 1a in yellow, and domain 2 in to the cell and can only be expressed inEareoli strain that

blue. Selected residues are drawn in all-bonds representation. Thdacks the UvrA geneln vitro experiments showed that this
salt bridge between Lys 111 and Glu 307 is indicated by a black variant still forms preincision complexes on damaged DNA.
dotted line. (B) Hypothetical model of the UvrB:DNA preincision However, it was observed that this mutant also formed

complex. A surface representation of UvrB is shown with the preincision complexes with nondamaged DNA. On the basis
domain orientation based on the superposition with the-NHSA of this observation, Moolenaar et al. suggested that these

complex. Domains 1b and 3 are indicated. The DNA is shown with : : .
its phosphate backbone in red and the undisrupted base pairs a£W0 tyrosines are important for damage recognition and

spokes. The-hairpin of UvrB is shown in cyan inserting between ~Prevent UvrB from binding to nondamaged DNR.This
the two strands of the double helix. mutant was further characterized using dsDNA with a single

nucleotide gap and a similar substrate with a single-stranded
formed should be dependent on the length of the nondamagedick. The nucleotide gap substrate is an optimal substrate
strand, since the damage will effectively be further from the for damage-independent incision by the wild-type UvrBC
end. The length of the damaged strand should be irrelevant.nuclease. The single-stranded nick is also incised, but to a
This is precisely what Moolenaar et al. observédf. the much lesser extent. Incision of these substrates takes place
damaged strand is truncated and the nondamaged strand iseven nucleotides from the gap/nick, which is analogous to
not truncated 5to the damage, formation of the preincision the 3 incision event on damaged DNA. Therefore, it is
complex is reduced. In contrast, if the nondamaged strandassumed that the gap is positioned at the same location where
is truncated and the damaged strand is not, the preincisionthe lesion would normally be. The nicked substrate mimics

i
\‘.»



Prokaryotic Nucleotide Excision Repair: The UvrABCSystem Chemical Reviews, 2006, Vol. 106, No. 2 245

Figure 6. Structural representation of mutations created in UvrB. All of the mutations made in UvrB have been overlaid onto the crystal

structure ofB. caldotenaXPDB 1T5L55). The structure is color-coded by domains as in Figures 1 and 3. H341 is colored magenta because

of conflicting results regarding the activity of this mutant. Mutations leading to wild-type phenotypes and/or less than 20% reduction in

incision activity are shown as beige spheres. Mutations leading to more than 20% reduction in incision activity as compared to wild-type
UvrB are colored according to their domain. All of the mutations are labeled with their corresponding residue number.

the lesion with the nucleotide at the nick. Apparently, this notion of flipping the nucleotide out of the double helix and
nucleotide at the lesion site inhibits UvrBC incision in the away from UvrB instead of flipping it into an active site
context of wild-type UvrB. However, the nucleotide appears pocket is further supported by the observation that UvrB and
to have no effect on incision when the Y92A/Y93A variant photolyase can simultaneously bind to a pyrimidine difder.

is used, suggesting that the nucleotide that occupies the lesioThe structure of photolyase predicts that the cyclobutane
site sterically clashes with Tyr 92 and/or Tyr 93 and supports pyrimidine dimer will flip out of the DNA helix and into a
their role to prevent binding of UvrB to nondamaged DNA. cavity formed by the protein that contains the cofactor. If
Wild-type UvrB can still promote incision to a small extent UvrB expels the pyrimidine dimer outward, the photoproduct
on the nicked substrate because the nick in the substrate mayould be presented to photolyase and both could bind to
allow the nucleotide at the lesion site to move out of the the lesion.

way of Tyr 92 and/or Tyr 93. However, with intact dsSDNA, To evaluate the relative contributions of Tyr 92 and Tyr
such flexibility would not exist and the presence of the 93 to the reaction mechanism, each residue has been mutated
nucleotide and the tyrosines at the lesion site would be individually to alaniné®* The results indicate that the Y93A
mutually exclusive, resulting in no preincision complex variant is functionally more impaired than the Y92A mutant.
formation. The question then arises: how is the preincision In addition, Zou et al. reported that mutation of Tyr 92 to
complex formed in the presence of a lesion? Moolenaar etthe more hydrophobic tryptophan resulted in an increase in
al. propose that the damaged nucleotide is flipped out of theincision efficiency of a proteir DNA cross-linked substrate
DNA helix in the preincision complex and Tyr 92 and/or (DPC), as compared to wild-type UvrB, but a decrease in
Tyr 93 occupy the vacated spal®&lt has been suggested efficiency when using a 50-bp DNA substrate with a centrally
that the only common denominator among all types of locatedcis-BPDE?3® The relative importance of Tyr 92 and
damage recognized by NER is an alteration in stacking Tyr 93 may depend on the type of lesion being repaired.
interactions’ The lesion-induced alterations in base stacking  To analyze Tyr 95 and Tyr 96, two additional aromatic
could facilitate base-flipping. Thus, damage recognition amino acids in thg-hairpin motif (Figure 5A), the Y95A/
would be driven by the ease of extracting the damaged Y96A double mutant was made. This mutant is unable to
nucleotidet®® In fact, extrusion of a nucleotide is a common form the UvrB:DNA preincision complex with damaged
feature in many DNA repair systeriS=%1% A number of DNA, and no incision is observed in the complete UvrABC
structures have been solved including ura@iNA glyco- reactiont®® The mutant also lacks strand destabilization
sylase and 8-oxoguanine glycosylase, which reveal theactivity and is not able to form the preincision complex in
damaged nucleotide to be turned out from the DNA helix the absence of UvrA when using a 31-bp dsDNA substrate
and inserted into the active site pocket of the protein. Amino containing a cholesterol adduct 8 bp from tHeeBd of the
acid side chains insert into the DNA helix and take the place DNA. This substrate is similar to thé &uncated substrate

of the expelled nucleotide, stabilizing the nucleotide-flipped mentioned above and does not require UvrA to form the
configuration. This type of mechanism, however, is not wild-type UvrB:DNA preincision complex. However, the
expected for UvrB since NER can recognize damages thatY95A/Y96A mutant was still able to promote damage-
vary greatly in composition and size: some of which can independent incision of the gapped and nicked substrates.
be extremely bulky (Table 1). An active site pocket that could Moolenaar et al. suggest that these results indicate a direct
accommodate all these different lesions is unlikely. The role for Tyr 95 and/or Tyr 96 in damage-specific binding,
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perhaps by stabilizing the extruded lesion, since the systema 3 nicked substrate is used, which mimics a completed 3
only appears to function in the absence of damage. Tyr 96incision reaction, in which case ADP restoréangision?:102

has also been individually mutated to an alanine to determine These results demonstrate that, after ATP hydrolysis oc-
the importance of this residue aloffdt was found thatthe  curred, an additional ATP molecule must bind to UvrB,
mutant was unable to form the UvrB:DNA preincision leading to a conformational change that allowsriision
complex, it had an extremely limited capacity to destabilize by UvrC?! This conformational change is supported by DNA
dsDNA, and there was almost no incision observed when footprinting experiments where the binding of ATP or
this mutant was used in a complete UvrABC incision aséay. ATPyS to the preincision complex results in a DNase
Likewise, Tyr 95 of UvrB was also further analyzed, but I-hypersensitive site not observed in the ADP bound form.
instead of mutating it to alanine, it was mutated to a This hypersensitive site indicates an alteration in the minor
tryptophan®® The Y95W mutant was shown to bind to DNA  groove width, providing further evidence that the DNA has
adducts in a bubble structure in the absence of UvrA with a undergone a conformational change. These data suggest that
dissociation constant of less than 100 nM, a much tighter two conformational changes within the UvrB:DNA prein-
binding than observed for wild-type UvrB. In contrast to the cision complex are required to form a preincision complex
Y95A/Y96A mutant, YO5W is able to function in UvrABC  that presents the DNA to UvrC in such a way thain@ision
incision reactions and forms a preincision complex that is can occur. The first conformational change is caused by the
more stable than the wild-type UvrB:DNA complex. Zou et hydrolysis of ATP, thereby forming the pro-preincision
al. attribute this effect to the increased hydrophobicity of a complex. This complex has been shown to be unstable, and
tryptophan compared to a tyrosine. Substitution of Tyr 95 the DNA 3 to the lesion is in a strained conformati¥h.

