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Role of the ID and the zinc-finger motif of Escherichia coli UvrA

Role of the insertion domain and

Chapter

the zinc-finger motif of Escherichia
coli UvrA in damage recognition

and ATP hydrolysis
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Laboratory of Molecular Genetics, Leiden InstitafeChemistry,
Leiden University, Einsteinweg 55, 2333 CC, Leiddr, Netherlands

ABSTRACT

UvrA is the initial DNA damage-sensing protein imckerial nucleotide excision repair
(NER). The active form of UvrA is a dimer capablbmding to a wide variety of lesions,
after which it hands off the damaged site to UviilBe UvrA monomer consists of two
ATPase domains, both belonging to the family of AdiRding cassette domains. Three
structural domains are inserted in these ATPasead@nthe insertion domain (ID) and UvrB
binding domain (both in ATP binding domain ) ardg tzinc-finger motif (in ATP binding
domain Il). In this paper we analyze the functidntlee ID and the zinc finger motif in
damage specific binding &scherichia coli UvrA.

We show that the ID is not essential for damageruisnation, but stabilizes UvrA on the
DNA, most likely because the two IDs form a clammpuad the DNA helix. Upon detection
of a damage the ATPase of UvrA is activated whigliizes the interaction of the protein
with DNA containing a non-bulky lesion. Two consedvarginine residues of the ID appear
essential for this stabilization. We present evigethat these residues contact the phosphate
backbone of the DNA, leading to strand separatiter $he ATPase-driven movement of the
IDs.
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Chapter 5

The zinc-finger motif is shown to be an importawindiin for the transfer of the damage
recognition signal to the ATPase of UvrA. In thesahce of this domain the coupling between
DNA binding and ATP hydrolysis is completely loSubstitution of the phenylalanine

residue in the tip of the zinc-finger domain witlarane resulted in a protein in which the

ATPase was already triggered when binding to aramnadjed site. As the zinc-finger motif is

connected to the DNA binding regions on the surfacé&vrA, this strongly suggests that

damage-specific binding to these regions resul iearrangement of the zinc-finger motif,
which in its turn activates the ATPase. We presemhodel how damage recognition is
transmitted to activate ATP hydrolysis in ATP bimglidomain | of the protein.

Remarkably, deletion of the ID generates a phemoiiypvhich UV-survival strongly depends

on the presence of photolyase. We present evidiwatehotolyase stimulates UvrA to bind

CPD-lesions by forming a ternary complex where hmtbteins are bound at the site of the

lesion.

INTRODUCTION

Nucleotide excision repair (NER) is a universal Dipair pathway that has the unique
property of being able to remove a large varietyswéicturally unrelated lesions from the
genome. In bacterial NER, recognition of DNA damagd subsequent incision is performed
by three proteins: UvrA, UvrB and UvrC [1,2].

In the current model for bacterial NER, UvrA furmets in the first steps of the repair
reaction: Two UvrA molecules form the UvrA dimernaplex, which is the active form of
UvrA [3,4]. The UvrA dimer binds two UvrB proteirie form the UvrAB,-complex [5]. In
this complex, the two UvrA subunits probe DNA foandage. The UvrA dimer likely
recognizes unwound DNA, as UvrA has higher affifity DNA structures that resemble
single-stranded DNA, such as single-strand/doutrlaid DNA junctions or DNA ends
[3,4,6]. Upon detecting a potential lesion, UvrAe$r to load UvrB to the damaged DNA.
After UvrB is successfully positioned at the danthgée the UvrA subunits dissociate, thus
leaving a complex of two UvrB subunits: the preisian complex. This complex is the target
for UvrC binding, which displaces one UvrB subuaitd then incises the damaged DNA
strand first 3’ to the lesion and then on the 8eqdi1,2].

The Escherichia coli UvrA protein, which has a size of 104 kDa, corgaiwo ATPase
domains that both belong to the ABCT(R Binding Cassette) class of ATPases [7] and are
essential for repair [8-10]. The activities of ttveo ATPase domains are tightly coupled,

indicating that the two domains function as onepewative module [10].
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Role of the ID and the zinc-finger motif of Escherichia coli UvrA

In the absence of DNA, ATP hydrolysis stabilizes tvrA dimer [10]. In its active form,
the UvrA dimer likely contains a mixture of ATP aWdP divided over its four ATPase
domains, as in the presence of either a non-hyzablg ATP analog or ADP its specificity
for DNA damage is reduced [4,11]. Upon binding dgathDNA, the ATPase activity d.
coli UvrA is stimulated and this is proposed to faciétapening of the DNA strands around a
lesion, thereby stabilizing the UvrA-complex on Hauky lesions and facilitating DNA
binding of UvrB [10].

In addition to the two ATPase domains, three fuomal domains, each coordinated by a
zinc-binding module, were identified in the cryssatucture ofBacillus stearothermophilus
UvrA (Figure 1A): The UvrB-binding domain, the imden domain (ID) and the zinc-finger
motif [12]. Similar to the structures of other ABXOPases [13], these functional domains are
inserted within the ATPase domains of UvrA; sugpesthat the role of each functional
domain is controlled by ATP binding and hydrolys#éslPase domain | contains the UvrB-
binding domain and the ID, while the zinc-fingertthe inserted in ATPase domain Il [12].
Recently also the structure of a UvrA homolog, iagkthe UvrB-binding domain (UvrA2),
from Deinococcus radiodurans was determined [14]. In this structure (Figure 1ie two
monomers have their insertion domains positioned more closed configuration thanBn
stearothermophilus UvrA (Figure 1C). In both structures however, tBs have an almost
perpendicular orientation towards the DNA bindiradghes located on the ventral surface of
the UvrA dimer. These patches consist of seversitipely charged surface-exposed residues
that were shown to contribute to DNA binding [13,15

The zinc-finger motif of UvrA is a small domain whi structure does not directly
resemble the generic zinc-finger structure [12kdAlin contrast to other zinc-finger domains,
the zinc-finger motif of UvrA does not bind DNA htself [16]. Instead, this motif was
proposed to indirectly regulate damage-specificdinig [16]. In the structure ofB.
stearothermophilus UvrA, the two phenylalanine residues, positionetha extreme tip of the
zinc-finger motifs, are in close proximity to eaather, suggesting that the two residues can
interact (Figure 1B).

In E. coli UvrA, the ID consists of approximately 100 aminddac This domain is
however poorly conserved between different badtepacies, both in size and in amino acid
composition [17]. The function of the ID is uncleas different studies have yielded
contradictory results. Pakotiprapred al. [12] have shown thatn vitro the ID of B.
stearothermophilus UvrA is not required for UvrABC-mediated incisiof DNA containing a

site-specific lesion.
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For theD. radiodurans UvrA2 protein, however, the ID was proposed to beeatial for
damage discrimination since a mutant lacking thenala lost the ability to discriminate

between damaged and non-damaged DNA [14].

B

Zinc-finger

motif ol

DNA Binding
l Patches

Figure 1: Structure of UvrA

(A) Top-view on the crystal structure Bf stearothermophilus UvrA (PDB entry 2R6F), showing the positions
of the ID and the zinc-finger motif.

(B) Zoom in on the zinc-finger motif and the dimeteiriace of UvrA. In this panel, residue F751 (Fib%.
coli UvrA) is shown in red.

Panels C) and D) show front views of the crystal structures of tA®P-bound dimer form ofB.
stearothermophilus UvrA (C) and ofD. radiodurans UvrA2 (D) (PDB entries 2R6F and 2VF7, respectively),
indicating the orientation of the ID towards the PRinding patches of UvrA.

In all structures monomer 1 is shown in gray anchomoer 2 is colored light green. In both monomehs, t
insertion domain is shown in blue; the two consédragginine residues within the insertion domain §Rand
R382 inB. stearothermophilus UvrA) are shown as red spheres. &) @nd B), the zinc-finger motif of UvrA is
colored violet. The DNA binding patches of UvrA afeown as pink spheres. The UvrB-binding domai.of
stearothermophilus UvrA is colored orange. Bound Znis shown as gray spheres; bound ADP is shown as

yellow spheres. These images were made using Pydt@ilare (DeLano Scientific).
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We have further analyzed the functions of the Il #re zinc-finger motif in th&. coli
UvrA protein. Here, we show that the zinc-fingertihis part of the dimer interface of UvrA,
contributing to the proper orientation of the twar monomers in the dimer complex. We
also show that the zinc-finger motif is an impottamediator for transfer of the damage
recognition signal to ATP hydrolysis.

