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General introduction
Damage recognition
in DNA repair systems

1.INTRODUCTION

DNA carries genetic information essential for all processes of life. The DNA in all living

organisms is under a constant attack by numerous endogenous and environmental agents.

1.1 Endogenous DNA damaging sources

At physiological conditions DNA continuously interacts with oxygen and water, which can
lead to creation of DNA lesions. Major sites of oxidative and hydrolytic damage are the amino
groups of cytosine, adenine and guanine. The loss of the amino groups (deamination) occurs
spontaneously and converts affected DNA bases into uracil, hypoxanthine and xanthine,
respectively. Another target for the hydrolytic and oxydative sources is the N-glycosylic bond.
Cleavage of this bond results in a base loss and creation of an apurinic/apyrimidinic (AP) site in
the DNA. The pyrimidine nucleotides are considerably more stable than the purine ones, since
cytosines and thymines are lost at a much lower rate, compared to the adenines and the guanines
(Lindahl and Nyberg, 1974). Other well known DNA damaging agents are reactive oxygen
species (ROS), which include oxygen ions, free radicals and peroxides. ROS can be formed
as a by-product of the cellular metabolism or induced by exogenous sources such as ionizing
radiation. One of the most potent ROS is the hydroxyl radical (¢OH). It targets the double bonds
of DNA bases as well as the deoxyribose sugars, from which it abstracts hydrogen atoms. The
*OH attack on the double bond of thymine bases yields a 6-hydroxythymine radical, which can
react with O,, forming a thymine glycol (Demple and Linn, 1982). The *OH interactions with the

DNA sugar residues may result in DNA fragmentation, base loss or strand breaks.
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1.2 Exogenous DNA damaging sources

Exogenous (environmental) sources include ionizing radiation, cross-linking agents, alkylating
agents and aromatic compounds. One of the most common natural sources for induction of DNA

lesions is the UV component of sunlight.

UV light

Depending on its wavelength, UV irradiation has been divided into: UVA (320 to 400 nm), UVB
(295 t0 320 nm) and UVC (100 to 295 nm). Solar UV light, which reaches Earth, consists mainly
of UVA and UVB, since UVC is efficiently blocked by the ozone layer.

The ultraviolet light can be absorbed by two adjacent pyrimidines in the DNA (Yoon et al.,
2000), creating covalent bonds between them. Two common UV products are the cyclobutane
pyrimidine dimer (CPD) and the 6-4 photoproduct (Figure 1).

The cyclobutane pyrimidine dimer is a four membered ring structure, formed between the
C-5 and C-6 atoms of two neighbouring pyrimidines. T-T dimers (thymine dimers) are the most
abundant of CPDs, although C-T, T-C and C-C dimers are also possible (Mitchell et al., 1992).
Twelve isomeric forms of T-T CPDs exist, however, only two with the conformations cis-syn
and trans-cyn occur with significant yields (David, 2001). The 6-4 Photoproduct (6-4PP) or also
designated as pyrimidine-pyrimidone (6-4) photoproduct (Figure 1) is formed between C-6 of the
5’ pyrimidine and C-4 of the 3’ pyrimidine. Irradiation of the 6-4PP with 300-350 nm light converts
it to a Dewar isomer (Figure 1), lesion that might be of a considerable biological relevance, since
solar UV-B is in that wavelength range (Mitchel and Narin, 1989), (Taylor et al., 1988).
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Figure 1. Structure of cys-syn and trans-syn cyclobutane pyrimidine dimer (CPD), (6-4) pyrimidone photo-
product (6-4PP) and its Dewar isomer. R represents a -CH, group.
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It was shown (Yoon et al., 2000) that the frequency of occurrence of the CPD dimer is
much higher (70 % - 80 %) than the induction of the 6-4PP (20 % - 30 %). However, the 6-4PP
was revealed to be extremely mutagenic in contrast to the CPD (Mitchel and Narin, 1989). The
CPD and the 6-4PP lesions are produced efficiently by UVC and UVB irradiation of DNA. The
absorption of UVA photons by DNA is rather weak and it is thought that indirect mechanisms are
responsible for its biological effects. The DNA damage induced by UVA may involve endogenous
chromophores serving as radiation-absorbing intermediates. These can generate reactive oxygen
species (ROS), which may further damage DNA (Friedberg et al., 2005).

The CPD and the 6-4PP exhibit significant differences in the DNA structural distortion.
For the CPD different degree of helix deformation has been reported in literature. The bending
induced by this lesion was initially reported as 30° by a circularization assay (Husain et al.,
1988), but later as 7° in a phased multimer gel electrophoretic assay (Wang and Taylor, 1991).
The CPD-containing DNA duplexes have also been a subject of theoretical studies (Pearlman
et al., 1985), which predicted that CPD might cause bending from 6° up to 28° (Liu et al.,
2000). More recently, the crystal structure of a DNA decamer containing a cis-syn thymine
dimer showed 30° bending and 9° unwinding (Park et al., 2000). Incorporation of a cis—syn CPD
into double-stranded DNA was also shown to destabilise the duplex by 1.5 kcal/mol (Jing et al.,
1998). Although a reasonable Watson and Crick base pairing can still occur at the 3°T of the TT
dimer, the base pairing of the 5°T is severely weakened (Park et al., 2000).

The 6-4PP causes 44° bending and a much higher degree of distortion compared to the
CPD. The DNA duplex is destabilised by 6 kcal/mol and although initially it was reported that
both pyrimidines of the 6-4PP loose their ability to form hydrogen bonds with the opposite
strand (Mitchel and Narin, 1989), later NMR studies suggested that this happens only at the
3’-side of the (6-4) lesion (Kim and Choi, 1995).

The Dewar isomer induces a substantially different change in the overall DNA structure
compared to the 6-4PP: for example an overall helical bending of 21° rather than the 44° caused
by the 6-4PP (Lee et al., 1998).

DNA damages interfere with important processes like transcription and replication.
Organisms cannot tolerate such genome threats and a variety of repair strategies have evolved to
remove UV- and other DNA lesions (Wilson and Thomson, 1997). Four important pathways for
repair of damaged bases in the DNA are: direct reversal, base excision repair (BER), nucleotide

excision repair (NER) and UV damage endonuclease (UVDE) repair.

2. DIRECT REVERSAL

An example of simple and effective type of DNA repair is direct reversal. It involves damage
specific enzymes, which restore the DNA to its native state in a single-step reaction. Such a simple

pathway is kinetically faster than the multistep reaction, catalysed by multiprotein complexes
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and is considered to be essentially error free (Friedberg et al., 2005). Here two examples of
direct reversal will be discussed: the enzymatic removal of alkyl groups from the DNA by
methyl transferases and the splitting of the UV induced CPD and 6-4PP by photolyases.

2.1 Methyl-transferases
The DNA repair protein O%-alkylguanine-DNA alkyltransferase (AT) plays an important role in

the cellular defence against alkylating agents. Alkyl adducts at the O-position of guanine are one
of the most mutagenic lesions, although they are a relatively minor product in relation to other
sites of DNA alkylation (Sedgwick et al., 2007), (Jackson et al., 1997).

Alkyltransferases (AT) act to remove alkyl groups from the O%-positionof a guanine through
irreversible, single-step transfer of adducts to an active site cysteine residue (Samson, 1992),
(Demple et al., 1985). In addition, AT can also remove the alkyl group from the O*-position of
an O*-methylthymine (Paalman et al., 1997). The O*-methylthymine is a rather rare methylation
product, which can form an incorrect pair with guanine, resulting in a TA to CG transition
(Sedgwick et al.,2007). Upon alkylation of the active site cysteine, the AT enzymes become highly
susceptible to proteolysis (Kanugula et al., 1998) and therefore are called suicide proteins.

The Of¢-alkylguanine-DNA alkyltransferase enzymes can be found in both eukaryotic and
prokaryotic organisms and all proteins exhibit the same active site sequence V(I)PCHRV(I)
(Friedberg et al., 2005). The best characterised AT proteins are those from Escherichia coli and man.
E. coli contains two alkyl transferases: the product of the ogt gene and the product of the ada gene.
The Ogt protein is constitutively expressed and preferentially removes bulky alkyl adducts such as
Of¢-benzylguanine (Goodtzova et al., 1997). In contrast, the ada gene is activated upon exposure to
alkylating agents and the Ada enzyme is specialised in the repair of O%-methylguanine. The crystal
structure of the 19 kDa C-terminal domain of the E. coli protein (Ada-C) has been determined
(Moore et al., 1994). This 178 amino acids C-terminal fragment is thought to be responsible for
the methyltransferase activity on O°-methyl-guanine-DNA. It houses a guanine specific binding
pocket, in which, as predicted by DNA modelling, the methylated nucleotide can only bind if
it is flipped out of the helix (Moore et al., 1994). So far the only co-crystal structure of an O°-
alkylguanine-DNA alkyltransferase bound to its substrate is available for the human homologue.
The 21 kDa human protein (hAT) is homologous to the C-terminal domain of the Ada protein from
E. coli (Ada-C). The structure of the hAT enzyme bound to its substrate (Daniels et al., 2004)
elucidates the mechanism of damage verification and activity of this class of enzymes. Binding of
the protein recognition helix widens the DNA minor groove and Argl28, situated at its beginning,
promotes flipping of the target nucleotide out of the base stack into the hAT active site (Figure 2).

The arginine side chain stacks between the bases that flank the substrate nucleotide and
can form a hydrogen bond with the orphaned cytosine, thus largely compensating for the loss
of the nucleotide from the base stack. This ‘arginine finger’ stabilises the extrahelical DNA
conformation and may also actively push nucleotides from the base stack during the DNA

scanning (Daniels ez al., 2004).
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Figure 2. Crystal structure of the human O°f-alkylguanine-DNA alkyltransferase (hAT) bound to an O°-
methylguanine.

The extrahelical O%-methylguanine and the Arg finger are indicated in blue.

Upon flipping, the extrahelical base is accommodated in a hydrophobic pocket, which
provides geometric exclusion for all DNA bases, except guanine. Furthermore, hydrogen bonds
are formed between the carbonyl groups of Cys145, Val148 and the amino group of a normal
or methylated guanine, thus providing the enzyme selectivity for these bases. From the crystal
structure, however, it is not entirely clear how hAT discriminates between the unmodified and
the methylated guanine. It is currently thought (Daniels et al., 2004) that the difference in affinity
for O%-methylguanine over guanine is based solely on the larger hydrophobic surface derived
from alkylation.

The next step in the hAT repair mechanism is the deprotonation of the active site cysteine.
In this process (Figure 3), His146 acts as water-mediated general base to deprotonate Cys145,
which serves as nucleophile in the dealkylation reaction. Donation of a hydrogen bond from
Tyr114 to N3 of the target guanine may also promote the reaction by reducing the negative
charge on the methylated guanine (Figure 3).

The crystal structure of the hAT enzyme reveals the presence of one Zn?" ion. The metal ion
lies in close proximity to the active site but is ~ 20 A away from the reactive cysteine. The role
of the Zn*" is proposed to be structural, since it stabilises the interface between the N- and the
C-terminal domains of the protein (Daniels et al., 2004).

In conclusion, the hAT enzyme does not utilize a metal cofactor for the deprotonation of the
active site cysteine. Instead, as discussed, protein side chain (His146) acts as a water-mediated

base and assists the deprotonation of Cys145.
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Figure 3. Reaction mechanism of the human AT alkyltransferase.

2.2 Photoreactivation

Photoreactivation is an efficient light-dependent process, which uses UVA (320 - 400 nm) and
blue light (400 - 500 nm) to monomerise CPD dimers and 6-4 photoproducts. Photolyases
are widely spread in nature and are monomeric proteins with molecular masses in the 53 - 66
kDa range, depending on the organism (Weber, 2005). Photolyases are distinguished by their
different substrate specificity: CPD photolyase binds and repairs only CPD lesions, while the
(6-4) photolyase reverses only the 6-4PP (Todo, 1999). All known photolyases contain non-
covalently bound flavin adenine dinucleotide (FAD) as redox-active cofactor and an antenna
pigment, which may differ (Zhao et al., 1997).

Photolyases can be found in various organisms: bacteria, yeast, insects and many
vertebrates, including aplacental mammals. Some species like Drosophila melanogaster contain
both a CPD and a (6-4) photolyase, however, most organisms posses only one type of photolyase
(Goosen and Moolenaar, 2007). Although all placental mammals do not have any photolyase
activity, two genes with a high similarity to the Drosophila (6-4) photolyase have been identified
in the human genome and designated as hCRY1 and hCRY2 (Kobayashi et al., 1998). They do
not have a DNA repair function, but instead, act as photoreceptors of the circadian clock. CRY
genes were initially identified in the plant Arabidopsis thaliana and the gene products named
CRY1 and CRY2 from ‘cryptochrome’. CRY1 is involved in the plant elongation, while CRY2
regulates the flowering in response to blue light (Guo et al., 1998).
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CPD photolyases
CPD photolyases are the best studied type of DNA photolyases and have been divided into two

classes (I and II), based on theiramino acid sequence similarity. Class I photolyases are found
in many microorganisms, while most of class II photolyases are found in higher eukaryotes
(Yasui et al., 2001). Recently, a CPD photolyase specific for CPD in ssDNA has been reported
in Vibrio cholerae and designated as Cryl. Cryl is a member of the Cry-DASH subfamily of
cryptochromes and contains MTHF and FADH as chromophores (Worthington et al., 2003).

CPD photolyases generally have two kinds of chromophores. One is catalytic cofactor
(FADH,), which directly interacts with the CPD substrate in a photo-repair reaction. The other
is light-harvesting cofactor, which acts as an antenna to harvest light, transferring the energy to
the catalytic cofactor (Kim et al., 1992 and 2001). Class I photolyases are categorised according
to their second chromophore into either a deazaflavin- or a folate-type. A deazaflavin-type
photolyase has an 8-hydroxy-5-deazaflavin (8-HDF) as light-harvesting cofactor, while the
folate-type photolyase has 5, 10-methenyltetrahydrofolic acid (MTHF) (Figure 4).
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Figure 4. Structures of chromophores found in the pyrimidine dimer-DNA photolyases.

The folate class of DNA photolyases contains FADH-and 5,10-MTHEF. The dezaflavin class of DNA photolyases
contains FADH-and 8-HDF.

The recognition of CPD lesions by the DNA photolyases is elucidated by the crystal
structure of the protein from Anacystis nidulans (Figure 5) in a complex with 14-nucleotide
oligomer DNA duplex with a CPD in a central position (Mees et al., 2004). The structure
is solved with 1.8 A resolution. Despite the extensive structural distortion of the DNA upon
photolyase binding, the protein itselfundergoes only minor changes. The CPD lesion is flipped
(Figure 5A) and inserted into the active site of the enzyme in such a way that the thymine dimer

is suitably positioned to form hydrogen bonds with the catalytic FADH (Figure 5B).
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Figure 5. The 4. nidulans CPD photolyase in a complex with CPD containing DNA substrate.
A. The A. nidulans CPD photolyase-DNA complex. The CPD dimer (blue) is flipped out of the DNA helix.

B. Zoom in the enzyme active site. The flipped CPD lesion (yellow) is situated in close proximity to the FADH-
(colored green).

Salt bridges and hydrogen bonds are extensively formed along the protein surface and the
phosphates of the DNA substrate. The crucial role of these interactions for the formation of the
photolyase-CPD DNA complex is underlined by a mutation of a conserved arginine (4. nidulans
R350 and E. coli R342), which forms direct and water-mediated hydrogen bonds with the O?
and O* oxygens of the thymine bases (Essen et al., 2006). The arginine to alanine substitution is
found to exhibit a severe phenotype causing a 32-fold decrease in the protein-DNA complexes
and drop in activity from 98 % to about 60 %.

In the co-crystal structure of the CPD photolyase from 4. nidulans the DNA is bend to
about 50° and partially unwound. Residues Gly397 to Phe406 of the protein occupy the vacant
space. The adenines complementary to the CPD are distorted, but still in an intrahelical position
(Mees et al., 2004).

In summary, upon damage recognition the CPD photolyase flips the CPD lesion into its
active site, where the DNA repair occurs by light-driven transfer of an electron from the excited
FADH™ to the CPD lesion (Figure 6). About 125 kJ/mol of the 240 kJ/mol of energy that is
captured upon photon absorption is consumed during this initial electron transfer step (Carell
et al., 2001). After electron capture, the splitting of the CPD lesion proceeds rapidly within 0.6
ns (Sancar, 2000). After DNA repair, the thymine pair has to flip back into the duplex DNA to
form hydrogen bonds with the complementary adenines. This relaxation of the DNA backbone
proceeds at a much lower speed than the repair of the CPD lesion itself, as was shown by

spectroscopy methods (Essen et al., 2006).
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(6-4) photolyases

The fact that both the CPD and the 6-4PP photolyases use FAD for catalytic factor suggests that
the basic repair mechanism of both groups might be similar. In both cases electron donation is
needed in order to convert the TT dimers (CPD or 6-4PP) to its original form. For the 6-4PP,
however, this process is more complicated. The 6-4 photoproduct is structurally different from
the cyclobutane pyrimidine dimer (CPD), since it involves creation of a bond between the C-6
of the 5” base and the C-4 of the 3’ base (Figure 1). If an enzyme would break the 6-4 C—C bond
the bases would not be restored to their original forms.

A (6-4) photolyase was described for the first time in Drosophila melanogaster (Todo et
al., 1996), and later on, similar activity was observed in some vertebrates and plants. Currently,
the cDNAs of (6-4) photolyase have been cloned from D. melanogaster (Todo et al., 1996),
Xenopus laevis (Todo et al., 1997), Arabidopsis thaliana (Nakajima et al., 1998) and Danio
rerio (Zebra fish) (Kobayashi et al., 2000). A crystal structure of a (6-4) photolyase with its
6-4PP substrate is not yet available.

Mutational analysis done on the X. /aevis (6-4) photolyase (Hitomi et al., 2001) outlined
three residues that are likely to be involved in the enzyme catalytic function. His354, Leu355
and His358 are highly conserved and computer modelling of the enzyme active site predicted
them to be in a close contact with the 6-4PP damage. The model used the available structural data
from the CPD photolyases in order to predict the possible organisation of the (6 - 4) photolyase
active site. Based on the computer modelling, a catalytic mechanism was proposed (Hitomi et
al., 2001) (Figure 7) in which His354 and His358 form hydrogen bonds with the N* atom of
the 3’-pyrimidone and the hydroxyl group on the 5’-pyrimidine, respectively. While His358
abstracts a proton from the —OH group of the 5’-base, His354 protonates the N* of the 3’-base to
generate a highly electrophilic iminium ion (Figure 7). Upon formation of the iminium ion, the
reaction proceeds to formation of an oxetane intermediate. The intermediate is then converted to
the native thymines by first absorbtion of excitation energy (from FADH) and later transfer of an
electron back to the flavin radical (Hitomi ef al., 2001).
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Figure 6. Reaction mechanism of the CPD photolyase from A. nidulans.
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3. NUCLEOPHILIC SUBSTITUTION: A COMMON MECHANISM FOR DNA
HYDROLYSIS

All direct reversal DNA repair processes have a common problem — they can only repair
alterations of the DNA bases. What organisms need are more general mechanisms, capable of
correcting numerous lesions by removing the damaged nucleotides from the DNA backbone.
This requirement is met by the excision repair pathways (Base Excision Repair and Nucleotide
Excision Repair). A general feature in all excision repair mechanisms is the removal of the
nucleotides containing the damage by incision of the DNA backbone.

The mechanism of a DNA cleavage is referred to as Nucleophilic substitution and the

general reaction can be given as:

OH + LG-DNA — (OH-LG-DNA) — OH-DNA + LG:

First, the electron-rich nucleophile (OH-) attacks the DNA backbone and forms an
intermediate product (OH-DNA-LG). In this intermediate LG designates the so called leaving
group, which at the collapse of the unstable intermediate, departs with an electron pair (LG:).
Since the addition of the nucleophile and the elimination of the leaving group take place
simultaneously (Carey and Sundberg, 2000), the nucleophilic substitution of DNA is classified
as an S 2 reaction (Jencks, 1981).

At a physiological pH, the DNA backbone has a large barrier for cleavage (Galburt and
Stoddard, 2002), since it is negatively charged and electrostatically repels potential attacking
nucleophiles (Westheimer, 1987). In order for the energy barrier to be overcomed and the

DNA to be cleaved, several elements are required. These include a nucleophilic group (OH")

18



General introduction

CH, O. Base CH, O. Base
o H “h Q
Z-H \ \\

O P—0 —CH,

il o o. Base A O_ Base
fvo | — Yro g o
H/O.\H X-H
j o H o H
\ \
O0=P—0 —CH, O—P—O0 —CH,
o \ o

20 Base %

—CH

OH H

0 P—0 —CH,
1~ o. Base
O OH ‘

X-H
o H

\
0=P—0 —CH,

0 \

Figure 8. Schematic representation of the DNA cleavage performed by nucleases.

X represents a general base, Y represents a Lewis acid, Z-H represents a general acid, i and the brackets show
the pentacoordinate intermediate, which is unstable.

to attack the DNA backbone, a basic moiety to activate and position the nucleophile (X in the
scheme, Figure §), a general acid to protonate the leaving group (Z-H) and the presence of one
or more positively charged groups to stabilise the transition state (Galburt and Stoddard, 2002)
(Figure 8). The role of a general base can be fulfilled both by metal cofactors and/or protein
side chains. Divalent metal ions can also serve as Lewis acids (Y in the scheme), stabilizing the
pentacoordinate intermediate.

One of the most relevant nucleophiles in the enzyme catalysis is the hydroxide ion (OH")
and in order to produce it from water, enzymes generally use one or more metal cofactors. The
pK, of a water molecule coordinated to one or more divalent metal ions is reduced, thereby
generating a hydroxide ion in close proximity to the protein active site (Gerlt, 1993 and 1992).
Moreover, the DNA coordination to one or more divalent metal ions reduces or even eliminates
the electrostatic repulsion between the water derived nucleophile and the negatively charged
DNA backbone (Galburt and Stoddard, 2002), (Figure 8). Upon the OH- attack, an OH-DNA
pentacoordinate intermediate is formed (Guthrie, 1997). Creation and stabilisation of this
intermediate within the nucleases’ active site permits the enzymatic reaction to greatly exceed
in speed compared to non-enzymatic reactions, where stabilisation of such intermediates is not
possible (Jencks, 1981).

Endonucleases have been described to require one, two or three bound metals per active

site. Exceptions are some ribonucleases, which cleave the phosphodiester bonds in RNA. They
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do not use metal ions as cofactors, but instead utilize only protein side chains to provide the
necessary positive charges, and to act as proton donors and acceptors (Fersht, 1999). Possible
explanation for the lack of metals in some ribonucleolytic active sites could be the relative
instability of the RNA phosphodiester bond, as compared to that of the DNA. And in that regard
RNA cleaving enzymes have an easier job than the DNA nucleases (Galburt and Stoddard,
2002).

3.1 Endonucleases and one, two or three metal ion catalysis

Three metal ions mechanism

Three metal ions coordination has been described for the BER enzyme Endonuclease 1V
(Hosfield et al., 1999) and suggested as being part of the UVDE repair mechanism (Paspaleva et
al., 2007). Endonuclease IV uses a cluster of Zn*" ions, while UVDE most likely utilizes three
Mn?* ions. Classically, the three metal ion mechanism proceeds as follows: the metal ion in site
I facilitates the formation of the nucleophilic hydroxide, whereas the metal ions in site I and III
contribute mainly to stabilisation of the transition state and assist the leaving group. A detailed
scheme of the Endo IV repair mechanism and the involvement of the Zn?" cluster in the DNA

cleavage can be found in chapter 4.2 of this introduction.

Two metal ions mechanism

Two metal ions catalysis has been described for the restriction enzymes BamHI (Ca*") (Viadiu
and Aggarwal, 1998), Bg/l (Ca’>") (Newman et al., 1998) and Pvull (Ca*") (Horton and Cheng,
2000). One of the metal ions was shown to be responsible for lowering the pK of a neighbouring
water molecule, facilitating its deprotonation. Both metal ions are required to stabilise the
transition state: one interacts with the oxygen of the OH- nucleophile, and the other with the
leaving group (Pingoud et al., 2005). As seen in the crystal structures of BamHI, Bgll and Pvull,
protein side chains assist the activation of the catalytic water and in that regard the presence of

a third divalent metal ion is no longer needed.

One metal ion mechanism

Enzymes can even use only one metal ion for their DNA cleaving function. One-metal ion
catalysis has been described for the restriction nucleases: EcoRI (Mn?") (McClarin et al., 1986),
EcoO1091 (Mn?") and Hincll (Ca?") (Etzkorn and Horton, 2004). For all these nucleases the
DNA hydrolysis reaction starts with the binding of a water molecule to the metal ion near the
active site, resulting in its suitable positioning for the subsequent nucleophilic attack of the
phosphorus atom. The water molecule is polarised through its coordination to the divalent metal
ion coordination to the divalent metal ion, but mainly to protein side chains.

In summary, a number of nucleases utilize metal ions for their catalytic mechanism. The

most commonly used divalent metal ions are Mg?*, Mn?*, Ca’" and to lesser extend Zn**, Cu®" and
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Co*" (Pingoud et al., 2005). Although the different nucleases might vary in respect to how many
divalent metal ions are required for the hydrolysis of the DNA phosphodiester backbone, the
underlying mechanism is the same. The divalent ions activate the nucleophilic water molecule

and/or serve as efficient cofactors to stabilise the pentacoordinate transition state.

4. BASE EXCISION REPAIR

Base Excision Repair (BER) is a cellular mechanism, which targets a large variety of alterations of the
DNA bases (Wilson and Thompson, 1997). The first step of BER involves removal of the modified
base from the deoxyribose by DNA glycosylase. DNA glycosylases bind specifically to a target base
and hydrolyse the N-glycosylic bond, releasing the damaged base, while keeping the DNA backbone
intact. This step is referred to as damage specific, since each DNA glycosylase recognises one type
of base alteration. Upon the glycosylase activity, an apurinic/apyrimidinic site is formed, which is
substrate for AP-endonucleases. In the damage-general step of BER AP endonuclease cleaves the
phosphodiester backbone 5’ to the abasic site, resulting in the formation of a 3’-hydroxyl and 5’ abasic
sugar phosphate. The 5’ abasic sugar phosphate is then removed with the help of exonuclease, or by
specific DNA-deoxyribophosphodiesterase (dRpase). The sequential action of DNA glycosylases,
AP endonucleases and exonucleases result in the creation of single nucleotide gap, which is filled by
DNA polymerase and finally the resulting nick is sealed by DNA ligase.

A number of DNA glycosylases also possess DNA lyase activity, which in contrast to the
AP endonucleases involves cleavage of the DNA backbone 3’ to the AP-site. The activity of the
combined glycosylases/lyases also results in creation of a single nucleotide gap, which can be

filled by a DNA polymerase and sealed by a ligase.

4.1 Glycosylases

Uracil-DNA glycosylase

A Uracil in DNA is a result of cytosine deamination or can be product of dUTP incorporation. It
is specifically removed by Uracil-DNA Glycosylase (UDG), which catalyses the hydrolysis of
the N-glycosylic bond between the uracil (U) and the DNA sugar, leaving an AP site. UDGs are
widely distributed small monomeric proteins (Friedberg et al., 2005). They classically do not
require metal cofactors for their activity, although the DNA binding of some UDGs is strongly
stimulated by Mg?*ions (Kavli et al., 2002).

E. coli UDG is the founding representative of the class 1 UDG enzymes (Lindahl, 1974).
The members of this family are able to remove uracil bases from both single and double strand
DNA. Crystal structures are available for several members of the class 1 UDG family, including
the E. coli homologue. The structure of E. coli UDG (Pearl, 2000) revealed an o/f fold, with

a central four stranded {3 sheet. The co-crystal with an uracil containing DNA (Parikh et al.,
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2000) (Figure 9) elucidated the E. coli UDG damage recognition mechanism. The enzyme was
seen to kink the DNA at the lesion site and flip the abnormal nucleotide into an uracil specific
pocket, where catalysis takes place. The shape of the pocket provides selection against purines.
Furthermore, a tyrosine residue (Tyr66) blocks the accommodation of 5-methylated pyrimidines
(thymines). A conserved asparagine (Asnl23) assists in discrimination between cytosine and

uracil by forming hydrogen bonds only with uracil.

Figure 9. Structure of the E. coli Uracil-DNA glycosylase after hydrolysis of the N-glycosylic bond.

The uracil base is colored in green and the abasic site is shown in blue.

DNA glycosylases catalyse the nucleophilic displacement of a damaged base from the
DNA using a water derived hydroxyl group. The reaction catalysed by the E. coli UDG involves
the utilisation of Asp64 as a general base, which activates the water molecule for the subsequent
attack of the N-glycosyl bond (Drohat ez al., 1999). In addition, the closely located His187 assists
in the electrostatic stabilisation of the uracil in the intermediate reaction phase. Since both the
nucleophile creation and the intermediate stabilisation are performed by the UDG protein side
chains, there is no actual need for divalent metal cofactors, which in other enzymes have been

described to perform the same role.

T4 DNA glycosylase (T4 endo V)
The bacteriophage T4 encodes an enzyme for the specific removal of CPDs from the DNA.

T4 endo V is 18 kDa cis-syn cyclobutane pyrimidine dimer specific glycosylase, with an
additional AP lyase activity (Minton et al., 1975). The enzyme cleaves the N-glycosyl bond of
the 5’-pyrimidine of the dimer and has no requirements for divalent cations or other cofactors
(Friedberg et al., 1971). Upon the N-glycosyl bond cleavage, T4 endo V incises the DNA

backbone 3’ to the abasic site (lyase activity).
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The T4 endonuclease V has been also shown to cleave the trans-syn CPD in a double-
stranded DNA at a significant rate, although at least 100 times slower than the cis-syn dimer
(Smith and Taylor, 1993).

Homologues of T4 endo V have been found in a limited number of eubacteria: in some
Prochlorococcus marinus strains, Brucella, Bordetella as well as in Sinorhizobium medicae and
Pasteurella multocida (Goosen and Moolenaar, 2007).

The X-ray crystal structures of the T4 endo V wild type (Morikawa et al., 1992) and a
mutant (Nakabeppu ef al., 1982) protein have been determined. The wild type T4 endo V is seen
as a single domain structure of three a-helices, with the amino terminal region situated between
helix one (H1) and helix three (H3), and in close proximity to the proposed catalytic residue
(Glu23). The region accommodating Glu23 and the N-terminal Thr2 (Metl is removed from the
enzyme in vivo), which acts as the active site nucleophile is positioned in the centre of a groove,
with dimensions just large enough to accommodate a single strand form of the DNA (Morikawa
et al., 1992). The structures of three catalytically inactive mutants (E23Q, E23D, and R3Q)
show an almost identical peptide backbone structure to the wild type.