by tryptophan could enhance the hydrophobic interactions The second conformational change, induced by the binding
to a lesion, resulting in the lowered dissociation constant of ATP, leads to the stable preincision complex.

compared to wild-type UvrB. The YO5W mutant is also able  The UvrB:DNA preincision complex has been visualized
to bind to bubble substrates without damage, suggesting thafysing both electron microscopy and atomic force microscopy.
it interacts with natural bases as well, and may intercalate The results indicate that the DNA in the preincision complex
between the adduct and a neighboring unmodified base injs bent by ~127 12! and wrapped around UvrB? The
the preincision complex. In support of this conclusion, atomic force microscopy experiments suggest that approx-
fluorescence quenching has suggested a direct involvemenimately seven helical turns of DNA are wrapped around
of Tyr 95 in DNA interactions and indicates binding to be UvrB.122 In a random site-directed mutagenesis study, Lin
driven by nonelectrostatic forcésThus, the current model et al. identified a UvrB mutant, D487A, that produced a less
predicts that Tyr 95 interacts with a damaged nucleotide that pronounced DNase | hypersensitive €&&@his mutant was
has been turned away from UvrB while Tyr 92 and Tyr 93 subsequently evaluated by electron microscopy, and it was
assume the place of the everted base, thereby stabilizing th&hown that it failed to support DNA bendiAg The
conformation of the DNA. The position of Tyr 96 relative hypersensitive site could be due to alterations in thregion
to Tyr 95 makes it unlikely that Tyr 96 also interacts with of the DNA flanking the UvrB contact sites either through
the damaged nucleotide. Tyr 96 may instead stack with the strand opening at the site of the adduct or by bending and
base adjacent to the damage, further stabilizing the confor-wrapping of the DNA. This agrees with the fact that DNase
mation of the DNA. | binds in the minor groove, and the dimensions of this
In addition to the aromatic residues, there are two chargedgroove dictate DNase | binding efficiency and the extent of
residues in the vicinity of thg-hairpin that are essential for ~ incision.*
binding of damaged DNA: Arg 123 and Glu 99 (Figure 5A). Several studies indicate that the DNA in the preincision
Each of these residues has been mutated to alghinesion complex is not extensively unwourit125128n one study,
was severely compromised in the presence of both the R123ADNA substrates were designed with a modified base as part
and E99A mutants, as was the ATPase activity. No prein- of a bubble of mismatched bases. If the bubble contained
cision complex was observed, and the mutants were unablethree to five mismatches, and 3 damage specific incision
to destabilize dsDNA. Arg 123 is located just below the by UvrBC was observed independent of UvrA. When the
p-hairpin (Figure 5A) and is thought to provide ionic bubble was increased to eight mismatches, a significant
interactions with the phosphates of the nondamaged strandreduction in UvrA-independent incision was observed, prob-
Glu 99 is located in the center of tifiehairpin (Figure 5A) ably due to inhibition of the'dncision, and further increases
and is predicted to be involved in contacts that promote the in the size of the bubble lead to uncouplédrigision in the
interaction between thg-hairpin and domain 1b. absence of ‘dincision1?®

The role of UvrB’s ATPase activity in the UvrB:DNA It was shown that UvrA loads UvrB onto damaged DNA
preincision complex has been analyzed in detail. Using catalytically and not stoichiometrical}!?” and that the
special DNA substrates, it is possible to form the UvrB:DNA presence of excess amounts of UvrA inhibits the incision
preincision complex in the absence of UvrA and A®P. reaction!128 131 This is due to UvrA’s ability to reassociate
Addition of ATPyS is not sufficient to allow 3incision by with the UvrB:DNA complex and drive the reaction back-
UvrC, and ATP is necessary for the first incision reaction ward to the UvrAB:DNA complex!12% Since UvrA
to proceed. These results demonstrate that one round of ATRlissociation is believed to be required for UvrC binding, an
hydrolysis is necessary prior to incision. If a typical UvrA/  UvrAB complex would preclude UvrC binding to the UvrB:
ATP-dependent preincision complex is formed, and the ATP DNA complex and effectively inhibit the incision reaction.
is removed from the preincision complex prior to adding Under physiological conditions, the concentration of UvrB
UvrC, incision still does not occur, but UvrC can bind to far exceeds that of UvrA. Therefore, although conditions
the preincision comple¥®. In this case, addition of ATP or  where UvrA exceeds UvrB can be createditro, they are
ATPyS restores both '3and 3 incision. However, the  probably not relevanin vivo. Zou et al. also showed that
addition of ADP does not restoréiBcision capability unless  E.coli UvrA is extremely sensitive to thermal inactivation
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and the addition of chaperone proteins not only protected The domain constitutes axgfaoSo topology. The core is
UvrA from heat lability but also allowed up to 10 cycles of composed of a three-strandgesheet flanked by the first

UvrB loading per one dimer of UvrA2’ threea-helices on one side and helix 4 on the other (Figure
7A). There are at least 60 known members of the &lY
5. UvrC YIG superfamily including UvrC. These family members are

) _ present in bacteriophage T4, bacteria, archae, algal chloro-
UvrC has not been as extensively studied as UvrA and pjasts and mitochondria, and fungal mitochondria. Members
UvrB. This may be due in part to difficulties in prOteIn of this fam”y are characterized by a conserved G(Xg_
purification, which can lead to a loss of the protein’s native x,)—v|G motif within the catalytic module. This module
carried out both incision reactions or if UvrB and UvrC were members. All known GI-YIG endonuclease domains
responsible for the'3ncision reaction. However, mutagen-  contain four invariant residues: Gly 31, Arg 39, Glu 76,
esis studies and sequence alignments have shown that UvrGand Asn 88. In addition to these four residues, this domain
catalyzes both the'3and 3 incisions and each of these  in yyrC contains three additional strictly conserved residues
incision reactions is performed by a distinct catalytic site, Tyr 19, Tyr 29, and Lys 32; Tyr 19 and 29 are highly

which can be inactivated independerftfy.?%23 conserved in all GI¥-YIG family members. These seven
, residues and a few additional residues including Tyr 43 form
5.1. The UvrB —=UvrC Interaction a highly conserved patch on the surface of this domain