Analysis of UvrA ID mutants revealed that this damas not essential for damage
recognition, but it does stabilize the UvrA comptax damaged DNA and helps the ATPase-
mediated strand separation on non-bulky lesionse@8abn our results, we propose a new

model for DNA binding and damage recognition by Alvr

MATERIALS AND METHODS

Proteins

Four UvrA mutants were constructed and purifiedrAJAID, in which amino acids 288 to
402 of UvrA were replaced by a two amino acid (GlExible linker, UvrA RR (in this
mutant amino acids R383 and R384 were both suteditwith alanine), UvrA F755A and
UvrA ZnG, in which amino acids 750 to 760 were aggld by a single glycine residue. All
mutations were introduced into the pTTQ-A9 expmssplasmid [18] by PCR. (Mutant)
UvrA, UvrB and UvrC proteins were purified as désed [19]. UVDE was purified as
described [20]. PurifiecE. coli CPD-photolyase was a kind gift from Andre Eker. T4

endonuclease V was a gift from Tineke de Ruijter.

UV-survival assay

For in vivo studies, theuvrA mutations were inserted into the pSC101-derivedP1i20
plasmid [21], which carries tharA gene under control of its native promoter. The pRIR
derived plasmids expressing (mutated) UvrA wereiaiced into CS5865 (GMAuvrA, our
lab) or CS5900 (GMXAuvrAAphr, our lab). Transformants were grown to anegof 0.3.
This culture was diluted 10 times, after whichl™drops were deposited onto LB-agar plates,
which were irradiated with the indicated doses of-light. The plates were incubated
overnight in the dark, at 30 °C.
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DNA substrates

The 678 bp DNA fragments without damage or contgra Cholesterol or CPD lesion were
prepared as described [10]. For radioactive lagadinthe 678 bp substrates at the 5' side, the
DNA was heated to 80 °C in 50 mM Tris (pH 9.5) edming 10 mM MgC} and 2 pmok*?P-
ATP (7000 Ci/mmol), followed by quickchill on icé&Next 5 mM DTT and 10 units of
polynucleotide kinase were added and the samplengabated at 37 °C for 45 minutes. The
reaction was terminated by adding 25 mM EDTA andting at 80 °C for 10 minutes. The
DNA was purified using a G50 spin column. DNA comications were adjusted to 4 fmdl/
The presence of the Cholesterol lesion at posiB8df, which is located in afcoRV
recognition sequence, was verified by digestiomitoRYV. The presence of the CPD lesion
at positions 335 and 336, which are not part dguence that can be targeted by a restriction
enzyme, was verified by incision with UVDE (as désed in [20]) and T4 endonuclease V.
Incision with T4 endonuclease V was performed irefdlo buffer (50 mM KPOpH 6.5, 10
mM EDTA, 50 mM NacCl + 1 mMs-Mercaptoethanol).

Incision assay

Radioactively labeled DNA (0.4 nM) was incubatedhw&.5 or 7.5 nM UvrA, 400 nM UvrB
and 25 nM UvrC in 2@l UV-endo buffer. The incubation time varied witietused substrate,
Cholesterol-DNA was incubated for 15 min at 37 i@ &£PD-DNA was incubated for 30
min. After incision, the DNA was precipitated wigthanol and analyzed on 3.5 % denaturing
polyacrylamide gels as described. When indicat@dn® photolyase was added before the
addition of UvrABC. Samples containing photolyaserevpre-incubated in the dark (10 min,
22 °C). Samples containing photolyase were kepthim dark until the reactions were
terminated. The amounts of incised and unincised Dre quantified as described [22].

ATPase assay

Samples were incubated for 20 minutes at 37 °CTiRase-endo buffer (50 mM Tris-HCI, pH
7.5, 15 mM MgC4, 100 mM KCI, 0.1 mg/ml BSA, 10 % glycerol and @1 ATP plus 0.1
uCi y*2P-ATP (3000 Ci/mmol)). Reaction mixtures contair3inM UvrA. When indicated,
supercoiled pUC18 DNA was added in a final con@diun of 4 ngil. For the preparation of
UV-damaged DNA, pUC18 was irradiated with UV-lighithen indicated, 50 nM photolyase
was added before the addition of UvrA. Samplesaioitg photolyase were pre-incubated in
the dark (10 min, 22 °C).
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Role of the ID and the zinc-finger motif of Escherichia coli UvrA

Samples containing photolyase were kept in the dautd the reactions were terminated.
ATPase activity of (mutant) UvrA was measured byrting the production ofP-phosphate
from y*°P-ATP, as described [23].

Gel retardation assay

Gel retardation assays were performed as descfi®dd UvrA was incubated in UV-endo
buffer (with or without 1 mM ATP) for 5 min at 3TC; after which DNA was added to the
samples. Samples containing both UvrA and UvrB vircabated in UV-endo buffer + 1 mM
ATP (5 min, 37 °C) before addition of DNA. After I0in of incubation with DNA, samples
were separated on 3.5 % native polyacrylamide gefgaining 10 mM MgGl and, when
indicated, 1 mM ATP.

Western Blots

For the Western Blots, 100 nM of UvrB was incubaietth the indicated amounts of UvrA in
UV-endo buffer. Reaction mixtures were separated3dn % native polyacrylamide gels
containing 10 mM MgGland 1 mM ATP. After blotting of the proteins om#rocellulose
membrane, the membrane was incubated with rabliB @wtibody (described in [19]) and
the secondary antibody goat anti-rabbit alkalinegpinatase (GARAP) in blocking buffer (1
mg/ml BSA). The presence of UvrB-coupled GARAP wagtected by staining with nitro-
blue tetrazolium (NBT) plus 5-bromo-4-chloro-3-imglgphosphate (BCIP) as described [10].

Atomic Force Microscopy Imaging

AFM imaging of UvrA and UvrA-DNA complexes was pemnined as described [4]. Imaging
was performed with a Nanoscope Il instrument (@iglnstruments), equipped with an E-
scanner, using tapping mode in air. OMCL-AC240TScwCantilever tapping mode
cantilevers (Olympus) with a spring constant of //nNand a resonance frequency of 70 kHz
were used for all imaging.

Protein complex volumes were calculated by sumrtiiegheight at each pixel inside a circle
around the mass center of a protein complex agidedd4]. The percentage of UvrA dimers
was calculated as described [24]. The percentagigesspecific binding and the specificity of

UvrA for DNA ends and DNA damage were calculatedescribed [25].
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RESULTS

In the presence of ATP the ID contributes to damage specific binding

To understand the function of the ID a coli UvrA, we studied the activity of a mutant
(UvrA AID) in which the entire domain is replaced by aitide GT-linker. This mutant is
similar to the UvrAAID mutants described in previous studies [12,14f Warted our
analysis by determining the contribution of thettbthe stability of the UvrA dimer, using
AFM. Both in the presence and in the absence of AIVFA AID formed a similar percentage
of dimers as UvrA wildtype (Table 1), indicatingaththe ID does not play a role in

dimerization.

Table 1: Dimer formation of UvrA wildtype and mutants

UvrA cofactor
None ATP
wildtype 29+4 % 67+2%
AID 36+4 % 73+4 %
RR 29+1% 69 +2 %
nG 20+4 % 23+1%
F755A 21+3 % 46 +4 %

The (mutant) UvrA protein (20 nM) was incubatedARM-endo buffer (with or without 1 mM ATP) for 5
minutes at 37 °C prior to deposition on mica forM\Wisualization. The percentage of UvrA dimers was
calculated as described [24]. The presented vakm®sent the average (x S.D.) of at least twopeddent
experiments. The results for UvrA wildtype weregakrom [4].

Next, we investigated the role of the ID in DNA #ing and damage recognition. The
damage specificity of (mutant) UvrA was determingdh AFM, using a 678 bp DNA
substrate, with or without a specific damage (Feg2y. The DNA affinity of (mutant) UvrA
was analyzed with gel retardation assays, usingdah®e 678 bp substrate as used in the AFM
experiments (radioactively labeled at the 5'-sidey.shown before [4,10], when using the
undamaged fragment, on the AFM images a signifideattion of the UvrA-complexes
bound the ends of the DNA (Figure 3A). Likely, Uvrécognizes DNA ends because they are
slightly unwound. In the presence of ATP, the petage of UvrAAID-complexes detected at
the DNA ends (41 %) was lower than for the wildtypetein (52 %) (Figure 3A).

