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Abstract

Cyclobutane pyrimidine dimers (CPDs) are the major photo products that can occur in
DNA after UV-light exposure. Detrimental effects of CPDs for organisms can be
prevented by the DNA repair enzyme DNA photolyase. This protein repairs CPDs by
a light induced (300-500 nm) electron transfer involving a non-covalently bound
cofactor, FAD. The key role of FAD in the catalytic DNA repair can be investigated
by replacing FAD in the enzyme with FAD analogues and compare the activity of
wild-type enzyme to the mutant énzyme.

As a part of this study, a stable expression system of photolyase was created and the
enzyme was purified in concentrations in the puM range. The FAD analogue
roseoFAD was biochemically synthesised from its precursor form roseoflavin. FAD
was extracted from photolyase by unfolding the enzyme using the effects of
denaturing agents or changes in buffer pH values. The protein was successfully
refolded in the presence of roseoFAD and its integration into the proteins active site
was confirmed by UV/Vis spectroscopy.

Surface plasmon resonance spectroscopy (SPR) was used to monitor DNA repair by
photolyase in real-time. For this purpose photolyase was overexpressed and purified.
CPDs, the substrate of photolyase, were produced by UV irradiation of poly-T
oligonucleotides. SPR signals were detected for steps of the repair process such as
enzyme-substrate complex formation, DNA repair and release of product. Changes in
SPR signals were used to obtain the kinetics of DNA repair by measuring the ko, and
kofr rates and calculating the rate constants for substrate binding and product release.
According to the data obtained the dissociation constant Kp was calculated and found

to be in good agreement with published values obtained by different methods.
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Chapter 1: Introduction

1. 1 Aim of the work described in this thesis

When this study was begun, the unique reaction mechanism of photo repair by DNA
photolyase was still not completely clarified. The contribution of the cofactor FAD,
with attention of the role of its C8a methyl group in the electron transfer during the
DNA repair, is still of interest. The purpose of this study was to incorporate FAD
analogues into the active site of photolyase, which are predominantly modified on the
C8a. The attempt was to establish an in vitro method for replacing the wild-type
cofactor FAD with roseoFAD a natural occurring flavin analogue, which carries a

dimethyl amino group on its C8 atom (Figure 1.1).

RoseoFAD

Figure 1.1: The molecular structure of roseoFAD

If the cofactor exchange would be successfully performed the comparison of the
action spectrum of wild-type photolyase with the modified enzyme would give an
updated exploration about the role of FAD during DNA repair. The FADH® radical is

an essential intermediate step during the catalytic cycle and the influence a modified
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C8a-group would have for radical formation could be observed by utilising radical

sensitive spectroscopy methods like EPR and ENDOR.

The second project described in this thesis made use of the spectroscopic method of
Surface Plasmon Resonance (SPR). SPR can be applied for the direct observation of
molecular interactions in real time. As a part of this thesis, SPR was combined with a
second spectroscopic method, evanescent wave cavity ring-down spectroscopy (EW-
CRDS) with the attempt to investigate if the combination of these two techniques
would result in an increase of sensitivity with respect to the obtained signals
indicating for molecular interactions. The interaction of UV light damaged DNA and
its repair by the enzyme photolyase was chosen as a promising model to analyse the
application of SPR and EW-CRDS. Utilising both spectroscopic methods could firstly
result into a more detailed investigation on the rate constants and equilibrium
constants of photolyase-DNA interaction by comparing obtained data with existing
literature values. Secondly it would establish SPR and EW-CRDS as a new, perhaps
more sensitive method for detecting complex biomolecular interactions such as

enzyme-substrate interactions.
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1.2 DNA and its sensitivity to mutations

Genetic information in prokaryotic and eukaryotic cells is encoded by DNA using the
four nucleotide bases: adenine (A), thymine (T), guanine (G) and cytosine (C). The
nucleotide sequences exist most commonly as double-stranded DNA and define the
configuration of the cell and its proteins. Although DNA is a stable macromolecule it
is vulnerable to natural modifications. These mutations are permanent changes in the
base sequence of DNA. They are heritable and can arise as spontaneous errors in
DNA replication through meiotic recombination or may be induced by mutagenic
compounds (Cooper and Grover, 1990), UV-light (Hu, 1990) or ionising radiation
(Goodhead, 1989). A certain small mutation rate in the genome is essential to enable
evolutionary development of species adapting to their environment. However, a high

mutation rate, if unrepaired, is typically detrimental and can even be lethal.