The C-terminal domain of UvrB, domain 4, consists of (Figure 7A)._The a_cti\_/e si_te of the N-terminal endonuclease
approximately 60 moderately conserved residues separate@f UVrC resides within this patch.
from domain 3 by a highly variable stretch of 24 to 72 A common feature of nucleases is the use of one, two, or
residues depending on the organism. This domain has beereven three divalent cations in the active site to lower the
shown to interact with Uvr@? and deletion of this domain  free energy of activation and stabilize the negative charge
abolishes UvrABC-mediated incision. Site-directed mutagen- of the pentacovalent phosphoanion transition state formed
esis has been used to characterize a number of residues iduring phosphodiester bond cleavdgerhe metal can also
domain 4 (Table 2). The most severely affected mutant, be used to lower thely, of coordinating water molecules,
F652L, resulted in a UvrB deficient in promoting incision resulting in either a hydroxide that can act as a nucleophile
(Table 2 and Figure 4% The interaction between domain 4 or as a general base, abstracting a proton from the nucleo-
and UvrC has been shown to be necessary fan@sion philic water, or a metal-bound water that can act as a general
but is not required for Gincision®>%No structural informa-  acid and protonate the ®H leaving group. The N-terminal
tion on the linker region or on the position of domain 4 endonuclease domain of UvrC contains a single divalent
relative to the remainder of UvrB exists. The structure of cation in its active site bound by Glu 76 and coordinated to
the very C-terminal 55 residues of UvrB has been deter- five additional water molecules in an octahedral arrangement
mined. The domain adopts a hetiboop—helix conformation (Figure 7A and B). The position of the metal explains the
stabilized by hydrophobic interactions and salt bridges strict conservation of Gly 31, which is positioned behind
between the helices (Figure 4). In the crystal, two molecules the metal. Any other residue with a side chain at this position
interact in a head-to-head arrangement with each otherwould impede metal binding (Figure 7A).
through hydrophobic and ionic interactions using residues  \jytants of the highly conserved active site residues in
in the loop region (Figure 4). There is a region in UvrC that the N-terminal domain of UvrC were generated, and their
shares sequence homology to domain 4 of UvrB and is apjlity to perform 3incision was analyzet? Mutants Y29A,
predicted to have a similar fold (Figure 4). Because of this yo9F R39A, E76A, and N8SA were unable to mediate 3
similarity, this region is speculated to be the UvrB interacting incision. The activity of K32A was also reduced, but not to
region of UvrC. A model for this interaction based on the the same extent as seen for the other mutants. On the basis
head-to-head interaction seen between two UvrB domain 4 the structural and mutational results, a reaction mechanism
molecules in the crystal structure has been proposed whergyas proposed where thékpof Tyr 29 would be lowered
Phe 652 of UvrB interacts directly with Phe 223 of UVrC  que 1o its close proximity to the bound divalent cation. This
(Figure 4)™ Mutation of either of these phenylalanines to \yould allow it to act as a general base, stripping a proton
leucine has been shown to disrupt the interaction betweenfom a nucleophilic water while donating its own proton to
UvrB and UvrC? In addition, other residues at the interface 5 metal bound hydroxide (Figure 7C). The metal would act
between the two molecules are also conserved. Howeverag a ewis acid, stabilizing the transition state. A water
there is no direct evidence for such an interaction, and ¢oordinated to the metal would fulfill the role of the general
removal of this domain ifB. caldotenaxJvrC did notresult  a¢id and donate its proton to the@H leaving group of the
in inhibition of incision (M. Skorvaga and Van Houten, phosphate. The invariant Arg 39 may be required to stabilize

unpublished results). the negative charge of the product, much like the strictly
) conserved arginine in the active site of the homing endonu-
5.2. The N-Terminal Half of UvrC clease +Ppol238 It is currently hypothesized that Lys 32

The domain responsible for the Bcision resides at the ~ Might have a similar, although not as critical, role as Arg
N-terminus of the UvrC protein and constitutes approxi- 39 since the activity of K32A only decreased b25-30%.
mately the first hundred residues (Figure 2). The crystal The potential role of the remaining two active site tyrosines
structures of the N-terminal endonuclease domain of UvrC (Tyr 19 and Tyr 43) remains to be explored. They are not
from bothT. maritimaandB. caldotenaxhave been solved  positioned as close to the metal as Tyr 29 and would not be
(Figure 7A)*3 This domain shares structural and sequence expected to have a reducep The side chains of these
similarity to the catalytic domain found in I-Tevl, a GtY two residues form a hydrogen bond to each other, leading
YIG homing endonuclease (PDB ID 1LNO and 1MK#®j.136 to the speculation that these two tyrosines might only be



248 Chemical Reviews, 2006, Vol. 106, No. 2 Truglio et al.

Figure 7. The N-terminal endonuclease domain of UvrC and its proposed reaction mechanism. (A) The overall structure of-thEsGIY
N-terminal endonuclease domain frdmmaritimaUvrC. The centraB-sheet is shown in yellow, and the surroundindelices are colored

green. Selected highly conserved residues are shown in all-bonds representation and labeled:Ttwe isighown in magenta, and the
surrounding water molecules are colored cyan. The N- and C-termini are labeled along witheliees. (B) Close up view of the active

site. The color coding is similar to that for part A. Hydrogen bonds are drawn as black dotted lines. Residues in close proximity to the
magnesium are shown in all-bonds representation and labeled. (C) Proposed reaction mechanism pbiogph8diester bond cleavage

by UvrC. The role of the Lewis acid is fulfilled by the divalent cation. One of the coordinating water molecules assumes the role of the
general acid. Tyr 29 is the general base, accepting a proton from a nucleophilic water while concurrently transferring its proton to a metal
bound hydroxide. Arg 32 and Lys 32 are responsible for stabilizing the negative charge of the product.

important for structural integrity of the domain (Figure 7B). D438A, and D466A. It was initially thought that His 538
However, the crystal structures of Y19F and Y43F have beenwould act as the general base and strip a proton from a
solved for the isolated domain, and only very little structural nucleophilic water molecule. However, when His 538 was
variance was observed between the structures of the twomutated to either Asn or Asp, the protein remained acfive.
mutants and the wild-type structure. The involvement of these In fact, UvrC molecules have now been sequenced that have
two tyrosines in catalysis has not been ruled out. The role an Asp at the position of His 538 . coli UvrC. The three
of Asn 88 appears to be structural, since its side chain formsaspartates are more critical since attempts to conservatively
two hydrogen bonds to the backbone of lle 30, which in mutate any of these to asparagines is as detrimental as
turn forms a hydrogen bond with Tyr 29, and Tyr 29 forms mutating them to alanines, both of which result in no
a hydrogen bond to one of the metal-bound waters (Figure detectable 5incision??® It was thus concluded that the
7B). C-terminal endonuclease domain of UvrC is similar to
Adjacent to the N-terminal endonuclease domain is a nucleases such as RNase H and to Klendw53 exonu-
cysteine rich region (Figure 2) containing four highly clease, where Asp and Glu amino acids have prominent roles
conserved cysteine residues with the consensus sequenci catalysis, and is less akin to nucleases such as DNase |
CXs-14CX7CX3C. The importance of these cysteines is not and RNase A, which rely on a histidine. It is likely that at
yet known. least one of these aspartates is involved in coordinating one

. or more divalent metal ion(s).
5.3. The C-Terminal Half of UvrC The structure of the C-terminal hefhairpin—helix

The C-terminal half of UvrC contains an endonuclease (HhH) domain ofE. coli UvrC has been solved by hetero-
domain and a helixhairpin—helix DNA binding domain ~ nuclear NMR (Figure 8)*° The domain consists of two
(Figure 2). The endonuclease domain shares sequencéelix—hairpin—helix motifs that are homologous to the
homology with no other known protein. Mutagenesis studies C-terminal domain of ERCC1, which in combination with
have been carried out on the C-terminal endonuclease domaiXPF is accountable for'Sncision in human NER. Several
of E. coli UvrC to identify the residues involved in DNA repair proteins encode sequences that are predicted to
catalysis® Lin et al. mutated a subset of Glu, Asp, and His form HhH motifs and mediate nonspecific DNA interac-
residues and analyzed these mutants on the basis of Uvtions*4140141The domain shows preferential binding to
resistanceén »ivo and incision activityin vitro. Four mutants  single-strandeg¢tdouble-stranded DNA junctions with a
were identified that conferred extreme UV sensitivity and strong preference toward DNA containing a loop or “bubble”
showed defective '5incision activity: H538F, D399A, of at least six unpaired basES.It binds only weakly to
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unpublished result). The two forms differ in DNA binding
properties and incision modes of certain types of DNA
lesions. Nazimiec et al. used a DNA substrate containing a
CC-1065-N3-adenine adduct within a very specific sequence
(GATTA*CG) to show that monomeric UvrC can make both
the 3 and 3 incisions in the presence of UvrA and UvrB,
but the tetrameric form will only perform the Bcision4”
However, tetrameric UvrC fails to incise the adduct formed
at DNA sequences other than (GATTA*CG). It was also
shown that the UvrC tetramer bound specifically to the
drug—adduct site (GATTA*CG) in the absence of UvrA and
UvrB while the monomer did not and that this binding was
more favorable than binding by the UvrAB complex. The
authors hypothesize that vivo an alternative mechanism
may exist where the tetrameric form of UvrC has a higher
affinity than UvrA for damage in specific sequences or for
certain types of damage resulting only in aibcision.
Interestingly, a UvrC homologue, Cho, is homologous to the
N-terminal half of UvrC including the cysteine rich region
and extends for approximately 100 more residues with little