This indicates that, similar to what was observedtiie D. radiodurans UvrA2 protein
lacking the ID [14], the absence of this domairultssin an enhanced binding to undamaged
DNA.
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Role of the ID and the zinc-finger motif of Escherichia coli UvrA

This was confirmed by analyzing the affinity of WAID for undamaged DNA by gel
retardation. For the wildtype protein few complexgere detected on undamaged DNA
(Figure 4A, lanes 1-2). Apparently the UvrA-commexat the end of a DNA fragment are too
instable to be detected in this assay. With Ut however, not only more complexes were
visible, but also higher-order complexes appeareticative for the binding of multiple UvrA
dimers to the same DNA fragment (Figure 4A, laney.3This shows that the mutant indeed
has a higher affinity for undamaged DNA than thiltype protein.

A. Undamaged DNA
UvrA wt UvrA AID UvrA ZnG

B. Cholesterol
UvrA wt UvrA AID UvrA ZnG

UvrA wt UvrA AID UvrA ZnG

Figure 2: Representative AFM images (size 1 »uh) of (mutant) UvrA-complexes on 678-bp undamaged
DNA (A) and on the same 678-bp DNA fragment with a ClietesB) or a CPD lesion() in the center of the
substrate. All images show (mutant) UvrA incubatéth ATP.
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A. Undamaged DNA
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Figure 3: Quantitative analysis of UvrA-DNA complexes vi§mad by AFM

20 nM UvrA was incubated with 50 ng of a 678 bp DMagment in AFM-endo buffer. For experiments ie th
absence of a cofactor, 50 nM UvrA was used forrtheants UvrAAID, UvrA ZnG and UvrA F755A. After
incubation, the complexes were deposited on fresldgived mica and imaged with AFM. The percentage o
UvrA bound at the lesion site, DNA ends and undasddgNA was calculated as described [25]. The ptesen
values represent the average (= S.D.) of at leastnndependent experiments. Pank) 6hows the distribution
of UvrA-complexes on undamaged DNAB)(the distribution of UvrA on Cholesterol-DNA andC)( the
distribution on CPD-DNA. The distribution of UvrAemplexes was determined in the presence (black bacs

absence (white bars) of ATP.
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The increased binding of UvrAID to undamaged DNA predicted that this mutant $&thou
have a lower specificity for internal lesions adlwideed, when using a 678 bp substrate
containing a single Cholesterol lesion at the aenfethe DNA, in the presence of ATP a
significantly lower amount of the UvrAID-complexes (60 %) bound to the lesion than with
wildtype UvrA (94 %) (Figure 3B).

In the gel retardation assay however, using theesaonditions, UvrAAID bound the 678
bp Cholesterol substrate with similar affinity asgdtype UvrA (Figure 4B, lanes 1-4). This is
again similar to the results obtained by Timméhsl. [14] for the UvrA2AID mutant. The
authors concluded from this experiment that in ahsence of the ID UvrA can no longer
discriminate between a damaged and a non-damaigedibe gel, however, does not reveal
whether UvrA has bound an undamaged site or anleSiberefore, this assay can only be
used to determine the overall affinity of (mutabyrA for DNA. For determination of the
damage specificity AFM analysis is much more slgawhich revealed that thelD mutant
does show preference for binding a lesion albeih wower efficiency than wild type. The
AFM technique on the other hand, is less usefulnieasuring DNA affinity, since protein-
DNA complexes are more readily deposited on therthian free DNA.

From the percentage of complexes on damaged aramagkd DNA detected with AFM
(Figure 3), the relative specificities of (mutaktyrA for Cholesterol-DNA and DNA ends
were calculated (as described in [25]). In the gmes of ATP the relative specificity of
wildtype UvrA was 400 for DNA ends and 15,000 fbetCholesterol lesion. UvrAID
however had a relative specificity of 240 for DNAds and 1,350 for Cholesterol-DNA,
which indicates that UvrAID is 10 times less specific for Cholesterol thavrAwildtype,
but only 2 times less specific for a DNA end. Tlsisggests that the reduced damage
specificity of UvrAAID in the presence of ATP is not only due to theantihaving a higher
affinity for undamaged DNA, but also because i&ffected in binding the lesion itself. We
have previously shown that the binding mode at aAD#d is different from binding an
internal lesion. On DNA ends only one subunit & tvrA dimer contacts DNA, whereas on
internal lesions both subunits of the UvrA-dimemdDNA [4]. The more reduced specificity
of UvrA AID for internal lesions therefore could indicatattkhe ID contributes more to DNA

binding when both subunits of the UvrA dimer areaived.
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A. no damage

A-DNA - - - -
free DNA —> i % ......-

UvrA wt AID RR ZnG F755
nM 25 75 25 75 25 75 25 75 25 75

B. Cholesterol damage

1 2 3 4 5 6 7 8 9 10

—_—
A'DNA D — - - - ‘ - - .
freDNA—> # & @ = S B & & e »
UvrA wt AID RR /nG F755

nM 25 75 25 75 25 75 25 75 25 175

Figure 4: DNA binding activity of UvrA in the presence of ATP

The indicated amounts of UvrA were incubated with @M DNA without damageA) or containing a
Cholesterol lesiong) in UV-endo buffer containing 1 mM ATP. The reactimixtures were separated on a 3.5
% polyacrylamide native gel containing 10 mM Mg@hd 1 mM ATP. Arrows indicate the position of UvrA
bound and free DNA. Because of its smaller size,UlhrA AID-DNA complex has a slightly faster mobility

than the complex of UvrA wildtype.

In the absence of ATP the ID stabilizes UvrA on DNA

The affinity and damage specificity of UviD was also determined in the absence of a
cofactor. In this condition, UvrA wildtype had agsitly lower affinity for undamaged DNA
and Cholesterol-DNA, than in the presence of ATigufes 4 and 5, lanes 1-2). Likely, this
lower affinity is a consequence of its reduced diration in the absence of a cofactor (Table

1), which lowers the amount of UvrA-complexes thisd available to bind DNA.
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A. no damage

ADNA|—>

- -
freeDNA—P...’.a ....

UvrA wt AID RR /nG F755
nM 75 15 25 75 75 15 25 75 75 15

B. Cholesterol damage

UvrA wt AID RR nG F755
nM 25 75 25 75 75 15 25 75 75 15

Figure 5: DNA binding activity of UvrA in the absence of afactor

The indicated amounts of UvrA were incubated witd @M DNA without damageA) or containing a
Cholesterol-lesionR) in UV-endo buffer. The reaction mixtures were agped on a 3.5 % polyacrylamide
native gel (containing 10 mM MggIl Arrows indicate the position of UvrA-bound armeéd DNA. Because of
its smaller size, the UvrAID-DNA complex has a slightly faster mobility théime complex of UvrA wildtype.

For theAID and ZnG mutants a higher concentration of protes used.

Remarkably, the absence of a cofactor had a muchggr effect on the DNA binding of
UvrA AID. This mutant showed a greatly reduced affinippgroximately 5-fold) for
undamaged DNA and Cholesterol-DNA compared to widtUvrA (Figures 5A and 5B,
lanes 1-4). Since in the absence of a cofactor rizat@on of UvrA AID and of UvrA
wildtype are similar (Table 1), this result indieatthat the ID is important for stabilizing the
UvrA-DNA complex when no cofactor is present.

Next, we tested the specificity of UvrAID for DNA ends and Cholesterol with AFM
using the same conditions. Due to its reduced DNiAity, a higher concentration (50 nM)

of UvrA AID was needed in the incubations.
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As shown before [4,10], the absence of a cofacimadt affect the specificity of wildtype
UvrA for DNA ends or the Cholesterol lesion (Figsil@A and 3B). In contrast to what was
found when ATP was present, in the absence of tmfaévrA AID had similar specificities
for DNA ends and Cholesterol as wildtype UvrA (Figsi 3A and 3B).

These results show that in the absence of a cofdetdD does contribute to the stability
of the UvrA-complex, but not to damage-specificdang. The difference between the role of
the ID in the absence and presence of ATP indidagsthe position of the ID changes as a

consequence of ATP binding and/or hydrolysis.

The arginine residues in the ID contact DNA

The results shown above suggest that the ID of Ustts as a DNA binding domain.
Remarkably, the size and amino acid content of dbimain are poorly conserved between
different UvrA homologs [17]. However, in the ID DBf radiodurans UvrA2 a few positively
charged residues were identified that contributeDNA binding [14]. Also InE. coli UvrA,
the ID contains positively charged residues, ofchhesidues R383 and R384 are conserved
between UvrA homologs. In the structure of UvrAedh residues are positioned on the
concave side of the ID (Figure 1). To determine ftivection of these residues, we analyzed
the activity of a mutant in which residues R383 &884 were both substituted with alanine
(UvrA RR).