A 2.75 A co-crystal structure of an inactive T4-endonuclease V mutant (E23Q) with
pyrimidine dimer-containing DNA duplex has also been determined (Golan ef al., 2006). The
structure of the enzyme is remarkably unchanged in the co-crystal and the DNA is bent at the
dimer site by 60° (Figure 10). Upon DNA binding, the active site residues: Glu23 and the
N-terminal Thr2 a-amino group protrude into the DNA stack.

Figure 10. Structure of T4 endo V with DNA.

The N-terminal a-amino group, which acts as the active site nucleophile is colored in yellow. Glu23 is shown
in violet and the flipped out adenine, opposite the scissile base, in blue.

There is no direct contact of the enzyme with the thymines of the pyrimidine dimer, but

there are extensive interactions between protein side chains and the deformed DNA backbone,
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near the dimer site. The Glu23 carboxyl side chain is positioned near the sugar, and the Thr2
a-amino group is close to the 5’ thymine of the CPD, correctly positioned to act as the nucleophile
in the glycosylase reaction. The adenine opposite the target thymine in the photodimer is flipped
out of the DNA structure and bound into a pocket on the side of the enzyme. The adenine in
the pocket does not form hydrogen bonds with any protein residues, suggesting that the major
forces holding the adenine in place are relatively non-specific van der Waals interactions.
However, some protein residues do assist in the stabilisation of the flipped conformation, since
the extrahelical adenine is seen to be stacked between Tyr21 and Arg22.

Upon cleavage of the N-glycosylic bond of the 5°T of the CPD dimer, the T4 endo V
catalyses a §-elimination reaction that cleaves DNA on the 3’ side of the CPD (Vassylyev et al.,
1995). Mutational studies showed that the main residue responsible for the enzyme AP lyase
activity is Glu23, since mutation in this amino acid completely abolishes the DNA lyase activity
(Hori et al., 1993).

4.2 AP endonucleases

AP endonucleases are metalloenzymes introducing a nick directly 5’ to an AP site, as part of the
second step of BER. They are ubiquitous and here only selected examples of well characterised

AP endonucleases will be described.

Endonuclease IV (Nfo) family of AP endonucleas es
Nfo (endonuclease 1V) is an endonuclease, which nicks AP sites in E. coli. The AP sites are
cleaved directly 5” to the lesion, leaving a hydroxyl group at the 3" terminus and a deoxyribose

5’-phosphate at the 5" terminus (Ljungquist, 1977). Endonuclease IV was shown not only to

Figure 11. Crystal structure of Endo IV with an abasic site containing DNA.

The flipped abasic site is shown in blue and the three Zn*" ions are colored in green.
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process abasic site lesions but also to act on a variety of oxidative damages in DNA (Souza et al.,
2006). The crystal structure of the E. coli Endo IV (Hosfield et al., 1999) revealed a TIM barrel
fold and the presence of three Zn?>* ions buried in a deep, crescent-shaped protein groove. The
presence of the metal cofactors and the close position of the C- and the N- termini classify Endo
IV in the TIM barrel fold family of “divalent metal dependent enzymes”. The high resolution
(1.5 A) crystal structure of Endo IV with its AP-DNA complex (Figure 11) shows severe bending
of the DNA backbone of approximately 90°, which promotes double nucleotide flipping and
positioning of the extrahelical AP site in an active site pocket, which houses the cluster of three
Zn*" ions. This pocket has been proposed to be the main reason for the Endo IV selectivity for
abasic sites, since it sterically excludes normal nucleotides (Hosfield et al., 1999).

In the suggested mechanisms for the abasic site cleavage, the DNA backbone is incised
with the help of the trinuclear zinc cluster, with all three Zn?* ions participating in the catalysis
(Figure 12). The role of Znl was seen in the crystal structure to be predominantly in activating
a water molecule and stabilising the important nucleophile (OH-), needed for the nucleophilic
attack on the target P-O DNA bond. Zn2 together with Glu261 also assists in orienting and
activating the attacking nucleophile. The role of Zn3 is mainly in neutralizing the charge of
the phosphate group, rendering the phosphorus atom susceptible to nucleophilic substitution.
Upon nucleophile attack by the bridging hydroxide, the reaction proceeds trough an intermediate
pentacoordinate transition state (Figure 12). All Zn?* ions participate in the stabilisation of the
intermediate step. When the transition state collapses to the reaction products, the negative charge
at O3’ is neutralised by the interaction with Zn3, while Zn2 and Zn1 assist in the stabilisation of

the leaving (abasic site containing) group.
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Figure 12. Structure based catalytic mechanism of Endo IV.
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Another member of the endonuclease IV family is the S. cerevisiae homologue Apnl. Apnl

shows 41 % sequence identity to the E. coli Endo IV and also uses three Zn** for its function.

APE1

In humans, the majority of the 5’AP endonuclease activity is provided by APE1 (Demple et al.,
1991), also known as HAP1, REF1 and APEX. Unlike Endo IV, APE1 is an Mg*" dependent
nuclease.

Crystal structures of the human APE1 bound to a synthetic abasic site-containing DNA,
both with and without the divalent Mg?* ion, show how APE1 recognises abasic sites and cleaves
the target bond (Beernink et al., 2001). In the co-crystal structures, APE1 was seen to flip the
abasic nucleotide in an active site protein pocket. The enzyme-DNA interface was seen to include
both DNA strands, although the interaction with the AP-DNA strand is pronominal (Figure 13).

Figure 13. Structure of APE1. The flipped AP site is shown in blue.

Within the pocket the AP-DNA substrate is oriented with the help of one divalent metal ion
(Mg?) and APE1 active-site residues, while Asp210 is aligned for activating the nucleophilic
hydroxyl (Figure 14). Upon the nucleophile attack, an intermediate complex is formed and
stabilised by Asn212, Asnl174, His309 and the single Mg?". Subsequently, the collapse of the
transition state leads to the cleavage of the scissile P-O3’ bond, with the O3’ leaving group
stabilised by the metal ion (Figure 14).

To summarise, in the catalytic reaction of APE1 only one divalent metal cofactor (Mg?") is
used, and unlike endonuclease IV, the magnesium ion is not directly involved in the activation
of the catalytic water. This role is performed by Asp210, while the role of the metal cofactor is
mainly in the orientation of the target P-O bond, stabilisation of the pentacoordinate intermediate

and the O3’ leaving group.
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Figure 14. Structure based reaction mechanism for the phosphodiester bond cleavage of APEL.

5. NUCLEOTIDE EXCISION REPAIR

Nucleotide excision repair (NER) is an important mechanism for the removal of a large variety of
structurally unrelated DNA lesions such as intra-strand crosslinks (like cisplatin adducts), bulky
mono-adducts (like N-2-acetylaminofluorence) and UV induced photoproducts (Van Houten et
al., 2005). The basic mechanism of NER is conserved in pro- and eukaryotes, but the proteins
involved are different. NER can be divided into several steps: damage recognition, dual incision
on both sides of the lesion, removal of the damaged oligonucleotide and finally gap filling and
sealing of the resulting nick.

Since the most crystal structures are available for the bacterial NER proteins, here only this

NER system will be discussed.

5.1 Bacterial NER

The process of NER is performed in E. coli by the UvrABC system, which consists of four Uvr
proteins: UvrA, UvrB, UvrC, and DNA helicase II (also known as UvrD) (Truglio et al., 2000).
The UvrA and UvrB enzymes associate in solution, forming an UvrA -UvrB, complex (Malta
et al., 2007). Upon encountering DNA damage, the UvrA dimer is released, while the UvrB
dimer remains bound to the DNA (Orren and Sancar, 1990). The process of damage recognition,
the UvrA dissociation and the formation of the pre-incision complex are dependent on ATP
binding and hydrolysis (Goosen and Moolenaar, 2001). Subsequently, UvrC binds to the UvrB,-

DNA preincision complex, displacing one of the UvrB units. UvrC introduces two nicks: first 4
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nucleotides from the 3’ side of the DNA damage and then 8 nucleotides from the 5’ side (Truglio
et al., 2005), (Verhoeven et al., 2000). Subsequently, the DNA fragment containing the damage
is removed by the help of UvrD, which also removes the UvrC protein. The resulting gap is then

filled in using DNA polymerase I and sealed by DNA ligase.

UvrA

UvrA plays an important role in the E. coli NER system initiating the damage recognition and
is capable of binding to damaged DNA, even in the absence of the other NER proteins (Truglio
et al., 2006). At physiological concentrations UvrA is a dimer and its dimerisation, as well as its
interactions with DNA, is promoted by ATP binding (Mazur and Grossman, 1991). E. coli UvrA
has two ATPase domains, both belonging to the ABC (ATP-binding cassette) family of ATPases
(Myles and Sancar, 1991), (Gorbalenya, 1990). Each of the ABC ATPase domains consists of a
Walker A, a Walker B and an ABC signature motif (Myles and Sancar, 1991).

Recently, a 3.2 A UvrA crystal structure from Bacillus stearothermophilus has been
reported (Pakotiprapha et al., 2008) (Figure 15). It revealed an UvrA dimer, with each monomer
containing six domains: ATP binding domains I and II, signature domains I and II (with the
sequence LSGGQ), the UvrB-binding domain and an insertion domain. The ATP-binding domain
I and the signature domain I are located in the N-terminal half, while the C-terminal part contains
the ATP-binding domain II and the signature domain II. ATP binds to both the ATP binding

domain in the N-terminus and to the signature motif in the C-terminus. The main difference

Figure 15. 3.2 A structure of UvrA from Bacillus stearothermophilus.
The UvrB binding domain is in yellow. The signature motif I is shown in pink and the signature motif II in light

blue. The ATP binding site I is colored red and the ATP binding site II is represented in dark blue. The insertion
domain is colored in green. The Zn atoms are shown as green balls.
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between the N- and the C-terminal part of UvrA is the presence of the UvrB binding domain
(residues 118 — 256) and the insertion domain (residues 287 — 398) in the N-terminal half,
which both contains Zn modules. Deletion mutations in the UvrB binding domain revealed that
residues 113 — 245 are crucial for the UvrB-UvrA interactions and based on the UvrB structure it
was proposed that they make a contact with domain 2 of UvrB (Pakotiprapha et al., 2009).

Anomalous diffraction data obtained from the UvrA structure showed the presence of three
Zn atoms. Znl is located between the signature domain I and the UvrB binding domain. Zn2 is
situated between the signature domain I and the so called insertion domain. Zn3 connects the
signature domain II to the dimer interface. The Zn modules do not show a classical Zn finger
structure and are proposed to play a structural role (Pakotiprapha et al., 2007).

Although the published B. stearothermophilus UvrA structure does not contain DNA, based
on the sequence conservation and the positive charge Pakotiprapha et al. suggested the potential
DNA interacting region to be located in the concave side of the UvrA dimer. Unfortunately, the
process of UvrA damage recognition is not yet clarified, although it has been suggested that
Lys680 and Arg691 might be important for DNA binding, since replacement of these side chains
with alanine decrease the UvrA-DNA binding 3 - 37 folds (Croteau et al., 2008).

UvrB

UvrB is a central component of the bacterial NER system participating in the important step
of damage recognition (Hsu et al., 1995). E. coli UvrB consists of 673 amino acids and has a
molecular weight of 76 kDa. So far three crystal structures of the UvrB protein are available — two
from the thermophile organism Thermus thermophilus (Machius et al., 1999), (Nakagawa et al.,
1999) and one from a different thermophile Bacillus caldotenax (Theis et al., 1999) (Figure 16).

The three UvrB structures share a similar overall architecture. UvrB consists of five domains: 1a,

Figure 16. Crystal structure of the DNA Repair enzyme UvrB from B. caldotenax.

The hairpin is represented in a light blue color, domain 1a is in yellow, domain 1b is in blue, domain 2 is in
pink and domain 3 in red.
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1b, 2, 3, 4 (Figure 16). Domain 4 is missing in the crystal structure of B. caldotenax, because it
is disordered. UvrB domain 4 has been shown to be important for the UvrC binding (Moolenaar
et al., 1995) and dimerization (Malta et al., 2007). An UvrB C-terminal truncation (UvrB¥),
lacking domain 4, was shown to form a less stable dimer (Verhoeven et al., 2002). X-ray (Sohi
etal.,2000) and NMR structures (Alexandrovich et al., 1999) of this UvrB domain are available,
and both models agree with it forming a dimer in solution.

An interesting feature of the UvrB structure is the presence of a $-hairpin, situated between
domains la and 1b (Skorvaga et al., 2002). Mutational analysis of the E. coli hairpin has shown
that aromatic residues (Tyr92 and Tyr93), situated at its bottom, are involved in preventing
binding to undamaged DNA (Moolenaar et al., 2001).

The importance of the P-hairpin for the DNA binding was confirmed in the recently
published structures of UvrB in a complex with DNA having a 3° overhang (Truglio et al.,
2006). The crystal structure of B. caldotenax UvrB bound to this DNA substrate revealed its
structure to be highly similar to the native enzyme, the main difference being in the f-hairpin
conformation. In the co-crystal of B. caldotenax UvrB one of the DNA strands was seen to pass
behind the B-hairpin (Truglio ef al., 2006) and one base from this strand to be flipped out and
accommodated into a small hydrophobic pocket. This pocket is too small to accommodate big
DNA distortions (for example a cholesterol lesion) and only a planar molecule can fit in. In
that aspect, the flipped nucleotide is unlikely to represent the damaged one. A drawback of this
crystallized complex is that UvrB it is not bound to a specific DNA damage, but is in a complex
with double strand-single strand DNA junction. In that regard, it is difficult to state if the DNA
strand observed behind the hairpin represents the damaged- or the non-damaged strand.

Nucleotide flipping by UvrB was demonstrated by using the fluorescent base analogue
2-aminopurine (Malta et al., 2006). It was shown that the base at the 3’ side of the lesion is
inserted into a protein pocket. Furthermore, by using menthol modification covalently attached
to a 2-amino purine residue, Malta et al. (2008) outlined that the damaged base itself does not
change position upon UvrB binding and keeps its intra-helical conformation. Although the exact
location of the menthol was not clarified, based on its hydrophobic nature the authors predicted
that it also remains buried inside the DNA helix. A model was proposed in which the damaged
strand passes behind the p-hairpin and the presence of a damage prevents the translocation
of this strand behind the hairpin, which limits the base flipping to the nucleotide 3’ to the

damage.

UvrC

UvrC is a 68 kDa nuclease, which mediates both the 3” and the 5’ incision reactions on damaged
DNA upon binding to the UvrB-DNA pre-incision complex (Sancar and Rupp, 1983). Site-directed
mutagenesis showed that the 3’ incision active site is located in the N-terminal half of the protein
(Verhoeven et al., 2000), while the site, which carries out the 5’ cut is situated in the C-terminal

half (Lin and Sancar, 1992). The 3’ incision occurs prior to the 5’ one (Truglio et al., 2005).
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Multiple sequence analysis of the N-terminal UvrC part revealed that the catalytic domain
is a member of the GIY-YIG family of homing endonucleases (Kowalski et al., 1999). The
crystal structures of the N-terminal 3’ catalytic domains from B. caldotenax and Thermotoga

maritima (Figure 17) have been solved (Truglio ef al., 2005).

Figure 17. Structure of the C-terminal part of UvrC from 7. maritima.

The bound metal is shown as green sphere.

Despite soaking and co-crystallization attempts, no divalent metal was detected in the B.
caldotenax UvrC structure (Truglio et al., 2005). The T maritima UvrC did reveal one divalent
metal, coordinated by Glu76 and five water molecules, however due to its low occupancy the
exact nature of the cofactor was not elucidated. Soaking experiments performed in the presence
of MnCl, suggested that Mn*" can bind within that site, although the fact that Mg** also stimulates
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Figure 18. Proposed mechanism for UvrC catalysis.
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UvrC activity suggests that the cofactor can also be Mg?'. Although Glu76 was seen as the only
protein residue bound directly to the metal, the water molecules coordinating the metal formed
additional contacts with the protein side chains. Mutation of Glu76 proved the crucial role of this
residue for the UvrC function, since the alanine substitution resulted in a catalytically inactive
UvrC enzyme (Truglio et al., 2005).

Interestingly, from the structural data the molecule acting as the general acid in the catalytic
process was not found and it was proposed that one of the metal coordinated water molecules
performs this function (Truglio et al., 2005). Furthermore, Tyr29, which is situated in close
proximity to the divalent cation (4.3 A), was suggested to act as the general base by accepting
a proton from the nucleophilic water molecule and simultaneously transferring its proton to the
metal-bound hydroxide (Figure 18).

The C-terminal 219 amino acids of the UvrC from T. maritima were crystallised (Karakas
et al.,2007) and revealed an endonuclease domain responsible for the 5’ incision event (residues
341 — 494), followed by a pair of helix—hairpin—helix (HhH) motifs (residues 497 — 557), that
form an (HhH), domain implicated in DNA binding (Figure 19). A very short linker (residues

495 and 496) connects the two domains.

Figure 19. Structure of the C-terminal part of UvrC from 7. maritima.

The endonuclease and the (HhH), domain are shown in red and green, respectively.

The core of the UvrC 5’ endonuclease domain has a fold belonging to the Rnase H family
of enzymes. Divalent cations (Mg>" or Mn?") are required by Rnase H-like enzymes to bind
to their substrate and catalyze the nucleotidyl transfer reactions (Krakowiak et al., 2002).
MnCl, soaking experiments with UvrC revealed one catalytic Mn*', coordinated by His488.
Two catalytic aspartates (Asp367 and Asp429) interact indirectly with the cation through water
molecules. Since the H488A mutant is still able to perform the 5’ incision, albeit with a reduced
rate, it is unlikely that this residue is solely responsible for metal coordination. Based on the
similarity of UvrC C-terminal domain to the Rnase H-like enzymes a two metal ions catalysis
was proposed for the UvrC 5’ incision, where the binding of the second metal depends greatly

on the presence of a nucleic acid substrate (Karakas et al., 2007).
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6. UVDE

6.1 Discovery and initial characterisation of UVDE

Analysis of the radiation sensitivity of the yeast Schizosaccharomyces pombe led to the
identification of a group of mutants, which phenotype could not be explained by defects in
the NER system (Phipps et al., 1985). Later it was found that S. pombe rad mutants, which are
deficient in NER, are only moderately UV sensitive and still capable of efficient removal of both
CPD and 6-4PP UV lesions via a light independent pathway (McCready et al., 1993), (Sidik et
al., 1992). Based on these data it was proposed that S. pombe possesses a novel excision repair
pathway for removal of UV induced lesions (Yonemasu et al., 1997). The first biochemical
evidence that this pathway exists was the identification of an ATP-independent UV damage-
dependent endonuclease in S. pombe cell extracts (Bowman et al., 1994). The enzyme was
initially named S. pombe DNA endonuclease (SPDE), but was renamed later to UV damage
endonuclease (UVDE). The initial biochemical analysis revealed that UVDE (also designated
Uvelp) cleaves the DNA phosphodiester backbone directly 5° to both CPD and 6-4PP lesions
(Bowman et al., 1994). The isolation of the uvel gene (Takao et al., 1996) and the biochemical
characterization of a truncated UVDE protein (Kaur et al., 1998) revealed a much broader

substrate specificity of the S. pombe UVDE than originally suspected.

6.2 Biochemical characterisation of S. pombe UVDE

The full length uvel gene encodes a 599 amino acid protein of approximately 68.8 kDa, which
when overexpressed in either E. coli or S. cerevisiae cells, yields a relatively unstable protein
that rapidly loses activity (Kaur et al., 1998). In an attempt of obtaining an S. pombe UVDE
protein with better stability several affinity tagged truncations were purified and their activity
towards UV lesions analysed. Most of the truncated proteins contained N-terminal deletions
with different length with a sharp decline in activity for truncations longer than 232 amino acids
(Takao et al., 1996). Truncations of the C-terminal part of UVDE were shown to have more
drastic effect, since even a relatively short deletion of 35 residues abrogates activity (Takao er
al., 1996). Based on these findings, the essential region for the activity of the S. pombe UVDE
was proposed to include the C-terminal two thirds of the protein. Kaur et al. conducted a detailed
biochemical characterisation of a highly stable 228 residue N-terminal truncation of UVDE.
This protein was shown to have broad substrate specificity and being active in a large range of

salt concentrations with a pH optimum between pH 6.0 and 6.5.

6.3 Activity of UVDE on UV induced lesions

The initial studies of S. pombe UVDE demonstrated that this enzyme is capable of recognising
both cis-syn CPDs and 6-4 PPs (Bowman ef al., 1994). Later, the incision activity of UVDE was
determined on a series of UV induced lesions: cis-syn CPD (89 % incision), trans-syn 1 CPD
(75 %), trans-syn 11 CPD (75 %), 6-4 PP (71 %) and the Dewar 6-4 PP isomer (83 %), (Avery
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et al., 1999). Each of the UV photoproducts listed above, causes different distortion when
incorporated into DNA, showing the capacity of UVDE to recognise a range of structurally

unrelated damages.

6.4 Activity of UVDE on abasic sites

UVDE was shown to cleave DNA substrates containing abasic sites in a manner similar to the
AP endonucleases (Tanihigashi ez al., 2006), introducing a nick directly 5’ to the abasic site and
producing 3’-hydroxyl and 5’-deoxyribose phosphate (Avery ef al., 1999). However, unlike the
AP endonucleases, UVDE introduces a second nick one nucleotide away from the lesion (Avery
etal., 1999). The presence of a second nick, however, is highly dependent on the DNA sequence.
The UVDE activity on the abasic site as well as its actual incision position will be addressed in
further details in Chapter 4 of this thesis. Abasic site substrates containing either A or G opposite
to the lesions are processed by N. crassa UVDE with equal efficiency, whereas lesions with C or
T opposite are cleaved less efficiently (Kano ef al., 1999), suggesting that UVDE interacts with
the undamaged DNA strand. The same authors demonstrated that introduction of UVDE into
E. coli mutants lacking both of its major AP endonucleases (exonuclease III and endonuclease
IV) gave the host cells a resistance to abasic sites introducing agents such as methyl methane
sulfonate (MMS) and butylhydroperoxide, however to lesser extent than the AP endonucleases.
Based on these findings, a new role has been proposed for UVDE (Kanno et al., 1999) as being
part of an alternative repair system for abasic sites. Our findings, however, question this notion,
as it will be shown in Chapter 5, that not all UVDE enzymes recognise the abasic site efficiently.

Furthermore, the activity of S. pombe UVDE on the abasic site is strictly sequence dependent.

6.5 Recognition of base-base mismatches

In vitro studies (Kaur et al., 1999) established that to various extents, UVDE also recognises
and cleaves single base mismatches. Moreover, it was shown by the same authors that mutants
lacking the uvel gene display spontaneous mutator phenotype, underlining their hypothesis that
UVDE might play a role in mismatch repair (Kunz et al., 2001). The sites of UVDE cleavage
were mapped to be 5’ immediately to the impaired base and/or one nucleotide further away,
dependent on the specific mismatch. The cleavage efficiency was also shown to vary significantly
(from 5 % to 40 %), depending on the nature of the base mispair (Kaur et al., 1999). The low
incision efficiency of UVDE questions the role of this enzyme as an alternative pathway for
mismatch repair. The observed mutator phenotype of the uvel/ mutants might also be caused by
reduced removal of abasic sites.

UVDE has also been shown to incise duplex DNA containing small loops and hairpins,
albeit again with a very low efficiency. A study performed by Kaur and Doetsch (Kaur and
Doetsch, 2000) demonstrated that UVDE incises DNA containing small loops of 2-4 nucleotides
in length. The position of the nick, however, is not as expected directly 5’ to the loop but several

nucleotides away. Similar behaviour has been observed also on a Pt-crosslink, where the incision
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position is also not directly adjacent to the damage. What determines the position of the UVDE
cut will be further elucidated in Chapter 4. Larger loops of 6-8 nucleotides in length are not
a substrate for UVDE. DNA with palindromic insertions that could form base-paired hairpin
structures is also not nicked by UVDE.

6.7 Distribution of UVDE homologues

The distribution of UVDE has been recently reviewed by Goosen and Moolenaar (2007).
Homologues of the UVDE protein have been identified in 4 archaebacteria and in 30 eubacterial
species, as well as in several fungi. A number of closely related Bacillus species (Bacillus
anthracis, Bacillus cereus and Bacillus thuringiensis) contain even two UVDE homologues. It has
been suggested (Goosen and Moolenaar, 2007) that one of the UVDE gene products is expressed
in the vegetative state, while the other is specifically expressed upon spore germination. Another
possibility is that the two UVDE enzymes exhibit difference in their substrate specificities, since
in spores a specific spore photoproduct is formed upon UV irradiation. The only species outside
the Bacillales that also contain two copies of UVDE is Clostridium beyerinckii, which is also a
spore-forming bacterium (Goosen and Moolenaar, 2007). A homologous protein to the S. pombe
UVDE has been also found in the Deinococcus radiodurans. Unlike the AuvrA strains of E. coli,
the AuvrA strains of D. radiodurans exhibit nearly wild-type levels of resistance to UV light
(Earl et al., 2002).

Interestingly, the N-terminal one third of the UVDE protein is not conserved in the
eukaryotic homologues and completely absent in the bacterial ones. The N-terminal region is
highly hydrophilic, as it includes many charged amino acids. The C-terminal part of the protein
varies in length and also contains a number of charged residues. The function of these extensions

is as yet unknown.

6.8 The UVDE repair pathway

A simple model has been proposed for the steps following the nicking activity of UVDE (Yasui
and McCready, 1998). The repair process was suggested to be completed by simply removing
a segment of DNA containing the UV photoproduct with a 5’ - 3° exonuclease (or with an
endonuclease cutting 3’ to the UV photoproduct site), filling the gap by a polymerase and sealing
the resulting nick by a DNA ligase (Doetsch 1995). Epistatic analyses have implicated several
gene products to be involved in the UVDE-initiated DNA repair, including the S. pombe FEN-1
(flap endonuclease) homolog and the exonuclease Rad2p (Yoon et al., 1999). The first complete
in vitro reconstitution of the UVDE pathway has been given by Alleva et al. (2000). Two distinct
pathways have been proposed. In the first pathway upon the 5’ nick introduced by UVDE, the
damage is removed by the 5’ to 3° exonuclease activity of Rad2p, resulting in formation of a
gap. The gap is subsequently filled by polymerase d in a presence of PCNA (Proliferating Cell
Nuclear Antigen) and RFC (Replication Factor C) and the resulting nick sealed by a ligase.
Alternatively, the DNA polymerase can first extend the free 3’ end produced after the UVDE
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nicking activity, thus creating a misplaced 5’ flap. This flap structure is a substrate for the FEN-1
flap-endonuclease activity. The resulting nick is again sealed by a ligase.

The broad substrate specificity of UVDE poses the question why bacterial species have
both UVDE and the NER repair pathways. Although the substrate specificities of both systems
overlap to some extent, NER distinguish itself with broader substrate specificity that UVDE. On
the CPD lesion, however, the UVDE is beneficial since it repairs this lesion with high affinity.
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SUMMARY

The ultraviolet damage endonuclease (UVDE) performs the initial step in an alternative
excision repair pathway of UV-induced DNA damage, nicking immediately adjacent to
the 5’ phosphate of the damaged nucleotides. Unique for a single-protein DNA repair
endonuclease, it can detect different types of damage. Here we show that Thermus
thermophilus UVDE shares some essential structural features with Endo IV, an enzyme
from the base excision repair pathway that exclusively nicks at abasic sites. A comparison
between the structures indicates how DNA is bound by UVDE, how UVDE may recognize
damage, and which of its residues are involved in catalysis. Furthermore, the comparison
suggests an elegant explanation of UVDE’s potential to recognize different types of
damage. Incision assays including point mutants of UVDE confirmed the relevance of these

conclusions.
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INTRODUCTION

Guarding genetic integrity by repairing damaged DNA is one of the most fundamental processes
of life. To meet this challenge, life has evolved a range of DNA repair pathways, including
nucleotide excision repair (NER), base excision repair (BER), and the alternative ultraviolet
damage endonuclease (UVDE) repair. NER recognizes many types of damage for which
it requires a large, multiprotein complex (reviewed in Truglio et al., 2006). BER employs a
collection of glycosylases, each recognizing and removing a different set of modified DNA bases
(reviewed in Friedberg et al., 2005). The UVDE pathway distinguishes itself by recognizing and
subsequently nicking DNA containing different types of damage with the single, multifunctional
UVDE enzyme (Takao ef al., 1996). Although functionally characterized, there are no structural
data of the UVDE enzyme.

There are some similarities between the BER and UVDE pathways. In the first step of BER,
a glycosylase removes the damaged base, leaving just the deoxyribose. In the next step, the DNA
5’ adjacent to this abasic site is nicked by an apurinic/apyrimidinic endonuclease. Subsequently,
other enzymes remove the nicked residue and resynthesize the damaged strand (Friedberg et al.,
2005). In UVDE repair the first step is skipped, and the UVDE enzyme immediately recognizes
and nicks the damaged DNA strand. Even though the UVDE enzyme is much more versatile
in damage recognition than the BER endonuclease, it was proposed to have a similar topology
(Aravind et al., 1999). The structure of the Endo IV endonuclease of the BER pathway and its
complex with abasic, nicked DNA are known. (Hosfield et al., 1999).

Although the UVDE DNA repair pathway was originally thought to be specific for UV
damage, enzymatic studies revealed that UVDE from Schizosaccharomyces pombe possesses
a broader substrate specificity including pyrimidine dimers (CPD), 6-4 photoproducts (6-4PP),
apurinic/apyrimidinic (AP) sites, uracil (U), dihydrouracil (DHU), and other non-UV-induced
DNA adducts (Avery et al., 1999; Kanno et al., 1999). Biochemical and genetic analysis also
suggest that UVDE may be involved in orchestrating mismatch repair in vivo (Kaur et al.,
1999).

The broad substrate specificity of S. pombe UVDE was recently reviewed by Paul W.
Doetsch (Doetsch et al., 2006), showing that this enzyme is also active on insertion-deletion
loops, supporting the role of UVDE in mismatch repair. In conclusion, the broad substrate
specificity of UVDE indicates that it recognizes a common distortion in the DNA helix rather
than the chemical structure of the DNA damage.

The UVDE pathway was described for the first time in the fission yeast S. pombe.
Homologues of UVDE are present in many fungal species but also in a number of bacteria,
such as Bacillus subtilis and the thermophilic bacterium Thermus thermophilus. Overexpressed,
purified full-length UVDE protein from S. pombe (68 kDa) is unstable (Kaur ez al., 1998), and a
number of biochemical studies have been done using a truncated protein lacking its N-terminal

228 amino acids. The bacterial homologues of UVDE lack this N-terminal region and also the
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highly charged C-terminal domain of their eukaryotic counterparts. We determined the structure
of UVDE from T. thermophilus to answer some of the main questions in the field: what is the

catalytic mechanism of UVDE and how does it recognize so many different types of damage?