Figure 8. Hypothetical model of the hetxhairpin—helix (HhH) similarity to UvrC. Cho can only perform the’ #hcision

domain of UvrC bound to DNA. The image shows the two helix + 149,150\ p /i -
hairpin—helix motifs (cyan and green) and the linker (gold) that reactlon,_ which would cpmplement the ?‘C“V'W of the
joins them. The regions predicted by NMR to interact with DNA tetrameric form of UvrC. Like UvrC, Cho interacts with

are shown in red. Selected glycines predicted that are importantUvrB, although sequence alignments do not identify the
for the protein-DNA interactions are indicated with red spheres presence of UvrC’s putative UvrB interacting domain. This
and labeled. The side chain of Lys 35, also predicted to take part suggests that the conserved cysteine region of UvrC and Cho
in the protein-DNA interactions, is shown in all-bonds representa- - might be the region responsible for interaction with UvrB.
tion. The DNA's phosphate backbone is shown in gray with its 15 incision made by Cho is four nucleotides further away
bases as spokes in wheat. from the lesion than the incision made by UW€ Unlike

the case for UvrC, the expression of Cho is inducible by the
SOS system®! It was thus suggested that Cho functions as
a backup nuclease for NER acting on very bulky substrates
including bulky DNA cross-links that block the 8cision

sSDNA or dsDNA. Bubble substrates may be closer in
structure to what the HhH domain of UvrC encountars
vivo since it was hypothesized that UvrB forms a preincision
complex, which requires opening of about six base pairs. " i
UvrC will interact with this complex to perform the incision site of UvrC. However, only a small number of bacterial
reactions. It has been shown that the HhH domain is requiredSPecies includinge. coli encode genes for both UvrC and
for 3" and/or 5 incision depending on the sequence context Cho.

of the lesion®® Verhoeven et al. identified three classes of

DNA substrates: substrates where the HhH domain is 6. UVrABC in the Context of the Cell

required for both the'3and 5 incision, substrates where it
is predominantly required for' Sncision with a minor role

in 3" incision, and substrates where it is required only for 3 o 4 o X
incision®® In addition, deletion of this domain results in a the purified proteins. However, it is important that this

- : . : information will be analyzed in the biological context of the
tm%g&rﬂzﬂti;hg?rfcﬁ;a}glfof\?e%'r}g sg,l\IID L‘\I ﬁinsduiggaelfltli/rl]lg that entire cell®® After all, the UvrABC system does not work

chemical shift mapping of the C-terminal HhH domain of in isolationin wvivo but as part of a complex netyvork that
E. coli UvrC predicts a similar interaction to DNA as responds to stress placed on the cell. The location of UvrA

observed for the recombination protein RuvA and DNA Pas_, been \t"s.rlilas‘gzlfd Bacglus Suzt'tl;]S”tS'LTg 2”. UIWA_I.GFE .
ligase 11 both of which have structurally very similar ~[USION protéim==it was observed that UvrA IS localized 1o

helix—hairpin—helix domains*2-146 The regions of proposed the chromosome before and after DNA damdgezoli UvrA

; ; L is also localized to the chromosome before UV irradiation.
interaction are the hairpin loops from each of the two HhH IS a . .

motifs as well as positively charged residues from the second TOWEVer, ubpon radiation, 40% of UvrfA 155h|ft?htowardtthe
helix of the first helix-hairpin—helix motif. The residues !nnlerd.merLT] rgn?r,] Jomln% a.tgrO;JENOA | other pr(i ens
with the largest chemical shifts were two conserved glycines, Including Uvrt, threée subunits o polymerase, topo-

; : oo isomerase |, and DNA gyrade® The reason for this
ﬁ!)t/e:rgr}]ir?lr}g OC? I%ecl)’ii, 2|nmt htﬁef lgis;gthalgﬂnmac)r}[ﬁ' Lgl%igealtfg:e discrepancy betwedd. subtilisandE. coliis not understood

the interaction of the HhH domain with DNA is proposed and implies that the two bacteria have evolved differently
on the basis of the RuvA:DNA complex (Figure 8). in their approach to repairing damaged DNA.

Much has been learned about the UvrABC reaction
mechanism through biochemical and structural studies with

5.4. The Oligomeric State of UvrC 7. Beyond Repair

The oligomeric state of UvrC is unclear. UvrC frobn Finally, UvrA and UvrB might have other roles in DNA
coli has been reported to exist as both a monomer (UvrCl) transactions, beyond DNA repair within the cell. The primary
and a tetramer (UvrClI) botim zitro andin »iz0.147-18UvrC role of DNA polymerase | (poll) during replication is

from B. caldotenaxhas also been observed as a monomer processing of the lagging strand by using itsté 3
and tetramer in solution (J. J. Truglio and C. Kisker, exonuclease activity to remove the RNA primer and using
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its polymerase activity to resynthesize the DNA. Neverthe-
less, E. coli cells without thepolA gene (lacking DNA
polymerase 1) still survive when grown in synthetic metifa,
which implies that other enzymes are substituting for the

exonuclease and polymerase activities of poll. It has been

shown that UvrA and UvrB, but not UvrC, are essential for
this alternative replication system and both ATP sites of
UvrA and the ATP site of UvrB must be active It has
been suggested that UvrA and UvrB would bind to the
RNA—DNA hybrids of the Okazaki fragments similarly to

the way these proteins bind to DNA damage. Notably, the

N-terminal zinc finger of UvrA, which was shown not to be
critical for DNA repair#3 is vital in DNA replication®
8. Acknowledgments

We would like to thank Dr. Matthew J. DellaVecchia for
his help in preparing the tables and for his critical reading

of the review, and Paul Cacioppo from Image Associates

for his graphic assistance.

9. References

(1) Hoeijmakers, J. HNature2001, 411, 366.

(2) Lindahl, T.; Wood, R. DSciencel999 286, 1897.

(3) Boyce, R. P.; Howard-Flanders, Proc. Natl. Acad. Sci. U. S. A.
1964 51, 293.

(4) Setlow, R. B.; Carrier, W. LProc. Natl. Acad. Sci. U. S. A964
51, 226.

(5) Hanawalt, P. C.; Haynes, R. Biochem. Biophys. Res. Commun.
1965 19, 462.

(6) Howard-Flanders, P.; Boyce, R. P.; Theriot,&enetics1966 53,
1119.

(7) Janion, CActa Biochim. Pol2001 48, 599.

(8) Van Houten, BMicrobiol. Rev. 199Q 54, 18.

(9) Sancar, A.; Rupp, W. DCell 1983 33, 249.

(10) Mazur, S.; Grossman, [Biochemistry1991, 30, 4432.

(11) Orren, D. K.; Sancar, AProc. Natl. Acad. Sci. U. S. A.989 86,
5237.

(12) Verhoeven, E. E.; Wyman, C.; Moolenaar, G. F.; GooselNMBO
J. 2002 21, 4196.

(13) Machius, M.; Henry, L.; Palnitkar, M.; Deisenhofer,Rroc. Natl.
Acad. Sci. U. S. A1999 96, 11717.

(14) Nakagawa, N.; Sugahara, M.; Masui, R.; Kato, R.; Fukuyama, K.;
Kuramitsu, SJ. Biochem. (Tokyo0)999 126, 986.

(15) Theis, K.; Chen, P. J.; Skorvaga, M.; Van Houten, B.; Kisker, C.
EMBO J.1999 18, 6899.

(16) Hildebrand, E. L.; Grossman, L. Biol. Chem.1999 274, 27885.

(17) Van Houten, B.; Snowden, Rioessays993 15, 51.