Similar to UvrAAID, UvrA RR is not affected in dimerization, eitharthe presence or in
the absence of ATP (Table 1). In contrast to UWI® however, in the presence of ATP
UvrA RR did not show enhanced binding to undamab&th. Instead, UvrA RR had an
approximately 2-fold reduced affinity for the undaged substrate, compared to the wildtype
protein (Figure 4A, lanes 5-6). Apparently, enhahibinding to undamaged DNA occurs only
when the complete ID is removed and not when idial residues are substituted.

In the presence of ATP, UvrA RR also bound CholettBNA with a lower affinity than
wildtype UvrA (Figure 4B, lanes 5-6). This indicatthat the arginine residues within the ID
stabilize the UvrA-DNA complex on both damaged amdamaged DNA. When we looked
at site-specific binding under the same conditidbétA RR had a similar specificity for
DNA ends (Figure 3A) and Cholesterol-DNA (Figure)38 wildtype UvrA. Apparently, in
the presence of ATP the charged residues in thetdbilize the complex on DNA, but are not

needed for recognition of the Cholesterol lesion.
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In the absence of a cofactor UvrA RR had a sliglatlyer affinity for undamaged DNA
and Cholesterol-DNA than UvrA wildtype, but theesff of removing the arginine residues on
DNA affinity was not as drastic as removing theirentD (Figures 5A and 5B, lanes 1-6).
This result indicates that also in the absence adfactor the two arginine residues in the ID
contact DNA and stabilize the UvrA-DNA complex. AFadhalysis revealed that under the
same conditions UvrA RR had a similar specificipr fDNA ends (Figure 3A) and
Cholesterol lesions (Figure 3B) as wildtype UvrAig demonstrates that, similar to UvrA
AID, UvrA RR is not affected in damage recognitiarthhe absence of a cofactor.

In summary, our results show that the positivelgrged residues within the ID contact
the DNA; thereby stabilizing the UvrA-DNA complexotth on damaged and undamaged
DNA. In the presence of ATP deletion of the entDeresulted in a higher affinity of UvrA
for undamaged DNA. This was also observed by Tingrairal. [14] for theD. radiodurans
UvrA2 AID mutant. The authors ascribed this to an increéasessibility for DNA of the
positively charged patches on the ventral surfacehe UvrA dimer, which have been
identified as DNA-binding regions [12]. Apparenttie interaction of the ID with the DNA
prevents or reduces the contacts of the DNA widse¢hpositively charged regions. In the
absence of ATP removal of the ID did not incred$iaity for undamaged DNA, but resulted
in a drastic reduction in DNA binding. This indieatthat when no cofactor is bound the
conformation of the UvrA dimer is such that the ipesly charged patches can no longer
make a stable contact with the DNA; as a consequtre ID becomes much more important

to prevent dissociation from the DNA.

The contact of the ID with DNA stabilizes the UvrA-complex on a non-bulky lesion

The contribution of the ID to DNA binding and darnsaggcognition changes with the
presence or absence of ATP. Previously, we havevrsitbat ATP stabilizes the specific
binding of UvrA to non-bulky lesions [10]. To inuegate the contribution of the ID to
binding this kind of DNA damage, the specificitietthe two ID mutants for CPD-lesions
were determined.
Similar as on Cholesterol-DNA, UvrAID and UvrA RR are not disturbed in recognizing the
CPD lesion in the absence of a cofactor; with othants and wildtype, approximately 27 %
of the complexes were bound to the CPD lesion (Ei§C).

In contrast to wildtype UvrA, however, both ID mota no longer showed ATP-
stimulated recognition of the CPD lesion (Figure.3the specificity of UvrAAID for CPD-

DNA was even reduced in the presence of ATP.
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This however was also observed for the Cholestestdn and could partly be ascribed to the
enhanced affinity for undamaged DNA and partly e stabilizing effect of the ID when
UvrA is bound to a lesion. For this mutant the efffef binding a bulky or non-bulky lesion
therefore does not appear to be significantly ceffie For the RR mutant, however, a
damage-specific effect can be observed. On theeStesbl lesion the RR mutant showed the
same affinity as the wild type protein, but in gast to wildtype UvrA recognition of the
CPD was no longer stimulated by ATP. A similar effeas previously been found for UvrA
mutant K37A, which has a mutation in ATPase domaamd which no longer hydrolyzes
ATP [10].

[InoDNA
100+ [ undamaged DNA

1 UV-DNA (1000 J/m’%)

B o) 0
) (=) )
1 1 1

\®}
(=)
1

ATP hydrolysis (ATP x UvrA'x min")

S

wt AID RR /nG  F755A

Figure 6: ATPase activities UvrA wildtype and mutants

30 nM UvrA was incubated in ATPase-endo buffer agnihg 0.5 mM ATP for 20 minutes at 37 °C as désxti

in Materials and Methods. ATPase activity of UvrAswmeasured by counting the total amourit®fphosphate
released fromy-*P-ATP. These values were corrected for the amadiufiPephosphate released in the absence of

protein. The presented values show the average t@iirver rate (z S.D.) of (mutant) UvrA in ATBVrA

Lmin™.

To determine whether there is a correlation betwiherATPase of UvrA and the contact
of the RR-residues with DNA, we compared the ATPadevities of UvrA RR and wildtype
UvrA in the presence and absence of (damaged) DMNw. intrinsic ATPase of wildtype
UvrA is reduced upon binding to undamaged DNA andamced when binding to UV-
damaged DNA (Figure 6). Apparently, when UvrA scangdamaged DNA for the presence
of lesions ATP hydrolysis is inhibited, but whenrdwencounters a DNA lesion the ATPase
is activated. The ATPase activity of UvrA RR showadsimilar pattern as wildtype,
hydrolysis was inhibited in the presence of undaaddgNA and stimulated by UV-irradiated
DNA (Figure 6).
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This clearly shows that the inability of this mutao stabilize the UvrA-complex on the
CPD lesion is not due to a defect in triggering AfyRIrolysis upon binding a UV-induced
lesion. Apparently, the contact of the arginineidess with DNA becomes important after
UvrA has bound a DNA lesion and its ATPase has bmdivated. Previously, we have
suggested that the ATP-stimulated stabilizationJUefA on a CPD is the result of local
unwinding of DNA around the lesion by UvrA, which initiated by ATP hydrolysis [10].
The effect of the RR mutant on the recognition BfDEDNA therefore strongly suggest that,
after ATP hydrolysis, the interaction of the argmiresidues of the wild type protein with
damaged DNA results in this proposed separatidheoDNA strands.

When the entire ID is deleted, the ATPase of Uvigo atill responds to DNA binding as
the ATPase of UvrAAID was reduced in the presence of undamaged DNAséintilated
when binding UV-DNA (Figure 6). Apparently, the IBnot directly involved in the coupling
of ATP hydrolysis with DNA binding. Undamaged DNAd a stronger reducing effect on the
ATPase of UvrAAID (5-fold) than on wildtype UvrA or UvrA RR (2-fd) (Figure 6). This is
most likely the consequence of the observed enldaaffmity of UvrA AID for undamaged
DNA. As with UvrA AID significantly less protein is found at the damdgsite, it could be
expected that also the damage-induced ATPasesirthiiant would be lower. The ATPase of
UvrA AID was however stimulated 3-fold in the presenc&Jutirradiated DNA, which is
even slightly higher than for wildtype UvrA (2.2l (Figure 6). This suggests that initially
UvrA AID does bind a lesion, where its ATPase is actiiai®hen the ID is lacking,
however, this ATPase does not result in stabilimtbut instead in the dissociation of the
UvrA dimer from DNA. Multiple attempts to load UvrAntothe damaged site then lead to
the observed increased ATPase activity.

Presumably, after ATP hydrolysis the conformatiérthe UvrA dimer changes such that
the interaction with the DNA binding patches on thentral surface is reduced. As a
consequence interaction with the ID becomes clitmgrevent dissociation from the DNA.
As shown above, the two arginine residues contilbotthe interaction of the ID with DNA
after ATP hydrolysis. The UvrA RR mutant howeveedmot dissociate from the Cholesterol
lesion after ATP hydrolysis, indicating that adoiital residues of the ID help to stabilize the
UvrA complex on the DNA. Alternatively the role ¢iie ID might be more passive by
forming a clamp around the DNA helix, thereby pratugy dissociation without making

extensive contacts with the DNA strands.
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Remarkably, UvrAAID also had reduced ATPase activity in the absefideNA (Figure
6). Since this mutant was not affected in dimeraa(Table 1) the residual ATPase of UvrA
AID is apparently still sufficient to form dimerd.is not clear why the intrinsic ATPase of
UvrA AID is reduced, but since the ATPase of UvrA is dedpo the function of the ID, it is

conceivable thatice versa the removal of the ID influences the ATPase atstivi

The zinc-finger motif of UvrA stabilizes the dimer interface

Our analysis showed that the role of the ID is deeat on binding and/or hydrolysis of
ATP. Because the ID is inserted into ATPase dorhainUvrA, this ATPase domain is likely
responsible for regulating the function of the A)so ATPase domain Il of UvrA contains an
insertion, the zinc-finger motif, suggesting tha¢ function of this motif could be controlled
by the ATPase of UvrA as well. To analyze the mfi¢he zinc-finger motif, we have studied
the activities of two UvrA mutants: UvrA ZnG and v F755A. In UvrA ZnG, which is
similar to the UvrA ZnG mutants of th# caldotenax UvrA [16] andD. radiodurans UvrA2
homolog [14], the entire motif was deleted and aeptl with a single glycine. In UvrA
F755A only the conserved phenylalanine residuetéacat the extreme tip of the zinc-finger
motif was substituted with alanine. In the struetof UvrA, the zinc-finger lies at the dimer
interface, with the F755 residues of both monorpesstioned closely together (Figure 1B).