EXPERIMENTAL PROCEDURES

Cloning, expression and purification of the UVDE homolog from T. thermophilus

The full-length 7. thermophilus UVDE-coding region was initially amplified from the
chromosomal DNA by PRC with primers 5’-GCTTCTCATATGATCCGCCTGGGCTACCCC
-3” and 5’-TCGTCTCTGCAGTCAAGGGGTTGCTAGGCCCTGCTC-3’ for the 5° and the 3’
ends of the fragment, respectively. Primers were designed using the genome sequence of T
thermophilus (Henne et al., 2004). The UVDE-coding fragment was cloned into the Ndel and
Pst1 restriction sites of pPETUVDEA228, a plasmid previously made in our lab to overproduce
a truncated S. pombe UVDE protein (unpublished data). Cloning into this pET plasmid allowed
for a T7 promoter-driven expression of the UVDE protein with a fusion of ten histidines. The ten
His residues are attached to the N-terminal part of the protein by a short, nine amino acid linker
containing a factor Xa cleavable site. The 7. thermophilus UVDE expression vector (pUD24) was
then transformed into E. coli BL21 (Studier et al., 1990). The UVDE protein was purified from
cells of a 2 1 culture, harvested 2 h after induction by IPTG, and lysed by sonication in 6 ml lysis
buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 10 mM f-mercaptoethanol, 10 % glycerol, 1%
Triton X-100). The lysate was separated into soluble and insoluble fractions by centrifugation at
37, 000 rpm for 30 min. The supernatant was loaded on a HiTrap-chelating column, which was
equilibrated with buffer A (20 mM Tris-HCI (pH 7.5), 500 mM NaCl, 10 % glycerol, 10 mM
B-mercaptoethanol) containing 20 mM imidazole and the protein was eluted with a 20 — 250 mM
gradient of imidazole in buffer A. Pooled fractions of the 7. thermophilus UVDE were loaded
on a Resource Q column equilibrated with 20 mM Tris (pH 7.5), 10 % glycerol. The protein was
eluted with a 0 — 1 M NaCl gradient in 20 mM Tris-HCI (pH 7.5). Finally, the UVDE-containing
fractions were loaded on a Nap5 gel-filtration column (Amersham), and equilibrated in 20 mM
Tris-HCI (pH 7.5), 150 mM NaCl. The protein fractions, which showed high purity were used in
in vitro assays and crystallization trials.

For crystallization purposes, a selenomethionine (SeMet)-substituted UVDE protein was
expressed in a methionine auxotrophic derivative of BL21 (Sohi et al., 2000). The SeMet-labelled
UVDE was purified by the same procedure as the non-labelled protein and showed identical
enzymatic activity as the non-labelled protein. Mutants E176A and Y105A containing alanine
substitutions were constructed by site-directed mutagenesis using PCR and purified like the
wild-type UVDE protein. All point mutations in the 7. thermophilus UVDE resulted in proteins
showing the same elution/purification profiles as the wild-type enzymes on ion-exchange and

size-exclusion columns, suggesting they were properly folded.
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Cloning, expression, and purification of the UVDE homolog from S. pombe

In this study, we used an N-terminal truncation of the full-length S. pombe UVDE protein. The
first 223 amino acids were removed as described before (Kaur ef al., 1998). All UVDE mutants
were constructed by PCR and verified by sequencing for the absence of additional PCR-induced
mutations. The wild-type A228-UVDE and mutant proteins were further purified on a HiTrap-
chelating column, and hydroxyapatite and P11 phosphate cellulose columns. Detailed description
of A228-UVDE protein purification will be given elsewhere (unpublished data). All S. pombe

UVDE mutants showed the same elution/purification profiles as the wild-type enzymes.

DNA substrates

The DNA substrates used in this study are 30 bp substrates containing either a CPD or a 6-4PP
adduct in the sequence 5’-CTCGTCAGCATCTTCATCATACAGTCAGT-3’, the TT representing
the position of the UV lesion. The oligonucleotides containing CPD or 6-4PP lesions were
synthesized as described (Iwai, 2006).

Incision assay

The DNA substrates were labelled at the 5’ side of the top strand using polynucleotide kinase
as described (Verhoeven et al., 2002). The DNA substrates (0.2 nM) were incubated with 5 nM
UVDE in 20 pl reaction mix (20 mM HEPES (pH 6.5), 100 mM NaCl, 1 mM MnCl,). After
15 min incubation at 30°C for S. pombe UVDE or 55°C for the 7. thermophilus protein, the
reactions were terminated by adding 3 ul EDTA/SDS (0.33 M EDTA, 3.3% SDS) and 2.4 pl
glycogen (4 pg/ul) followed by ethanol precipitation. The incision products were visualized on

a 15 % denaturing polyacrylamide gel.

Crystallization

The purified protein in 20 mM Tris (pH 7.5), 150 mM NacCl, 10 % glycerol was dialyzed against
1x PBS (137 mM NaCl, 10 mM phosphate, 2.7 mM KCI (pH 7.4)) and concentrated to 3-5 mg/
ml by centrifugation using an Ultrafree filter device (Millipore). The protein was stored at 4°C
till further use. After 1 week, plate-like crystals appeared in the Eppendorf tube and grew to a
size of 0.1 x 0.1 x 0.01 mm. Crystals were transferred to 25 % (v/v) glycerol in crystallization

buffer prior to data collection.

Crystallographic data collection and processing

A MAD data set was collected on beamline BM14 at the European Synchrotron Radiation
Facility (ESRF) at a wavelength of 0.97800 A (peak), 0.97850 A (inflection point), and 0.91840
A (high-energy remote) using the anomalous signal of the selenium atoms. The crystal was
flash-frozen and kept at 100K during data collection and 360 images were collected with a
rotation angle of 1°. Reflections were integrated with MOSFLM (Leslie, 1999) and merged with
SCALA (Evans, 1993) from the CCP4 suite (CCP4, 1994). For data statistics, see Table 1.
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Structure solution and refinement

A strong nonorigin peak in the Patterson map indicated the presence of noncrystallographic
translational symmetry. Fa values were calculated by AFRO (http://www.bfsc.leidenuniv.nl/
software/crank/) and passed into CRUNCH2 (De Graaff et al., 2001), which found six selenium
sites. These sites confirmed the translational symmetry seen in the Patterson map. The positions,
occupancies, and temperature factors of the sites were refined and phased using BP3 (Pannu
et al.,2003). Solvent flattening including the noncrystallographic operator was performed in dm
(Cowtan, 1994). For autobuilding and iterative refinement of the model, ARP/WARP (Perrakis
et al., 1999) and REFMAC (Murshudov et al., 1999), with the maximum likelihood function
incorporating Hendrickson-Lattman coefficients (Pannu et a/., 1998) from BP3, were used. ARP/
wARP was able to build a model containing 495 residues. An anomalous difference Fourier
map found six additional anomalous scatterers related by the translational noncrystallographic
symmetry. Manual rebuilding of the model and addition of the unbuilt residues were done with
Coot (Emsley and Cowtan, 2004). Refinement to 1.55 A resolution was done using REFMAC
including noncrystallographic symmetry restraints for residues 1 - 277, and water molecules
were added using ARP/wARP and Coot. Illustrations were prepared using PyMOL (Figures 1, 2,
5B, 5D, and 6; DeLano, 2002), and an Accelrys DS visualizer (Figure 5C; http://www.accelrys.

com/).

RESULTS AND DISCUSSION

Structure determination

The structure of UVDE was determined to a resolution of 1.55 A by three-wavelength multiple
anomalous dispersion (MAD) using the anomalous signal from selenium atoms. The protein
crystallized in space group P1, with unit cell dimensions of 47.34 x 48.70 x 68.76 A and
angles of a = 106.1°, f = 94.4°, and y = 114.2°. The crystals contained two molecules in the
asymmetric unit, had a solvent content of 38.2 %, and a Wilson temperature factor of 17.3 A2,
The resulting map showed good electron density for the residues -2 to 277 (monomer A) and 1
to 277 (monomer B). The His tag and most of the linker residues and the C-terminal residues 278
— 280 were disordered. There are only small differences between monomers A and B, which are
related by a noncrystallographic translational symmetry vector of ~ 0 2 %. The two molecules
in the asymmetric unit are very similar: the root-mean-square deviation (rmsd) between the
atomic positions of corresponding main-chain atoms of the two monomers is 0.23 A. The final
model has good stereochemistry and R factors (Table 1) and it contains 4433 protein atoms, 6

anomalously scattering metal ions, 2 phosphate ions, and 356 water molecules.
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Table 1. Crystallographic data and refinement statistics.

Peak set Inflection point High remote
A. Data collection
Beam-line ESRF BM14 ESRF BM14 ESRF BM14
Wavelength (A) 0.97800 0.97850 0.91840
Detector MAR225 CCD MAR225 CCD MAR225 CCD
Resolution range (A) 64.6-1.6 (1.69-1.60)* 23.6-1.55 (1.63-1.55)
24.0-1.50 (1.58-1.50)

Multiplicity 3937 3.9(3.8) 3.9(3.8)
Completeness (%) 67.9 (15.8)° 73.8(23.6) 789 (31.6)
Rsym® (%) 4.0(33.1) 3.9(31.5) 44 (34.9)
B. Phasing
Number of Se-sites 6
FOM Overall 0.433
FOM 1.73-1.55 A 0.178
C. Refinement
Resolution range (A) 20.0-1.55 (1.63-1.55)
No. of reflections used in 56303 (1053)
refinement
No. of reflections used for 2860 (66)
R-free
R-factor? 0.18 (0.25)
R-free 0.21(0.35¢)
No. of protein / water atoms 4433 /356
Average B-value protein / solvent (A2) 18.6/28.4

phosphate / metal ions 40.0/18.5,68.7,74.4
Ramachandran statistics® (%) 91.1/8.0/0.4/04
R.m.s. deviations (bonds, A / 0.015/1.5
angles, °)

*Values in parentheses are for the highest resolution bin, where applicable.
Data in the higher resolution shell are less complete because of data collection on a square detector.
‘R =Z 2|

sym hi

-<[>|/Z, 2 |1,|, where I, is the intensity of the /" measurement of the same reflection and
<[> is the mean observed intensity for that reflection.

4R =ZX||Fobs(hkl) | - |Fcalc(hkl) || | Z|Fobs(hki) |.

¢ According to the program PROCHECK (Laskowski, 1993). The percentages are indicated of residues in the most
favored, additionally allowed, generously allowed and disallowed regions of the Ramachandran plot, respectively.
"Estimates provided by the program REFMAC (Murshudov et al., 1999).

¢Bin free R value set count is 66 reflections.

Structure overview and the active site

The crystal structure shows UVDE to be a single-domain TIM barrel lacking the a8 helix of the
prototypical TIM-barrel fold (Figure 1). Apart from the eight central 3 strands forming the barrel,
two additional B strands (1" and B2*) are present in the N-terminal part of the protein, before

the al helix. Unexplained density at the tip of the side chain of Lys229 suggested this residue
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may be modified, but the biochemical characterization and potential role of this modification are

beyond the scope of this paper.

Figure 1. UVDE secondary structure.

View of the UVDE overall fold and topology. The o helices and § strands are labelled according to the
canonical TIM-barrel fold and colored light blue and purple respectively. The metal ions are colored blue with
the coordinating phosphate in red.

The refined structure of UVDE has three anomalously scattering metal ions, located
closely to the C terminus. This, together with the close proximity of the protein’s N and C
termini, classifies UVDE as a member of the TIM-barrel family of divalent metal-dependent
enzymes. The metal ions are well ordered, with a mean temperature factor of 18.5, 68.7, and
74.4 A%, Because the occupancies of all metal ions were set to one, the high mean temperature
factors for two of them probably represent low occupancy rather than high mobility. One of the
metal ions is octahedrally coordinated by the side chains of residues Glul75, Glu269, His231,
and Asp200 and two oxygen atoms from a phosphate ion (Figure 2A). Another metal ion shows
distorted bipyramidal coordination by His101, His143, and Glu175 and two oxygen atoms from
the phosphate ion (Figure 2B), while the third metal has an irregular four-fold coordination by
one oxygen atom from the phosphate, His244, His203, and one water molecule (Figure 2B).

As a result of the low occupancy for two of the three metal ions, a fluorescence scan
performed at the beamline was unable to determine the nature of the metal ions. Because we

did not include any metal ions in the crystallization buffer, UVDE must have picked them up
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y

Figure 2. Metal coordination.

A. The octahedrally coordinated metal ion is colored blue. The four coordinating residues, H231, D200, E269
and E175 are shown in ball-and-stick representation and colored orange. The phosphate coordinated by two
oxygen atoms is colored red.

B. The distorted bipyrimidal coordination of the second metal ion by His101, His143, Glul75 and two oxygen
atoms from the phosphate ion, while the third metal ion has an irregular four fold coordination by one oxygen
atom from the phosphate, His244, His203 and one water molecule. The residues involved in the coordination
are colored in light blue (H101, H143, H244 and H203). The phosphate is colored red, the water molecule is in
green and the metal ions are colored blue.

from its heterologous expression host Escherichia coli or during the purification procedure,
which included the use of a nickel column. For incision of DNA containing CPD and 6-4PP UV
lesions, however, the additional presence of 1 mM Mn*" was required (see below). Inclusion
of 10 mM Mg* instead of Mn*" could only marginally activate the enzyme: CPD-damaged
DNA was not incised, whereas the 6-4PP-containing substrate was incised with extremely low
efficiency. Apparently Mn*" is a required cofactor, and possibly one or more metal sites picked
up nickel during the purification procedure, which has to be exchanged with manganese for
enzyme activity. However, it remains to be determined how many ordered Mn?* ions are required
for full activity of UVDE. These observations agree with the structurally related enzymes Endo
IV (Hosfield et al., 1999) and xylose isomerase (Carrell et al., 1989), which need a cluster of
three or two divalent ions for catalytic activity, respectively.

Except for H244, all the metal-coordinating residues are fully conserved in all known UVDE
homologs (Figure 3), and we tested the importance of some of these residues in mutational studies.
Residue Glul75 was mutated into an alanine (E175A) and the incision efficiency of this point
mutant was compared to that of the wild-type protein using 5’-labelled substrates containing
either a CPD or a 6-4PP. Incubation of these substrates with wild-type UVDE resulted in incision
efficiencies of 95 % and 90 %, respectively (Figures 4A and 4B, lane 2, both panels). Incubation

of the same substrates with the E175A mutant did not result in any detectable incision on the
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CPD substrate and a very low incision on the 6-4PP-containing substrate (Figures 4A and 4B,
lane 7, both panels). Having a severe kink of ~ 44°, the DNA duplex is more distorted in the
6-4PP than in the CPD substrate (Kim and Choi, 1995). This significant distortion might facilitate
the recognition of the 6-4PP damage, which could result in the observed residual activity of the

catalytically impaired UVDE E175A mutant.

50
T.thermophilus MIRLGYPCENLTLG-------- ATTNRTLRLAHLTEERVREKAAENLRDLERILRFNADHGFALFRIGQ
B.subtilis MIFRFGFVSNAMSLWDASPAKTLTFARYSKLSKTERKEALLTVTKANLRNTMRTLHYIIGHGIPLYRFSS
H.marismortui MLGYAAMNRTLRERDPPRRCNRDMQKKTWESEGIEYAATLAAQNFEDLREILLWNRDHGIDFYRCSS
S.pombe DKPIPWRGRLGYACLNTILRSMKERVFCSRTCRITTIQRDGLESVKQLGTONVLDLIKLVEWNHNFGIHFMRVSS
250 300
100
T.thermophilus HLIPFASHPLFPYD—WEGA§EEELARLGALARAFGQRLSMgPCQYVNPGSPDPEVVERSLAELRYSARLLSLLGA
B.subtilis SIVPLATHPDVMWD - FVTPFQKEFREIGELVKTHQLRTSFHPNQFTLFTSPKESVTKNAVTDMAYHYRMLEAMGT
H.marismortui KLVPWNSQFDITALPNYERVQSLAAECGALVQDNDMRLTFHPGHWCKLASESDDTVARS VESVEHHGRWLDLMGV
S.pombe DLFPFASHAKYGYT - - LEFAQSHLEEVGKLANKYNHRLTMHPGQYTQIASPREVVVDSATRDLAYHDEILSRMKL
’ 350 - ’ '
150 200
T.thermophilus  EDG----- VLVLgLGGAYGEKGKALRRFVENLRGEEE—VLRYLALEND-—ERLWNVEEVLK-AAEALvavvvéT
B.subtilis ADRS- - - -VINIHIGGAYGNKDTATAQFHQONIKQLPQEIKERMTLEND - - DKTYTTEETLQ - VCEQEDVPFVFDF
H.marismortui PRSP- -RYAINVHIGAHYGDKAATADRFCDVVSDLAPRARDRLTVENDDTESLWSVQELVTDVASQVDIPVTFDY
S.pombe NEQLNKDAVLIIHLGGTFEGKKETLDRFRKNYQRLSDSVKARLVLENDDVS - -WSVQDLLP - LCQELNIPLVLDW
400 450
250
T.thermophilus  LHHALNPGRLPLEEA------- LRLAFPTWR- - -GRPKVHLASQDPKKRPGAHAFRVTREDWERLLSALPGP- - -
B.subtilis HHFYANPDDHADLN- - - - - -VALPRMIKTWERIGLQPKVHLS SPKSEQATRSHADYVDANFLLPLLERFRQWGTN
H.marismortui HHHSFTDRGLTYREG- - -~~~ - FELARETWD- -GARPITHYSEPARLRPDSDASPQAHADHVAAVPTWLTEQ- - -
3. pombe HHHNIVPG- - TLREGSLDLMPLIPTIRETWTRKGITQKQHYSESADPTAL SGMKRRAHSDRVFDFP- PCDPT- - -
500
280
T.thermophilus  ADVMVEAKGKEQGLATP
B.subtilis IDFMIEAKQKDKALLRLMDELSSIRGVKRIGGGALQWKS
H.marismortui SDVMVESHGKERSLFRLRAADA
S.pombe MDLMIEAKEKEQAVFELCRRYELQNPPCPLEIMGPEYDQTRDGYYPPGAEKRLTARKRRSRKEEVEEDEK
550 599

Figure 3. Alignment of UVDE homologues.

The amino acid sequence of UVDE from 7. thermophilus (Henne et al., 2004) is aligned with a homologue from
another eubacterium, B. subtilis (Kunst et al., 1997), a homologue from an archaebacterium H. marismortui
(Baligal et al., 2004) and a homologue from a eukaryote, S. pombe (Takao et al., 1996). Note that the S. pombe
protein has an additional N-terminal extension of 240 amino acids. The metal-coordinating residues (H101,
H143, E175, D200, H203, H231, H244 and E269) are in bold and underlined. The GIn104 and Tyr105 residues
proposed to intercalate the DNA are boxed.

Mutating homologous metal-coordinating residues in S. pombe UVDE (Glu434, Asp459,
and His498; see Figure 3) also resulted in proteins with impaired incision. No detectable incision
was observed with mutants E434A and D459A, either on the CPD or on the 6-4PP, showing the
crucial role of these residues for the S. pombe catalytic site. Mutant H498A showed a reduced
activity on the two substrates, indicating that in the absence of this residue the active site metals

can still bind, albeit with lower affinity. Taken together, these data suggest that the UVDE active
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Figure 4. DNA incision by UVDE. Terminally labeled 30 bp DNA substrates with a CPD.

A or 6-4PP lesion B were incubated with (mutant) UVDE protein in the presence or absence of the indicated
metal ions. The incision product is indicated with an arrow. The lanes marked Q104, Y105 and E175 contain
the corresponding alanine substitutions at these positions.

site metal ions are likely to be directly involved in phosphodiester cleavage, as observed in other
DNA repair enzymes such as Endo I'V. Indeed, the three metal sites that were observed superimpose
on the three zinc sites of the Endo 1V structure. The positively charged metal ions can act as a
Lewis acid to stabilize a water-derived hydroxide attacking the phosphodiester backbone of DNA

and counteracting the developing negative charge on the DNA during the cleavage reaction.

Comparison with endo IV and potential interactions with damaged DNA

Superposition of UVDE with the DNA-repair enzyme Endo IV (Hosfield et al., 1999) from
the BER pathway shows that the two enzymes share major structural features, including the
TIM-barrel fold (Figure 5A) and a wide groove (29 A) that houses the active site at the bottom
(Figure 5B). An extensive positive charge on both sides of the solvent-accessible groove of
UVDE (Figure 5C) can be seen, which is suited to bind a DNA duplex.

However, there are important differences, which reflect the functional divergence between
the two enzymes: Endo IV only nicks at abasic sites, whereas UVDE also recognizes other types
of damage. Moreover, incision of the 7. thermophilus UVDE on the abasic site lesion is only 20 %
(Figure 6), which is lower compared to the reported efficiency of S. pombe UVDE (Kanno et al.,
1999). The difference in substrate specificity of the 7. thermophilus homolog in comparison with
UVDE proteins from other species will be addressed elsewhere (unpublished data).

In the structure of Endo IV in complex with a DNA duplex nicked at the abasic site, the
DNA helix has a ~ 90° kink and both the abasic phosphoribose and the base opposing this
damage are flipped out of the double helix (Hosfield ez al., 1999). The nicked, abasic DNA of the
Endo IV-DNA complex could be fitted analogously into UVDE: the deep groove of UVDE can
comfortably harbour the kinked duplex. The active sites of UVDE and Endo IV are both located

at the bottom of the groove.
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Figure 5. DNA binding site.

A. Ca superpositions of UVDE and Endo IV showing that both enzymes share major structural features.
UVDE is shown in black and Endo IV in gray. Residues 18 - 21 in the NRTL-strand of UVDE causing a clash
between the DNA en UVDE are colored red. The residues Lys273 and Glu274, which need to make a small
rearrangement for fitting of the flipped-out base, are colored green. The superposition was done using the
program Theseus (Theobald and Wuttke, 2006)

B. Surface representation of UVDE showing the (semi)conserved residues Tyr105 and GIn104 in ball-and
stick representation and colored in yellow and orange respectively. The metal ions are colored blue and the
coordinating phosphate is in red.

C. Electron surface potential of UVDE. Positive charges are marked in blue, and negative charges are in red.
The positively charged rims of the groove (marked with *) suggest the DNA binding site.

D. Surface representation of UVDE showing the cavity allowing Q104 and Y105 movement. The surface of
UVDE is rotated 90° clockwise compared to B and C. The surfaces of residues Q104 and Y105 are colored
yellow and orange, respectively. The possible movement of Q104 and Y105 is indicated with a black arrow.
The residues of Endo IV (Phe32, Asn35, GIn36, Arg37 and Tyr72) that show that this cavity is not present in
Endo IV are colored orange and are shown in ball-and-stick representation.

At the bottom of the proposed DNA binding groove of UVDE is a loop with the conserved
sequence GQY, in which GIn104 and Tyr105 point straight into the solvent (Figure 5B). Endo
IV has the same loop, albeit with different, Endo [V-specific residues. In Endo IV, the side-chain
residues Tyr72 and, to a lesser extent, Leu73, project into the kink of the DNA duplex (Hosfield
et al., 1999). We propose that the two loops are functionally equivalent and that GIn104 and
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. .

Figure 6. Incision of an abasic site DNA lesion by UVDE.

Terminally labelled 30 bp DNA substrates with a CPD or an Abasic site

(AP) lesion (as indicated) were incubated with 7. thermophilus UVDE
= = protein (lanes 2 and 4) in the presence of 1 mM Mn*". The incision
CPD AP product is indicated with an arrow.

Tyr105 of the UVDE GQY loop stabilize the kink in the DNA duplex at the position of damage
in a similar fashion. For Gln104 and Tyr105 to take up a similar position as Tyr72 and Leu73, the
loop needs to shift by about 3 A upon DNA binding, while the side chains may need to adopt a
different conformation. There is a cavity in the UVDE structure that allows such a shift and the
presence of the conserved Gly103 suggests potential flexibility of this loop (Figure 5D).

In UVDE, the close proximity of GInl104 and Tyrl105 to the metal coordination site
suggests that these residues might similarly probe the DNA for damage and present the
scissile phosphodiester bond at the 5’ side of the lesion to the active site. Tyr105 appears to be
semiconserved: in UVDE from other species, phenylalanine or tryptophan can also be found
(Figure 3), and these residues could also fulfil the proposed intercalating role.

To confirm the significance of Gln104 and Tyr105 for the UVDE function we created point
mutants, changing the residues into alanine (Q104A and Y105A). Indeed, the incision assay with
Q104A did not reveal any detectable activity on the CPD (Figure 4A). Some residual activity
on the 6-4PP substrate (Figure 4B) is observed, which is again an indication that the 6-4PP
might be an easier target for damage recognition and processing. Mutant Y105A did not show
any incision on the CPD substrate and an extremely low incision on the 6-4PP (Figures 4A and
4B), underlining the crucial role of Tyr105 for enzyme activity. If DNA binds in the same way
in UVDE as in Endo IV, there would be a major clash between the DNA and the NRTL strand
of UVDE (comprising residues Asnl8 — Leu21; Figures 7A and 7B). There is no equivalent of
this strand in Endo IV (Figure 5A, zoom-in). An intriguing possibility is that this strand moves
toward the GQY loop, to take up a position similar to the GIn36 — Trp39 loop in Endo IV. Such a
movement would reposition Asn18 and Arg19 into the kink of the DNA, where they could make
similar interactions with the DNA as GIn36 and Arg37 in Endo IV. These residues in Endo IV
are vital for stabilizing the kink and flipping out the base opposing the damage (Hosfield et al.,
1999).

The conformational similarities between UVDE and Endo IV suggest that also in UVDE,
both the damaged base(s) and the base opposing this damage flip out of the double helix.
However, is there space for the damaged base to flip out in UVDE? In Endo IV this is not an

issue, as it only recognizes DNA with an abasic site. Space for one or more flipped-out bases in
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UVDE can only be created by a small rearrangement of two residues at its C terminus: Lys273
and Glu274 (Figure 5A). The presence of Gly272 and Gly276 just before and after these residues
suggests they may indeed have the freedom to move. This movement would create a pocket in
which the damaged base could stack against Tyr6, while Lys273, Glu274, and possibly also

Asnl10 could form polar interactions with the damaged base.

Figure 7. DNA binding.

A. Model of UVDE bound to DNA. For modeling the DNA fragment of the Endo IV co-crystal was used
(Hosfield et al., 1999). The protein surface is colored in light gray and the DNA is presented in orange surface
representation.

B. Same as A, but rotated 90° clockwise. The DNA is presented as a cartoon showing the clash between the
DNA and the NRTL-strand of UVDE (amino acids N18-L21 are shown in black surface representation).

CONCLUSION

Our results shed light on the remarkable ability of UVDE to recognize different types of DNA
damage. It is much more versatile than its closest homolog Endo IV, which only nicks adjacent to
abasic sites. The two enzymes share some characteristic features: a deep DNA binding groove, at
the bottom of which are the catalytic site and residues capable of intercalating in the double helix
at the site of damage. Furthermore, we observed three metal ions in the same location as the
cluster of three Zn*" ions in Endo IV’s active site. The intrinsic metals of UVDE, however, seem
not to be able to perform an enzymatic activity, but the addition of manganese appears to be
required. Superposition of UVDE with Endo IV predicts that the rearrangements in UVDE upon
DNA binding are likely to be more substantial than those observed in Endo IV. This structural
flexibility might be part of the explanation of the broader substrate specificity of UVDE.
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SUMMARY

UV damage endonuclease is a DNA repair enzyme that can both recognise damages such
as UV lesions and introduce a nick directly 5’ to them. Recently, the crystal structure
of the enzyme from Thermus thermophilus was solved. In the electron density map of
this structure unexplained density near the active site was observed at the tip of Lys229.
Based on this finding, it was proposed that Lys229 is post-translationally modified. In this
paper, we give evidence that this modification is a carboxyl group. By combining activity
assays and X-ray crystallography on several point mutants, we show that the carboxyl
group assists in metal-binding required for catalysis by donating negative charge to the
metal-coordinating residue His231. Moreover, functional and structural analysis of the
K229R mutant reveals that if His231 shifts away, resulting in an increased activity on both
damaged and undamaged DNA. Taken together, the results show that 7. thermophilus UVDE
is carboxylated and the modified lysine is required for proper catalysis and preventing

increased incision of undamaged DNA.
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INTRODUCTION

Repairing damage in DNA is essential for maintaining genomic integrity. Therefore, several
protein systems have evolved in order to remove DNA lesions. One of them is the ultraviolet
damage endonuclease (UVDE) repair system, initially found in the yeast Schizosaccharomyces
pombe, and described as an alternative repair system for UV-induced lesions (Sidik et al., 1992).
The UVDE enzyme was shown to introduce a nick 5’ to both of the main UV-induced lesions:
cyclobutane pyrimidine dimers (CPD) and 6-4 photoproducts (6-4PP) (Bowman et al., 1994).
Later studies showed, however, that UVDE from S. pombe has much broader substrate specificity
than originally thought - recognising and nicking DNA lesions significantly different from UV
induced damage such as abasic sites and small loops (Avery et al., 1999). UVDE enzymes have
been found in both eukaryotes (e.g. S. pombe, Neurospora crassa) and in prokaryotes (e.g.
Thermos thermophilus, Bacillus subtilis).

The crystal structure of the T. thermophilus UVDE has recently been solved to 1.55 A
resolution (Paspaleva et al., 2007). This structure shows UVDE to be a single domain TIM-
barrel with extensive positive charges positioned on both sides of a 29 A groove, which was
proposed to be the DNA-binding site. At the bottom of the groove, a cluster of three metal ions
was found. Furthermore, a protein pocket was identified in UVDE near Tyr6 and Asnl0, into
which UVDE might flip damaged base(s).

Unexplained electron density at the tip of Lys229 was observed and it was suggested that
Lys229 is post-translationally modified. Here, we investigate the identity of this modification by
X-ray crystallography and conclude that it is a carboxyl group. Carboxylated lysines have been
observed in several proteins (Abendroth ez al., 2002; Cha and Mobashery 2007; Golema-Kotra
et al., 2003; Golemi et al., 2001; Li et al., 2005; Thoden et al., 2001, 2003). Most often, the
carboxyl group has a structural role (e.g. bridging two active site zinc atoms), but a more direct
role in reaction mechanisms has also been reported (Cha and Mobashery 2007). In addition to
identifying this modification, we study, by means of X-ray crystallography and activity assays
on several point mutants, why the protein uses a carboxylated lysine instead of a standard amino

acid.

EXPERIMENTAL PROCEDURES

Proteins

The T. thermophilus UVDE protein used in this study was expressed and purified as described
before (Paspaleva et al., 2007). Mutants K229A, K229L and K229R were constructed by site-

directed mutagenesis using PCR and purified in the same way as the wild type enzyme.
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DNA substrates

DNA substrates used in all activity assays are 30 bp DNA containing either a CPD or a 6-4PP
in the following sequence: 5’-CTCGTCAGCATCTTCATCATACAGTCAGTG-3* with TT
representing the position of the UV lesion. In case of the abasic site the same DNA sequence
has been used: 5’-CTCGTCAGCATCXTCATCATACAGTCAGTG-3’, with X representing
the position of the abasic site. The oligonucleotides containing CPD or 6-4PP lesions were
synthesised as described (Iwai, 2006). The 30bp substrate containing an abasic site lesion has

been obtained commercially (Eurogentec, Belgium).