(18) DellaVecchia, M. J.; Croteau, D. L.; Skorvaga, M.; Dezhurov, S.
V.; Lavrik, O. I.; Van Houten, BJ. Biol. Chem2004 279, 45245.

(19) Orren, D. K.; Sancar, Al. Biol. Chem199Q 265 15796.

(20) Verhoeven, E. E.; van Kesteren, M.; Moolenaar, G. F.; Visse, R;
Goosen, NJ. Biol. Chem200Q 275, 5120.

(21) Moolenaar, G. F.; Herron, M. F.; Monaco, V.; van der Marel, G. A;;
van Boom, J. H.; Visse, R.; Goosen, 8. Biol. Chem200Q 275
8044.

(22) Lin, J. J.; Phillips, A. M.; Hearst, J. E.; Sancar, A.Biol. Chem.
1992 267, 17693.

(23) Lin, J. J.; Sancar, Al. Biol. Chem 1992 267, 17688.

(24) Caron, P. R.; Kushner, S. R.; GrossmanPtoc. Natl. Acad. Sci.
U. S. A.1985 82, 4925.

(25) Husain, I.; Van Houten, B.; Thomas, D. C.; Abdel-Monem, M.;
Sancar, AProc. Natl. Acad. Sci. U. S. A985 82, 6774.

(26) Goosen, N.; Moolenaar, G. Res. Microbiol.2001, 152 401.

(27) Lloyd, R. S.; Van Houten, B. IDNA Repair Mechanisms: Impact
on Human Diseases and Cancéfos, J.-M., Ed.; R. G. Landes
Company, Biomedical Publishers: Austin, Texas, 1995.

(28) Sancar, AAnnu. Re. Biochem 1996 65, 43.

(29) Theis, K.; Skorvaga, M.; Machius, M.; Nakagawa, N.; Van Houten,
B.; Kisker, C.Mutat. Res200Q 460, 277.

(30) Van Houten, B.; Croteau, D. L.; DellaVecchia, M. J.; Wang, H.;
Kisker, C.Mutat. Res.jn press.

(31) Friedberg, E. C.; Walker, G. C.; Siede, VNA repair and
mutagenesisASM Press: Washington, DC, 1995.

(32) Sancar, ASciencel994 266, 1954.

Truglio et al.

(33) Moolenaar, G. F.; Uiterkamp, R. S.; Zwijnenburg, D. A.; Goosen,
N. Nucleic Acids Resl998 26, 462.

(34) Chandrasekhar, D.; Van Houten, Butat. Res200Q 450, 19.

(35) Minko, I. G.; Zou, Y.; Lloyd, R. SProc. Natl. Acad. Sci. U. S. A.
2002 99, 1905.

(36) Zou, Y.; Ma, H.; Minko, I. G.; Shell, S. M.; Yang, Z.; Qu, Y.; Xu,
Y.; Geacintov, N. E.; Lloyd, R. SBiochemistry2004 43, 4196.

(37) Minko, I. G.; Kurtz, A. J.; Croteau, D. L.; Van Houten, B.; Harris,
T. M.; Lloyd, R. S.Biochemistry2005 44, 3000.

(38) Kow, Y. W.; Wallace, S. S.; Van Houten, Blutat. Res199Q 235
147.

(39) Verhoeven, E. E.; van Kesteren, M.; Turner, J. J.; van der Marel, G.
A.; van Boom, J. H.; Moolenaar, G. F.; Goosen, Nucleic Acids
Res.2002 30, 2492.

(40) Geacintov, N. E.; Broyde, S.; Buterin, T.; Naegeli, H.; Wu, M.; Yan,
S.; Patel, D. JBiopolymers2002 65, 202.

(41) Doolittle, R. F.; Johnson, M. S.; Husain, I.; Van Houten, B.; Thomas,
D. C.; Sancar, ANature 1986 323, 451.

(42) Navaratnam, S.; Myles, G. M.; Strange, R. W.; Sancar].Aiol.
Chem.1989 264, 16067.

(43) Visse, R.; de Ruijter, M.; Ubbink, M.; Brandsma, J. A.; van de Putte,
P. Mutat. Res1993 294, 263.

(44) Wang, J.; Mueller, K. L.; Grossman, L. Biol. Chem.1994 269,
10771.

(45) Buchko, G. W.; Daughdrill, G. W.; de Lorimier, R.; Rao, B. K.;
Isern, N. G.; Lingbeck, J. M.; Taylor, J. S.; Wold, M. S.; Gochin,
M.; Spicer, L. D.; Lowry, D. F.; Kennedy, M. ABiochemistry1999
38, 15116.

(46) lkegami, T.; Kuraoka, I.; Saijo, M.; Kodo, N.; Kyogoku, Y.;
Morikawa, K.; Tanaka, K.; Shirakawa, MNat. Struct. Biol.1998
5, 701.

(47) Asahina, H.; Kuraoka, I.; Shirakawa, M.; Morita, E. H.; Miura, N.;
Miyamoto, I.; Ohtsuka, E.; Okada, Y.; Tanaka,Mutat. Res1994
315 229.

(48) Kuraoka, I.; Morita, E. H.; Saijo, M.; Matsuda, T.; Morikawa, K.;
Shirakawa, M.; Tanaka, KMutat. Res1996 362 87.

(49) Hopfner, K. P.; Karcher, A.; Shin, D. S.; Craig, L.; Arthur, L. M;
Carney, J. P.; Tainer, J. Aell 200Q 101, 789.

(50) Lamers, M. H.; Perrakis, A.; Enzlin, J. H.; Winterwerp, H. H.; de
Wind, N.; Sixma, T. K.Nature200Q 407, 711.

(51) Lowe, J.; Cordell, S. C.; van den Ent,J-Mol. Biol. 2001, 306, 25.

(52) Hopfner, K. P.; Tainer, J. ACurr. Opin. Struct. Biol2003 13, 249.

(53) Smith, P. C.; Karpowich, N.; Millen, L.; Moody, J. E.; Rosen, J.;
Thomas, P. J.; Hunt, J. ®Mol. Cell 2002 10, 139.

(54) Lammens, A.; Schele, A.; Hopfner, K. @urr. Biol. 2004 14, 1778.

(55) Orren, D. K.; Sancar, AJCLA Symp. Mol. Cell. Biol1988 83, 87.

(56) Myles, G. M.; Hearst, J. E.; Sancar, Biochemistry1991, 30, 3824.

(57) Myles, G. M.; Sancar, ABiochemistry1991, 30, 3834.

(58) Obmolova, G.; Ban, C.; Hsieh, P.; Yang, Wature200Q 407, 703.

(59) Junop, M. S.; Obmolova, G.; Rausch, K.; Hsieh, P.; YangMi.

Cell 2001, 7, 1.

(60) Thiagalingam, S.; Grossman, L. Biol. Chem 1991, 266, 11395.

(61) Thiagalingam, S.; Grossman, L. Biol. Chem 1993 268 18382.

(62) Seeberg, E.; Steinum, A. Proc. Natl. Acad. Sci. U. S. A982 79,
988.

(63) Caron, P. R.; Grossman, Nucleic Acids Resl988 16, 10891.

(64) Oh, E. Y.; Claassen, L.; Thiagalingam, S.; Mazur, S.; Grossman, L.
Nucleic Acids Resl989 17, 4145.

(65) Truglio, J. J.; Croteau, D. L.; Skorvaga, M.; DellaVecchia, M. J.;
Theis, K.; Mandavilli, B. S.; Van Houten, B.; Kisker, EMBO J
2004 23, 2498.

(66) Zou, Y.; Bassett, H.; Walker, R.; Bishop, A.; Amin, S.; Geacintov,
N. E.; Van Houten, BJ. Mol. Biol. 199§ 281, 107.

(67) Wang, J.; Grossman, L. Biol. Chem 1993 268 5323.

(68) Oh, E. Y.; Grossman, INucleic Acids Resl986 14, 8557.