We started our analysis by determining the contidiouof the zinc-finger motif to
formation of UvrA dimers. In the absence of ATPthweither UvrA ZnG or UvrA F755A
dimerization is somewhat reduced (Table 1). Mor&iagly however, dimerization of UvrA
ZnG was no longer stimulated by ATP (Table 1). Té¢asnot be ascribed to the inability of
UvrA ZnG to hydrolyze ATP, as in the absence of DNWrA ZnG did show ATPase
activity, albeit with a lower rate than wildtype kv (Figure 6). This shows that on one hand
the dimerization interface of the mutant is altesedh that activation of the ATPase is less.
On the other hand it shows that when ATP is hydmedlyit does not lead to stabilization of the
interface. Dimerization of UvrA F755A was enhandsd ATP, but to a lesser extent than
with wildtype (Table 1) and also this mutant shoavsomewhat reduced ATPase activity
(Figure 6).
Apparently in this mutant the dimer interface isesdd as well, but stabilization by the
ATPase still (partially) occurs. Altogether, thessults show that the zinc-finger motif is an
important part of the dimer interface, in particuldhen ATP is present.
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The zinc-finger coordinates the two subunits in the UvrA dimer

Dimerization of UvrA is important for its functiom repair, as only dimeric UvrA-
complexes stably associate with DNA [4]. Furthereniirwas proposed that to bind a DNA
lesion, both subunits of the UvrA dimer need totaohthe DNA flanking the lesion [4]. This
implies that a reduced stability of the UvrA dim&hmould have consequences for DNA
binding and damage recognition. Therefore, we aeaythe DNA affinity and damage-
specificity of the two zinc-finger motif mutants.

First, the stability of DNA binding of both mutantgas analyzed in the absence of a
cofactor. Under this condition, UvrA ZnG had an egpgmately 10-fold lower affinity for
both damaged and undamaged DNA than wildtype U#igures 5A and 5B, lanes 7-8). The
lower binding of UvrA ZnG cannot solely be explainby a lower amount of available
dimers, since DNA binding of this mutant (10-fokeduction) was much more affected than
its dimerization (1.5-fold reduction). Moreover, v F755A, which in the absence of a
cofactor showed a similar dimerization as UvrA Znlkkad a much higher affinity for
(damaged) DNA than UvrA ZnG and overall showed osllghtly less DNA binding than
wildtype UvrA (Figures 5A and 5B, lanes 7-10). Apgatly the absence of the zinc-finger
motif in the dimer interface results in a conforioat of the UvrA dimer which is less
favourable for DNA binding. Notably such a reducatinity for DNA in the absence of
cofactor was also observed for the UvkAD mutant (Figures 5A and 5B, lanes 3-4).

With AFM, site-specific binding of the two zinc-fyger motif mutants in the absence of
cofactor was investigated. Both mutants appeagdf&iantly affected in recognizing a CPD
lesion (Figure 3C), but the specificity for the @Gsterol lesion was not different from
wildtype UvrA (Figure 3B). Possibly, the mutationst only reduce the stability of the UvrA
dimer, but they could also affect the relative posing of the two monomers in the dimeric
complex. On a damaged site both subunits of UveAexipected to contact the DNA flanking
the lesion. Simultaneous binding of both subunéguires a proper orientation of these
subunits in the dimer, explaining why the dimeli@atmutants show a reduced binding to the
CPD lesion. The Cholesterol lesion is a much mavedrable substrate for UvrA, most likely
because the larger distortion of this type of lediacilitates the contacts with the flanking
DNA. This might be the reason that the effect ofadtered positioning of the monomers
cannot be detected on the Cholesterol lesion.

In the absence of a cofactor, the percentage oAWNG or UvrA F755A on DNA ends
was also similar to that of wildtype UvrA (Figuré)3 This is not unexpected, as for binding

a DNA end only one subunit of the UvrA dimer netmsontact the DNA.
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Therefore, recognition of DNA ends is expectedaddss dependent on the orientation of the

two subunits in the UvrA dimer.

The zinc-finger motif couples DNA binding to ATPase activity

Next, we tested the properties of the zinc-fingetifrmutants in the presence of ATP. We
started our analysis by determining the effectdainfaged) DNA on the ATPase activity of
both mutants. While the ATPase of the wildtype @iis inhibited by undamaged DNA and
activated by damaged DNA, the ATPase of UvrA Zn@ mbt respond to DNA at all (Figure
6). The mutant protein, however, did bind DNA (deow) indicating that the zinc-finger
motif is required to couple DNA binding to ATP hptlysis.

In the presence of ATP, UvrA ZnG showed a similaoant of complexes on undamaged
DNA as wildtype UvrA (Figure 4A, lanes 7-8). It slid however be taken into account that
under these conditions UvrA ZnG is severely distdrin dimerization. Therefore the fewer
dimers of UvrA ZnG that are available actually havaigher affinity for undamaged DNA
than wildtype UvrA. This was confirmed with AFM, &s the presence of ATP less UvrA
ZnG complexes were detected on the ends of undam@dd than with wildtype UvrA
(Figure 3A). Just like the reduced affinity of UviZnG for DNA in the absence of a cofactor,
also this enhanced binding to undamaged DNA imptieeence of ATP resembles the binding
properties of the UvrAAID. This strongly suggests that as a consequencheofaltered
conformation of the dimer in the ZnG mutant thed@upies a different position, such that it
can no longer contact the DNA. As a result UvrA Zeéhnot be stabilized on the DNA in the
absence of a cofactor and in the presence of A&l of UvrA ZnG can no longer reduce
the DNA-affinity of the DNA binding patches on therface.

If the ID is no longer functional in UvrA ZnG, itan be expected that also damage
recognition of this mutant is similar to that of t4vAID. Indeed in the presence of ATP, both
mutants are affected in recognition of a Cholestision (Figure 3B). The specificity of
UvrA AID for this lesion is however much lower than tbathe ZnG mutant. This difference
is likely related to the different ATPase activitief the two mutants. Upon binding damaged
DNA, the ATPase of UvrAAID is activated, which due to the lack of the Ilxds to the
dissociation of the UvrA-complex from the lesiorheTATPase of UvrA ZnG however does
not respond to binding damaged DNA and this mutaetefore remains bound to the
damaged site. The reduced specificity of UvrA Zm& €holesterol is then solely caused by

its enhanced affinity for undamaged DNA.
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The inability of UvrA ZnG to couple ATP hydrolyste damage recognition also explains
why recognition of the CPD lesion of this mutanhgslonger stimulated by ATP (Figure 3C).

Remarkably, in contrast to UvrA ZnG, the ATPas&JefA F755A does respond to DNA,
but is already stimulated by undamaged DNA (FighixreThis suggests that, when binding
undamaged DNA, the conformation of this mutantmddes that of the UvrA dimer bound to
damaged DNA. In the structure of UvrA, the two F78&Sidues are in close proximity to each
other. We propose that upon binding a lesion \Wkeen both subunits contact the DNA) the
two F residues move apart, which results in thevaiion of ATP hydrolysis. Replacing the
phenylalanine residues with alanine mimics this ement, explaining why the ATPase is
already activated when bound to a non-damagedistevhen only one subunit contacts the
DNA). Although the ATPase of UvrA F755A is ‘falselyiggered upon binding DNA, its
affinity for undamaged DNA does not differ from diype (Figure 4A, lanes 9-10).
Apparently the ATPase can only stabilize UvrA oa IDINA when a DNA lesion is present.
Consequently, the specificity of F755A for binditigg ends of the 678-bp undamaged DNA
was also unaffected (Figure 3A).