Incision assay

The DNA substrates were labelled at the 5° side of the top strand using polynucleotide kinase
as described (Verhoeven et al., 2002). The DNA substrates (0.2 nM) were incubated with 5 nM
UVDE in 20 pl reaction mix (20 mM HEPES pH 6.5, 100 mM NaCl, | mM MnCl,). After 15
minutes incubation at 55°C the reaction was terminated by adding 3 ul EDTA/SDS (0.33 M
EDTA, 3.3 % SDS) and 2.4 pul glycogen (4 ng/pl) followed by ethanol precipitation. The incision
products were loaded on a 15 % denaturing polyacrylamide gel and visualised by irradiation of

a photographic film after which they were quantified.

Incision of supercoiled plasmid DNA

Supercoiled plasmids pUC18 (2686 bp; 5 ng/ul; UV-irradiated at 300 J/m? or not UV-irradiated)
and pNP228 (4686 bp; 5 ng/ul) were incubated with 10 nM UVDE (unless stated otherwise)
in a 10 pl reaction mix (20 mM HEPES pH 6.5, 100 mM NaCl, 1 mM MnCl,)). After 15 min
incubation at 55°C the reactions were terminated by addition of 3 pul Ficoll/dyes/SDS/EDTA
(0.05 M EDTA, 3 % SDS). Samples were loaded on a 0.7 % agarose gel and visualised by

staining with ethidiumbromide.

Filter Binding Assay

The filter binding assays were conducted in 10 pl samples containing 0.1 uM UVDE and 8 nM
of 3?P-labelled DNA in a reaction buffer containing 20 mM Tris pH 6.5, 100 mM NaCl, | mM
MnCl,. Samples were incubated for 10 min at 55°C. At the end of the incubation time 0.5 mL
reaction buffer (preheated at 55°C) was added. The mixture was poured over a nitrocellulose
filter and the incubation vial was rinsed with 0.5 ml of the preheated reaction buffer. Finally the
filters were washed with 0.5 ml incubation buffer. Each sample was corrected for the amount of
DNA retained on a filter in the absence of protein. Binding is expressed as the percentage of the
input DNA retained on the filter.

Mass-spectrometry

Tth-UVDE was precipitated in 10 % trichloroacetic acid (TCA) and subsequently washed
with acetone. After drying, it was resuspended in 8 M urea and 0.4 M NH HCO,. After 15
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min incubation with dithiothreitol at 50°C and addition of iodoacetamide, trypsin digestion
was carried out for 24 h at 37°C. The trypsinated sample was loaded on a LTQ-orbitrap mass-

spectrometer and MS and MSMS were run.

Crystallisation

The purified protein was dialysed against 1x PBS (25 mM Phosphate, 150 mM NaCl, pH 7.4)
and concentrated to 3-5 mg/ml by centrifugation using an Ultrafree Filter Device (Millipore).
Crystals were grown by sitting-drop vapour diffusion at 22°C using as precipitant: 0.1 M sodium
acetate buffer pH 4.4, 2 M sodium formate and 1 mM MnCl, (UVDE pH 4.4; 1 pul protein and
1 ul precipitant) or 0.5 M (NH,),SO,, 0.1 M sodium acetate buffer pH 6.0, 1 M Li,SO, (UVDE
K229L and UVDE E175A; 1 ul protein and 0.5 pl precipitant) or 0.1 M sodium acetate buffer
pH 5.6, 1 M sodium formate (UVDE K229R; 1 pl protein and 1 ul precipitant). The crystals
grew like diamonds (40 to 100 um) in 1-2 days. Crystals were transferred to precipitant solution

with 10 % glycerol prior to data collection.

Data collection and processing

Datasets were collected on beam-line ID14-2 at the European Synchrotron Radiation Facility at
a wavelength of 0.933 A. The crystals were flash-frozen and kept at 100 K during data collection.
Data collection strategy was determined with the program BEST (Popov and Bourenkov, 2003).
Reflections were indexed and integrated with iMosflm (Leslie, 1999). Scaling and merging was
performed with SCALA from the CCP4 (CCP4 1994) suite. For data statistics, see Table 1.

Structure solution and refinement

Structure solution was performed by molecular replacement with as search model the structure
of Tth-UVDE wild type (pdb-code: 2j6v) with an unmodified lysine using MOLREP (Vagin
and Teplyakov, 1997) from the CCP4 suite, though for K229R, the structure of UVDE pH 4.4
was used as input directly into refinement. Manual adjustments to the model were done with
COOT (Emsley and Cowtan, 2004). Refinement was done using REFMAC (Murshudov et al.,
1997) and water molecules were added using ARP/WARP (Perrakis et al., 1999) and COOT.
TLS refinement was used in refinement for structures UVDE pH 4.4, UVDE K229L and UVDE
E175A. Illustrations were prepared using CCP4mg (Potterton et al., 2004).

RESULTS

Identity of the modification

The unexplained electron density observed at the tip of Lys229 is situated between Arg58,
Ser99 and His231. His231 was shown to coordinate one of the metal ions (Mn1). By comparing
the metal ion cluster of Tth-UVDE to that of endonuclease IV (Hosfield et al., 1999), Mn1 is
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probably one of the two metal ions that together activate the water molecule (bridging Mn1 and
Mn2) that serves as a nucleophile to attack the DNA phosphodiester backbone.

Several options are possible for the unexplained electron density at the tip of Lys229 among
which is an acetyl group or a carboxyl group. Considering the potential hydrogen bonding to the
neighbouring residues (Arg58, Ser99 and His231), a carboxyl group is the more likely option
(Figure 1). Moreover, if an acetyl group is modelled into the density, its methyl group’s B-factor
is 13.94 A2 while the NT and Ce of the lysine and the carbonyl of the acetyl group all have
B-factors between 20 and 22 A2 If a carboxyl group is modelled into the density, all atoms of the
carboxyl group and the NT and Ce of the lysine have B-factors between 18 and 21 A2,

A

Figure 1. Detail of the original structure of Tth-UVDE wild type with electron density map (contoured at 1.5
o) showing a carboxyl group modelled into the additional density at the tip of Lys229 (Kcx229).

Carbons are depicted in green, oxygens in red, nitrogens in blue and the metal ion in grey. Distances between
the oxygen atoms of the carboxyl group and neighbouring residues, and the distance of His231 to Mn1 are
indicated.

To begin the investigation on the modification’s identity we performed mass-spectrometry
on trypsinated UVDE. In the resulting mass-spectrum, however, only a peptide fragment with
an unmodified Lys229 was found. Considering the preparation of the sample (TCA precipitation
and trypsin digestion), an acetyl group probably would have been observed if it had been present.
In contrast, a carboxyl group on a lysine residue can be expected to fall off during the sample
preparation, since at low pH the C-nitrogen of the lysine is protonated, which results in a loss of
the carboxyl group as carbon dioxide.

To confirm the above result, we obtained UVDE crystals at low pH (expecting that the
carboxylation will not be present, due to the acid liability of the carboxylation). For this, Tth-
UVDE was crystallised in 0.1 M acetate buffer pH 4.4, 2 M sodium formate and 1 mM MnCl,
(UVDE pH 4.4) and crystallised in a different space group (P 6,22) with different packing than
the wild type structure (P1) (See Table 1 for the crystallographic statistics).
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Table 1. Crystallographic data and refinement statistics.

UVDE pH 4.4 UVDE K229L UVDE K229R UVDE E175A
a. Data collection
Beam line ESRF ID14-2 ESRF ID14-2 ESRF ID14-2 ESRF ID14-2
Detector MAR225 CCD MAR225 CCD MAR225 CCD MAR225 CCD
Resolution range (A) 28.78-1.91 A 37.11-230 A 46.37-3.15 A 40.46-2.74 A
(2.01-1.91 Ay (242230 &) (3.32-3.15 &) (2.89-2.74 &)
Multiplicity 6.4 (6.5) 11.3(11.5) 10.7 (11.0) 44 (4.4)
Completeness (%) 99.2 (100) 99.2(99.8) 95.3(96.2) 99.3(99.8)
enee - (70) 0.048 (0.282) 0.078 (0.367) 0.134 (0.366) 0.087 (0.364)
Rpimz(%) 0.020 (0.113) 0.025 (0.122) 0.043 (0.117) 0.048 (0.203)
I/sigma 10.2 (2.0 8.3(2.0) 5.4(2.0) 8.0(2.0)
Space group P6,22 P6,22 P622 P6,22
Ne° of molecules in asymmetric 1 1 1 1
unit
Unit cell parameters a/b/c (A) 107.14x107.14x 113.39x113.39x 107.11x107.11x 113.38x113.38x
90.83 89.39 91.12 89.08
Crystallisation condition 0.1 MAcpH 4.4 0.5 M (NH,),SO, 0. MAcpH 5.6 0.5M (NH,),SO,
2 M Naformate 0.1 MAcpH 6 1 M Naformate 0.1 MAcpH 6
1 mM MnCl, 1 MLiSO, I MLiSO,
b. Molecular replacement
Correlation coefficent 0.613 0.658 NA 0.639
R factor of correct solution/ 0.515/0.643 0.442/0.625 NA 0.416/0.610
second peak
c. Refinement
Ne of reflections used in 22835 14615 5122 8773
refinement
Cutoff None None None None
Resolution range (A) 28.78-1.91 A 34.282.30 A 46.18-3.15 A 35.03-2.74 A
(1.96-1.91 Ay (2.36-2.304) (3.23-3.15 &) (2.81-2.74 A)
R factor® 0.196 (0.286) 0.188 (0.198) 0.195(0.232) 0.198 (0.295)
R, 0.244 (0.363) 0.244 (0.278) 0.249 (0.360) 0.245 (0.363)
Ramanchandran statistics (%) 91.1/7.6/0.8/0.4 89.8/8.9/0.4/0.8 91.5/7.7/0.0/0.9 91.9/6.8/0.9/0.4
R.m.s. deviations (bonds, A/ 0.019/1.689 0.014/ 1.545 0.006/ 0.945 0.009/1.320
angle, °)2
Average atomic B-factor for 25.4/NA/33.0 30.6/65.2/ 30.6 32.6/NA/32.4 22.8/74.3/11.0
protein/ Mn/ solvent atoms
Wilson plot B-factor 25.0 35.9 544 473

*Values in parentheses are for the highest resolution bin, where applicable.

"R =Z[[-<>[/Z]]|

C(Wezss and Hilgenfeld 1997; Diederichs and Karplus 1997)

4R =Z||Fobs(hkl) | - |Fcalc(hkl) || | Z|Fobs(hkl) |.

cAbout 5 % of the reflections were used for the cross-validation set. These reflections were randomly chosen.
According to the program PROCHECK (Laskowski et al. 1993). The percentages are indicated of residues in
the most favored, additionally allowed, generously allowed and disallowed regions of the Ramachandran plot,
respectively.

¢Estimates provided by the program REFMAC (Murshudov et al. 1997).
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Involvement of a carboxylated lysine in UV damage endonuclease

In this structure Lys229 is indeed not modified (Figure 2). Two waters are at the place
where the modified lysine originally was. His231 seems to have moved inwards (over 0.96 A) in
order to form hydrogen bonds with one of these waters. This shift seems to have cause a 1.36 A
shift to Glul75. In the structure of UVDE pH 4.4, no metal ions were found, probably because of
protonation of the metal-coordinating histidines due to the low pH. A water molecule was found

near the site (0.81 A distance) where originally Mn1 was located.

A. B.

Figure 2. Structure of UVDE pH 4.4.

A. Model and map (contoured at 1.7 o) of UVDE pH 4.4, showing an unmodified Lys229. Carbons are
depicted in green, oxygens in red and nitrogens in blue. Hydrogen network with Ser99, Lys229 and His231 is
indicated.

B. Detail of the superposition of the original structure of UVDE (green) and UVDE pH 4.4 (purple). Shifts of
residues Arg58, Ser99, Glul75, Lys229 and His231 and of Mnl compared to the water in UVDE pH 4.4 are
indicated at the atoms where the shift was measured.

In order to check that the above result is caused by the low pH of the crystallisation
condition and not due to the different space group (P6,22) of the previously published structure
(P1), we also solved a structure of Tth-UVDE in P6 22 that was crystallised at a higher pH
(0.5 M (NH,),SO,, 0.1 M sodium acetate buffer pH 5.6, 1 M Li,SO,, | mM MnCl,; results not
shown). In this crystal structure, Lys229 was seen to be modified, showing that the modification

can be accommodated in P6 22.

Functional studies of Lys229 mutants

To investigate the role of the carboxylated lysine in the activity of UVDE, we mutated this
residue into an alanine (UVDE K229A) and a leucine (UVDE K229L). UVDE K229A showed
an extremely reduced catalytic activity on all tested DNA substrates (Figure 3). The K229L

mutant showed severely reduced catalytic activity on the CPD (10 %) and the abasic site lesion
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(less than 1 %). On the 6-4PP the incision efficiency of this mutant is slightly reduced compared
to that of the wild type (Figure 3). These results indicate that Lys229 has an important role in
the function of Tth-UVDE.

A. CPD lesion

5 6

1 2 3 4 7
®o~-o® .0

— ®» o0

protein: - wt  wt K229L K229R K229R K229A
conc (nM): - 5 125 5 5 125 5
B. 6-4PP

2 3 4 5 6 7

1
®~®» -0

— 9 -900e

protein: - wt  wt K229L K229R K229R K229A
conc (nM): - 5 075 5 5 075 5

C. Abasic site
1 2 3 4 5
L L1 BN

— -
protein: - wt K229L K229R K229A
conc (nM): - 5 5 5 5

Figure 3. Activity of wild type and mutant UVDE proteins.
Activity assay with terminally labelled 30 bp DNA substrates containing a CPD (A), 6-4PP lesion (B), abasic

site (C). The incision product is indicated with an arrow. Below the lanes is indicated which protein is used and
the concentration of protein used (in nM).

68



Involvement of a carboxylated lysine in UV damage endonuclease

To investigate if the observed reduction in the incision efficiency is due to an effect on the
formation of protein - DNA complexes, we tested the binding properties of UVDE K229A and
UVDE K229L in a filter binding assay. As can be seen in Table 2 the binding capacity of both
mutants is similar to the wild type. This indicates that the reduced incision activity is not due to
changes in the enzymes ability to bind DNA, but an impairment in catalysis. Moreover, DNA-
binding is similar either in absence and presence of Mn?* (for wild type and mutants) showing
that Mn?* does not influence DNA binding.

To gain a more detailed insight into the function of the carboxylated lysine, a mutant was
constructed in which Lys229 was changed to an arginine (UVDE K229R). An arginine has a
positive charge like a lysine, but an arginine cannot be carboxylated. The positive side-chain of
an arginine can therefore not be turned into a negative group by carboxylation.

Surprisingly, the K229R mutant was found to be active and shows very high activity on
CPD (Figure 3A) and 6-4PP (Figure 3B) lesions, even higher than that of wild type. Also the
abasic site, which is not an optimal substrate for the Tth-UVDE wild type (20 % incision), is
cleaved by the K229R mutant with high efficiency (80 %, Figure 3C).

We also tested the activity of K229R on UV-damaged DNA in a supercoiled incision assay
(Figure 4A; plasmid I). In the lanes with UVDE K229R (lane 6 - 8), much more relaxed and
even linear plasmid DNA as a result of damage-specific incision can be seen compared to the
lanes with UVDE wild type (lanes 2 - 4). This confirms that UVDE K229R is much more active

A. UV-irradiated (I) and non-irradiated (II) plasmid DNA B. Undamaged plasmid DNA

1 23 4 5 69 8

Lane:
ocIln
ocn
Scll
OCI Scll
Sl Lin I 0OCI
Scl
Scl
protem: - wt wt wt - K220R K220R K2R
cone. (IM)', - 2 4 6 - 2 4 6 protein: - wt K2291. K229R

Figure 4. Activity of UVDE wild type and K229R on UV-irradiated and non-irradiated plasmid DNA.

A. A mixture of UV-irradiated supercoiled DNA of pUC18 (I, 2686 bp) and non-irradiated pNP228 (11, 4686 bp)
was incubated with different concentrations (as indicated) UVDE wild type and K229R mutant for 15 min. The
positions of the supercoiled (sc), open circle (oc) and linear (lin) forms of the plasmids are indicated.

B. A mixture of undamaged supercoiled DNA of pUC18 (I, 2686 bp) and pNP228 (I, 4686 bp) was incubated

with 10 nM UVDE wild type and mutant proteins as indicated. The positions of the supercoiled (sc) and open
circle (oc) forms of the plasmids are indicated.
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on UV damage sites than the wild type protein. UVDE K229R also has incision activity on
the undamaged supercoiled plasmid DNA present in the assay (Figure 4A, plasmid II, lane 8),
though this activity is very small compared to the activity on UV-damaged supercoiled plasmid
DNA. To investigate this activity on undamaged DNA more closely, we performed an assay
with only undamaged supercoiled plasmid DNA (Figure 4B). In this assay we could see that,
surprisingly, UVDE wild type has some activity on undamaged plasmid DNA (lane 2). The
activity of K229R on undamaged DNA, however, was again significantly higher (lane 4).
Filter-binding assays (Table 2) showed that K229R has similar DNA binding properties
to wild type UVDE. Thus, the higher activity of this mutant on both damaged and undamaged
DNA is not caused by a change to DNA binding, but by an increased efficiency of the incision

reaction.

Table 2. DNA binding properties of Tth-UVDE wt and mutants tested in a filter binding assay.

DNA lesion UVDE % binding % binding
no Mn* 1 mM Mn*
CPD Wild type 34+2 3B3+1.7
CPD K229L 31+0.7 31407
CPD K229R 31405 32402
6-4PP Wild type 19+3.7 20+ 1
6-4PP K229L 20+0.5 21+1.8
6-4PP K229R 17+238 19+0.7
Abasic site Wild type 20+2 23+0.7
Abasic site K229L 21+0.7 21+ 14
Abasic site K229R 20+2 21+0.7
No damage Wild type 25+0.1 28+04
No damage K229L 3.7+0.2 38404
No damage K229R 7.6+0.7 58+1

Binding is expressed as the percentage of the input DNA retained on the filter. Binding efficiencies were tested
in presence and absence of 1 mM MnCl,.

Structural studies of the Lys229 mutants

To obtain a structural basis for the above results, the mutants K229L, K229R and E175A were
crystallised and their structures were solved by molecular replacement (see Table 1 for statistics).
In all three mutants, the overall structure is the same as wild type.

In the structure of K229L, a water molecule is present at the place of the carboxylated lysine
(Figure 5). Only one of the three metal ions is present: Mn3. This is the metal ion near residues
His244 and His203 and it corresponds to Zn3 in endonuclease IV (Hosfield ef al., 1999). The
two metal ions (Mnl and Mn2) that are proposed to activate the catalytic water molecule (based
on comparison to Endo IV) are absent. These results suggest a correlation between the presence
of the metal ions and the carboxyl group.

To study whether the carboxyl group can still be present if there are no metal ions, the

previously constructed mutant (Paspaleva et al., 2007) E175A was studied in detail. Glul75
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Figure 5. Structure of UVDE K229L.

A. Detail of the model and the map of UVDE K229L showing the environment of Leu229. Carbons are depicted
in green, oxygens in red and nitrogens in blue. Distances of the water molecule to neighbouring residues are
indicated.

B. Detail of a superposition of UVDE K229L (in purple) with the original structure of UVDE (in green). The
slight shifts of residues Arg58, Ser99 and His231 are indicated.

bridges Mn1 and Mn2. The mutant E175A was previously found to have no observable activity
on DNA containing CPD and a severely reduced activity on DNA containing 6-4PP (5 % activity
left). In the structure of this mutant, Mnl and Mn2 were not observed, as expected. Instead of
these ions, there is one water molecule (Figure 6). The metal ion near His244 and His203, Mn3,
is present. Most importantly, the modification on Lys229 was still observed. This result shows
that the modification can be present in the absence of the Mn1 and Mn2.

Together, the above results suggest that the carboxyl group can be present on Lys229 in
absence of Mn1 (as in E175A), but that perhaps this metal ion cannot bind stably in the absence
of the carboxyl group (as in structure K229L).

In K229R, Arg229 has moved compared to the carboxylated lysine (Figure 7A and 7B). A
water molecule was found at the place where the tip of the carboxylated lysine originally was.
Significant shifts are seen for the side-chains of His231 (2.5 A) and Glu269 (3.2 A), which have
moved outwards away from Arg229. Indeed, His231 moves away from the positive charge of
Arg229 and Glu269 moves accordingly. It should be noted that UVDE K229R is actually a
double mutant (K229R/L133I) due to a misincorporation during the PCR reaction. No influence
of the second mutation on the structure of the protein could be seen (the shift of the Ca of
residue 133 is only 0.34 A). Furthermore, Leu133 is a non-conserved residue far away from the
DNA binding site, leucine is very similar to isoleucine and, in fact, some bacterial UVDE have
isoleucine in this position. Thus, the mutation L1331 is likely to have no impact on the behaviour
of K229R.
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A.

[

Figure 6. Structure of UVDE E175A.

A. Detail of the map (contoured at 1.25 o) and the model of UVDE E175A showing the environment of Alal75
and the presence of a carboxylated lysine. Carbons are depicted in green, oxygens in red and nitrogens in blue.
Distance between an oxygen atom of Kcx229 and His231 is indicated as well as the distances to the water
taking the place of Mnl and Mn2 to neighbouring residues.

B. Detail of the superposition of the original structure of UVDE (in green) and UVDE E175A (in purple)
showing the surroundings of residue Glul175/Alal75.

Metal ions were not observed in the K229R structure, which is probably caused by the low
pH of the crystallisation condition (below the pK, of histidine side-chains). Although two of
the metal-coordinating residues have shifted considerably compared to the wild type structure
(His231, Glu269), the coordination environments for the three metal ions seem to be intact.
Thus, the metals probably can bind stably in all three sites (as the activity also suggests) if the
pH permits it, although Mn1 would have to shift over about 1 A to get into a proper coordination
environment.

To get insight into the possible influence of the shifts of His231 and Glu269 on the activity
of UVDE K229R, DNA was modelled into K229R based on the crystal structure of endonuclease
IV with DNA (Hosfield et al., 1999). In this model, it can be seen that the observed shifts are
near the part of the DNA where the damage is expected to be located. In contrast to wild type, in
K229R the shifted Glu269 clashes with the abasic site (damaged site) of this model (Figure 7C),
suggesting that the part of DNA near the damage might have to bind slightly different in UVDE
K229R compared to wild type.
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abasic sitc

A28

—_—

Figure 7. Structure of UVDE K229R and model with DNA.

A. Model and map (contoured at 1.5 o) of UVDE K229R. Carbons are depicted in green, oxygens in red and
nitrogens in blue. Distances between a water molecule and Arg58 and Ser99 are indicated.

B. Detail of the superposition of the original structure of UVDE (in green) and UVDE K229R (in purple)
showing the position of Arg229 compared to the carboxylated lysine and the large shift in the position of
His231. Also the shifts in the position of Arg58 and Ser99 are indicated.

C. Detail of superposition of the original structure of UVDE (in green) and the structure of UVDE K229R
(in purple) in which DNA with an abasic site was modelled (orange) based on a comparison to the structure
of endonuclease IV with damaged DNA. Arg229/Kcx229, His231 and Glu269 are depicted in cylinder
representation, the abasic site of the DNA is depicted in ball-and-stick representation while the rest of the
protein and the DNA is depicted in ribbon representation.
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DISCUSSION

The results from mass-spectrometry and crystallisation at low pH showed that the modification
we initially observed on Lys229 is (acid) labile. Together with the observed hydrogen bonding
pattern of the modification in the original structure, we conclude that the modification is a
carboxyl group. Carboxylated lysines have been observed before in prokaryotic proteins and
carboxylation of a lysine does not require an enzyme. Therefore, it is a likely possibility for a
protein (Tth-UVDE) overexpressed in a foreign host (£. coli). With activity assays and structural
analysis on mutants, we conclude the carboxyl group might be involved in the stable binding of
Mn1 by donating some of its negative charge to the His231. Reduced stability of metal binding
might explain the reduced activity of K229A and K229L. For K229L, this reduction in activity
is stronger on CPD than on 6-4PP, possibly because the presence of DNA with a 6-4PP might
facilitate metal-binding and thus allow activity on 6-4PP. Notably, also UVDE E175A (in which
also reduced binding of Mnl is involved) has a more severe phenotype on CPD than on 6-4PP
(Paspaleva et al., 2007).

The mutant K229R, however, does not have a negative charge near His231. Quite the
contrary: the protein has a positive charge at position 229 (an arginine). Still, the mutant is
active on CPD, 6-4PP and abasic sites with a higher incision efficiency than wild type on these
substrates. This increased activity of K229R might be explained by considering a potential
mechanism for UVDE where, the protein first recognises a general distortion in the DNA and
binds to it (proposed previously based on the broad substrate specificity of S. pombe UVDE
(Avery et al., 1999). K229R performs this step similar to UVDE wild type, since overall
DNA binding was seen not to be affected by the mutation. Then, the DNA gets into the right
conformation for incision and the incision takes place. This step is performed more efficiently
in K229R than wild type. Structural changes were observed in the active site of K229R and the
induced changes block the previously proposed damage-binding pocket. However, the structure
of UVDE in complex with DNA is needed to clarify the relevance of the latter observation.
The structural changes in the active site of K229R may cause the portion of the DNA near the
damage to bind slightly different in the active site, perhaps in a conformation more favourable
for incision.

The results on mutant UVDE K229R raise an interesting question. Why did T thermophilus
not use an arginine at position 229 if this protein is more efficient than wild type? An answer
to this may be found in the activity of UVDE K229R on undamaged DNA. Both UVDE wild
type and K229R were found to incise undamaged DNA, which has not been reported for UVDE
from S. pombe. Apparently, Tth-UVDE has more difficulties in discriminating damaged and
undamaged DNA. The high temperature used for incision assays with this thermophile, might
play a role in the incision of undamaged DNA, since the DNA can be more readily distorted

at higher temperature. Interestingly, we found that the activity on undamaged DNA was much
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higher for K229R than for UVDE wild type. Perhaps Arg229 is not favourable for 7. thermophilis
because the incision on undamaged DNA in the cell might be too high.

UVDE is present in several organisms, both prokaryotic and eukaryotic. Is carboxylation
a general phenomenon in all these proteins? Two of the residues near the carboxylated lysine,
Arg58 and His231, are fully conserved in all UVDE proteins (Golemi et al., 2001). In eukaryotic
UVDEs, Lys229 itself is also conserved and these proteins have a threonine instead of a serine
at the position corresponding to Ser99. Thus, these proteins might have a similar site at this
position and therefore, they might be carboxylated like Tth-UVDE.

In the prokaryotic UVDEs, however, Lys229 is only partially conserved. Most UVDE
proteins have a lysine at this position as well as a serine at the position corresponding to Ser99
and thus might be carboxylated like Tth-UVDE. A few UVDEs, however, have a leucine,
isoleucine, methionine, glutamic acid, threonine or a valine at the position corresponding to
Lys229. Thus, these UVDE homologues cannot have the same modification.

We have shown here that a leucine at position 229 results in an inactive enzyme for Tth-
UVDE while some of the other UVDEs do have a leucine at that position, such as Desulfotelea
psychrophila UVDE (Goosen and Moolenaar, 2008). Perhaps in these UVDEs the environment
near His231 is such that a negative charge is provided to His231 by other residues nearby so
that stable metal-binding is assured in these proteins as well. Indeed, the UVDEs with a leucine
at position 229 all have a glutamic acid or an aspartic acid at the position of Met267, which is
spatially close to His231 (the side chain of glutamic acid is 2.5 A away from the side-chain
of His231 if glutamic acid is modeled at this position in the structure of Tth-UVDE). Such a
negatively charged residue is not present in the UVDEs that do have a lysine at position 229,
those all have a methionine at that position. Moreover, most of the other UVDEs that do not
have a lysine at the position of Lys229, also have a glutamic acid near or at position 229. Thus,
also these UVDEs might have a negative charge near His231 for assuring proper metal binding,
though no definite conclusions can be made in absence of structural data on these proteins.

In conclusion, we think that UVDE from 7. thermophilus is carboxylated at Lys229. The
carboxyl group might be required for stable metal-binding and perhaps also for preventing an

unfavourably high incision of undamaged DNA.
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SUMMARY

UV damage endonuclease (UVDE) from Schizosaccharomyces pombe initiates repair of UV
lesions and abasic sites by nicking the DNA 5’ to the damaged site. In this paper we show
that in addition UVDE incises DNA containing a single-strand nick or gap, but that the
enzymatic activity on these substrates as well as on abasic sites strongly depends on the
presence of a neighbouring pyrimidine residue. This indicates that, although UVDE may
have been derived from an ancestral AP endonuclease its major substrate is a UV lesion
and not an AP site. We propose that UVDE rotates two nucleotides into a pocket of the
protein in order to bring the scissile bond close to the active site and that purine bases are
excluded from this pocket. We also show that in the DNA complex residue Tyr358 of UVDE
penetrates the DNA helix causing unstacking of two residues opposite the lesion, thereby
stabilizing the protein-DNA interaction, most likely by promoting bending of the DNA. In
the absence of Tyr358 the enzyme exhibits an increased catalytic activity on UV-induced
lesions, but only at a lower pH of 6.5. At physiological conditions (pH 7.5) the mutant
protein completely looses its catalytic activity although it can still bind to the DNA. We
propose that in addition to stabilizing the bend in the DNA the hydrophobic side chain of

Tyr358 shields the active site from exposure to the solvent.
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INTRODUCTION

UV damage endonuclease (UVDE) is a repair protein, which has been reported to remove a
variety of structurally different DNA lesions, including UV photoproducts (CPD and (6-4))
PP, apurinic/apyrimidinic (AP) sites and nucleotide mismatches (Kanno et al., 1999, Avery et
al., 1999; Kaur et al., 1999). The enzyme nicks the DNA 5’ to the damaged nucleotide with
the efficiency of the incision highly dependent on the type of lesion. Originally this nuclease
was discovered in the fission yeast Schizosaccharomyces pombe (Bowman et al., 1994) and in
Neurospora crassa (Yajima et al., 1995), but later a number of homologues were identified in
other fungi, and several eubacterial and archaebacterial species (Takao et al., 1996, Earl et al.,
2002 and Goosen and Moolenaar, 2008).