(69) Van Houten, B.; Gamper, H.; Hearst, J. E.; Sancad, Biol. Chem.
1988 263 16553.

(70) Van Houten, B.; Gamper, H.; Sancar, A.; Hearst, J. Biol. Chem
1987 262 13180.

(71) Reardon, J. T.; Nichols, A. F.; Keeney, S.; Smith, C. A,; Taylor, J.
S.; Linn, S.; Sancar, AJ. Biol. Chem 1993 268 21301.

(72) Strike, P.; Rupp, W. DMutat. Res1985 145 43.

(73) Yamagata, A.; Masui, R.; Kato, R.; Nakagawa, N.; Ozaki, H.; Sawali,
H.; Kuramitsu, S.; Fukuyama, Kl. Biol. Chem200Q 275, 13235.

(74) Sohi, M.; Alexandrovich, A.; Moolenaar, G.; Visse, R.; Goosen, N.;
Vernede, X.; Fontecilla-Camps, J. C.; Champness, J.; Sanderson, M.
R. FEBS Lett.200Q 465 161.

(75) Alexandrovich, A.; Sanderson, M. R.; Moolenaar, G. F.; Goosen,
N.; Lane, A. N.FEBS Lett 1999 451, 181.

(76) Velankar, S. S.; Soultanas, P.; Dillingham, M. S.; Subramanya, H.
S.; Wigley, D. B.Cell 1999 97, 75.

(77) Korolev, S.; Hsieh, J.; Gauss, G. H.; Lohmann, T. M.; Waksman,
G. Cell 1997, 90, 635.



Prokaryotic Nucleotide Excision Repair: The UvrABCSystem

(78) Kim, J. L.; Morgenstern, K. A.; Griffith, J. P.; Dwyer, M. D;
Thomson, J. A.; Murcko, M. A,; Lin, C.; Caron, P. Btructure1998
6, 89.

(79) Seeley, T. W.; Grossman, Proc. Natl. Acad. Sci. U. S..A989
86, 6577.

(80) Grossman, L.; Thiagalingam, 3. Biol. Chem 1993 268 16871.

(81) Hall, M. C.; Matson, S. WMol. Microbiol. 1999 34, 867.

(82) Gordienko, I.; Rupp, W. DEMBO J.1997, 16, 889.

(83) Moolenaar, G. F.; Visse, R.; Ortiz-Buysse, M.; Goosen, N.; van de
Putte, P.J. Mol. Biol. 1994 240, 294.

(84) Skorvaga, M.; DellaVecchia, M. J.; Croteau, D. L.; Theis, K.; Truglio,
J. J.; Mandavilli, B. S.; Kisker, C.; Van Houten, B. Biol. Chem.
2004 279, 51574.

(85) Koo, H. S.; Claassen, L.; Grossman, L.; Liu, LFfoc. Natl. Acad.
Sci. U. S. A1991, 88, 1212.

(86) Kovalsky, O. I.; Grossman, L.; Ahn, B. Biol. Chem.1996 52,
33236.

(87) Seeley, T. W.; Grossman, L. Biol. Chem199Q 265, 7158.

(88) Skorvaga, M.; Theis, K.; Mandavilli, B. S.; Kisker, C.; Van Houten,
B. J. Biol. Chem 2002 277, 1553.

(89) Goosen, N.; Moolenaar, G. F.; Visse, R.; Putte, P. V. INlicleic
Acids and Molecular BiologyEckstein, F., Lilley, D. M. J., Eds.;
Springer-Verlag: Berlin, 1998; Vol. 12.

(90) Hsu, D. S.; Kim, S. T.; Sun, Q.; Sancar, A.Biol. Chem.1995
270, 8319.

(91) Selby, C. P.; Sancar, /Aciencel993 260, 53.

(92) Moolenaar, G. F.; Franken, K. L.; Dijkstra, D. M.; Thomas-Oates,
J. E.; Visse, R.; van de Putte, P.; GoosenJNBiol. Chem 1995
270, 30508.

(93) Moolenaar, G. F.; Franken, K. L. M. C.; van de Putte, P.; Goosen,
N. Mutat. Res1998 385, 195.

(94) Nakagawa, N.; Masui, R.; Kato, R.; Kuramitsu, J5.Biol. Chem
1997 272, 22703.

(95) Moolenaar, G. F.; Bazuine, M.; van Knippenberg, I. C.; Visse, R.;
Goosen, NJ. Biol. Chem.1998 273 34896.

(96) Claassen, L. A.; Ahn, B.; Koo, H. S.; Grossman,JLBiol. Chem
1991, 266, 11380.

(97) Claassen, L. A.; Grossman, L. Biol. Chem.1991 266, 11388.

(98) Moolenaar, G. F.; Monaco, V.; van der Marel, G. A.; van Boom, J.
H.; Visse, R.; Goosen, Nl. Biol. Chem 200Q 275, 8038.

(99) Van Houten, B.; Gamper, H.; Holbrook, S. R.; Hearst, J. E.; Sancar,
A. Proc. Natl. Acad. Sci. U. S. A986 83, 8077.

(100) Sancar, A.; Hearst, J. Beciencel993 259, 1415.

(101) Wilson, S. H.; Kunkel, T. ANat. Struct. Biol.200Q 7, 176.

(102) Zou, Y.; Walker, R.; Bassett, H.; Geacintov, N. E.; Van Houten, B.
J. Biol. Chem1997, 272, 4820.

(103) Zou, Y.; Luo, C.; Geacintov, N. Biochemistry2001, 40, 2923.

(104) Visse, R.; de Ruijter, M.; Moolenaar, G. F.; van de Puttd, Biol.
Chem.1992 267, 6736.

(105) Branum, M. E.; Reardon, J. T.; SancarJABiol. Chem2001, 276,
25421.

(106) Moolenaar, G. F.; Hoglund, L.; Goosen,E\MBO J.2001 20, 6140.

(107) Yeung, A. T.; Mattes, W. B.; Grossman,Nlucleic Acids Red.986
14, 2567.

(108) Yeung, A. T.; Mattes, W. B.; Oh, E. Y.; Grossman,Rroc. Natl.
Acad. Sci. U. S. A1983 80, 6157.

(109) Allan, J. M.; Routledge, M. N.; Garner, R. Kutat. Res1996 362,
261.

(110) Orren, D. K.; Selby, C. P.; Hearst, J. E.; Sancar]) ABiol. Chem.
1992 267, 780.

(111) Hong, Z.; Ferrari, E.; Wright-Minogue, J.; Chase, R.; Risano, C.;
Seelig, G.; Lee, C. G.; Kwong, A. Ol. Virol. 1996 70, 4261.

(112) Tai, C. L.; Chi, W. K.; Chen, D. S.; Hwang, L. H. Virol. 1996
70, 8477.

(113) Lohman, T. M.; Chao, K.; Green, J. M.; Sage, S.; Runyon, G. T.
Biol. Chem.1989 264, 10139.

(114) Yarranton, G. T.; Das, R. H.; Gefter, M. 1. Biol. Chem 1979
254, 12002.

(115) Bird, L. E.; Brannigan, J. A.; Subramanya, H. S.; Wigley, D. B.
Nucleic Acids Resl998 26, 2686.

(116) Zou, Y.; Liu, T. M.; Geacintov, N. E.; Van Houten, Biochemistry
1995 34, 13582.

(117) Bruner, S. D.; Norman, D. P.; Verdine, G.Nlature200Q 403 859.

(118) Lau, A.Y.; Scharer, O. D.; Samson, L.; Verdine, G. L.; Ellenberger,
T. Cell 1998 95, 249.

(119) Slupphaug, G.; Mol, C. D.; Kavli, B.; Arvai, A. S.; Krokan, H. E.;
Tainer, J. A.Nature1996 384, 87.

(120) Sancar, A.; Franklin, K. A.; Sancar, G. Broc. Natl. Acad. Sci. U.
S. A 1984 81, 7397.