In the presence of UV-irradiated DNA, the ATPas&JufA F755A was further increased,
already indicating that this mutant is not distatb@ damage recognition. Indeed, its
specificity for Cholesterol- or CPD-DNA did not tf significantly from wildtype UvrA
(Figures 3B and 3C). Moreover, the damage-inducéBase also shows that binding to an

actual damage activates the ATPase more readityliimaling to a non-damaged site.

The ID and the zinc-finger motif do not directly contribute to UvrB-loading

Our analysis demonstrated that the ID of UvrA #itads the UvrA-complex on a lesion
after ATP hydrolysis. To test whether this domairaliso actively involved in the subsequent
step of the repair reaction, the loading of UvrB: analysed the formation of UvrB-DNA
complexes in a gel retardation assay using the $in8ebp Cholesterol DNA substrate
(Figure 7).

Starting with the UvrA RR mutant, we detected ghdly reduced UvrB-loading activity
(Figure 7A, lanes 14-19). However, this is directiated to the lower affinity of this mutant
for DNA. With 7.5 nM UvrA RR a similar amount of W& complexes was found as with 2.5
nM wildtype UvrA (Figure 7A, lanes 2 and 17) andthése concentrations there was no
difference in UvrB-loading. This indicates that tt@ntact of the arginine residues in the ID
with the DNA has no direct role in the loading ofrB.
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UvrA AID was shown to have an increased affinity for undged DNA. This enhanced
binding was even more pronounced in the presenddvds, judging from the higher-order
complexes that appear upon addition of UvrB andcatd multiple UvrAB-complexes
binding to the same DNA (Figure 7A, lanes 12-13prrRation of these higher-order

complexes was also observed on undamaged DNA iji@athown).

A. B-loading, UvrA AID and RR

-
. - - = '
Uvr(A)B DNI: —— - .. - o . 5. . g 1
UvrB-DN .'_- P - - .
free DNA
UvrA(MM)  — Wt (2.5) wi(7.5) AID(2.5) AID(7.5) RR(2.5) RR(7.5)
UviBmnM) — 0 100 400 O 100 400 O 100 400 O 100 400 O 100 400 0 100 400

B. B-loading, ZnG and F755A

Uvr(A)B-DNA

UvrB-DNAﬁ ."*.“ - ‘ .*. .*" "

free DNA
UvrA(nM) —  wt(2.5) 7nG (2.5) ZnG (7.5) F755 (2.5) F755 (7.5)
UvrB(nM) — 0 100 0 100 400 O 100 400 O 100 400 O 100 400

C. AB-interaction, ZnG and F755A
1 2 3 4 5 6 7 8 ‘ 9 10

AB—» » L
i N e B
B— i - - "
UvrA — wt ZnG F755
nM — 100 200 300 100 200 300 100 200 300

Figure 7: Analysis of the function of the ID and zinc-fingmotif in UvrB-loading
(A, B) The indicated amounts of UvrA were incubated wiid0- or 400 nM UvrB and 0.4 nM of the

Cholesterol-containing fragment in UV-endo bufféthhk mM ATP. The reaction mixtures were separaec

3.5 % polyacrylamide native gel containing 10 mM Gligand 1 mM ATP. Arrows indicate the positions of

UvrA-bound DNA, UvrB-bound DNA and free DNA. UvrBamplexes are indicated with asterisks.

(C) Western Blot showing the interaction between @ntjt UvrA and UvrB, in the presence of ATP. 100 nM

UvrB was incubated with the indicated amount of AMim UV-endo buffer with 1 mM ATP. Reaction mixtwe
were separated on a 3.5 % poly-acrylamide nativegeataining 10 mM MgGland 1 mM ATP. The gel was
subsequently blotted on a nitrocellulose membrarntktiacubated withu-UvrB antibodies. Arrows indicate the

positions of UvrB- and UvrAB-complexes.
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Most likely, UvrB stabilizes the UvrA dimer and leenDNA interaction. Formation of

UvrB-DNA complexes was also observed with UutdD (Figure 7A, lanes 9-10), but again

this was reduced compared to the wildtype prot&his is not unexpected in view of the

enhanced binding to undamaged sites, but it shbaisthe ID is not a prerequisite for the
hand-off of the DNA to UvrB.
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Figure 8: UvrABC incision on Cholesterol-DNA

(A) Visualization of DNA incision on 3.5 % denaturipplyacrylamide gels andB} quantification of the

percentage of incision.
2.5 or 7.5 nM (mutant) UvrA, 400 nM UvrB and 250 AbArC were incubated (15 min, 37 °C) with 0.4 nM
Cholesterol-DNA in UV-endo buffer with 1 mM ATP. &lpresented values represent the average (+ S.Bt) o

least two independent experiments.
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Also the UvrA ZnG and UvrA F755A mutants showededuced UvrB-loading, which
can be partly rescued when using a higher condemtraf UvrA (Figure 7B). This is most
likely due to their reduced dimerization, as a watlistability of the UvrA dimer will have
consequences for the stability of the UsBa-complex. Indeed, when testing the interaction
of UvrA ZnG and UvrA F755A with UvrB in a native lgboth mutants showed a reduced
affinity for UvrB, which was dependent on the caomitation of UvrA (Figure 7C, lanes 5-10).
UvrA F755A showed a better UvrB-binding than the&Zmutant, which correlates with
F755A having a more stable dimer than UvrA ZnG.

Finally we tested the UvrABC mediated incisiontloé 678-bp Cholesterol-DNA in the
presence of the UvrA mutants (Figure 8A). The ilncisassay showed the same pattern as the
gel retardation assay. With UvrAD and UvrA ZnG incision was reduced the most andli
cases the incision increased when a higher coratentrof the mutant UvrA protein was used
(Figure 8B).

Photolyase stimulates UV-survival by recruiting UvrA to CPD-lesions

We have shown that the mutations in the ID and -fimger motif have a more
pronounced effect on UvrA binding to the non-bulkyy-induced, CPD lesion than on
binding Cholesterol-DNA. To determine the effectlod mutations on repairing UV-induced
lesionsin vivo, we analyzed the ability dfluvrA E. coli strains, carrying plasmids with the
mutated UvrA gene under control of its native proenoto survive exposure to UV-light
(Figure 9). UvrA F755A, which showed a mildly affed activityin vitro, also showed a
mildly UV-sensitive phenotypin vivo (Figure 9, row 11). A strain expressing UvrA Zn@sw
completely sensitive to UV-light (row 9), in agreem with the much reduced affinity of this
protein for CPD lesions. Remarkably, although Hd#nA AID and UvrA ZnG were similarly
affected in binding a CPD lesion, the strain expiregtheAID mutant was much more UV-
tolerant than a strain expressing UvrA ZnG (FigQraows 5 and 9). In addition the near
wildtype level survival of bacteria containing UviRR is unexpectedly high in view of its
reduced specificity for CPD lesions (row 7).

A clue to the cause of these discrepancies came wkerepeated the UV-survival assay
using a strain in which the photolyase gene is radd/phr). Photolyase is a protein that
uses light to reverse CPD crosslinks. Previouslyyds shown that in the absence of light
photolyase cannot remove these lesions. In thisiton however, photolyase is capable of
stimulating the activity of UvrABC [26,27].
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Figure 9: UV-survival of E. coli carrying wild-type and mutant UvrA plasmids

AuvrA E. coli strains with (+) or without the photolyase (PLnhgg-) were transformed with a plasmid carrying
the (mutated) UvrA gene under control of its nagiremoter. Transformants (about 30,000 cells) vepated
on LB-agar plates and exposed to UV-light, afteicltithe plates were incubated in the dark. The dd34V-
light is indicated in J/f

Indeed, also in oun vivo assay we observed that removal of the photolyase glightly
reduces UV-survival of a strain expressing the typeé UvrA (Figure 9, rows 3-4). The
absence of photolyase caused a similar reductisuinival of cells containing the F755A
protein (rows 11-12). With the UvrAID mutant however the effect of photolyase on UV-
survival is much larger since thphr-strain expressing UvrAAID, similar to a strain
expressing UvrA ZnG, was almost completely UV-siéwvesi(Figure 9, row 6). Apparently,
the stimulating effect of photolyase on UvrABC-rigga enhanced when the ID of UvrA is
missing. This strongly suggests that photolyasewgttes repair by recruiting UvrA to a
CPD-site and that the ID obstructs binding of UtoAa photolyase-bound lesion. UvrA RR
was also more stimulated by photolyase, as infge-background survival with UvrA RR is
clearly lower than with the wildtype protein (Figu®, rows 4 and 8). This indicates that when
the contact of the ID with DNA is reduced the bmgliof photolyase is also facilitated. For
UvrA ZnG UV-survival was not stimulated at all birgiolyase (rows 9-10), indicating that

dimer formation is the limiting factor for this nautt, which can not be rescued by photolyase.
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Figure 10: Stimulation of UvrABC-incision on CPD-DNA by playase

The indicated amount of UvrA was incubated with 400 UvrB, 25 nM UvrC and 0.4 nM of the CPD-
DNA in UV-endo buffer with 1 mM ATP for 30 min, 37C. When incidated, 50 nM photolyase was added.
Before the addition of UvrABC, samples containidgpiolyase were pre-incubated in the dark (10 nin;Q).
The incision products were analyzed on 3.5 % deimafypolyacrylamide gels. Incision with T4-endoreae V

was done in T4-endo buffer. Incision with UVDE wassformed as described [20].