Recently the structure of UVDE from 7. thermophilus has been solved (Paspaleva et al.,
2007), revealing a high structural similarity with the DNA repair enzyme Endonuclease IV (Endo
IV), which participates in Escherichia coli Base Excision Repair (BER) by nicking the DNA at
the 5’ side of an AP site (Hosfield ez al., 1999). Both proteins have a TIM-barrel fold and contain
three metal ions in their active sites. For Endo IV, however, these metals were shown to be Zn?**
ions, whereas UVDE uses Mn** ions for catalysis (Paspaleva, manuscript in preparation). Since
Endo IV has been crystallised with a substrate containing an AP site, significant light was shed
on the mechanism by which the enzyme specifically recognises AP sites. The DNA was seen to
be bent by approximately 90°, and both the AP site and the opposing nucleotide were flipped out
of the DNA duplex. The flipped-out abasic nucleotide is anchored into a pocket of the enzyme
where the 5° phosphate is donated to the three Zn** ions. A normal nucleotide would sterically
be excluded from this active site pocket, explaining the AP site selectivity. The opposite base is
flipped away from the enzyme and completely solvent exposed. This flipped-out nucleotide is
mainly stabilized by the enzyme-induced compression of the DNA backbone and not by direct
interaction with the flipped-out base.

The structure of UVDE shows a deep groove that can accommodate kinked DNA similar
to Endo I'V. The three metal ions at the bottom of this groove are also at similar positions as in
Endo IV (Paspaleva et al., 2007), implying that also in UVDE the damaged site must be flipped
into a protein pocket in order to bring the scissile bond close to the metal ions. In case of the
UVDE enzyme however, this pocket should be able to accommodate CPD’s, (6-4)PP’s as well
as an abasic site.

In this paper we take a closer look at damage recognition by S. pombe UVDE by comparing
the binding and incision efficiencies on different DNA substrates. Since the full-length protein
is unstable (Takao et al., 1996) we used a 228 residue N-terminal truncation of UVDE, which
has already been described to be highly active (Takao ef al., 1996). We show that besides abasic
sites, UVDE also recognises single-strand nicks and gaps, but for all three types of lesion the

efficiency is highly dependent on the presence of adjacent pyrimidines. In addition by using a
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fluorescent adenine analogue 2-aminopurine (2-AP) we give evidence that binding of UVDE to

its DNA substrate causes significant destacking of the bases opposite the lesion.

MATERIALS AND METHODS

Proteins

The UVDE gene fragment encoding residues 229 - 599 was amplified by PCR and cloned into
the BamHI and BstEIl restriction sites of the expression vector pET16b (Novagen), generating an
N-terminal fusion of the truncated gene to a 10 X His tag. The resulting plasmid (pETUVDEA228)
was introduced into E. coli BL21/codon+ cells (Studier et al., 1990) and the A228-UVDE protein
purified from a 2 I culture 3 h after induction by IPTG. The cells were lysed by sonication in 6 ml
lysis buffer (50 mM Tris pH 7.5, 150 mM NacCl, 10 mM B-mercaptoethanol, 10 % glycerol, 1 %
Triton X-100) and separated into a soluble and an insoluble fraction by centrifugation at 37,000
rpm for 30 minutes. The supernatant was loaded on a HiTrap-chelating Ni column, equilibrated
with 20 mM Tris pH 7.5 containing 20 mM imidazole and the protein was eluted with a gradient
of 20 mM to 250 mM imidazole in the same buffer. Pooled fractions of A228-UVDE were loaded
on a hydroxyapatite column, which was equilibrated with 10 mM KPO, (pH 6.5). Subsequently,
the protein was eluted using a gradient from 200 mM to 400 mM KPO, (pH 6.5). For further
purification, the UVDE fractions were applied to a P11 phosphocellulose column, equilibrated
with 300 mM KPO, (pH 6.5) and eluted with 1 M NaCl. Finally, the UVDE containing fractions
were applied to a Nap5 gel filtration column and eluted with 20 mM Tris pH 7.5, 150 mM NacCl,
10 % glycerol. The UVDE containing fractions showed more than 95 % purity.

The Y358A point mutation was constructed by PCR and verified by sequencing. The
mutant UVDE protein was purified using the same purification procedure as described for the
wild type enzyme and showed the same elution/purification profile.

The Endonuclease IV (Endo 1V) and Endonuclease 111 (Endo IIT) enzymes were obtained

commercially (New England Biolabs).

DNA substrates

The 30 bp DNA substrates used in this study are summarised in Table 1. The oligonucleotides
containing CPD or (6-4)PP lesions were synthesised as described (Iwai, 2006). The 30 bp
substrates containing an abasic site (via incorporation of a tetrahydrofuran-dSpacer), thymine
glycol (TG) or 2-AP were obtained commercially (Eurogentec, Belgium). The DNA substrates
were 5’ radioactively labelled using polynucleotide kinase as described (Verhoeven et al., 2002).
For 3’ labelling the damaged top strands were annealed to a corresponding bottom strand with
one additional G residue at its 5 end. Subsequently the DNA fragments were incubated with

Klenow polymerase and o-**P-dCTP as described (Moolenaar et al., 2005).
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Incision assay

The labelled DNA substrates were incubated with the indicated amount of UVDE in a 20 pl
reaction mix (20 mM HEPES pH 6.5, 100 mM NaCl, 10 mM MgCl,, 1 mM MnCl,). After 15
minutes incubation at 30°C the reaction was terminated by adding 3 pl of 0.33 M EDTA, 3.3
% SDS and 2.4 pl glycogen (4 pg/ul), followed by an ethanol precipitation. For measuring
the incision percentages the samples were run on a small (8 cm) 15 % acrylamide gel. For
determination of the incision positions longer gels were used (20 cm) allowing separation of the
different incision products.

Incision with Endo IV was performed in a 20 pl reaction mix in the presence of 50 mM
Tris-HCI pH 7.9, 100 mM NaCl, 10 mM MgCl,, 1 mM DTT) for 15 minutes at 37 °C. Incision

with Endo III was performed for 15 minutes at 37°C in buffer supplied by the manufacturer.

Filter binding Assay

The filter binding assays were conducted in 20 pl samples containing 5 nM of UVDE and 4 nM
of the terminally labelled DNA substrates in a reaction buffer containing 20 mM Tris pH 6.5,
100 mM NaCl. The mixes were incubated for 10 minutes at 30°C. If needed 1 mM MnCl, and 10
mM MgCl, were included in the reaction buffer. After the incubation 0.5 ml of preheated (30°C)
reaction buffer was added to each sample. The mixture was then poured over a nitrocellulose
filter (Millipore 0.45 pm HA) and the filter was rinsed tree times with 0.5 ml of the reaction
buffer. Each sample was corrected for the amount of DNA retained on a filter in the absence
of the protein. Binding is expressed as the percentage of input DNA retained on the filter by
the enzymes. To determine the binding properties of UVDE under the conditions used for the
2-aminopurine measurements 4 nM of the 5’ terminally labelled substrates were mixed with 0.5
UM unlabelled DNA and incubated with 2.5 uM UVDE for 10 min. at 30°C in a total volume
of 30 pl.

2-AP measurements

60 ul samples containing 0.5 uM DNA and 2.5 uM UVDE were incubated in 20 mM Tris
buffer (pH 6.5) for 10 min at 30°C. If needed 1 mM MnCl, and 10 mM MgCl, were included
in the incubation mixture. Where indicated 300 mM acrylamide was added to the samples
after incubation. The samples were transferred to a 3 mm x 3 mm quartz cuvette and placed
in the fluorimeter. Fluorescence emission spectra were obtained using a PerkinElmer LS 50B
fluorimeter, connected to a temperature variable water bath to maintain a temperature inside
the cuvette of 30°C. The excitation wavelength was set at 310 nm, and the emission spectra
were obtained by scanning from 325 to 475 nm. The excitation and emission slit widths were
5 nm and 10 nm, respectively. All spectra presented are the average of at least to experiments
and were corrected for the spectra of equivalent incubation mixtures without DNA. The free
2-aminopurine signal was obtained by measuring 0.5 ptM 2-aminopurine riboside-3’,5’-cyclic
monophosphate (BioLog) in 60 pl of 20 mM Tris buffer at 30°C.
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UV survival test

The Xbal - BamHI fragment from pETUVDEA228 (with or without the Y358 A mutation) was
inserted in pIC-19R, resulting in expression of the (mutant) UVDE under control of the Plac

promoter. The plasmids were introduced in CS 5018 (Auvr4, AuvrB) (Moolenaar et al., 2005).

Cells were grown in LB supplemented with 40 ug/ml ampicillin and 1 mM IPTG until OD,

reached 0.3. Subsequently 1 ul drops of a 10! dilution were spotted on an LB plate containing
40 pg/ml ampicillin and 1 mM IPTG. The drops were irradiated with the indicated dose of UV

and plates were incubated overnight at 30°C.

RESULTS

Incision of an abasic site is dependent of the flanking bases

The structural similarities between UVDE and Endo IV suggest that both proteins bind the

damaged DNA in a similar fashion. They both share a wide groove housing the active site

Table 1. DNA substrates used in this study.

no damage 5’ CTCGTCAGCATCTTCATCATACAGTCAGTG 3’
3’ GAGCAGTCGTAGAAGTAGTATGTCAGTCAC 5’
CPD and 5’ CTCGTCAGCATCTTCATCATACAGTCAGTG 3’
(6-4)PP 3’ GAGCAGTCGTAGAAGTAGTATGTCAGTCAC 5’
CXT 5’ CTCGTCAGCATCXTCATCATACAGTCAGTG 3’
abasic site 3’ GAGCAGTCGTAGAAGTAGTATGTCAGTCAC 5/
AXT 5’ CTCGTCAGCATAXTCATCATACAGTCAGTG 3’
abasic site 3’ GAGCAGTCGTATAAGTAGTATGTCAGTCAC 5’
CXA 5’ CTCGTCAGCATCXACATCATACAGTCAGTG 3’
abasic site 3’ GAGCAGTCGTAGATGTAGTATGTCAGTCAC 5’
AXA 5’ CTCGTCAGCATAXACATCATACAGTCAGTG 3’
abasic site 3" GAGCAGTCGTATATGTAGTATGTCAGTCAC 5’
C*T 5’ CTCGTCAGCATCTTCATCATACAGTCAGTG 3’
ss-nick 3’ GAGCAGTCGTAGAAGTAGTATGTCAGTCAC 5’
C*A 5’ CTCGTCAGCATCATCATCATACAGTCAGTG 3’
ss-nick 3’ GAGCAGTCGTAGTAGTAGTATGTCAGTCAC 5’
A*T 5’ CTCGTCAGCATATTCATCATACAGTCAGTG 3’
ss-nick 3’ GAGCAGTCGTATAAGTAGTATGTCAGTCAC 5’
A*A 5’ CTCGTCAGCATAATCATCATACAGTCAGTG 3’
ss-nick 3’ GAGCAGTCGTATTAGTAGTATGTCAGTCAC 5’
T*T 5’ CGTGTGAGGTCGTTCTGAGGTTTTTTTGTAATGTGCCCGTAAGTAATCCC 3
ss-nick 3’ GCACACTCCAGCAAGACTCCAAAAAAACATTACACGGGCATTCATTAGGG 5’
1 nt gap 5" AGTTCTATGCGCACCGAATTCCCACT GAACCCAAGCTTGCCGGGCCTCT 3’
3’ TCAAGATACGCGTGGCTTAAGGGTGACCTTGGGTTCGAACGGCCCGGAGA 5'
Thymine glycol 5’ CTCGTCAGCATCTTCATCATACAGTCAGTG3’

3’ GAGCAGTCGTAGAAGTAGTATGTCAGTCACS’

The positions of the CPD (TT), (6-4)PP (TT), AP site (X) and thymine glycol (T) are indicated in bold. The

positions of the single-stranded nicks in fragments C*T, A*A and T*T are between the two bold residues.
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deeply at its bottom and extensive positive charges positioned at both ends of the groove. Endo
IV has been shown to flip its target, the abasic site into an extrahelical position inside a pocket
of the protein. UVDE however, recognizes CPD dimers and (6-4)PPs where both thymines are
covalently linked. This implies that to be able to bring the scissile phosphodiester bond close to
the metals of its active site it must flip the two crosslinked nucleotides into a protein pocket. This
poses the question whether upon binding of an abasic (AP) site only this AP site will be flipped
into the proposed protein pocket or the AP site in consortium with its neighbouring nucleotide,
similar to the crosslinked pyrimidines. If this latter would be true one might expect that the
efficiency of abasic site incision might be influenced by the nature of this flanking base. To test
this we used four 30 bp DNA fragments which only differ in the bases flanking the AP site on
the 5°or 3’side (substrates CXT, AXT, CXA and AXA, with X representing the abasic site (see
Table 1).

The highest incision was obtained with substrate CXT (Figure 1, lane 7), which has the AP
site flanked by two pyrimidines (> 95 %). The incision efficiency on this AP site is similar to
the incision on a CPD or (6-4)PP (lanes 1 - 6). Incision is significantly lower on an abasic site in
the sequences AXT (20 %) and CXA (15 %) (lanes 8, 9) and extremely low on substrate AXA
(<5 %, lane 10) which has the lesion flanked by two purines. The AP-endonuclease IV enzyme,
however, incised all four DNA constructs with equal efficiencies (not shown). Apparently, the
incision activity of UVDE on an abasic site indeed strongly depends on the sequence surrounding

the lesion.

CPI) (6-4)PP '[' (,XI AXI (,XA AXA

conc (nM) 1

Figure 1. UVDE incision of CPD, (6-4)PP and AP sites in different sequence contexts.

The 5’-terminally labelled substrates (0.1 nM) were incubated with the indicated amount of UVDE for 15
minutes. The different substrates are shown above each lane. The arrow indicates the incision product.

We also determined the incision positions on the different substrates using constructs
labelled on either the 5° (Figure 2A) or the 3’ side (Figure 2B) of the damaged strand. As a
control the incision product of UVDE on a CPD-containing fragment (Figure 2A, lane 2) was
included in the gel, showing that on this substrate UVDE uniquely nicks the DNA immediately
5’ to the CPD lesion. The minor band that migrates one position lower in the gel can be ascribed
to the presence of a small amount of 29-mer in the CPD-substrate (lane 1). With substrate AXT
UVDE also incises the DNA immediately 5’ to the AP site (Figure 2A, lane 8), but on substrates
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CPD 5 CTCGTCAGCATCITCATCATACAGTCAGTGC ¥

CXT & CTCGTCAGCATCXTCATCATACAGTCAGTGC ¥
AXT & CTCGTCAGCATAXTCATCATACAGTCAGTGC ¥
CXA & CTCGTCAGCATCXACATCATACAGTCAGTGC ¥

|
AXA ¥ CTCGTCAGCATAXACATCATACAGTCAGTGC ¥

Figure 2. Determination of incision positions.

A The 5’-terminally labelled substrates (0.8 nM) were incubated without protein (lanes 1, 4, 7, 10, 12) or
with 10 nM (lane 2) or 5 nM of UVDE (lanes 5, 8, 11, 13) for 15 minutes and loaded on a long acrylamide
gel. The positions of the non-incised fragment (30 nt) and the incision products (11 and 12 nt) are indicated.
The substrates used are indicated above the lanes. The lanes containing the 12 nt marker fragment (with the
sequence corresponding to the first 12 nt of the top strand of the CPD substrate) are indicated with M.

B The 3’-terminally labelled substrates were incubated without protein (lanes 1, 4, 7, 10), with Endo IV (lanes
2,5,8,11) and 2 nM (lane 3) or 5 nM UVDE (lanes 6, 9, 12) for 15 minutes. Lanes 10 - 12 represent a longer
exposure of lanes 7 - 9 to visualize the incision product. The positions of the non-incised fragment (31 nt) and
the incision products (19 and 20 nt) are indicated.

C Schematic representation of the incision positions. The arrows indicate the positions of the nicks made by
UVDE. The sizes of the arrows correspond to the efficiencies of the direct incisions. The residues that take up
the same position with respect to the nick as the CPD are underlined. Note that only the 3’-labelled fragments
contain an additional C (italics) at the 3’ end.
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CXA and AXA the incision position is shifted one nucleotide in the 5’ direction (Figure 2A,
lanes 11, 13; Figure 2B, lanes 6, 12). With the CXT sequence clearly two incision positions
are observed which have equal intensities with the 5’-labelled DNA (Figure 2A, lane 5). The 3’
labelling, however, reveals that the major incision is at position 19, which is immediately 5’ to
the abasic site (Figure 2B, lane 3). There is only a minor incision on the position which is 1 nt
shifted to the 5’ side, indicating that the 11 nt fragment observed with the 5’ labelling is mainly
the result of a second incision that is made after introduction of the nick adjacent to the AP site
(see also below). When we used Endo IV on the different AP site fragments only one incision
product was obtained, as result of incision directly 5’ to the AP site (Figure 2B, lanes 2, 5, 8).
Apparently for UVDE the bases flanking the AP site not only determine the efficiency of incision
but also the position of the nick.

When we align the different (major) incision positions of the AP constructs with that of the
CPD substrate (Figure 2C) we can extrapolate which two residues (the AP site and a flanking
nucleotide) will take up the same position as the CPD in the protein-DNA complex formed on
the abasic sites. These combinations are incised with different efficiencies: XT > CX >> AX.
The combination XA apparently does not lead to a productive complex, since neither in the CXA
nor in the AXA fragment a significant incision is observed immediately adjacent to the AP site.
Taken together our results indicate that indeed UVDE recognizes the abasic site together with a
flanking nucleotide either on the 5°- or on the 3’ side with a high preference for a pyrimidine as
a neighbour. This strongly suggests that like for the crosslinked photoproducts also on the AP
site constructs UVDE rotates two residues into a protein pocket, the abasic site together with a
flanking pyrimidine. The enzyme shows a preference for having this pyrimidine on the 3’ side
of the abasic site since on the CXT fragment the majority of the incision is directly 5 to the AP
site.

Next we tested the binding of UVDE to the four DNA fragments using a filter binding assay
described in Materials and Methods. The binding was performed in the absence (preventing
incision) or presence (allowing incision) of ImM MnCl, and 10 mM MgCl, (Table 2). In both
conditions the percentage of binding indeed differs for the 4 constructs, with CXT giving the
highest amount of complex (comparable to the binding of a CPD lesion) and AXA the lowest. For
all four substrates, however, the binding is still significantly higher than binding to undamaged
DNA (Table 2). Even for the AXA substrate, which is very poorly incised the binding is still
50 % of that of the CXT fragment. Apparently the binding per se does not always lead to a
productive complex. Comparing the binding data of the two incubation conditions reveal that
in the presence of the metal ions DNA binding is somewhat increased for the fragments that are
efficiently incised by UVDE (CPD, (6-4)PP and CXT) but remains unaltered for the substrates
that are only poorly incised (CXA, AXA). This suggests that the presence of a nick stabilizes
the protein-DNA complex.
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Table 2. UVDE binding to the different DNA substrates.

Substrate % binding % binding
no cofactors Mn* + Mg*
no damage 2+1 nd.

CPD 55+3 62+2
(6-4)PP 57+1 66+ 1
abasic (CXT) 53+3 59+1
abasic (AXT) 4142 43+1
abasic (CXA) 38+2 38+1
abasic (AXA) 29+3 27+1
ss-nick (C*T) 49+2 47+4
ss-nick (C*A) 44+2 45+1
ss-nick (A*T) 32+1 30+1
ss-nick (A*A) 2+1 23+1
TG 58+1 60+2

X, position of AP site; *, position of nick; TG, thymine glycol
Incubation was done with 4 nM DNA and 5 nM UVDE, n.d. not determined.

UVDE incises DNA containing a nick or a gap

As shown above after nicking of the CXT substrate directly 5’ to the abasic site, UVDE makes
a second incision 5’ to the adjacent C residue. This indicates that formation of a productive
complex on the CX sequence is improved by the presence of a nick between the two residues.
To test whether for this incision the AP site is still required we also determined the activity of
UVDE on the same DNA fragment with a ss-nick but without the abasic site (C*T). Figure 3A
(lane 2) shows that this DNA substrate is efficiently incised by UVDE (approximately 50 %). A
DNA fragment with identical sequence without the nick is not incised at all (not shown). The two
subsequent incisions on the CXT abasic site fragment also show that under similar incubation
conditions approximately 50 % of the first incision product is additionally nicked by UVDE
(note the equal intensities of the two incision products in Figure 2A, lane 5). Apparently whether
there is a thymine or an abasic site on the 3’ side of the nick does not significantly influence the
incision. Even with a purine on the 3’ side (C*A, lane 4) a similar amount of incision products is
found. DNA fragments with a purine on the 5’ side (A*C and A*A), however, are hardly incised
by UVDE (lanes 6, 8). This means that there is a preference for a pyrimidine at the 5’ side of
the nick but the nature or even the presence of the base on the 3’ side does not seem to be of
importance. Concomitant with the incision efficiencies also the DNA binding to the C*T and
C*A sequences is higher than to the nicks with a 5’ flanking purine residue, but again the binding
to the A*C and A*A fragments is significantly higher than to undamaged DNA (Table 2), as was
observed for the abasic site fragment that was very poorly incised (AXA). UVDE incises the
C*T and C*A fragments 5’ of the C that is flanking the nick, but also a second incision product
is observed which results from incision 1 nt further downstream (Figure 3A, lanes 2, 4). When
using a 50 bp substrate containing a nick flanked by two stretches of pyrimidines (constructed for

the fluorescence studies described below) even two additional incision products were obtained

87



Chapter 4

(20 and 21 nt, Figure 3B, lane 1). The intensities of these incision products suggest that they
result from subsequent incision events. This would imply that UVDE can also nick DNA 5’
to a nucleotide that is flanked by a 1 or 2 nt gap. To test this we constructed a DNA fragment
containing a 1 nt gap (Table 1). Indeed UVDE does nick this DNA resulting in two incision
products of 25 and 24 nt (Figure 3B, lane 5). At a higher protein concentration the amount of
the 25 nt fragment decreases whereas that of the 24 nt fragment increases showing that the
24 nt fragment results from two consecutive incision events. Both incisions are made 5’ to a
pyrimidine residue. A subsequent third incision is not observed, most likely because this nick
would have to be made 5’ to a purine residue (see sequence Figure 3B). In the T*T fragment

there are three pyrimidines present explaining why on this substrate three successive incisions

A 101 1o

11 1 "
ATCTTC ATCRATC ATACTC ATAATC
1 2 3 4 5 6 7 8

12—
11—
10— Ead >
= 5nM = 5o0M — 5nM = 5oM
202122 2425
B 11, 1
TTT TTT ACT—-GA
1 2
23—
2-
21—
20—

InM : -  1OnM  5nM

Figure 3. Activity of UVDE on a DNA fragment with a ss-nick or 1 nt gap.

A. The 5’-terminally labelled substrates (0.8 nM) were incubated with 5 nM of UVDE for 15 minutes.

B. Similar incubations containing 0.3 nM of T*T nick fragment (lanes 1, 2) or 0.8 nM of the gapped substrate
(lanes 3 - 5) with the indicated amount of UVDE. The relevant sequences of the DNA substrates are shown

above the lanes with the position of the nick (*) and the position of the gap (-) and the incision positions
(arrows).
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can be made. Taken together the results show that UVDE can also form productive complexes
on a pyrimidine residue that lacks a 3’ neighbour, implying that on these substrates rotation
of only one nucleotide into the proposed protein pocket is sufficient. The fact that on a nicked
substrate, in contrast to the abasic site constructs, the nature of the 3 flanking base is of much
less importance suggests that because of the interrupted phosphodiester backbone also here only
one nucleotide which is 5’ of this nick will be rotated. It should be noted that although the binding
of the CXT abasic fragment is similar to that of the C*T nicked DNA, the overall incision of the
abasic site is still higher (compare Figure 2A, lane 5 with Figure 3A, lane 2). This implies that
the catalytic reaction is more successful in complexes with two flipped bases on an intact DNA

backbone than on complexes with one flipped base on a broken DNA backbone.

UVDE-mediated unstacking of nucleotides opposite the lesion

In the co-crystal structure of Endo IV with DNA not only the AP site but also the opposite base
is extruded from the DNA helix (Hosfield et al., 1999). To test whether base flipping in the
opposing strand also occurs upon binding of UVDE we made use of the fluorescent adenine
analogue 2-AP that we incorporated in the different DNA substrates opposite the lesion (CPD,
(6-4)PP, CXT abasic). Excitation of 2-AP with light of a wavelength of 310 nm results in an
emission of about 370 nm. In a double-stranded DNA fragment this fluorescence is significantly

quenched by base stacking interactions and therefore 2-AP can be used as a spectroscopic probe

Table 3. UVDE binding to 2-aminopurine (2-AP) containing DNA substrates.

Damage 2-AP % binding % binding
position wt UVDE Y358A
No damage 1 5+3 4+2
No damage 2 8+2 6+3
CPD no 6l+1 28+1
CPD 1 60+ 1 25+1
CPD 2 59+1 27+1
(6-4)PP no 59+3 60+3
(6-4)PP 1 61 +4 62+2
(6-4)PP 2 65+1 66+ 1
abasic (CXT) no 62+1 16+1
abasic (CXT) 1 61+4 15+2
abasic (CXT) 2 60+ 1 15+1
nick (T*T) no 57+1 n.d.
nick (T*T) 1 572 nd.
nick (T*T) 2 59+1 n.d.
TG no 60+ 1 n.d.
TG 1 60+2 n.d.
TG 2 61+1 n.d.

X, position of AP site, TG, thymine glycol. Incubation was done using the same conditions as used for the
fluorescence assays without metal cofactors. The positions of the 2-AP residues are as shown in Figures 4 and
5.
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for base unstacking and base flipping (Allan et al., 1996; Christine et al., 2002; Holz et al.,
1998; McCullough et al., 1997; Bandwar and Patel, 2001 and Malta et al., 2006). The incision
efficiencies of the different substrates were not influenced by the presence of a 2-AP instead of a
normal adenine (not shown) and also the DNA binding efficiencies are similar (Table 3).

In the absence of protein none of the DNA fragments exhibit significant fluorescence
(Figure 4, A - F), showing that the different lesions do not disturb the base stacking in the
opposing strand. The addition of UVDE to a non-damaged DNA fragment containing either of
the 2-AP residues also did not give rise to any fluorescence signal (not shown).

Upon incubation of the (6-4)PP-containing DNA with UVDE in the absence of metal ions
(preventing DNA incision) fluorescence of the 2-AP at position 1 (opposite the 5’ T) as well as
the 2-AP at position 2 (opposite the 3° T) increases significantly to 25 and 32 AU respectively
(Figure 4, A and B). Considering that the fluorescence of the same concentration of free 2-AP
is around 100 AU and that under conditions used for the fluorescence measurements about 60
% of the DNA is bound (Table 3), significant destacking of the two damage-opposing bases
does occur upon UVDE binding. For the CPD lesion similar destacking of the two bases can be
detected, again with the signal of the 2-AP opposite the 3’ T somewhat higher than its neighbour
opposite the 5’ T (Figure 4, C and D). Binding of UVDE to the abasic site in the sequence CXT
shows that the 2-AP residues opposite the abasic site (position 1) and the 3’ flanking T (position
2) show the same fluorescence as the 2-AP’s opposite the CPD or (6-4)PP lesions (Figure 4, E
and F). This confirms that in this substrate UVDE is positioned on the XT sequence in a similar
way as on the CPD and (6-4)PP.

We also tested fluorescence of the T*T nicked DNA with 2-AP residues opposing the
thymines flanking the nick (Figure 5A, B). The T*T DNA fragment by itself (in the absence
of protein) already gives rise to significant fluorescence. Apparently the presence of a nick in
the A/T-rich sequence largely enhances the flexibility of this DNA. In the presence of UVDE a
similar fluorescence of the 2-AP residues is observed as for the other substrates (Figure 5, A and
B) showing that unstacking of the bases in the opposite strand also occurs when the ‘damaged’
strand is broken.

We also tested whether conformation of the DNA in the complex changes after incision.
To this purpose the DNA substrates were pre-incubated with UVDE in the presence of the metal
cofactors for 10 minutes to allow incision, after which the fluorescence spectra were recorded
(Table 4). Incision of the different substrates under these conditions was confirmed (not shown).
For none of the 2-AP residues a significant change in fluorescence could be observed (Table
4), indicating that upon incision the residues opposing the lesion remain in the same unstacked

conformation.
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Figure 4. Fluorescence emission spectra. The DNA fragments (0.5 uM) with a (6-4)PP (A and B) a CPD (C
and D) or an AP lesion (E and F) were incubated with or without 2.5 uM UVDE for 10 minutes at 30°C. After
incubation the sample was transferred to a cuvette and emission spectra were recorded at 30°C (excitation at
310 nm). The relevant sequences of the different substrates are shown with the 2-AP residue at position 1 (A,
C, E) or position 2 (B, D, F). The spectra of the samples without protein or after incubation with UVDE are in
black as indicated. In grey are the spectra recorded in the presence of acrylamide.
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Figure 5. Fluorescence emission spectra. The DNA fragments (0.5 pM) with a ss-nick (T*T, panels A and B)
or thymine glycol (TG, panels C and D) were incubated with or without 2.5 pM UVDE for 10 minutes at 30°C.
After incubation the sample was transferred to a cuvette and emission spectra were recorded at 30°C (excitation
at 310 nm). The relevant sequences of the different substrates are shown with the 2-AP residue at position 1 (A
and C) or position 2 (B and D). The spectra of the samples without protein or after incubation with UVDE are
in black as indicated. In grey are the spectra recorded in the presence of acrylamide.

Table 4. Fluorescence signals before and after incision.

Damage 2-AP Fluorescence Fluorescence
position no incision 10 min incision
CPD 1 23+1 25+4
CPD 2 27+2 28+2
(6-4)PP 1 25+2 27+3
(6-4)PP 2 32+1 30+2

The fluorescence signal (emission at 370 nm) is shown in arbitrary units (AU).

In the Endo 1V protein-DNA complex the extrahelical base opposite the AP site does not
make any contacts with residues of the protein and is fully solvent exposed. To test whether UVDE

extrudes the opposing bases in a similar way we measured fluorescence of the UVDE-DNA

92



Damage recognition by UV damage endonuclease from Schizosaccharomyces pombe

complex in the presence of acrylamide. Acrylamide has been shown to quench the fluorescence
of 2-AP but it can only do so if the 2-AP is accessible to the compound, i.e. solvent exposed
(Malta et al., 2006, Rai et al., 2003). Figures 4 and 5 (grey lines) show that for all four substrates
fluorescence of the 2-AP at position 2 remains unaltered upon addition of acrylamide, indicating
that this residue is shielded from solution by residue(s) of the UVDE protein. The 2-AP at
position 1 appears not fully protected by the protein as in all four substrates it is partly quenched
by the acrylamide (Figures 4 and 5). For the T*T containing fragment the quenching of 2-AP at
position 1 seems less than for the other substrates (Figure 5A), but one should bear in mind that
for this particular substrate the unbound DNA that is still present in the sample also contributes
to the fluorescence signal. In any case, unlike Endo IV for none of the DNA substrates the

residues in the complementary strand become fully solvent exposed upon UVDE binding.

UVDE recognizes but does not efficiently incise DNA containing a thymine glycol.