(121) Shi, Q.; Thresher, R.; Sancar, A.; GriffithJJMol. Biol. 1992 226,
425.

(122) Verhoeven, E. E.; Wyman, C.; Moolenaar, G. F.; Hoeijmakers, J.
H.; Goosen, NEMBO J 2001, 20, 601.

Chemical Reviews, 2006, Vol. 106, No. 2 251

(123) Hsu, D. S.; Takahashi, M.; Delagoutte, E.; Bertrand-Burggraf, E.;
Wang, Y. H.; Norden, B.; Fuchs, R. P.; Griffith, J.; Sancar,JA.
Mol. Biol. 1994 241, 645.

(124) Lahm, A.; Suck, DJ. Mol. Biol. 1991, 222, 645.

(125) Gordienko, I.; Rupp, W. DEMBO J 1997, 16, 880.

(126) Zou, Y.; Van Houten, BEMBO J 1999 18, 4889.

(127) Zou, Y.; Crowley, D. J.; Van Houten, B. Biol. Chem1998 273,
12887.

(128) Bertrand-Burggraf, E.; Selby, C. P.; Hearst, J. E.; Sancal, Mol.
Biol. 1991, 219, 27.

(129) Snowden, A.; Van Houten, B. Mol. Biol. 1991, 220, 19.

(130) Visse, R.; de Ruijter, M.; Brouwer, J.; Brandsma, J. A.; van de Pultte,
P.J. Biol. Chem.1991, 266, 7609.

(131) Voigt, J. M.; Van Houten, B.; Sancar, A.; Topal, M. DBiol. Chem
1989 264, 5172.

(132) Thomas, D. C.; Levy, M.; Sancar, A.Biol. Chem1985 260, 9875.

(133) Truglio, J. J.; Rhau, B.; Croteau, D. L.; Wang, L.; Skorvaga, M.;
Karakas, E.; DellaVecchia, M. J.; Wang, H.; Van Houten, B.; Kisker,
C. EMBO J 2005

(134) Aravind, L.; Walker, D. R.; Koonin, E. Wucleic Acids Resl999
27, 1223.

(135) Van Roey, P.; Meehan, L.; Kowalski, J. C.; Belfort, M.; Derbyshire,
V. Nat. Struct. Biol.2002 9, 806.

(136) Kowalski, J. C.; Belfort, M.; Stapleton, M. A.; Holpert, M.;
Dansereau, J. T.; Pietrokovski, S.; Baxter, S. M.; Derbyshire, V.
Nucleic Acids Resl999 27, 2115.

(137) Galburt, E. A.; Stoddard, B. IBiochemistry2002 41, 13851.

(138) Galburt, E. ANat. Struct. Bial 1999 6, 1096.

(139) Singh, S.; Folkers, G. E.; Bonvin, A. M.; Boelens, R.; Wechselberger,
R.; Niztayev, A.; Kaptein, REMBO J.2002 21, 6257.

(140) Doherty, A. J.; Serpell, L. C.; Ponting, C.Nucleic Acids Res.996
24, 2488.

(141) Shao, X.; Grishin, N. VNucleic Acids Res200Q 28, 2643.

(142) Ariyoshi, M.; Nishino, T.; Iwasaki, H.; Shinagawa, H.; Morikawa,
K. Proc. Natl. Acad. Sci. U. S. £00Q 97, 8257.

(143) Lee, J. Y.; Chang, C.; Song, H. K.; Moon, J.; Yang, J. K.; Kim, H.
K.; Kwon, S. T.; Suh, S. WEMBO J.200Q 19, 1119.

(144) Pelletier, H.; Sawaya, M. BBiochemistry1996 35, 12778.

(145) Roe, S. M.; Barlow, T.; Brown, T.; Oram, M.; Keeley, A.; Tsaneva,
I. R.; Pearl, L. H.Mol. Cell 1998 2, 361.

(146) Thayer, M. M.; Ahern, H.; Xing, D.; Cunningham, R. P.; Tainer, J.
A. EMBO J.1995 14, 4108.

(147) Nazimiec, M.; Lee, C. S.; Tang, Y. L.; Ye, X.; Case, R.; Tang, M.
Biochemistry2001, 40, 11073.

(148) Tang, M.; Nazimiec, M.; Ye, X.; lyer, G. H.; Eveleigh, J.; Zheng,
Y.; Zhou, W.; Tang, Y. Y.J. Biol. Chem 2001, 276, 3904.

(149) Moolenaar, G. F.; van Rossum-Fikkert, S.; van Kesteren, M.; Goosen,
N. Proc. Natl. Acad. Sci. U. S. 2002 99, 1467.

(150) Van Houten, B.; Eisen, J. A.; Hanawalt, P.RCoc. Natl. Acad. Sci.

U. S. A 2002 99, 2581.

(151) Fernandez De Henestrosa, A. R.; Ogi, T.; Aoyagi, S.; Chafin, D.;
Hayes, J. J.; Ohmori, H.; Woodgate, Rol. Microbiol. 200Q 35,
1560.

(152) Smith, B. T.; Grossman, A. D.; Walker, G. €. Bacteriol 2002
184 488.

(153) Lin, C. G.; Kovalsky, O.; Grossman, Nucleic Acids Resl1997,

25, 3151.

(154) Moolenaar, G. F.; Moorman, C.; GoosenJNBacteriol 200Q 182,
5706.

(155) lkenaga, M.; Ichikawa-Ryo, H.; Kondo, $. Mol. Biol. 1975 92,
341.

(156) Thomas, D. C.; Morton, A. G.; Bohr, V. A.; Sancar, Proc. Natl.
Acad. Sci. U. S. A1988 85, 3723.

(157) Thomas, D. C.; Husain, I.; Chaney, S. G.; Panigrahi, G. B.; Walker,
I. G. Nucleic Acids Resl991, 19, 365.

(158) Lin, J. J.; Sancar, ABiochemistryl989 28, 7979.

(159) Snowden, A.; Kow, Y. W.; Van Houten, Biochemistryl99Q 29,
7251.

(160) Bockrath, R.; Kow, Y. W.; Wallace, S. $utat. Res1993 288
207.

(161) Oleykowski, C. A.; Mayernik, J. A.; Lim, S. E.; Groopman, J. D;
Grossman, L.; Wogan, G. N.; Yeung, A. J. Biol. Chem 1993
268 7990.

(162) Routledge, M. N.; Allan, J. M.; Garner, R. Carcinogenesid 997,

18, 1407.

(163) Chen, J. X.; Zheng, Y.; West, M.; Tang, M. Gancer Res1998
58, 2070.

(164) Alekseyev, Y. O.; Hamm, M. L.; Essigmann, J. ®arcinogenesis
2004 25, 1045.

(165) Chen, B. X.; Kubo, K.; Ide, H.; Erlanger, B. F.; Wallace, S. S.; Kow,
Y. W. Mutat. Res1992 273 253.

(166) Purmal, A. A.; Rabow, L. E.; Lampman, G. W.; Cunningham, R.
P.; Kow, Y. W. Mutat. Res1996 364, 193.



252 Chemical Reviews, 2006, Vol. 106, No. 2

(167) Krugh, T. R.; Graves, D. E.; Stone, M. Biochemistry1989 28,
9988.

(168) Nazimiec, M.; Grossman, L.; Tang, M. B.Biol. Chem1992 267,
24716.

(169) Gunz, D.; Hess, M. T.; Naegeli, Hl. Biol. Chem1996 271, 25089.

(170) Gomez-Pinto, I.; Cubero, E.; Kalko, S. G.; Monaco, V.; van der
Marel, G.; van Boom, J. H.; Orozco, M.; Gonzalez JCBiol. Chem.
2004 279, 24552.

(171) Lawley, P. D. IrChemical CarcinogensSearle, C. E., Ed.; American
Chemical Society: Washington, DC, 1984; Vol. 1.

(172) Chambers, R. W.; Sledziewska-Gojska, E.; Hirani-Hojatti, S.;
Borowy-Borowski, H.Proc. Natl. Acad. Sci. U. S..A985 82, 7173.