We have further analyzed the interaction betweestghyase and UvrABGn vitro, with
an incision assay on the 678-bp CPD-DNA substtatasion activity of UvrABC on a CPD
is extremely low compared to the activity of T4-emat UVDE (Figure 10). The UvrABC-
mediated incision on a CPD is also lower comparedhe activity on Cholesterol-DNA
(compare Figures 8 and 10). This is not unexpeatet)vrA recognizes Cholesterol-DNA
with a much higher specificity than CPD-DNA andoalee UvrB-complex is less stable on a
non-bulky lesion (data not shown). For the wildaygvrA and the ZnG and F755A mutants
the stimulation of incision by photolyase was hgardetected in this assay (Figure 10).
Similar as observedn vivo, the presence of photolyase did have a signifiedfect on
incision in the presence of UvrAID (Figure 10, lanes 6-7) or UvrA RR (lanes 8-9).

To confirm that photolyase directly stimulates hingd of UvrA to the CPD lesion we
determined the effect of photolyase on the ATPadwity of UvrA. To this purpose we
irradiated DNA with a low UV-dose (110 J)nto minimize the amount of 6-4PP lesions,
which are no substrate for photolyase. Photolyaskeno effect on the ATPase of UvrA in the
absence of DNA or when bound to undamaged DNA (€idiLA). On UV-irradiated DNA,
however the ATPase was clearly activated by thegoree of photolyase. To verify that this
stimulation of ATP hydrolysis is due to binding photolyase on CPD lesions, we pre-
incubated the same substrate with photolyase inlighe, allowing repair of the CPDs.
Indeed, after this treatment photolyase no longgvated the ATPase of UvrA (Figure 11A).
This clearly shows that photolyase stimulates NBRhblping UvrA to bind UV-induced

lesions.
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Notably, photolyase had a more pronounced effedherATPase of UvrAAID than on
the wildtype protein. When photolyase was presiat, ATPase of UvrAAID was increased
2-fold and the ATPase of wildtype UvrA increasedyoi.25-fold (Figure 11B). This
confirms that removal of the ID of UvrA makes itsea for the protein to access a

photolyase-bound CPD lesion.

A Effect of photolyase on ATPase B. Effect of photolyase on UvrA AID
JuvrA [JUvrA
Il UvrA + PL (dark) Il UvrA + PL (dark)
—~ 1 UvrA + PL (light) . 1 UvrA AID
s s 22 UvrA AID + PL (dark)
g 60+ g 60+
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= 5
X 40+ X 40
2 >
= =
§ 204 § 20-
2 Z 7
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no DNA undamaged UV-DNA undamaged UV-DNA
DNA (110 J/m?) DNA (110 J/m?)

Figure 11: Stimulation of the ATPase of UvrA by photolyase

(A) Effect of photolyase on the activity of wildtypk/rA, in the presence or absence of (UV-irradiateti)A.

(B) Effect of photolyase on the activity of UviD

30 nM UvrA was incubated in ATPase-endo buffer aorihg 0.5 mM ATP for 20 minutes at 37 °C as dédvexti
in Materials and Methods. When indicated, 50 nMtplyase was added to the samples. Prior to theiaddif
UvrA, samples containing photolyase were pre-intedbdor 10 min at 22 °C. The presented values sthew

average ATP turnover rate (+ S.D.) of (mutant) UMmAATP-UvrA™min™,

DISCUSSION

The two ATPase domains of UvrA both belong to fdmmily of ATP-Binding Cassette
(ABC) domains, which generally consist of two fuoofl modules: the ATPase and an
insertion domain. ATP-binding and hydrolysis leac¢bnformational changes in the insertion
domain, which for instance in ABC transporter prageresult in the transport of a compound
across a membrane [28,29]. In UvrA, two ATPase dosare present. ATPase domain |
contains two insertion domains, the UvrB-bindingm@n and the ID, whereas ATPase
domain Il has one insertion, the zinc-finger mokbr the UvrB-binding domain, it was
already shown that its conformation is controllgdthe ATPase of UvrA, as ATP binding
and hydrolysis in UvrA directly affect the binding UvrA to UvrB [10,30].
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Here, we show that also the conformations of thehd zinc-finger motif are controlled
by the ATPase domains of UvrA, since the functiohthese domains strongly depend on the
presence or absence of ATP. The ATPase activifilseotwo ATPase domains of UvrA are
tightly coupled, as loss-of-function mutations inecATPase domain blocked the activity of
the other domain as well [10]. This suggests takihough the ID and zinc-finger motif are
inserted into different ATPase domains, the funiof these domains are also coupled.

In this paper we show that the presence of thésIbot essential for finding a damaged
site, but it does stabilize the protein on the sftthe lesion. This implies that other domain(s)
of UvrA are involved in the actual damage discriatian. It has been shown that mutations in
the positively charged patches on the ventral sarfaf the protein (Figure 1) reduce the
affinity of UvrA for damaged DNA [12], indicating function of these regions in damage
specific binding. We propose that simultaneous ibigaf the DNA to both charged regions
can only occur on damaged DNA (i.e., when the stinecof the DNA is distorted). This can
also explain how one UvrA dimer can bridge two DBiAds [4], by binding each DNA end to
one of these regions. We will discuss the obsesmatpresented in this paper in light of this
model, starting with the results obtained in thespnce of ATP.

When bound to undamaged DNA the ID of UvrA corgadbe phosphate backbone of the
DNA. This became clear from the reduced stabilitythe UvrA-DNA complex of the RR
mutant, in which two arginine residues of the IDrevenutated. This implies that on the DNA
the UvrA has the 'closed’' conformation as showthencrystal structure db. radiodurans
UvrA2 (Figure 1D). In absence of the complete IDnvbwer, the protein showed a much
higher affinity for undamaged DNA. A similar incsead binding to undamaged DNA was
observed for a mutant @. radiodurans UvrA2 lacking the ID [14]. Since the UvrAID
mutant could still discriminate between damaged amdamaged DNA, it is not likely that
the absence of the ID now allows the undamaged Ddl&ontact both surface regions.
Possibly, the interaction of the ID with the DNAtpwa constraint on the path that the DNA
has to follow along the surface of the protein.sTivay, the DNA is guided to both binding
patches, but stable binding to these patches chnooour when DNA damage is present.
When the ID is removed, this constraint is no longesent and the DNA can be in closer
contact with one of the binding patches, becausatijacent DNA is no longer forced to try
to contact the second region. When a lesion iseptealso in the absence of ID the DNA will
be able to contact the second region, making theAUWND-complex more stable on a

damaged than on an undamaged site, resulting iaguspecific binding.
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Upon binding a lesion the ATPase of UvrA is adida Here, we show that as a result of
the ATP hydrolysis the contacts with the damagésldiange. On the Cholesterol lesion this
results in partial dissociation of UvrAID from the site of the damage. Apparently, ATP
hydrolysis alters the conformation of the DNA bimglipatches on the surface, possibly by
changing the orientation of both monomers in timeatti As a result, the contact of the surface
region is reduced and stability of UvrA on the dgethsite becomes more dependent on the
contact with the ID.

This reduction of the contacts with the surfacaaegnight be important for the subsequent
step of the repair reaction, the hand-off of theADikom UvrA to UvrB. To stabilize UvrA on
the damaged site, the same arginine residues dbtlaee involved, as UvrA RR also had a
reduced affinity for the damaged substrate. Althotlge ID contacts the DNA both before
and after the ATPase is activated, the conformatbrthis domain changes upon ATP
hydrolysis. This became clear from the bindinghs# tUvrA RR mutant on the CPD lesion.
We have previously shown that ATP hydrolysis of Alncreases the specificity for CPD-
DNA, whereas for a more bulky lesion ATP hydrolysisnot required [10]. Most likely the
conformational change induced by the ATPase fatélg unwinding of the DNA around the
lesion. The ATPase of the UvrA RR mutant howevelarger stabilizes the protein on the
CPD lesion, indicating that the arginine residuesdirectly involved in the proposed strand
separation. This observation is consistent withagleh where, upon ATP hydrolysis, the ID
domains are repositioned into a more 'open’ strecand that via the interaction of the
arginine residues with the DNA backbone the two DK#ands are pulled apart. On a
Cholesterol lesion the ID is required to prevemsssdciation of UvrA from the lesion, but the
actual ATPase-induced rearrangement of the IDgparate the DNA strands is not needed as
this intercalating lesion already causes local malvig by itself [31].