It has been reported that UVDE does not incise DNA containing a thymine glycol (Kanno et al.,
1999), but since the data of this experiment were not included in the paper, this might have been
due to the presence of purine residues flanking the thymine glycol (TG) lesion. We therefore
constructed a DNA fragment in which the TG is flanked by pyrimidine residues in the same
sequence context as the optimal abasic site substrate CXT (Table 1). The binding of UVDE
to this DNA fragment is indeed comparable to that of the CXT, CPD or (6-4)PP containing
fragments (Table 2). Also under conditions of the 2-AP fluorescence experiments a similar
binding is observed (Table 3) and these complexes do give rise to fluorescence of the 2-AP
residues in the opposing strand (Figure 5, C and D). The addition of acrylamide again shows that
these 2-AP residues do not become solvent exposed. The quenching at position 1 is somewhat
less compared to the other types of lesion, indicating that the conformation of this residue might
be different, shielding it more from the solution.

When we tested the incision of the TG-containing DNA by UVDE the nicking activity
appeared surprisingly low. At the ‘normal’ concentrations (5 nM) UVDE does hardly incise
the DNA and only at a 10 times higher concentration some nicking (20 %) is observed (Figure
6A, lanes 2, 3). As a control the Endo III enzyme does efficiently induce incision on the same
substrate (Figure 6A, lane 1). Apparently although UVDE does bind the TG lesion and also
induces destacking of the bases in the opposing strand, it cannot effectively position the scissile

bond into the active site of the protein.

Residue Y358 stabilizes the extra helical bases opposite the lesion.

In the crystal structure of 7. thermophilus UVDE an aromatic residue (Tyr105) was seen to
point out from the proposed DNA binding groove into the solvent (Paspaleva et al., 2007).
The importance of Tyr105 for the activity of the 7. thermophilus UVDE became clear when
this residue was changed into an alanine, since the incision activity of the resulting mutant was

severely reduced (Paspaleva et al., 2007).
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Figure 6. Incision activity on thymine glycol and effect of pH on incision.

A. The 5’-labelled 30 bp DNA fragment (0.2 nM) with a TG lesion was incubated with the indicated amount
of Endo III (lane 1) and wtUVDE (lanes 2 and 3).

B. The 5’-labelled 30 bp DNA fragment (0.2 nM) with a CPD or (6-4)PP was incubated with 5 nM of UVDE at
two different pH conditions as shown. The arrow indicates the position of the incision product.

To our surprise, mutating the equivalent tyrosine residue in S. pombe UVDE (Y358A)
resulted in a protein that was severely reduced in incision of DNA containing an AP site (Figure
7A, lane 2), but the incision on the CPD or (6-4)PP was still very efficient (Figure 7A, lanes
3 - 6). Filter binding studies revealed that indeed the binding of the mutant protein to an AP
site is significantly reduced (Table 3). The binding of Y358A to the (6-4)PP is similar to that
of the wild type protein, but also the binding to the CPD appears reduced (Table 3). A kinetic
assay with a limiting amount of protein revealed that the incisions of the CPD and (6-4)PP by
the mutant protein are even much faster than for the wild type protein (Figure 7, B and C). The
(6-4)PP containing DNA is more efficiently nicked by the mutant protein than the CPD, which
probably reflects the difference in binding between these substrates. Apparently the absence of
Tyr358 does reduce the stability of the protein-DNA complex on the CPD, but this is largely
compensated by a much faster incision step. For the (6-4)PP Tyr358 is not required for stable
binding and also for this DNA fragment the removal of this residue speeds up the incision
reaction.

Next we tested the effect of the Y358A mutation on the 2-AP fluorescence. For this we
used the DNA with the (6-4)PP lesion, since under the conditions used for the fluorescence
assay the mutant protein forms a similar amount of complexes on this lesion as the wild type
protein (Table 3). Position 1 no longer shows any fluorescence upon binding of the mutant
protein (Figure 8A) and fluorescence at position 2 is reduced by about a factor of 3 (Figure 8B).
The peak of the remaining fluorescence signal at position 2 is significantly shifted to a higher
wavelength indicating that the 2-AP residue in the mutant complex is in a different environment.

This was confirmed by the observation that the remaining fluorescence at position 2 can now
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Figure 7. Incision activity of the Y358 A mutant.
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A. The 5’-labelled 30 bp DNA fragments (0.2 nM) with a CPD, (6-4)PP or AP site (CXT) were incubated with
5 nM UVDE or mutant Y358 for 15 minutes at 30°C (B and C). The CPD fragment (0.1 nM) and (6-4)PP
fragment (0.1 nM) were incubated with 0.25 nM of (mutant) UVDE for the indicated amount of time (minutes).
The incision products are indicated with an arrow.

be fully quenched by acrylamide (Figure 8B), whereas the fluorescence of the same residue in
the complex formed by the wild type protein was fully protected from quenching (Figure 4B).
This clearly shows that residue Tyr358 not only stabilizes the destacking of the bases in the
non-damaged strand but also that in the absence of Tyr358 position 2 becomes more solvent

exposed.
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Figure 8. Fluorescence emission spectra of wt UVDE and mutant Y358A on a substrate containing a (6-4)PP.

The position of the 2-AP and the relevant sequence are shown. In panel A the 2-AP residue is incorporated at
position 1, while in panel B the fluorescent base is at position 2. The spectra of the samples without protein
or after incubation with wt UVDE or Y358A are in black as indicated. In grey is the spectrum recorded in the
presence of Y358A and acrylamide.

Mutant Y358A does not repair UV lesions in vivo.

The surprising increased incision activity of the Y358 A mutant on the CPD and (6-4)PP lesions
prompted us to test the ability of the mutant protein to repair UV-induced damage in vivo. For
this purpose we used an E. coli strain lacking the uvr4 and uvrB genes, which as a consequence
of the absence of nucleotide excision repair (NER) is very UV sensitive (Figure 9, row 1).
Introduction of a plasmid with the wt UVDE gene under control of the Plac promoter restores
UV resistance (Figure 9, rows 2 and 6). The repair of UV lesions with only the UVDE protein
is almost equal to the repair in a wt E. coli strain by the NER proteins (compare rows 2 and 3).
Apparently the UVDE not only incises the DNA adjacent to the UV-induced lesions in E. coli,
but the bacterium can effectively process the subsequent nicks to complete repair. The presence
of the NER proteins together with UVDE even further improves the UV resistance (row 4).
Apparently there are lesions left by the NER system (most likely CPD’s) that are repaired by
UVDE. This explains why some bacterial species (like Bacillus subtilis), which do possess an
active NER machinery have also acquired the UVDE gene (Goosen and Moolenaar, 2008).
Expression of the Y358A mutant protein in a NER-deficient background, however, only gave
rise to very low UV survival (Figure 9, row 7), although the wild type and mutant proteins were
expressed to the same level in the cells (results not shown).

What might explain this apparent discrepancy between the in vivo and in vitro activities
of the mutant protein? One explanation might be that the binding of the protein to CPD lesions,
which is already reduced in vitro might be much further reduced in vivo where there is a large
excess of undamaged DNA. When we tested the incision of the CPD and (6-4)PP fragments in the

presence of an excess of undamaged DNA, however, the activity of the mutant protein remained
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Figure 9. UV survival test.

A nucleotide excision repair deficient E. coli strain containing a vector plasmid without UVDE (rows 1 and
5), or plasmids expressing wild type (rows 2 and 6) or mutant Y358A proteins (row 7) were irradiated with the
indicated dose of UV light. As a control also a wt E. coli strain (row 3) and the same strain expressing wtUVDE
(row 4) were included in the test.

very high (not shown). Another difference between the in vivo and in vitro conditions is the pH.
The cellular pH of E. coli (and S. pombe) is around pH 7.5 (Padan et al., 1981). The optimal pH
for the wild type enzyme, however, is pH 6.5 (Kaur ef al., 1999 and our lab (not shown)) and
all experiments have been conducted in a buffer of this lower pH. When we tested the wild type
UVDE at the more physiological pH of 7.5 the enzyme still fully incised the DNA containing
a CPD or (6-4)PP at 5 nM of protein (Figure 6B). The mutant protein, however, did not show
any activity at all under these conditions (Figure 6B), although the binding of the mutant protein
did not alter when the pH was varied (Table 5). This means that under physiological conditions,
the catalytic activity of the mutant protein is strongly reduced, explaining the impaired repair of
UV damage in vivo. We conclude from these experiments that Tyr358 not only plays a role in
stabilization of the protein-DNA complex, but it also shields the active site from the influence

of a higher pH of the solvent.

DISCUSSION

One of the intriguing questions in DNA repair is how the different repair enzymes discriminate
between damaged- and undamaged DNA. In some repair systems only one specific type of damage
is recognized. An example of such an enzyme is uracil glycosylase where the enzyme contains

a very specific uracil binding-pocket, which occludes binding of the four other bases (Parikh et
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al., 1998 and 2000). Nucleotide excision repair (NER) is an example of a repair system with a
very broad substrate specificity where multiple enzymes participate in the damage recognition
process, each protein probing different characteristics of the DNA structure (Truglio et al., 2006,
Gillet et al., 2006). UVDE has also shown to be more versatile in damage recognition, although
in contrast to NER only one relatively small protein is responsible for both damage-specific
binding and incision. In this paper we present evidence that UVDE uses different parameters
to recognize a DNA damage. Initially UVDE seems to probe the DNA for its bendability. We
show that not only a CPD, (6-4)PP or abasic site but also a single-strand nick or gap significantly
increase the binding affinity of the protein, although some of these complexes do not result in
incision. The similarity between UVDE and Endo IV predicts that in the UVDE-DNA complex
the DNA will be bent by about 90°. Any alteration in the DNA that increases its flexibility
is therefore expected to stabilize the protein-DNA contacts. Most likely for the same reason
mismatches and small insertions can be a substrate for UVDE (Kaur et al., 1999, Gillet et al.,
2006). The bendability of the DNA alone, however, is not enough. Subsequently the protein
needs to present the scissile bond to the active site, which is buried inside the protein, requiring
rotation of the adjacent base from the DNA helix. For the CPD and (6-4)PP this means that both
covalently linked bases need to be extruded from the helix into a proposed pocket of the protein
(Paspaleva et al., 2007). Our results with the AP site in different sequence contexts suggest that
also on an AP lesion the protein will flip two residues: the abasic site together with its neighbour.
Whether this will be the base at the 3” or 5° side of the AP site depends on the nature of these
bases. The most preferred AP-substrate appears to be the AP site with a pyrimidine at its 3’ side.
The combination of an abasic site with a purine at the 3’ side does not seem to be bound at all
and instead on such a sequence UVDE will shift one position, now targeting the AP site together
with the 5’ flanking base. Apparently the protein pocket in which the two adjacent bases are
proposed to flip can accommodate a normal or distorted (in the CPD and (6-4)PP) pyrimidine at
the 3’ side but not a purine, probably as a result of its larger size. Also for the base flanking the
AP site at the 5’ side a pyrimidine is preferred, although productive complexes can be formed
with a 5’ flanking purine as well albeit with much lower efficiency. We have presented evidence
that UVDE can also form productive complexes on only one rotated pyrimidine residue if this
residue is 3’ of a broken backbone caused by a nick or a gap. Possibly because of the broken
backbone the rotation of the two residues is no longer coupled, allowing insertion of only one
pyrimidine into the protein pocket. Again here no productive complexes are formed when a
purine flanks the nick in the backbone. Taken together we propose that exclusion of larger bases
from the proposed protein pocket provides a second damage discrimination step.

Our results are in agreement with the reported UVDE-mediated incision of DNA containing
aplatinum-GG crosslink (Avery et al., 1999). On this DNA the incision did not occur immediately
5’ to the Pt-GG adduct which can be expected since the crosslinked guanine residues would
be too large to fit into the proposed protein pocket. Instead incision was made 2 nt further

downstream, placing the two pyrimidine residues that flank the Pt-GG adduct into the pocket
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of the protein. Surprisingly in the same paper it was reported that UVDE incises DNA with an
AP site in the CXA context immediately 5’ to the AP site. This is in contrast to our observation
where in the same sequence context the enzyme makes the incision 5’ to the adjacent C residue.
An important difference between the two substrates is that in our DNA fragments the AP site
consists of a tetrahydrofuran (i.e. a closed ribose ring) whereas in the substrate used by Avery
et al. (1999) the AP site was generated by removal of a uracil with uracil DNA glycosylase,
resulting in a ring-opened ribose. Possibly the open ring structure provides more conformational
freedom allowing rotation of only the AP site without the 3’ flanking purine. It should be noted,
however, that on this CXA sequence with the ring-opened ribose incision is much less efficient
(ten times lower compared to a CPD (Avery et al., 1999).

A thymine glycol (TG) lesion adjacent to a pyrimidine is as efficiently bound by UVDE as
a CPD or (6-4)PP and the protein induces similar conformational changes in the bottom strand
for all three lesions. Yet the TG-containing DNA is only poorly incised. /n silico (Miaskiewicz et
al., 1995) and structural studies (Kim and Choi, 1995) showed that TG is not a planar molecule
and the methyl group is oriented perpendicularly with respect to the pyrimidine ring, making the
TG more ‘bulky’ compared to a normal thymine. It is not very likely that this will completely
prevent the TG from being inserted into the protein pocket, but its conformation might make it
more difficult to properly position the 5’ phosphodiester bond into the catalytic site.

The 2-AP fluorescence studies presented in this paper show that the two bases opposite
the residues that are proposed to be flipped into the UVDE protein pocket are significantly
destacked. In the crystal structure of 7. thermophilus UVDE, Tyr358 is seen to point out of the
proposed DNA binding groove and therefore it is very likely that upon binding to DNA this
residue will penetrate the DNA helix. One possibility is that Tyr358 will wedge between the two
residues opposite the damage thereby disrupting the base stack and stabilizing the DNA kink.
As a consequence the 3’ residue might be partly rotated from the helix, since it was shown to be
partly accessible to the solvent. Alternatively both residues in the complementary strand might
take up an extrahelical position with Tyr358 occupying the vacated space and other residues of
UVDE completely shielding the 5° base. We regard this possibility as less likely, however, since
it is hard to envisage how this shielding would occur, since the bases are expected to be flipped
away from the protein. In either case, the situation must be different from the base-flipping in the
non-damaged strand by Endo IV, since in this complex the base is fully extrahelical but it does
not make any specific contacts with the enzyme.

In the absence of Tyr358 destacking of the bases in the non-damaged strand is no longer
observed and as a consequence binding to the CPD lesion is reduced. On the (6-4)PP binding
is not affected indicating that the contribution of Tyr358 to the stability of the UVDE-DNA
complex depends on the type of damage. A (6-4)PP lesion induces a kink of 44° into the DNA
(Kim and Choi, 1995) whereas CPD lesion is less kinked by about 30° (Park et al., 2002).
Possibly if the DNA is already more kinked by the lesion itself the putative role of Tyr358 in

stabilizing the kink becomes less important. The overall structure of DNA containing an AP site
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does not show significant kinking (Chen et al., 2008), explaining that on the CXT fragment the
binding of the mutant protein is even further reduced.

The incision activities of the Y358 A mutant on both CPD and (6-4)PP significantly differed
from the wild type protein. At pH 6.5 the mutant protein was more active than the wild type,
whereas at pH 7.5 the complete opposite was found resulting in an active wild type and inactive
mutant protein. Since the pH did not affect the binding of either protein this means that Tyr358
influences the catalytic step of the reaction in a pH-dependent way.

In the co-crystal structure of Endo IV with its abasic site substrate there is also a tyrosine
residue (Tyr72) that inserts into the DNA helix filling the gap left by the flipped-out AP site
and stacking on its 5’ neighbour (Hosfield et al., 1999). Mutation of this residue into alanine
only partially reduced the DNA binding, but caused a more dramatic decrease in catalysis. It
was proposed that the hydrophobic residue shields the active site from the solvent to prevent
influence on the pK, of the catalytic Glutamate or hydroxide nucleophile (Garcin et al., 2008).
Indeed the structure of the Y72A mutant revealed the presence of water molecules in close
proximity of the scissile phosphodiester bond (Garcin et al., 2008). Also in UVDE Tyr358 might
fulfil such a protective function. Although our fluorescence data show that this residue is more in
contact with the non-damaged strand, its hydrophobic nature might similarly prevent access of
the solvent to the active site. The fluorescence data show that the 5’ opposing residue becomes
more solvent exposed in the absence of Tyr358 and water molecules might therefore penetrate
further into the active site. The pH dependence of the catalysis by the Y358A mutant, however,
indicates that the solvent is not likely to influence the first step in catalysis, deprotonation of
the attacking water molecule, since this would be expected to be less favourable at lower pH.
Instead the mutant protein shows a higher activity at lower pH (6.5). Therefore we propose that
in the mutant the solvent influences the last step of catalysis, the protonation of the departing
3’-0O of the ribose. Under physiological conditions (pH 7.5) this is negatively influenced by the
solvent, making the shielding effect of Tyr358 essential for the activity of the enzyme.

In conclusion we propose that although UVDE is capable of repairing different types of
damage it is specialized in the removal of UV lesions (CPD and (6-4)PP) and we present the
following model for its damage recognition. Initially the protein will bind to flexible sites in the
DNA that allow bending of the DNA helix. Bending will be aided by insertion of the Tyr358 into
the helix. Subsequently the protein will try to flip two potentially damaged bases into a pocket
of the protein, which is located at the bottom of the DNA binding groove. Large bases will be
excluded from this pocket, allowing entrance only of two pyrimidines or a pyrimidine together
with an AP site. If insertion of these bases into the pocket is successful, the phosphodiester bond
is brought in close vicinity of the metal ions in the catalytic site. The aromatic side chain of
Tyr358 will shield the active site from the solvent allowing efficient catalysis at physiological
pH.
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SUMMARY

UV damage endonuclease (UVDE) initiates an alternative repair pathway for UV lesions
by introducing a nick immediately 5° to both cyclobutane pyrimidine dimers and 6-4
photoproducts. Discovered for the first time in Schizosaccharomyces pombe, a broad
substrate specificity has been proposed for this nuclease, including not only UV lesions,
but also abasic sites, single strand nicks and thymine glycols. By comparing the activity
of UVDE proteins from Schizosaccharomyces pombe (Spo), Bacillus subtilis (Bsu) and
Thermus thermophilus (Tth) we show that the broad substrate specificity is restrained to
the eukaryotic Spo homologue, while the Tth-UVDE functions as an UV damage specific
repair enzyme. In this paper we give clear evidence that Mn?" is the catalytic cofactor for
all three UVDE proteins. We propose that full occupation of the UVDE metal binding site
occurs only after DNA binding. We show that for the Spo- and the Bsu-UVDE Mg?* has a
specific role in reducing the non-specific DNA binding. In contrast, for the Tth enzyme Mg**
is shown to inhibit the protein activity by competing with Mn?** in the active site. We further
show that the inability of Bsu-UVDE to incise DNA containing a thymine glycol or a single
strand nick is not due to lack of damage recognition. Instead, after binding to these lesions

the Bsu protein fails to induce the required destacking of the bases opposite the damage.
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INTRODUCTION

Ultraviolet light induces two major types of DNA damage: cyclobutane pyrimidine dimers
(CPDs) and (6-4) photoproducts (6-4PP). To ensure cell survival, various DNA repair pathways
have evolved to remove these lesions. One effective mechanism is the UV damage endonuclease
(UVDE), where a single UVDE enzyme recognises and subsequently nicks DNA containing a
CPD or a 6-4PP. UVDE was identified for the first time in the fission yeast Schizosaccharomyces
pombe (Bowman et al., 1994). Initially broad substrate specificity has been suggested for this
nuclease, including not only UV lesions, but also abasic sites and some nucleotide mismatches
(Kanno et al., 1999), (Kaur et al., 1999). Later studies, however, revealed that the S. pombe
UVDE recognises the abasic site in a sequence dependent manner, with a very low activity when
the damage is flanked by two purines (Paspaleva et al., 2009).

UVDE orthologues have been discovered in a number of fungi and eubacterial species, as
well as in four archaebacteria (Goosen and Moolenaar, 2008). On the amino acid level there are
some intriguing differences between the pro- and eukaryotic proteins, since the bacterial UVDEs
are notably shorter and lack the N-terminal 200 amino acids. The C-terminal part of the protein
is also not conserved and varies in length (Goosen and Moolenaar, 2008).

The structure of 7. thermophilus UVDE, solved with 1.55 A resolution, revealed significant
similarities with the BER enzyme Endonuclease 1V, both being TIM-barrel metal dependent
nucleases (Paspaleva et al., 2007). It is currently believed that the catalytic mechanism of UVDE
might be very similar to the one of Endo IV, where the DNA is cleaved with the help of trimetal
Zn** cluster (Hossfield et al., 1999).

In the UVDE structure the catalytic site was also seen to have the potential to accommodate
three ions, although due to low occupation, the anomalous density maps failed to elucidate their
nature. Crystallisation in the presence of Mn?" ions yielded structure with improved occupancies
of the active site metals, highly suggesting that Mn?* is able to bind within the enzyme catalytic
site (Meulenbroek et al., 2009). Biochemical tests further supported this hypothesis, since Mn?*
was seen to be requirement for the 7. thermophilus UVDE catalytic activity (Paspaleva et al.,
2007). The UVDE active site metals superimpose on the three zinc sites of Endo IV (Paspaleva
et al., 2007), implying that Mnl and/or Mn2 may be involved in creating the water derived
nucleophile.

Interestingly, although the crystal structure of Endo IV reveals the presence of three Zn*
ions, previous data suggest that for its function it can use other divalent metals such as Mn*
(Levin et al., 1988), Co*" (Levin et al., 1991) and Mg?" (Kutyavin et al., 2006). Although Mn**
was proposed as a possible cofactor for the 7. thermophilus UVDE, little is known about the
ionic requirements of UVDE in other organisms. The vast majority of biochemical tests with
the S. pombe homologue have been performed with a combination of 1 mM Mn?" and 10 mM
Mg?* in the reaction mix (reviewed in Doetch et al., 2006). In some studies (Kanno et al., 1999)

only Mg?" was utilized, showing that the S. pombe protein can use this metal ion as a catalytic
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cofactor. For the 7. thermophilus UVDE, however, Mg*" is not able to stimulate the enzymatic
activity (Paspaleva et al., 2007) and the UVDE from Deinococcus radiodurans was also reported
to specifically require Mn?* (Evans and Moseley, 1985).

Here we give evidence that Mn?* is the optimal cofactor for the UVDE enzymes from S.
pombe, B. subtilis and T. thermophilus. Other metals such as Co?” and Ca*" could substitute
Mn?*, but to a lesser extend and depending on the type of protein and DNA lesion. Furthermore,
we present evidence that the UVDE active site gets fully occupied only after DNA binding. We
also compared the activity of the three different UVDE enzymes not only on UV lesions but
also on DNA substrates containing an abasic site, a single nucleotide nick or a thymine glycol,
showing that the previously reported broad substrate specificity is restricted to the eukaryotic S.

pombe enzyme.

MATERIALS AND METHODS

Proteins

Plasmid pETUVDEA228, encoding residues 229 - 599 of S. pombe UVDE, fused to an N-terminal
10 x His tag has been described before (Paspaleva et al., 2009). All S. pombe UVDE point
mutations were constructed by PCR and verified by sequencing for the absence of additional
PCR-induced mutations. The mutant UVDE proteins were purified using the same procedure
as described for the wild type enzyme (Paspaleva et al., 2009) and they all showed the same
elution/purification profile.

The T. thermophilus UVDE protein was purified as described before (Paspaleva et al.,
2007).

The B. subtilis UVDE gene was amplified by PCR, using primers fusing the C-terminal part
of the protein to a 10 x His tag. Subsequently, the gene was inserted into the Ndel and BamHI
restriction sites of pET11a. The resulting B. subtilis UVDE expression vector (pUD17) was
transformed into E.coli BL21/codon+ (Studier et al., 1990). The UVDE protein was purified
from cells of a 2 1 culture, harvested 2 h after induction by IPTG and lysed by sonication in 6 ml
lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10 mM B-mercaptoethanol, 10 % glycerol, 1
% Triton X-100, 1 % sarcosyl). The lysate was loaded on a HiTrap-chelating Ni column, which
was equilibrated with 20 mM Tris pH 7.5. The protein was eluted with a 20 mM to 250 mM
imidazole gradient in 20 mM Tris pH 7.5. The UVDE containing fractions were loaded on a
hydroxyapatite column, equilibrated with 10 mM KPO, (pH 6.5). The protein was eluted with a
gradient of 200 mM to 400 mM KPO, (pH 6.5). The pooled fractions were subsequently loaded
on a P11 phosphocellulose column, equilibrated with 300 mM KPO, (pH 6.5) and eluted with 0
M to 1 M gradient of NaCl in the same buffer. Finally, the purified UVDE protein fractions were
applied to a Nap™35 gel filtration column (GE Healthcare) and eluted in 20 mM Tris pH 7.5, 150
mM NaCl and 10 % glycerol.
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UV survival test

The Xbal - BamHI fragments from pETUVDEA228 (S. pombe UVDE) and pUD17 (B. subtilis
UVDE) were inserted in pIC-19R, resulting in the expression of the wild type and mutant
UVDE proteins under the control of the Plac promoter. The resulting pIC-19R derivatives
were introduced in CS 5018 (Auvr4, AuvrB) (Moolenaar et al., 1994). Cells were grown in LB
including 40 pg/ml ampicillin and I mM IPTG until OD, of 0.3. The cultures were then diluted
ten times and 1 pl drops were spotted on LB plates containing 40 pg/ml ampicillin and 1 mM
IPTG. The drops were subsequently irradiated with the indicated dose of UV light and the plates

were incubated overnight at 30°C.

DNA substrates

The 30 bp DNA fragments (5’-CTCGTCAGCATCTTCATCATACAGTC AGTG-3’) with TT
representing the position of the UV lesion (CPD or 6-4PP) were synthesised as described (Iwai,
2006). The same DNA sequence 5’-CTCGTCAGCATCXTCATCATACAGTCAGTG-3’, with
X representing the position of the damage was used for the abasic site (via incorporation of
a tetrahydrofuran-dSpacer) or the thymine glycol and obtained commercially (Eurogentec,
Belgium). For the studies performed with the ssDNA nick a 50 bp fragment was used 5’-CGTG
TGAGGTCGTTCTGAGGTTT*TTTTGTAATGTGCCCGTAAGTAATCCC-3’, where the star
represents the position of the nick. All substrates containing 2-aminopurine (2 - AP) have been
described (Paspaleva et al., 2009).

The DNA fragments were 5’ radioactively labelled using polynucleotide kinase as described
(Verhoeven et al., 2002).

Incision assay

The 5’ terminally labelled DNA substrates (0.2 nM) were incubated with the indicated amounts
of UVDE in a 20 pl reaction mix (20 mM HEPES pH 6.5, 100 mM NaCl) in the presence of the
shown amount of divalent metal ions. For some experiments (as specified) the 20 mM HEPES
pH 6.5 was substituted with 20 mM Tris with the same pH. After 15 minutes incubation at 30°C
(S. pombe and B. subtilis UVDE) or 55°C (T. thermophilus UVDE), the reaction was terminated
by adding 3 pl of 0.33 M EDTA, 3.3 % SDS and 2.4 ul glycogen (4 pg / ul), followed by an

ethanol precipitation. The incision products were visualised on a 15 % acrylamide gel.

Filter Binding Assay

The filter binding assays were performed in 20 pl samples containing 5 nM or 50 nM UVDE
and 4 nM of the terminally labelled DNA substrates in a reaction buffer containing 20 mM
Tris pH 6.5, 100 mM NaCl. The mixes were incubated for 10 min at 30°C (B. subtilis and S.
pombe UVDE) or 55°C (T. thermophilus UVDE). If needed, metal cofactors (1 mM MnCl,
and/or 10 mM MgCl,) were included in the reaction mix. At the end of the incubation time 0.5

ml of preheated (30°C or 55°C) reaction buffer was added to each sample. The mixture was

106



Active site organisation of UVDE - a Mn*" dependent nuclease

subsequently poured over a nitrocellulose filter (Millipore 0.45 um HA) and the filter was rinsed
three times with 0.5 ml of the reaction buffer. Each sample was corrected for the amount of DNA
retained on a filter in the absence of protein. Binding is expressed as the percentage of input
DNA retained on the filter by the enzymes. For determination of the UVDE binding activity
under the conditions used in the 2-AP measurements 4 nM of the terminally labelled substrates
were mixed with 0.5 uM unlabeled DNA of the same construct and incubated with S. pombe
UVDE (2.5 pM) and B. subtilis UVDE (2.5 uM or 4 uM) for 10 minutes at 30°C.

2-AP measurements

The 2-AP measurements were conducted in 60-ul samples as described before (Paspaleva et al.,
2009), using 0.5 uM DNA, 2.5 uM S. pombe UVDE and 2.5 uM or 4 uM B. subtilis UVDE.
The samples were transferred to a 3 mm x 3 mm quartz cuvette and placed in the fluorimeter.
Fluorescence emission spectra were obtained using a PerkinElmer LS 50B fluorimeter, connected
to a temperature variable water bath to maintain a temperature inside the cuvette of 30°C. The
excitation wavelength was set at 310 nm, and the emission spectra were obtained by scanning
from 325 to 475-nm.