(173) Samson, L.; Thomale, J.; Rajewsky, MBMBO J.1988 7, 2261.

(174) Chambers, R. W.; Sledziewska-Gojska, E.; Hirani-Hojattivi8L.
Gen. Genet1988 213 325.

(175) Tang, M.; Lieberman, M. W.; King, C. MNature 1982 299, 646.

(176) Fuchs, R. P.; Seeberg, EMBO J 1984 3, 757.

(177) Sancar, A.; Franklin, K. A.; Sancar, G.; Tang, M.JSMol. Biol.
1985 184, 725.

(178) Bichara, M.; Fuchs, R. B. Bacteriol 1987 169, 423.

(179) Pierce, J. R.; Case, R.; Tang, M.Bochemistry1989 28, 5821.

(180) Gordienko, I.; Rupp, W. DEMBO J.1998 17, 626.

(181) Zou, Y.; Shell, S. M.; Utzat, C. D.; Luo, C.; Yang, Z.; Geacintov,
N. E.; Basu, A. K.Biochemistry2003 42, 12654.

(182) Seeberg, E.; Steinum, A. L.; Nordenskjold, M.; Soderhall, S.;
Jernstrom, BMutat. Res1983 112 139.

(183) Vadi, H. V.Carcinogenesid983 4, 1379.

(184) Van Houten, B.; Masker, W. E.; Carrier, W. L.; Regan, J. D.
Carcinogenesid 98§ 7, 83.

(185) Hoare, S.; Zou, Y.; Purohit, V.; Krishnasamy, R.; Skorvaga, M.; Van
Houten, B.; Geacintov, N. E.; Basu, A. Biochemistry200Q 39,
12252.

(186) Ziegel, R.; Shallop, A.; Upadhyaya, P.; Jones, R.; Tretyakova, N.
Biochemistry2004 43, 540.

(187) Yeung, A. T.; Jones, B. K.; Capraro, M.; ChuNucleic Acids Res
1987, 15, 4957.

(188) Munn, M. M.; Rupp, W. DJ. Biol. Chem 1991, 266, 24748.

(189) Huang, J. C.; Hsu, D. S.; Kazantsev, A.; SancaRrAc. Natl. Acad.
Sci. U. S. A1994 91, 12213.

(190) Ramaswamy, M.; Yeung, A. T. Biol. Chem 1994 269, 485.

(191) Selby, C. P.; Sancar, Biochemistryl988 27, 7184.

(192) Tang, M. S.; Lee, C. S,; Daisy, R.; Ross, L.; Needham-VanDevanter,
D. R.; Hurley, L. H.Biochemistryl988 27, 893.

(193) Beck, D. J.; Popoff, S.; Sancar, A.; Rupp, W.Nicleic Acids Res
1985 13, 7395.

(194) Husain, I.; Chaney, S. G.; Sancar,JA Bacteriol 1985 163 817.

(195) Popoff, S. C.; Beck, D. J.; Rupp, W. Blutat. Res1987 183 129.

(196) Visse, R.; King, A.; Moolenaar, G. F.; Goosen, N.; van de Putte, P.
Biochemistryl994 33, 9881.

(197) Brandsma, J. A.; de Ruijter, M.; Visse, R.; van Meerten, D.; van der
Kaaden, M.; Moggs, J. G.; van de Putte,Nfutat. Res1996 362,

29.

(198) Chaney, S. G.; Campbell, S. L.; Temple, B.; Bassett, E.; Wu, Y.;
Faldu, M.J. Inorg. Biochem2004 98, 1551.

(199) Thomas, D. C.; Kunkel, T. A.; Casna, N. J.; Ford, J. P.; Sancar, A.
J. Biol. Chem.1986 261, 14496.

(200) Fram, R. J.; Sullivan, J.; Marinus, M. Blutat. Res1986 166, 299.

Truglio et al.

(201) Pu, W. T.; Kahn, R.; Munn, M. M.; Rupp, W. . Biol. Chem.
1989 264, 20697.

(202) Li, V. S.; Reed, M.; Zheng, Y.; Kohn, H.; Tang, Biochemistry
2000Q 39, 2612.

(203) Li, V. S.; Tang, M. S.; Kohn, HBioorg. Med. Chem2001, 9, 863.

(204) Lage, C.; de Padula, M.; de Alencar, T. A.; da Fonseca Goncalves,
S. R.; da Silva Vidal, L.; Cabral-Neto, J.; Leitao, A. Kutat. Res.
2003 544, 143.

(205) Kacinski, B. M.; Rupp, W. D.; Ludlum, D. BCancer Res1985
45, 6471.

(206) Bohr, V. A.Adv. Exp. Med. Bial 1991, 283 225.

(207) Van Houten, B.; Sancar, A. Bacteriol.1987 169, 540.

(208) Van Houten, B.; Gamper, H.; Hearst, J. E.; Sancad, Biol. Chem.
1986 261, 14135.

(209) Cheng, S.; Van Houten, B.; Gamper, H. B.; Sancar, A.; Hearst, J. E.
J. Biol. Chem.1988 263 15110.

(210) Jones, B. K.; Yeung, A. Proc. Natl. Acad. Sci. U. S. A988 85,
8410.

(211) Duval-Valentin, G.; Takasugi, M.; Helene, C.; Sage].Bvol. Biol.
1998 278 815.

(212) Barre, F. X.; Asseline, U.; Harel-Bellan, A.Mol. Biol. 1999 286,
1379.

(213) Seeberg, EProg. Nucleic Acid Res. Mol. Biol981, 26, 217.

(214) Franklin, W. A.; Haseltine, W. AProc. Natl. Acad. Sci. U. S. A.
1984 81, 3821.

(215) Myles, G. M.; Van Houten, B.; Sancar, Nucleic Acids Resl987,
15, 1227.

(216) Parniewski, P.; Bacolla, A.; Jaworski, A.; Wells, R.Nlucleic Acids
Res.1999 27, 616.

(217) Bienstock, R. J.; Skorvaga, M.; Mandavilli, B. S.; Van Houten, B.
J. Biol. Chem2003 278 5309.

(218) Delagoutte, E.; Fuchs, R. P.; Bertrand-Burggraf,. Blol. Biol. 2002
320, 73.

(219) Selby, C. P.; Sancar, Biochemistry1991, 30, 3841.

(220) Selby, C. P.; Sancar, Rrog. Clin. Biol. Res199Q 340A 179.

(221) Selby, C. P.; Sancar, #roc. Natl. Acad. Sci. U. S. A99Q 87,
3522.

(222) Lambert, B.; Jones, B. K.; Roques, B. P.; Le Pecq, J. B.; Yeung, A.
T. Proc. Natl. Acad. Sci. U. S. A989 86, 6557.

(223) Lambert, B.; Segal-Bendirdjian, E.; Esnault, C.; Le Pecq, J. B.;
Roques, B. P.; Jones, B.; Yeung, A.Anticancer Drug Des1990
5, 43.

(224) Kacinski, B. M.; Rupp, W. DNature 1981, 294, 480.

(225) Anderson, R. D.; Veigl, M. L.; Baxter, J.; Sedwick, W. Butat.
Res 1993 294, 215.

(226) Arikan, E.; Kulkarni, M. S.; Thomas, D. C.; Sancar,Mucleic Acids
Res.1986 14, 2637.

(227) Caron, P. R.; Grossman, Nucleic Acids Res1988 16, 10903.

(228) Grossman, L.; Lin, C. I.; Ahn, Y. IIDNA damage and repair
Nickoloff, J. A., Hoekstra, M. F., Eds.; Humana Press: Totowas,
NJ, 1998; Vol. 1.

(229) Ahn, B.; Grossman, L1. Biol. Chem.1996 271, 21462.

(230) Assenmacher, N.; Wenig, K.; Lammens, A.; Hopfner, KJ.AViol.
Biol. 2006 355 675.

CR040471U