Notably, previously presented results suggestetinhidvrA from B. stearothermophillus
the ID would have a less prominent role [12]. Irs tstudy it was shown that removal of the
ID did not significantly affect UvrABC-mediated iiston. It should be noted, however, that
for the incision assay a relatively small (50 bpgment carrying a bulky (N3-Menthol)
lesion was used. On such a fragment an increasiadyabf the mutant for undamaged DNA
will be less evident. Moreover, UvrA binding stuslievealed that thB. stearothermophillus
AID mutant also forms less stable complexes on aadadhsite [12]. The size of the ID Bf
stearothermophillus UvrA is very similar to that of th&. coli UvrA and it also contains the

two conserved arginine residues.
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Not all bacterial UvrA proteins, however, contaimese arginine residues and also the
remainder of the domain in the different UvrA hoogsd is very poorly conserved both in size
and amino acid composition [17]. This indicatest i@ major role of the ID in stabilizing
UvrA on the DNA is more passive, by forming a claempund the DNA without actually
making extensive contacts with the phosphate bawkbo

In the absence of ATP the ID plays a much more mapo role in stabilizing the UvrA
dimer on either damaged or undamaged DNA. Apparentien there is no cofactor bound in
UvrA the contact between the DNA binding patchestlom surface of the protein and the
DNA is reduced. Still, the relative orientation thlese DNA binding regions do not seem
altered since damage-specific binding can stilluocd@he significance of these results for
understanding the role of UvrA in DNA repair is retactly clear. It is very unlikely that
during any of the different steps of damage seag;idamage binding and loading of UvrB,
the UvrA protein will be in a form where no cofacie bound at all. The conformation of
UvrA without cofactor could however mimic a confation of UvrA during one of the
stages of repair. As shown above, ATP hydrolysisUbyA bound to a damaged site also
results in reduction of the contacts of the DNAhahe positively charged patches on its
surface. The conformation of UvrA after ATP hydil/ on the site of the lesion might
resemble the conformation of UvrA that has no cofiaat all.

In this paper we show that the zinc-finger motifingportant for dimerization of UvrA.
ATP hydrolysis stabilizes the dimer of the wildtypeotein [4], but when the zinc-finger
motif is removed (ZnG) dimerization no longer resgs to the ATPase. The zinc-finger motif
is inserted in ATPase domain Il of UvrA. Likely,ettATPase of this domain controls the
positioning of the zinc-finger. In the crystal stture of UvrA [12] the zinc-finger motif itself
does not make an extensive contact across the dmenface. Only the phenylalanine
residues at the tip of the two motifs are in clpsaximity (Figure 1B). Important parts of the
dimeric interface are two alpha helices that armegted to ATPase domain | of UvrA. These
alpha helices are located just beneath the zirgefimotif (Figure 1B). Likely, positioning of
these alpha-helices is controlled by the zinc-fingetifs and hence by the ATPase in domain
Il.

Deletion of the zinc-finger motif also impaired thenction of the ID. This became clear
from the observations that the UvrA ZnG mutant bBashuch reduced affinity for both
damaged and undamaged DNA in the absence of cofaetbbound undamaged DNA more
tightly than the wildtype protein in the presené®P. An increased affinity for undamaged
DNA was also found for the equivalent ZnG mutanth&B. caldotenax UvrA [16].
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The DNA binding properties of the ZnG mutant clgseésemble those of UvrAID,
suggesting that in UvrA ZnG the ID cannot be prbppositioned to contact the DNA. Since
the ID and the zinc-finger motif are not structlyaonnected (Figure 1A) this is most likely
an indirect consequence of a different positioniighe two monomers in the UvrA ZnG
dimer.

The zinc-finger motif appeared to be an importaatiator between DNA binding and the
ATPase of UvrA. The ATPase of the wild type UvrAimhibited when searching for the
presence of damage in the DNA and is activated vehkssion is found. The ATPase of the
ZnG mutant however did not respond at all to eitteenaged or undamaged DNA. The zinc-
finger motifs are connected to the DNA binding pat on the surface of UvrA (Figure 1A).
Most likely the signal of DNA binding to these regs is transmitted via the zinc-finger
motifs to the alpha helices located underneathchvisiubsequently transmit the signal to
ATPase domain |. Residue F755 at the tip of the-fimger motif plays a pivotal role in the
transmission of this signal. When this residueulssituted with alanine, the UvrA already
activates its ATPase when bound to an undamagedIsithe structure of the UvrA dimer,
the two F residues (F751 B stearothermophilus UvrA) are in close proximity (Figure 1B),
indicating that these residues can make a hydraplwaimtact. Replacing phenylalanine with
alanine disables this contact, which apparenttjgers the ATPase. This suggests that binding
to a damaged site also removes the contact bettireetips of the zinc-finger motifs. We
therefore propose the following model for damag®agaition by UvrA:

When searching for damage, UvrA binds to the DNAame of the DNA binding patches
on the surface. Subsequently, the IDs will clamguad the DNA, thereby directing the DNA
towards the other surface region. In this conforomatthe two zinc-finger motifs are
connected via the F residues, which positions pleaahelices underneath such that the ATP
in site | cannot be hydrolyzed. Upon the encouwnfea DNA lesion, the DNA will also
contact the second positively charged patch orstiniace. As a result of the dual interaction,
the two DNA binding regions are rearranged. Contamtiy, the zinc-finger motifs which are
connected to the DNA binding regions will move diggy to disruption of the contact between
the F residues. Because now the zinc-finger matiésno longer connected, the alpha helices
located underneath are rearranged and the ATPasigedfis activated. The conformational
change as result of the ATP hydrolysis in site ¢ifmiin its turn reposition the two monomers
such that the contact of the surface regions iihQNA is reduced. In addition this triggers
the movement of the ID that leads to strand sejparatia interaction with the conserved

arginine residues.
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The data described in this paper also shed motd bg the mechanism behind an
observation made some time ago that photolyaseulsties the activity of UvrABC on UV-
induced lesions [26,27]. Here, we showed that gixase promotes binding of the UvrA
protein to a CPD lesion. Photolyase likely facibtathis by creating a larger distortion around
the lesion since this protein was shown to flip thesslinked nucleotides out of the DNA
helix [32,33]. Nucleotide flipping can only occuhen photolyase has bound the lesion itself,
indicating that both proteins are simultaneouslyrzbto the CPD site. Since photolyase flips
the CPD into its active site [32], the lesion itselnot accessible for UvrA. This implies that
UvrA binds the DNA helix on the opposite side of @PD lesion.

Likely, UvrA binding to protein-bound lesions is than uncommon mechanism to
enhance recognition of DNA damaigevivo. Recently, it was shown that the alkyltransferase-
like (ATL) proteinsThermus thermophilus TTHA1564 andE. coli YbaZ can bind UvrA and
stimulate NER-mediated repair of alkylated DNA [3],

ATL-proteins are highly similar to the alkyltransdses, but lack alkyltransferase activity and
therefore cannot repair alkylated DNA by themsel{@8]. Instead, ATLs initiate repair
through recruitment of other repair proteins likerd to alkylated DNA. Like photolyase,
ATL proteins perform nucleotide-flipping on theiutsstrate [37]. This suggests that UvrA
binds an ATL-bound lesion in a similar way as ds photolyase-bound CPD.

Remarkably, bothn vivo andin vitro, the presence of photolyase had a stronger edfect
the activities of UvrAAID and UvrA RR than on wildtype UvrA. Apparently e the ID is
clamped around the DNA helix, it obstructs the dtameous binding of photolyase.
Interestingly, some bacterial species carry a Ukioiolog (UvrA class Ill) that does not
contain an ID. Class Il UvrA homologs are only folin bacteria that also contain a generic
UvrA [17], suggesting that they do not play a pnigneole in NER. Possibly, the class Il
UvrA homologs function to initiate repair on damdggtes that are bound by ‘repair helping’
proteins such as ATL proteins or photolyases. AlassvrAs could also contribute to repair
of extremely large DNA adducts, such as peptide-OiNgsslinks. These lesions are generally
poorly incised by UvrABC [38,39], but in the abseraf the ID binding of UvrA to such rare

lesions might be enhanced.
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