RESULTS

Mn?* is the optimal UVDE catalytic cofactor for all three enzymes

The similarities between the structures of UVDE from Thermus thermophilus (Tth-UVDE) and
Endo 1V suggest a comparable catalytic mechanism and likely utilization of three metal ion
cluster for the DNA cleavage. Although Mn*" was previously shown to be able to bind within
the active site of Tth-UVDE and promote catalysis (Paspaleva et al., 2007; Meulenbroek et al.,
2009) it still remains unclear if it is the optimal UVDE cofactor. Furthermore, it is still an open
question whether the UVDE proteins from different organisms share the same divalent metal
requirements, although as seen in Figure 1 the metal coordinating residues are highly conserved.
To obtain a detailed overview of the enzyme cofactor requirements we tested the incision
efficiencies of UVDE proteins from Schizosaccharomyces pombe (Spo-UVDE), Bacillus subtilis
(Bsu-UVDE) and T. thermophilus (Tth-UVDE) on DNA fragments containing a CPD, a 6-4PP or
an abasic site in the presence of different divalent ions (Table 1). The abasic site was chosen to
be flanked by two pyrimidines, since it has been shown that the incision activity of Spo-UVDE
on this lesion strongly depends on the presence of a neighbouring pyrimidine residue (Paspaleva
et al., 2009).
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250 300
S.pombe DKPIPWRGRLGYACLNTILRSMKE-RVFCSRTCRITTIQRDGLESVKQLGTQNVLDLIKLV
B.subtilis MIFRFGFVSNAMSLWDAS-PAKTLTFARYSKLSKTERKEALLTVTKANLRNTMRTL
T.thermophilus MIRLGYPCEN----LTLGATTNRTLRLAHLT----- EERVREKAAENLRDLERIL
350
S.pombe EWNHNFGIHFMRVSSDLFPFASHAKYGYT- -LEFAQSHLEEVGKLANKYNHRLTMHPGQYT
B.subtilis HYIIGHGIPLYRFSSSIVPLATHPDVMWD-FVTPFQKEFREIGELVKTHQLRTSFHPNQFT
T.thermophilus RFNADHGFALFRIGQHLIPFASHPLFPYD-WEGAYEEELARLGALARAFGQRLSMHPGQYV
400
S.pombe QIASPREVVVDSAIRDLAYHDEILSRMKLNEQLNKDAVLIIHLGGTFEGKKETLDRFRKNY
B.subtilis LFTSPKESVTKNAVITDMAYHYRMLEAMGIADRS----VINIHIGGAYGNKDTATAQFHQNT
T.thermophilus NPGSPDPEVVERSLAELRYSARLLSLLGAEDG- - - - - VLVLHLGGAYGEKGKALRRFVENL
450
. . \ . .
S.pombe QRLSDSVKARLVLENDDVS - -WSVQDLLP-LCQELNIPLVLDWHHNIVPG--TLREGSLDL
B.subtilis KQLPQEIKERMTLEND--DKTYTTEETLQ-VCEQEDVPFVFDFHHFYANPDDHADLN - - - -

T.thermophilus RGEE-EVLRYLALEND--ERLWNVEEVLK-AAEALGVPVVVDTLHHALNPGRLPLEEA- - -

500
S .pombe MPLIPTIRETWTRKGITQKQHYSESADPTAISGMKRRAHSDRVFDFP-PCDPT--MDCMIEA
B.subtilis ---VALIKTWERIGLQPKVLHSSPKSEQAIRSAHDYVDANFLLERFRQWGTNIDFIDFMIEA

T.thermophilus ----LRLAFPTWR--GRPKVHLASQDPKKRPGAHAFRVTREDWERLLSALPGP--ADVMVEA

550
. \ . . . . i
KEKEQAVLFELCRRYELQNPPCPLEIMGPEYDQTRDGYYPPGAEKRLTARKRRSRKEEVEEDEK

KQKDKALLRLMDELSSIRGVKRIGGGALQWKS
KGKEQGLATP

599

S.pombe
B.subtilis
T.thermophilus

Figure 1: Alignment of the UVDE homologues.

The amino acid sequence of UVDE from S. pombe (Takao et al., 1996) is aligned with UVDE from T.
thermophilus (Henne et al., 2004) and B. subtilis (Kunst et al., 1997). The metal coordinating residues are
highlighted in grey. The numbering corresponds to the amino acids position in the S. pombe UVDE.

As seen in Table 1 (A and B), when Mn** is added to the reaction mixtures, Spo-UVDE
and Bsu- UVDE exhibit similar high activities on all tested DNA damages. In the absence of
Mn?* both nucleases do not show any catalytic activity, pointing to the fact that their active
sites are not fully occupied with three metal ions. Under this condition the complex formation
of both enzymes is comparable, being equally high on the CPD, the 6-4PP and the abasic site
(Table 2, A and B). Notably, the amount of protein-DNA complexes is not influenced by the
presence of Mn?', since the binding efficiencies of both proteins are similar in the absence of
additional metals or in the presence of Mn?* (Table 2, A and B). This fact highly suggests that full
occupation of the UVDE active site is not a requirement for stable DNA binding.

Tth-UVDE shows high incision on substrates containing CPD or 6-4PP, but as previously
illustrated (Paspaleva et al., 2007), cuts the abasic site containing DNA only 20 % (Table 1C).

Interestingly, in the absence of metal ions or in the presence of Mn?* Tth-UVDE distinguishes itself
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Table 1: Activity of UVDE enzymes in the presence of different divalent metal ions.

A
Organism: - Mn* Co™ Mg* Ca? In* Cu**
S. pombe
CPD <1 97+2 94+2 <l 5+1 542 2
6-4PP <1 93+4 79+1 1 20+2 S5+1
Ap site <1 98+ 1 10+1 <1 <1 <1 <1
B
Organism: - Mn* Co* Mg* Ca* ZIn* Cu*
B. subtilis
CPD <l 99+1 20£2 <1 <1 542 10+£3
6-4PP <1 94+2 5043 <1 <1 <1 <1
Ap site <1 97+1 2 <1 <1 <1 <1
C
Organism: - Mn* Co* Mg* Ca* In* Cu*
T. thermophilus
CPD <1 94+1 88+4 <1 <1 <1 <1
6-4PP <1 91+1 50+2 <1 <1 <1 <1
Ap site <1 20+2 20+ 1 <1 <1 <1 <1

Incubation was done with 5 nM UVDE and 0.2 nM DNA in the presence of 1 mM of the indicated divalent
metal ions or in the absence of additional metals (indicated as -).

as a weak DNA binder, since only 34 % of complex formation is detected on the CPD lesion and
about 20 % on the 6-4PP and the abasic site. Even more, at 5 nM protein concentration, which
was sufficient to promote 50 % — 60 % binding for Bsu-UVDE and Spo-UVDE, no binding of the
Tth-UVDE can be detected at all. Although weak, the Tth-UVDE complex formation is still damage
specific, since the complex formation on the undamaged DNA is significantly lower (Table 2C).
A probable explanation might be the temperature optimum of the thermophilic enzyme, since it is
plausible that at higher temperatures the protein-DNA contacts are weaker and easily disrupted during
the experimental procedure. Catalytically the Tth-UVDE is as active as the Bsu- and the Spo-UVDE
proteins (Figure 3C), suggesting that transient binding is sufficient for a high incision level. Although
the incision of the abasic site by Tth-UVDE is very low, the binding to this substrate is comparable to
that observed on the 6-4PP (Table 2C). Apparently both types of damages are equally recognised by
the Tth-UVDE enzyme, but subsequent incision cannot efficiently take place at the abasic site.

As seen in Table 1, the highest incision for all tested UVDE proteins is observed in the
presence of Mn?', indicating that it is the optimal UVDE cofactor. Co?* can partially substitute
Mn?*, but depending on the lesion and with varying efficiencies for the different UVDE
enzymes. For Spo-UVDE Co* can fully promote activity for the CPD incision, although studies
performed with lower protein concentration suggest that Mn?* is slightly more beneficial (data

not shown). On the 6-4PP Co*" appears a somewhat less efficient cofactor and on the abasic
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Table 2: Binding activity of UVDE enzymes in the presence or absence of additional divalent metals.

A. Spo UVDE
Cofactors: CPD 6-4PP Abasic site Undam.DNA
50nM  5nM 50nM  5nM 50nM  5nM 50nM  5nM
- 91+1 55+3 92+1 57+1 90+1 5343 9+1 3+1
Mn* 94+2 53+2 93+1 60+1 93+2 58+1 23+£1 6+1
Mg 90+2 50+4 91+2 57+1 85+4 5742 3+1 1£2
Mn* +Mg* 94+1 62+£2 95+1 66+1 94+1 65«1 M+l 242
B. Bsu UVDE
Cofactors: CPD 6-4PP Abasic site Undam.DNA
50nM  5nM 50nM  5nM 50nM  5nM 50nM  5nM
- 81+2 55+2 86+1 56+3 82+2 60+1 19+2 3+2
Mn* 80+£3 56+2 8+1 59+1 84+2 59+1 40+£2 6+2
Mg* T1+1 5142 84+1 58+£3 79+1 58+3 T+1 3+1
Mn* + Mg* 82+1 61+3 87+1 67+1 861 66+1 21+£3 5+2
C. Tth UVDE
Cofactors: CPD 6-4PP Abasic site Undam.DNA
50nM  5nM 50nM  5nM 50nM  5nM 50 nM 5 nM
- 34+2 2+1 19+3 <1 20£2 1+1 3£1 1+1
Mn* 33+£2 1+1 20£1 <1 23+1 <1 3£1 1+£1
Mg* 3+1 <1 4+1 <1 4+1 <1 2+1 <1
Mn?* + Mg* 4+1 <1 21+1 <1 20+1 <1 3+1 <1

Incubation was done with 4 nM DNA and 50 nM or 5 nM UVDE in the absence of divalent metal ions or in
the presence of 1 mM Mn?* and/or 10 mM Mg?* as indicated. The binding is expressed as the percentage of
total input DNA.

site its activity is severely reduced (Table 1A). This observation suggests that the type of lesion
strongly influences the productive coordination of the divalent metal ions.

Notably, for the Bsu-UVDE Co? is less capable of replacing Mn** for its catalytic function
on all three substrates. It gives rise to only 20 % incision on the CPD, 50 % on the 6-4PP and
hardly any nicking (2 %) on the abasic site (Table 1B). The reduction in the incision efficiency
is not due to loss of protein-DNA complexes, since the binding of Bsu-UVDE to damaged DNA
is similar in the presence of Co?" or Mn?" (data not shown).

An interesting observation is that for Bsu-UVDE Co?" promotes higher activity on the 6-4PP
in comparison with the CPD, while for the Spo enzyme the opposite is observed. Interestingly,
Co* and Mn?*" serve as equally good cofactors for the Tth-UVDE incision on the abasic site.
Apparently, although the metal coordinating residues are fully conserved, the active sites of
Spo-UVDE, Tth-UVDE and Bsu-UVDE might be structurally different.

We also tested a number of other divalent metals for their ability to support the UVDE
incisions. As seen in Table 1 Mg?" is not able to promote any detectable incision for all three
UVDE enzymes. Both Bsu-UVDE and Spo-UVDE can utilize Zn* and Cu?, albeit with very
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low efficiency. The Spo protein is the only one from the tested UVDEs, which is able to use Ca*
as a cofactor, but only on the 6-4PP (20 % incision). Bearing in mind the large ionic radius (100
pm) of Ca?" (all other tested divalent metals have ionic radii in the 70 pm range) this shows that
Spo-UVDE possesses a remarkable flexibility in its active site. Unlike the other homologues
Tth-UVDE is functional only in the presence of Mn** and Co*". The reduction of the incision
levels is not due to disturbance in the protein-DNA complexes, since the binding of all tested
UVDE:s in the presence of Mn?", Co* or Ca*" is comparable (data not shown).

Taken together, our data clearly demonstrate that for all UVDE proteins the presence of
Mn?" is the most beneficial condition in terms of incision efficiency. Other divalent metals, such
as Co? and Ca®" can partially substitute Mn?*, the level of substitution being highly dependent
on the DNA lesion and the type of enzyme suggesting structural differences in the active sites
of the different UVDE proteins.

Mg?* prevents unspecific binding of Spo- and Bsu-UVDE

Although for many other nucleases it has been shown that Mn?* and Mg?" can substitute each
other in function, this is not the case for UVDE. Since no detectable incision for all tested
UVDE enzymes was observed with 1 mM Mg?" (Table 1) we also used higher (10 mM) Mg?*
concentrations. Under these conditions very low incision is obtained with Spo-UVDE, but only
on the UV lesions (Figure 2). Bsu-UVDE doesn’t show any nicking and the Tth-UVDE exhibits
an extremely low activity on the 6-4PP and no activity on the CPD (Figure 2).

In literature most of the biochemical tests with Spo-UVDE have been performed in the
presence of both Mn?* and Mg?" ions suggesting optimal activity under these conditions (reviewed
in Doetch et al., 2006). Indeed, when we used a lower protein concentration (2 nM), incision on
all three substrates by the Spo enzyme is higher in the presence of both 1 mM Mn* and 10 mM
Mg?* than with Mn?* alone (Figure 3A). The same is observed for Bsu-UVDE (Figure 3A). One
possible explanation for the observed stimulating effect of Mg? might be that it becomes part

of a catalytically more potent mixed Mn*/Mg?*" active site. Alternatively its effect might not be

Spo UVDE Tth UVDE Bsu UVDE
CPD 6-4PP Ap CPD 6-4PP Ap CPD 6-4PP Ap

— - - -

Figure 2: Effect of 10 mM Mg?* on the incision efficiency of different UVDE enzymes.
5 nM of UVDE from 7. thermophilus (Tth), S. pombe (Spo) or B. subtilis (Bsu) was incubated for 15 minutes

with 0.2 nM DNA substrates containing a CPD, 6-4PP or an abasic site (Ap) lesion in the presence of 10 mM
Mg?". The incision product is indicated with an arrow.
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related to a direct binding within the metal coordination site, but to an influence on the stability
of the protein-DNA complexes. To discriminate between these two possibilities we performed

DNA binding studies in the presence or absence of additional Mg**.

A

CPD 6-4PP Abasic site
Spo UVDE Bsu UVDE Spo UVDE Bsu UVDE Spo UVDE Bsu UVDE
I 2 3 4 5 6 8 9 10 11 12 13 14 15 1 17 18
.
cofactors: Mg+ - + + - + + - + + - + + - +
Mn® - + o+ -+ o+ -+ + + 4+ +
B Tth UVDE ¢
CPD 6-4PP
CPD 6-4PP Abasic site
1 2 3 4 5 6 7 8 9 10
. .
concMg*(mM): - 1 5 10 -1 5 10 - 10 protein: Spo Bsu Tth  Spo Bsu Tth

Figure 3: Effect of Mn?" and Mg*" on the incision efficiency of different UVDE enzymes.

A. The UVDE enzymes (2 nM) from S. pombe (Spo) and B. subtilis (Bsu) were incubated with 0.2 nM DNA
containing a CPD, a 6-4PP and abasic site lesions in the presence of 1 mM Mn?** or/and 10 mM Mg*" as
indicated.

B. T thermophilus (Tth) UVDE (5 nM) was incubated with the same DNA substrates in the presence of 1 mM
Mn?* and different concentration of Mg?" ions as indicated.

C. Spo, Bsu and Tth UVDE (0.25 nM) were incubated for 15 minutes with 0.2 nM CPD and 6-4PP containing
DNA fragments. The position of the incision products is shown with arrows.

As shown in Table 2, in the absence of divalent metals the binding of Bsu-UVDE and Spo-
UVDE to CPD, 6-4PP and the abasic site is comparably high. Addition of Mg*" or Mn** alone
does not significantly change the amount of detected complexes on any of the tested lesions.
With the combination of Mn?* and Mg?*, however, at low protein concentrations (5 nM), a slight
stimulating effect is observed.

When we tested the binding of both proteins to undamaged DNA, much more pronounced
effect of the metal ions is observed. For both enzymes Mn?* stimulates the unspecific binding at
50 nM of protein (Table 2, A and B). This is an interesting observation, since the role of the metal
cofactors is generally limited to the catalytic step and little is known about their influence on
the DNA binding. Notably, Bsu-UVDE shows higher affinity for the undamaged DNA substrate
than the Spo protein. On the damaged DNA substrates this Mn?* effect is less visible, since
it is probably masked by the much stronger impact of the DNA lesion on the enzyme-DNA
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interactions. Addition of Mg?" ions at high (50 nM) protein concentrations appears to have an
opposite effect on binding to undamaged DNA. As seen in Table 2 (A and B), the binding of
Spo-UVDE and Bsu-UVDE to the undamaged DNA in the presence of Mg?* is reduced from 9
% (Spo-UVDE) and 19 % (Bsu-UVDE) to 3 % and 7 % respectively. When both Mn** and Mg**
ions are present, the binding of Spo- and Bsu-UVDE to undamaged DNA is reduced compared
to the incubation with Mn*" alone (Table 2). Taken together, these data indicate that for both
Spo-UVDE and Bsu-UVDE Mg?* prevents their unspecific binding, which might explain the
stimulating activity of this cofactor on the activities of these enzymes.

To further investigate the effect of Mg?* ions on non-specific UVDE binding we performed
competition assays. In these assays undamaged competitor DNA (pUC18) was added in
increasing amounts to radioactively labeled DNA fragments containing a CPD (Figure 4, A and
C) or 6-4PP (Figure 4, B and D). For both Spo-UVDE and Bsu-UVDE in the absence of divalent
metal ions the undamaged competitor slightly reduces the amount of damage-specific complexes
formed with CPD and the 6-4PP. When 10 mM Mg?* was included in the reaction the influence
of the undamaged DNA is decreased on all tested substrates and the amount of protein-damaged
DNA complexes is higher than without metal ions. In the presence of | mM Mn?* the amount of
specific complexes drastically decreases indicating a Mn?* stimulated binding to the competitor
DNA. When both Mn*" and Mg** ions were included in the reaction mixes the complex formation
of Spo-UVDE and Bsu-UVDE on the CPD and the 6-4PP is restored to the level of damage
specific binding in the absence of metal ions. This experiment clearly shows that Mn?* severely
reduces the ability of the UVDE proteins to discriminate between damaged and undamaged
DNA and that the addition of Mg** ions restores the discriminating properties.

We also tested the UVDE-mediated incision in the presence of non-damaged competitor
DNA (Figure 4E). Also in this incision assay the beneficial effect of the ions is clearly visible,
since the catalytic activities of both nucleases on the CPD and the 6-4PP are considerably higher
with 1 mM Mn* and 10 mM Mg?*" than with Mn*" alone. Under these conditions Mg*" alone
cannot support any nicking activity showing once again that it is not a catalytic cofactor for
Bsu-UVDE and Spo-UVDE.

Summarizing we can conclude that the beneficial influence of Mg?* on the Spo-UVDE and
Bsu-UVDE activities is due to destabilizing the proteins complexes on undamaged DNA sites

and not by being part of a mixed Mn*/Mg?" catalytic site.

Mg?* inhibits the Tth-UVDE active site

When we tested the incision activity of Tth-UVDE in the presence of Mn?* and Mg?, we did
not observe a stimulating effect of Mg?". Surprisingly on the CPD lesion even an opposite effect
was found, since incision was severely reduced in the presence of Mn*" and Mg*" compared to
Mn?* alone (Figure 3B, lanes 1 - 4). The inhibitory effect of Mg?" is restricted to the CPD lesion,
since as shown in Figure 3B, the nicking activity of this enzyme on the 6-4PP (lanes 5 - 8) and

the abasic site (lanes 9, 10) is not influenced by Mg?*".
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Figure 4: Damage specific binding of Spo-UVDE and Bsu-UVDE in the presence of undamaged competitor
DNA.

Radioactively labeled DNA (0.5 nM) containing a CPD (A, C) or a 6-4PP (B, D) was incubated with increasing
amounts undamaged cold competitor DNA (pUC18) and 2.5 nM Spo-UVDE (A, B) or Bsu-UVDE (C, D).
The DNA was incubated for 10 minutes at 30°C in the absence divalent metals (A), in the presence of 10 mM
Mg*(A), in the presence of | mM Mn?* (M) and in the presence of both 1 mM Mn?*" and 10 mM Mg (O).

E. DNA fragments (0.5 nM) containing CPD or 6-4PP were incubated with 300 ng undamaged competitor DNA

(pUC18) and 2.5 nM Spo-UVDE or Bsu-UVDE in the presence of | mM Mn?" and/or 10 mM Mg?*', as indicated.
The reactions were stopped after 10 minutes at 30°C and the incision products analysed on a 15 % acrylamide gel.
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To discriminate if the influence of Mg* on Tth-UVDE is pure catalytical or due to a
reduced protein-DNA binding, we performed filter binding tests. As discussed before (Table
2C), in the absence of additional metal ions Tth-UVDE appears to be a weak binder compared to
the Spo and Bsu enzymes. Addition of 10 mM Mg?*" severely decreases the Tth-UVDE complex
formation on the CPD from 34 % to 3 %. Mn*" can not rescue the disturbed DNA binding, since
only 4 % complexes are observed when both Mn* and Mg?* are added to the system. Possibly,
Mg?* binds within the catalytic site thereby competing with Mn*". Since the metal cofactors
likely participate in the orientation of the DNA substrate within the protein active site this might
result in disturbed DNA binding. Strikingly Mg?* can compete with Mn*" even at equimolar
concentrations (Figure 3B, lane 2).

The Tth-UVDE binding to the 6-4PP and the abasic site is also reduced with Mg? alone
(Table 2C). In contrast to the CPD lesion, however, Mn?>* rescues the 6-4PP and the abasic site
binding, since when both Mn?" and Mg?" ions are present, the binding efficiencies are comparable
to those with Mn?" alone or in the absence of cofactors (Table 2C).

These data imply that there is a significant difference in the stability of metal ions
coordination when Tth-UVDE interacts with CPD on one hand or with 6-4PP and the abasic
site on the other. It is very likely that when UVDE is bound to the 6-4PP and the abasic site a
stable Mn*" coordination prevents Mg?* from binding in the enzyme metal coordinating sites. In
the UVDE-CPD complex, however, Mg?" is capable of removing stable coordination, not only

reducing the catalytic efficiency but also the stability of the protein-DNA complexes.

The three UVDE proteins differ in their substrate specificities

We have previously shown that in E. coli the repair of UV lesions by the Spo-UVDE protein is very
efficient and equals the repair by the UvrABC Nucleotide Excision Repair proteins (Paspaleva et al.,
2009). To check if that is also the case for the bacterial UVDE homologues we compared the UV
survival of NER defective E. coli strains expressing Spo-UVDE and Bsu-UVDE. Unfortunately, the
Tth homologue could not be tested for in vivo activity in E. coli, since in vitro data showed that this
protein is not active at 37°C (data not shown). As seen in Figure SA, the Spo-UVDE gives rise to a
high level of UV resistance, while the Bsu enzyme only partially complements the UV sensitivity of
the NER deficient strain. The observed effect is surprising, since both proteins are expressed to the
same level (not shown) and they exhibited comparable activity on the 6-4PP and the CPD lesions in
vitro (Figure 3C). One possibility is that the in vitro incubation conditions (pH 6.5) differ from the in
vivo situation and therefore we tested the activity of both UVDEs at a more physiological pH (7.5).
These tests, however, also did not reveal a clear difference between the two enzymes (data not shown).
Another explanation for the observed in vivo differences might be that the substrate specificity of
Spo-UVDE might be broader than that of Bsu-UVDE, including minor UV lesions (other than CPD
and 6-4PP). To compare the substrate specificities of Spo-UVDE and Bsu-UVDE we analysed the
activities of these enzymes on two other types of DNA modifications, a thymine glycol and DNA

containing a single strand nick. These substrates have previously been reported to be incised by the
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Figure 5: UV survival of E. coli strains expressing Spo-UVDE or Bsu-UVDE proteins.

NER deficient (Auvrd, AuvrB) E. coli cells containing a plasmid expressing the indicated wild type (A) or
mutant (B) UVDE proteins were irradiated with different doses of UV light. The empty pUC plasmid was used
as a negative control (upper rows).

Spo-UVDE (Paspaleva et al., 2009). As seen in Figure 6A, Spo-UVDE shows a moderate activity on
the thymine glycol containing fragment (lane 4), but Bsu-UVDE completely fails to incise the DNA
containing this damage (lane 3). Furthermore, the Bsu protein also doesn’t cut the DNA containing
ss-nick (Figure 6B, lane 3), which is a good substrate for the Spo-UVDE (Figure 6B, lane 2).

A B
1 2 3 4

—_—

protein: =  Bsu Tth  Spo - Spo BsuTth

Figure 6: UVDE-mediated incision of DNA substrates containing a thymine glycol or a single strand nick.

A. Tth-, Spo- and Bsu-UVDE enzymes (50 nM) were incubated for 15 minutes with 0.2 nM DNA fragment
containing a thymine glycol.

B. DNA containing a ss nick was incubated with 10 nM of the same UVDE proteins. The arrows indicate the
position of the incision products.
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Despite the lack of incision activity, the binding of the Bsu homologue to the thymine
glycol is not significantly different from the complex formation on the CPD and the 6-4PP (Table
3). The complex formation of Bsu-UVDE on single stand nick is reduced, but still significantly
higher than on the undamaged DNA. Taken together these finding suggest that Bsu-UVDE is
still able to recognize the thymine glycol and the DNA nick as damages, but fails to properly
position them in its active site. The same could be true for other types of lesions like other UV

induced DNA damages, which might explain the reduced in vivo activity of Bsu-UVDE.

Table 3: Binding efficiencies of UVDE enzymes on different DNA lesions.

DNA damage: Spo Bsu Tth
No 3+1 342 3+1
CPD 5543 55+2 34+2
6-4PP 57+1 56+3 19+1
Abasic site 53+3 601 20+2
Thymine glycol 58+1 50£2 4+1
DNA nick 52+ 1 39+2 3£3

DNA with the indicated damage was incubated with 50 nM Tth-UVDE, 5 nM Spo-UVDE or 5 nM Bsu-UVDE
for 10 minutes in the absence of divalent metal ions.

We also tested the Tth-UVDE on the thymine glycol and DNA containing a single strand
nick. As seen in Figure 6 A, B (lane 4), it not only completely failed to incise the two substrates
but it can no longer discriminate this damage from undamaged DNA (Table 3). Since the Tth
protein outlines itself as a weak binder even on substrates introducing major changes in the DNA
structure such as the 6-4PP, the structural changes induced by a nick or a thymine glycol most
likely are not sufficient to promote proper DNA binding.

In conclusion, Spo-UVDE distinguishes itself from its bacterial homologues with a much
broader substrate specificity. Bsu-UVDE is more restricted, although in addition to the CPD and
6-4PP, it can also incise an abasic site. The Tth enzyme, however, can only efficiently repair
CPD and 6-4PP lesions.

Dynamics of Spo and Bsu UVDE pre-incision complexes

Previously we have shown by using 2-aminopurine (2-AP) fluorescence studies that the Spo-
UVDE causes significant destacking of the two bases opposite a CPD and a 6-4PP (Paspaleva
et al., 2009). Similar conformational changes were observed with the base facing the abasic
site. Furthermore, quenching experiments with acrylamide revealed that these bases in the non-
damaged strand do not become solvent exposed and are in a contact with side chains of the
protein.

To see if similar conformational changes occur upon Bsu-UVDE binding to these damages
we compared the 2-AP fluorescence in the presence of this enzyme to that induced by Spo-

UVDE. For this purpose we used DNA fragments containing 2-AP incorporated at two positions
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opposite a CPD, 6-4PP or an abasic site. The presence of the 2-AP did not change the incision
efficiencies of either Bsu-UVDE or Spo-UVDE (data not shown). The binding properties of both
nucleases are also not altered by the presence of the 2-AP (Table 4).

Table 4: S. pombe and B. subtilis UVDE binding on 2-AP containing DNA substrates.

Damage 2-AP % binding % binding
position Spo Bsu

CPD no 61+1 62+1
CPD 1 60+ 1 62+1
CPD 2 59+1 57+3
6-4PP no 59+3 63+1
6-4PP 1 61+4 61+3
6-4PP 2 65+1 64+2
Abasic site no 62+1 62+2
Abasic site 1 61+4 61+1
Abasic site 2 60+1 62+3
Thymine glycol no 60+1 58+2
Thymine glycol 1 60+2 57+2
Thymine glycol 2 6l+1 58+1
Nick no 57+1 54+2
Nick 1 57+2 55+3
Nick 2 59+1 58+1

The incubations were done using the same conditions as used for the fluorescence assays without metal
cofactors. The binding is expressed as the percentage of total input DNA retained on a filter.

In the absence of protein the CPD, the 6-4PP and the abasic site lesion containing fragments
do not exhibit significant fluorescence (Figure 7, A - F), showing that these damages do not
disturb the base stacking in the opposing strand. As previously shown (Paspaleva et al., 2009),
the 2-AP signal in the presence of Spo-UVDE is significantly increased at both positions. In
comparison, the Bsu-UVDE also causes notable change in the 2-AP fluorescence, suggesting
that like Spo-UVDE this homologue is also able to cause destacking of the bases opposite the
DNA damage. There are, however, multiple differences between Spo-UVDE and Bsu-UVDE.
The levels of destacking differ depending on the damage. For instance upon incubation of
the CPD and the AP site containing DNA with Bsu-UVDE the fluorescence of the 2-AP at
position 1 is lower than the one caused by the Spo homologue (Figure 7, A and E), whereas the
signal at position 2 is notably higher (Figure 7, B and F). Both proteins, however, cause a more
pronounced effect on position 2. On the 6-4PP containing fragment Bsu-UVDE has a higher
impact on the 2-AP at position 1, compared to the CPD and the AP site containing fragments,
but the signal is still lower compared to Spo-UVDE (Figure 7C). Also the signal at position 2 is
now lower than that of Spo-UVDE (Figure 7D). Another striking difference between the Spo and
the Bsu enzymes is that for both 2-AP residues the emission maximum in the Bsu-UVDE and

Spo-UVDE complexes are shifted with respect to each other by ~ 50 nm.
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Figure 7: Fluorescence emission spectra of UVDE-DNA complexes.

The DNA fragments (0.5 uM) with a CPD (A and B), 6-4PP (C and D) or an abasic site (E and F) were
incubated with or without 2.5 pM Spo-UVDE and Bsu-UVDE for 10 minutes at 30°C. Panels A, C and E show
the 2-AP signal when the fluorescent base is positioned directly opposite the 5T of the CPD and the 6-4PP or
opposite the abasic site, while in panels B, D and F the 2-AP is incorporated opposite the 3’T of the CPD, 6-4PP
and the 3’ neighbor of the abasic site.

When we added the quenching agent acrylamide in our incubation mixes we couldn’t detect
any change in the 2-AP fluorescence in either of the Spo-UVDE or Bsu-UVDE complexes (data
not shown). Apparently in both enzymes the bases in the non-damaged strand are shielded from

the solution by protein side chains. The way that this is achieved, however, might be different

119



Chapter 5

for the two proteins as illustrated by the shift in emission maximum, which is indicative of a
different polaritiy in the environment op the 2-AP residues (Ward ef al., 1969).

Next we compared the activity of both enzymes on DNA fragments where the 2-AP was
incorporated opposite a thymine glycol and ssDNA nick. As shown before (Paspaleva et al., 2009),
although the CPD, the 6-4PP and the abasic site do not cause destacking in the undamaged strand
by themselves this is not the case for a ss nick or a thymine glycol, where in an absence of protein
a fluorescent signal of 15 AU and 10 AU, respectively is observed (Figure 8). The Spo-UVDE
causes a significant destabilization in the undamaged DNA strand of a thymine glycol containing
DNA (Figure 8, A and B) and again addition of acrylamide did not reduce the fluorescence signal
(Paspaleva et al., 2009). In contrast the Bsu-UVDE doesn’t not cause any detectable destacking
in the undamaged strand of the thymine glycol containing fragment (Figure 8, A and B). This
is not due to a lack of protein-DNA complexes, since filter binding studies revealed that at the
conditions used 58 % of the DNA is bound by the Bsu-UVDE (Table 4).
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Figure 8: Fluorescence emission spectra of UVDE-DNA complexes.

DNA (0.5 uM) containing a thymine glycol (A and B) or ss nick (C and D) was incubated with 2.5 uM Spo-
UVDE and 4 pM Bsu-UVDE for 10 minutes at 30°C. In panels A, C the 2-AP is placed opposite the base
flanking the nick on the 5’ side or directly opposite the thymine glycol. In panels B, D the fluorescent base faces
the nucleotide on the 3’ side of the nick or the 3’ neighbor of the thymine glycol.
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A similar result was obtained with the two 2-AP residues opposite the two T’s flanking
a nick (Figure 8, C and D). Whereas Spo-UVDE does cause destacking of these bases, Bsu-
UVDE fails to induce any change in fluorescence despite the 55 % binding efficiency (Table 4).
Apparently Bsu-UVDE does recognize a DNA fragment containing a thymine glycol or a nick,
but is not able to induce conformational changes in the opposing strand, which might explain
why this protein fails to incise these DNA damages.

We also performed fluorescence studies with the Tth-UVDE, however no change of the
2-AP signal was detected on any of the substrates. The amount of complexes detected under the

fluorescence conditions (~ 15 %) is probably too low.

Active site organization of Spo UVDE

Based on sequence alignment of Spo-UVDE, Bsu-UVDE and the known metal coordinating
residues in Tth-UVDE, it is likely that in Spo-UVDE Mn1 is coordinated by Glu434, Glu535,
His498, Asp459 (Figure 1). Mn2 is oriented with the help of Glu434, His354 and His401 and
according to the alignment Mn3 must be in a contact with Met511 and His462. Methionine,
however, is very unlikely to act as a metal coordinator and possibly in Spo-UVDE this role
is performed by His516. All metal coordinators, except the one replaced by methionine in the
Spo-UVDE sequence, are highly conserved (Figure 1). The importance of Mn1 for Spo-UVDE
function was previously demonstrated, since alanine substitutions of Glu434 and Asp459
abrogated the catalytic activity of the enzyme (Paspaleva et al., 2007). To test the importance
of the other metals we made additional substitutions of His354 and His462. As expected the
resulting mutant proteins are disturbed in incising DNA containing an abasic site (Table 5) with
H462A showing a 50 % reduction and H354A completely failing to incise the abasic site lesion.
On the CPD and the 6-4PP, however, the activity of the mutants is comparable to the wild type
protein (Table 5). Once again this shows that the metal coordination is influenced by the type of
lesion. Apparently in the mutant proteins the three metal ions can still be properly positioned at
the UV-lesions but not on the abasic site.

Surprisingly all Spo-UVDE active site mutants, including H354A and H462A appeared
completely repair deficient in vivo (Figure 5B). One possible explanation for the discrepancy

between the in vivo and the in vitro data might be that the conditions used in our incision assays

Table 5: Effect of the pH on the incision activity of wild type and mutant UVDE enzymes.

CPD 6-4PP Abasic site
UVDE pH6.5 pHT.S pH6.5 pHT.S pH6.5
wild type 97+2 97+1 95+1 95+2 95+1
H354A 97+3 20+1 95+2 20+3 <1
E434A <1 <1 <1 <1 <1
D459A <1 <1 <1 <1 <1
H462A 97+1 10£3 95+3 10+£1 50+4

Incubation was done with 5 nM UVDE enzymes and 0.2 nM DNA in the presence of 1 mM Mn*" and 10 mM
Mg?" at pH 6.5 and pH 7.5. The numbers represent the incision percentages.
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differ from the in vivo situation. The cellular pH of E. coli is around 7.5 (Padan et al., 1981).
In literature the optimal pH for the Spo-UVDE was reported to be 6.5 (Kaur et al., 1998) and
all incision and DNA binding assays have therefore been performed in a buffer of this lower
pH. To test if indeed the pH might be an explanation for the observed differences we tested
the incision efficiency of Spo-UVDE at pH 7.5 and pH 6.5. As shown before (Paspaleva et al.,
2009) the higher pH does not influence the incision activity of the wild type Spo enzyme on any
of the tested lesions (Table 5). However, when we tested the activity of Spo active site mutants
at pH 7.5, the incision activities of both H354A and H462A are significantly reduced (Table
5). The damage-specific binding of the mutants, however, is not altered by the pH (Table 6).
Apparently the metal coordination in the UVDE active site is strongly influenced by the pH,
most likely by influencing the position of the amino acid residues, which participate in the metal

ions coordination.

Table 6: Effect of the pH on the DNA binding properties of wild type and mutant Spo-UVDE enzymes.

UVDE Undam. DNA * CPD 6-4PP Abasic site

pH6.5 pHT.S pH6.5 pHT.S pH6.5 pH7S5 pH6.5 pH7.S5
wild type 9+1 6+3 55+£3 52+2 57+1 57+4 56+1 59+2
H354A 11+2 943 52+4 53+1 60+2 5743 60+2 5842
E434A T+£3 542 53+1 49+1 59+2 56+3 61+1 57+£2
D459A 10£2 7+1 58+1 54+4 61+3 58+1 59+1 62+£2
H462A 7+1 6%1 54+1 51+3 61+2 61+2 58+2 62+1

*Incubation on the undamaged DNA was done with 50 nM Spo UVDE and 4 nM DNA.

The incubation on the CPD, 6-4PP and the abasic site lesion was performed with 5 nM UVDE and 4 nM DNA
fragments. All incubations were done in the absence of additional metals. The binding is expressed as the
percentage of total input DNA.

DISCUSSION

The recently solved UVDE structure from 7. thermophilus (Paspaleva et al., 2007) outlined
the presence of three divalent metals and crystallisation trials in the presence of 1 mM Mn?
showed that the three metal binding sites have the potential to be all occupied by Mn?', forming
a compact cluster (Meulenbroek et al., 2009). However, it was not clarified if Mn*" is indeed the
enzyme’s optimal catalytic cofactor. In our study we not only give direct evidence that Mn*" is
the actual UVDE cofactor, but we also show which other metals can substitute the Mn?* ions. In
our tests Co*" is revealed to be one of the most effective substitutes for Mn?*, not only for the Spo
protein, but also for Tth-UVDE and to a lesser extend for Bsu-UVDE. Notably Cu®* and Zn*',
which are highly similar in ionic radius and exhibit the same charge as Co*" can support only a
very low enzymatic activity, thus the ionic radius, although important, is not the only decisive

factor for the metal function.
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Spo-UVDE distinguishes itself from Bsu- and Tth-UVDE by being able to use Ca*" as a
metal cofactor. The large ionic radius of Ca*" makes it highly unlikely that a cluster of three
Ca?" ions is formed in the catalytic site of UVDE. Possibly Ca?* can be part of mixed Mn*"/
Ca?" active site, making use of one or more intrinsically bound Mn?" ions. An active complex,
however, could only be formed on the 6-4PP indicating that the DNA itself has a major role in
the coordination of the metal ions (see also below).

Both Bsu and Tth proteins exhibit more stringent divalent metal requirements compared to the
Spo orthologue. From the three nucleases Tth-UVDE has the most restricted metal requirement as
incision is supported only in the presence of Mn?* or Co?*. However, bearing in mind that binding
of divalent metals is expected to be temperature dependent, the incubations of the thermophyllic
protein at 55°C might negatively influence stable coordination of other cofactors.

An intriguing observation is that most of the tested divalent metal ions have been found
to support different levels of UVDE activity, depending on the type of damage in the DNA
substrate. This indicates that the DNA itself assists in the coordination of the metal ions, implying
that at least part of these metal ions bind into the active site after association of the protein with
the DNA. The crystal structure of the Tth-UVDE protein revealed the presence of a phosphate
ion coordinated by all three Mn?* ions (Paspaleva et al., 2007). Most likely this phosphate ion
represents a phosphate of the DNA backbone in the protein-DNA complex. Positioning of this
DNA-phosphate is likely to be dependent on the type of DNA lesion explaining why metal
coordination is dependent on the DNA substrate. This model is supported by the properties of
the Spo-UVDE active site mutant H354A (coordinator of Mn2), which is completely deficient
in nicking the abasic site but shows wild type level of incision on the CPD and the 6-4PP, again
showing that metal coordination is stabilised via the DNA.

In our studies we were also able to distinguish between metal ions needed to occupy the
active site and metal ions affecting the DNA binding. Mg** although used by some authors in
UVDE incision assays (Kanno et al., 1999), can support incision activity only in the case of
the Spo homologue and even then a higher concentration of Mg?* ions (10 mM) is needed. One
likely explanation is the reported high charge density of Mg**, which poses a strong electrostatic
barrier for formation of a three ions Mg?*" cluster (Cowan, 2002). The fact that Spo-UVDE can
still use this metal ion for catalysis suggests that a mixed Mg?"/Mn*" metal binding site is possible
for this nuclease. This in combination with the ability of Spo-UVDE to perform incision in the
presence of numerous other divalent metals underlines a high flexibility of its active site.

In our DNA binding experiments we showed that Mg?* has a role in preventing the binding
of Spo- and Bsu-UVDE to undamaged DNA, thereby enhancing its damage-specific incision.
Therefore for both nucleases the combination of Mn?" and Mg?* provides the optimal reaction
condition: Mn*" acting as a pure catalytic cofactor and Mg*" as a DNA binding modifier. A
reducing effect of Mg?* on non-specific DNA binding has also been described for other enzymes,
like the B-ZIP transcription factor (Moll et al., 2002) and the restriction nuclease EcoRV (Jeltsch
et al.,, 1997). Mg?" has been shown to binds to the phosphates of the DNA backbone (Cowan,
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1998; Hackl et al., 2005) and needs to be released upon protein binding. The interaction of
UVDE at non-specific sites is expected to be mainly via these phosphates, hence interference by
the Mg** ions. Damage specific binding, as expected for a non-sequence specific protein, will
also involve phosphate contacts. In addition, however, the complex will be stabilised by other
factors like DNA kinking and specific interactions with the damaged bases in the active site (see
also below), compensating for the inhibitory effect of Mg*".

Mn?* appeared to have an opposite effect on DNA binding as it was seen to stimulate
binding to undamaged DNA. Although Mn?" also binds to DNA it was shown to have a higher
affinity for the DNA bases causing destabilisation and bending of the DNA (Polyanichko ef
al., 2004; Hackl ef al., 2005). Since, as described before (Paspaleva et al., 2009) UVDE binds
to sites, which allow DNA bending, Mn*" might promote unspecific binding of the protein by
altering the DNA flexibility.

For Tth-UVDE the additional presence of Mg?* resulted in a severe reduction of incision
on the CPD, whereas the activity on the 6-4PP was not affected. It is very unlikely that the
negative effect of Mg?" is due to an influence on specific protein-DNA contacts (i.e. competing
for phosphate binding), since in the absence of cofactors the protein-DNA complex on the
CPD is even more stable than on the 6-4PP. More likely Mg?* becomes part of a mixed Mg?"/
Mn?* active site leading to a catalytically inactive protein. Since, as discussed above, metal
coordination is highly dependent on the type of substrate the disturbing coordination of Mg
does not take place on the 6-4PP. Strikingly the hampering effect of Mg?* on CPD incision was
already apparent at equimolar concentrations of 1 mM, making it questionable whether in vivo
the Tth-UVDE would be capable of repairing CPD at all. Although the concentration of free
Mg?*" in the Tthermophilus cells is rather low: 1.53 mM (Kondo et al., 2007) or according to
other authors (Wakamatsu et al., 2007) even lower (0.53 mM), it is not very likely that it will
be greatly exceeded by the concentration of Mn** (which until now has not been determined).
In that regard it is possible that in vivo the UVDE enzyme of T. thermophilus will only repair
6-4PP lesions.

The three UVDE homologues show very different in vitro substrate specificity. Spo-UVDE
is not only active on CPD, 6-4PP and abasic sites, but also on thymine glycol and DNA containing
a nick. We have, however, previously shown (Paspaleva at al., 2009) that incision of the DNA
containing a nick or abasic site is highly dependent on the presence of flanking pyrimidines. It
was therefore proposed that in order to position the scissile phosphodiester bond into the active
site, the damaged nucleotides have to be rotated into a pocket of the protein, which is located at
the bottom of a proposed DNA binding groove (Paspaleva at al., 2007). Purine residues will be
excluded from this pocket making the protein selective for (distorted) pyrimidines or an abasic
site together with a pyrimidine. Most likely the complex will be further stabilised by contacts
of the rotated pyrimidine(s) with side chains of the protein pocket. The substrate specificity of
the Bsu homologue appears to be more limited. Although the DNA containing a CPD, 6-4PP or

abasic site are efficiently incised no activity on DNA with a thymine glycol or single strand nick
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could be detected. A clue for what might cause the difference between the two proteins came
from studying conformational changes in the opposing strand using the fluorescent residue 2-AP.
Previously, it was shown with Spo-UVDE that Tyr358 causes destacking of bases opposing the
lesion. A model was proposed in which Tyr358 will wedge between the two residues opposite
the damage thereby disturbing the base stack and stabilizing the DNA kink (Paspaleva at al.,
2009). With Bsu-UVDE a similar destacking of bases opposite the CPD, 6-4PP or abasic site
was observed but the protein appeared incapable of inducing a conformational change of bases
opposing a nick or thymine glycol. Tyr358 is part of a GQY loop, which in the crystal structure
of Tth-UVDE is located at the bottom of a proposed DNA binding groove. Although this loop is
conserved in the Spo and Tth proteins the sequence of the corresponding region in Bsu-UVDE
is NQF (Figure 1). Although the corresponding phenylalanine in Bsu-UVDE can fulfil a similar
wedging function as Tyr358, the positioning of this residue might be different as a result of the
presence of an asparagine instead of a glycine in the NQF loop. That indeed on the CPD, 6-4PP
and abasic site the Phe residue of Bsu-UVDE is positioned differently was not only evident from
a difference in the level of the fluorescence signals induced by the Spo- and Bsu proteins. More
strikingly the emission maximum of the 2-AP residues was shifted by about 50 nm indicating that
the bases in the non-damaged strand are placed in a different amino acid context. Possibly this
different NQF loop could also be the reason that Bsu-UVDE is incapable of causing destacking
of the bases opposing a thymine glycol or single-strand nick. As a consequence also the damage
itself is not properly positioned into the active site of the protein and subsequent incision cannot
take place.

The Tth-UVDE shows the most restricted substrate specificity, only efficiently incising
the CPD and 6-4PP. The protein-DNA complexes formed by Tth-UVDE appeared much more
instable so we could not test whether also for this protein the substrate specificity is related
to the capacity to induce destacking of bases in the non-damaged strand. Because the high
temperature used for Tth-UVDE will inflict more flexibility in the DNA, this protein might be
more dependent on direct interactions with the damaged nucleotides for proper positioning of
the scissile phosphodiester bond. The absence of an interacting base in the abasic site substrate

could then explain its lower incision efficiency on this DNA.
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SUMMARY AND DISCUSSION

UVDE is a repair enzyme discovered for the first time in the fission yeast Schizaromyces pombe.
The initial biochemical characterization of this enzyme showed that its substrate specificity
includes not only UV lesions, but also abasic sites and some nucleotide mismatches. The
mechanism, however, of UVDE damage recognition and DNA cleavage was not clarified. S.
pombe UVDE was seen to require Mn?* and Mg?>* for its function, but the utilization of divalent
metals in its cleavage reaction was empirical and without a clear vision of the nature, the number
and the exact role of the metal cofactors.

UVDE homologues were found in many fungal species and in a number of bacteria such
as Bacillus subtilis and Thermus thermophilus. Although the S. pombe UVDE was partially
characterized, no information was available for the substrate specificity or the cofactor
requirements its bacterial homologues.

The first glimpse at UVDE at molecular level is given by the 7. thermophilus UVDE
structure (Chapter 2). The enzyme is seen to be a single domain TIM-barrel with a wide 29 A
groove and three metals coordinating site buried deeply at bottom of the groove. Except for H224,
all the residues involved in the coordination of the metal ions are fully conserved in all known
UVDE homologues. Point mutations both in 7. thermophilus UVDE (Chapter 2) and in S. pombe
UVDE (Chapter 5) reveal the crucial importance of the divalent metals for the UVDE function,
since alanine substitutions of most of the metal coordinating amino acids abrogate activity. The
UVDE divalent metals superimpose on the three Zn*" ions of Endo IV shedding some light on
how UVDE might use them to incise DNA. A model is proposed (Chapter 2 and 5) where UVDE
uses the metal ion at position 1 and probably 2 to create a hydroxide nucleophile, which attacks
the phosphodiester backbone of DNA creating an unstable intermediate. The divalent metal at
position 3 is likely to participate mainly in the stabilization of the intermediate step.

Although the fluorescent scan was unable to determine the exact nature of the found metals,
biochemical tests suggested that they might be Mn?" (Chapter 2). That Mn?" is the actual UVDE
cofactor is later confirmed by in detail metal substitution study (Chapter 5). Although Mn** is not
the only divalent metal that UVDE can use, utilization of other metal ions is less efficient and
highly dependent on the type of DNA damage. Furthermore, divalent metals are seen to have an
opposite effect on different UVDE enzymes. Mg?*, which positively influences the activity of S.
pombe and B. subtilis UVDE by preventing their unspecific binding, completely abrogates the
T. thermophilis incision of the CPD lesion. This unexpected effect of Mg?" is clearly linked to
a reduction in the stability of the protein-CPD complexes. On the 6-4PP, however, the negative
influence of Mg?* is neutralized by Mn?*, since when both Mn?>* and Mg?" ions are present the
binding efficiency of the 7. thermophilus UVDE is restored. These data imply that there is
significant difference in the cofactors coordination when UVDE is bound to CPD or 6-4PP.

Based on this finding and the outcome of the metal substitution experiments in Chapter 5 we
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propose a model where the full occupation of the UVDE metal binding sites occurs only upon
DNA binding and the DNA itself has an important role in the metal ions coordination.

In the crystal structure of the 7. thermophilus UVDE an unexplained density is observed at
the tip of Lys229. In Chapter 3 we give evidence that the UVDE post-translational modification
is most likely carboxylation. A role for the carboxyl group is proposed in assisting the stable
metal binding by donating a negative charge to the 7. thermophilus metal coordinator His231.
Lys229 is conserved in the eukaryotic UVDEs, suggesting that they might share the same
modification as the 7. thermophilus homologue. Some of the bacterial UVDEs, however, have
a leucine, isoleucine, methionine, threonine or valine at the position corresponding to Lys229,
thus these homologues cannot be carboxylated.

The crystal structure of UVDE gives an idea how DNA might be bound and cut by this
enzyme. Initially a computer model based on the extensive structural similarities between UVDE
and Endo IV suggested that UVDE most likely kinks the DNA at the site of the lesion with its
GQY-loop stabilizing the kinked conformation (Chapter 2). Furthermore, in order to position
the scissile phosphodiester bond close to the deeply buried metal cofactors, UVDE needs to
flip the DNA damage within its active site for extrahelical repair. The initially proposed model
(Chapter 2) is further elucidated in Chapter 4, where it is revealed that the initial UVDE damage
recognition likely includes probing for differences of the DNA bendability. It is shown that not
only a CPD, a 6-4PP or an abasic site but also a single strand nick or a gap significantly increase
the binding affinity of UVDE, although not all complexes formed are catalytically active. In
that regard any alteration in the DNA that increases its flexibility is a substrate for UVDE. This
finding explains for the first time the previously observed broad substrate specificity of S. pombe
UVDE. In addition, using a 2-aminopurine fluorescent probe we reveal that UVDE causes a
significant destabilization in the DNA strand opposite the damage.

In the crystal structure of T. thermophilus UVDE Tyr105 is seen in an unusual orientation,
pointing straight into the solvent. In the UVDE structural homologue Endo IV, the side-chain
residue Tyr72 shows the same orientation in the absence of a DNA substrate and in the co-crystal
of Endo IV with an abasic site containing DNA it projects into the kink of the DNA duplex.
Based on this similarity and the fact that the alanine substitution of Tyr105 in the UVDE from 7.
thermophilus abrogates activity, we propose (Chapter 2) that this residue might be responsible for
the protein-DNA interactions. The role of the tyrosine is discussed in further details in Chapter
4, where the phenotype of the S. pombe Y358A mutant is studied in more details. Although
inactive on the abasic site lesion this mutant is highly potent in nicking the CPD and the 6-4PP
lesions. We show that in the absence of Tyr358 S. pombe UVDE exhibits an increased catalytic
activity on UV-induced lesions, but only at a lower pH of 6.5. At physiological conditions (pH
7.5) the mutant protein completely looses its catalytic activity, although it can still bind to the
DNA. Based on these findings we propose that in addition to stabilizing the bend in the DNA the

hydrophobic side chain of Tyr358 has a role in shielding the active site from solvent exposure.
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Although originally claimed that UVDE is an alternative repair pathway for UV lesions,
abasic sites, mismatches and oxidative damages we clearly demonstrated that this is not true for
all UVDE homologues. We show in Chapter 4 that S. pombe UVDE incises DNA containing a
single-strand nick or gap, but that the enzymatic activity on these substrates as well as on abasic
sites strongly depends on the presence of a neighbouring pyrimidine residue. This indicates that
although UVDE may have been derived from an ancestral AP endonuclease its major substrates
are UV lesions and not an AP site. Furthermore, the bacterial UVDE homologues do not share
the broad substrate specificity of the eukaryotic S. pombe protein and the enzyme from T.

thermophilus functions as a UV damage specific nuclease.
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SAMENVATTING EN ALGEMENE DISCUSSIE

UVDE is een eiwit dat bijdraagt aan het herstel van beschadigd DNA. UVDE werd als eerste
gevonden in gistsoort Schizosaccharomyces pombe. De eerste biochemische proeven met
UVDE lieten zien dat het niet alleen actief is op door UV-licht beschadigd DNA, maar ook op
DNA zonder base (‘abasic sites’) en DNA met ‘foute’ baseparen (‘mismatches’). Het exacte
mechanisme van UVDE voor zowel herkenning van DNA schades als voor het knippen (incisie)
van beschadigd DNA was echter nog niet bekend. Van S. pombe UVDE was weliswaar bekend
dat het Mn*" en Mg?" als cofactoren nodig heeft voor zijn functie, maar voor het gebruik van
deze tweewaardige metaalionen bestond geen verklaring, en ook voor het aantal metaalionen dat
UVDE zou kunnen gebruiken en de functie ervan bestond geen model.

Homologen van UVDE werden gevonden in vele soorten schimmels en een aantal bacterién,
zoals Bacillus subtilis en Thermus thermophilus. Hoewel de activiteit van S. pombe UVDE voor een
deel bekend was, bestond er geen data betreffende welke DNA schades door de bacteriéle UVDE-
homologen herkend worden en welke metaalionen ze voor hun functie kunnen gebruiken.

De eerste weergave van UVDE, op moleculair niveau, is de kristal structuur van UVDE uit
T. thermophilus (Hoofdstuk 2). Het UVDE enzym is een enkel TIM-barrel domein met een 29
A brede groeve. Op de bodem van deze groeve bevindt zich een ruimte waar drie metaalionen
zijn gecodrdineerd. Behalve aminozuur His224, zijn alle aminozuren die betrokken zijn bij
codrdinatie van de metaalionen geconserveerd in alle bekende UVDE homologen. Punt mutaties
in zowel T thermophilus UVDE (Hoofdstuk 2) en in S. pombe UVDE (Hoofdstuk 5) laten
zien dat codrdinatie van metaal ionen van essentieel belang is voor de activiteit van UVDE,
omdat de activiteit van UVDE verloren gaat na het omzetten van geconserveerde, bij metaalion
cooOrdinatie betrokken, aminozuren in alanines. De codrdinatie van de drie metaalionen in
UVDE is vergelijkbaar met coordinatie van de drie Zn** ionen in Endo IV, en door Endo IV
als voorbeeld te nemen kan de functie van de metaalionen in UVDE, bij het knippen van DNA,
begrepen worden. Hiervoor is een model opgesteld (Hoofstukken 2 en 5), waarbij UVDE de
metaalionen op positie 1 en (waarschijnlijk) positie 2 gebruikt om een nucleofiel hydroxide
te maken; dit nucleofiel kan met dan de fosfodiéster banden in het DNA reageren, waarbij een
instabiel intermediair gevormd wordt. Metaalion 3 zal vooral betrokken zijn bij het stabiliseren
van dit instabiele intermediair.

Hoewel de fluorescentie scan geen uitsluitsel kon geven over de exacte identiteit van de
gebonden metaalionen, laten biochemische experimenten zien dat het waarschijnlijk Mn?* ionen
zijn (Hoofdstuk 2). Metaal substitutie testen bevestigen dat inderdaad Mn?" de cofactor is voor
UVDE (Hoofdstuk 5). Hoewel Mn?* niet het enige metaal ion is dat UVDE kan gebruiken, leidt
het toevoegen van andere, tweewaardige, metaalionen tot een lagere activiteit, die ook meer
afthankelijk is van het soort DNA schade. Tevens leidt het gebruik van andere metaalionen tot
tegenovergestelde effecten op verschillende UVDE enzymen. Mg?* heeft weliswaar een positief

effect op de activiteit van S. pombe en B. subtilis UVDE, door het binden aan onbeschadigd
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DNA te verlagen, maar 7. thermophilus heeft, in aanwezig van Mg?*, geen activiteit op de CPD
DNA schade. Dit onverwachte effect van Mg*" hangt duidelijk samen met de verminderde
stabiliteit van het UVDE complex op de CPD schade. Op de 6-4PP DNA schade kan het
negatieve effect van Mg?* gecompenseerd worden door Mn?*, omdat in aanwezigheid van beide
metaalionen 7. thermophilus UVDE efficiént aan DNA kan binden. Deze gegevens laten zien
dat, wanneer UVDE gebonden is aan CPD danwel 6-4PP, er significante verschillen bestaan in de
codrdinatie van metaalionen. Op basis van deze conclusie en de resultaten van metal substitutie
experimenten (Hoofdstuk 5), stellen wij een model voor waarbij volledige bezetting van de
metaal bindingssites in UVDE alleen voorkomt bij DNA binding en dat DNA een belangrijke
rol speelt in de codrdinatie van metaalionen door UVDE.

In de kristalstructuur van 7. thermophilus UVDE werd een extra electronendichtheid
gevonden aan de aminogroep van aminozuur Lys229. In Hoofdstuk 3 geven we bewijs voor een
post-translationele modificatie van dit aminozuur, die zeer waarschijnlijk een carboxyl-groep
is. Deze carboxyl-groep heeft een functie in metaalion codrdinatie door een negatieve lading te
doneren aan het, in 7. thermophilus UVDE, metaal codrdinerende aminozuur His231. Lys229 is
geconserveerd in eukaryote UVDE genen, wat de suggestie geeft dat dit aminozuur in eukaryote
UVDE op dezelfde manier gemodificeerd kan worden als in 7. thermophilus UVDE. Andere,
bacteriéle, UVDE genen hebben een leucine, isoleucine, methionine, threonine of valine op
positie van Lys229, deze aminozuur kunnen niet gemodificeerd worden met een carboxyl-
groep.

De kristalstructuur van UVDE geeft een verklaring voor de manier waarop UVDE
DNA schades zou kunnen binden en vervolgens knippen. Een computer gegenereerd model,
gebaseerd op de overeenkomsten in de structuur van UVDE en Endo 1V, liet zien dat UVDE
DNA zou kunnen buigen op de plaats van een DNA schade, waarbij de GQY-loop in UVDE
het gebogen DNA zou kunnen stabiliseren (Hoofdstuk 2). Om de, te knippen, fosfodiésterband
van het beschadigde DNA bij de metaalionen te kunnen positioneren, moet UVDE een base
flip mechanisme gebruiken om de DNA schade in de actieve site van UVDE te plaatsen. Dit
oorspronkelijke model (Hoofdstuk 2) wordt verder uitgewerkt in Hoofdstuk 4, waarbij we laten
zien dat de eerste stap van herkenning van DNA schades waarschijnlijk bestaat uit het zoeken
naar verschillen in persistentie (de mogelijkheid tot buigen) van het DNA. Tevens laten we
zien dat niet alleen CPD en 6-4PP DNA schades of DNA met een ontbrekende base, maar ook
gaten in de DNA helix (‘gaps’) en het ontbreken van een fosfodiéster band in de DNA helix
(‘nicks’) worden herkend door UVDE. Dit laat zien dat elke, en dus niet alleen een door UV-licht
veroorzaakte, verandering in het DNA, die de locale flexibiliteit van het DNA verhoogt door
UVDE herkend en hersteld kan worden. Deze resultaten verklaren, als eerste, waarom S. pombe
UVDE op zo veel verschillende schades actief kan zijn. Tevens, laten we, met 2-aminopurine
fluorescentie bepalingen, zien dat UVDE een duidelijke destabilisatie veroorzaakt in het DNA

tegenover de DNA schade.
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De kristalstructuur van 7. thermophilus UVDE laat zien dat aminozuur Tyrl05 een
ongebruikelijke, naar buiten gerichte, oriéntatie heeft. In Endo IV, dat wat structuur betreft een
grote overeenkomst vertoont met UVDE, heeft aminozuur Tyr72 dezelfde oriéntatie. In een
co-kristal van Endo IV met DNA met een abasic site, heeft aminozuur Tyr72 contact met, door
Endo IV, gebogen DNA. Gebaseerd op de overeenkomsten in de structuur van Endo IV en
UVDE en het feit dat het veranderen van UVDE Tyr105 in alanine UVDE inactief maakt, nemen
wij aan dat aminozuur Tyr105 contact met DNA mogelijk maakt (Hoofdstuk 2). De functie van
dit aminozuur word verder uitgewerkt in Hoofdstuk 4, waar de fenotype van de S. pombe Y358A
in meer details is bestudeert. De substitutie van S. pombe Tyr358 met alanine leidt tot verlies van
activiteit op abasic sites, maar niet tot verlies van activiteit op CPD en 6-4PP. Zonder Tyr358
heeft S. pombe UVDE een verhoogde activiteit op UV-schades (zoals CPD en (6-4)PP), maar
heeft die alleen bij een (lagere) pH van 6.5. Bij een meer fysiologische pH (7.5) heeft S. pombe
geen incisie activiteit meer zonder Tyr358, maar kan het nog wel aan DNA binden. Op basis van
deze resultaten nemen we aan dat behalve het stabiliseren van gebogen DNA, Tyr358 ook een
functie heeft in het afschermen van de incisie site.

Hoewel oorspronkelijk beweerd werd dat het UVDE enzym een alternatief
herstelmechanisme is voor UV beschadigd DNA, abasic sites, DNA mismatches en door oxidatie
reacties beschadigd DNA, laten wij zien dat dit niet het geval is voor alle UVDE homologen.
In hoofdstuk 4 laten we zien dat S. pombe UVDE weliswaar DNA kan knippen dat een nick
of gap bevat, maar dat deze activiteit op deze substraten (en ook op abasic sites) sterk athangt
van de aanwezigheid van een pyrimidine base naast de DNA schade. Dit geeft aan dat, hoewel
UVDE geévolueerd kan zijn uit een oorspronkelijk AP (abasic site) endonuclease, het eigenlijke
substraat voor UVDE UV-beschadigd DNA is en niet abasic sites. Tevens is S. pombe UVDE
actief op substraten waarop bacteriéle UVDE homologen niet actief zijn en is T. thermophilus
UVDE zelfs alleen actief op UV beschadigd DNA.
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