1.3 Common mutations in the genome

There are several types of genetic defects: genome-mutations, chromosome-mutations
and gene- or point-mutations (Knippers, 2001). Genome-mutations change the whole
genome, for example the number of chromosomes. Chromosome-mutations change
the structure and the shape of chromosomes or parts of chromosomes. Structural
changes of the DNA nucleotide bases can force DNA polymerases during DNA
replication or RNA polymerases during transcription to skip the lesion or to stop the
process. Gene or point mutations alter single nucleotides, which change the genetic

code and lead to the expression of modified or defective proteins. In “missense
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mutations” the original base nucleotide is substituted for a different base, which leads
to a different amino acid sequence after translation or to chain termination during
transcription if the base change creates a stop codon. Missense mutations can
eventually lead to truncated proteins with limited or no function. Conversely, a point
mutation can sometimes be “silent” due to the redundancy of the genetic code. If the
exchange of a nucleotide base leads to a synonym codon then the amino acid remains
unchanged. The addition or deletion of nucleotide bases alters the DNA sequence of
all subsequent codon triplets causing the reading frame to shift during transcription,

which can result in incompletely synthesized protein fragments.

1.4 Ultra Violet (UV) light and its mutagenic potential on

DNA

The UV spectrum can be divided into three categories, UV-A (400-320 nm), UV-B

(320-280 nm) and UV-C (280-100 nm), which is shown in Figure 1. 2.

Uv-C | UV-B UV-A VIS IR

280 320 400 760

Figure 1.2: Spectral wavelength region of sunlight in [nm]. VIS= visible light,
IR= infra red

The majority of harmful UV-radiation with wavelength shorter than 320 nm is usually
absorbed by the stratospheric ozone layer. In recent years anthropogenic factors such

as increased levels of chlorofluorocarbons (CFC’s) and the overproduction of
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greenhouse gases such as carbon dioxide and methane (Molina and Rowland, 1974)
are responsible for the depletion of the ozone layer. This has resulted in an increase in
the amount of UV-radiation reaching the surface of the earth. Consequently, there is a
greater risk of DNA mutations due to the fact that the absorption maximum of the
four nucleotide bases (Tab.1.1) is around 260 nm (Wang, 1976). UV light irradiation
in the short wavelength range can cause sunburn, fast skin aging, cataracts, immune
system damage and the resulting photo-lesions are a major factor of DNA damage in

cells and can cause skin cancer.

Nucleotide Absorption maximum [nm]
Adenosine 260.5
Guanidine 246 and 276
Cytidine 267
Thymidine 264.5

Table 1.1: UV absorption maxima of the four nucleotides (Wang, 1976)

1.4.1 Photochemistry of DNA

The photon energy absorbed by a nucleotide base in its ground state Sy can promote
the molecule into the short-lived first excited singlet state S; (lifetime =107 to 107 s)
with one electron in a higher orbital with retained spin orientation. Due to internal
conversion (IC) the electron normally relaxes back to the ground state by releasing the

absorbed energy through heat dissipation. In some cases a small percentage of excited
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nucleotide bases can pass via inter system crossing (ISC) into the long lasting first
excited triplet state S; (lifetime = 107 to 107 s), where they can either transfer their
energy to other nucleotide bases, relax to the ground state or react with adjacent
nucleotides (Beukers et al., 2008). One of the major UV induced reactions that DNA
bases in the excited triplet state undergo is a [2n+2x] cycloaddition of two adjacent

pyrimidine bases.

1.4.2 Cyclobutane pyrimidine dimers

As a result of a cycloaddition, 90 % of these UV radiation photoproducts are
cyclobutane pyrimidine dimers (CPDs) (Kao et al, 1993), (Scheme 1.1).
The relative efficiency of dimer formation per dinucleotide decreases in the order:
T<>T > C<>T > C<>C (Setlow and Carrier, 1966). T<>T dimers can theoretically
exist as 4 isomers (cis-syn, cis-anti, trans-syn and trans-anti) but in double stranded

DNA only the cis-syn isomer has been identified (Heelis et al., 1993).

jb
“OR' RO

Scheme 1.1: Formation of a (cis-syn) thymine dimer after UV light irradiation of two

adjacent thymines in DNA.
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The formation of a cyclobutane ring in double stranded DNA causes a kink of the
phosphate backbone (Park et al,. 2002), which can act as a barrier to DNA
polymerase causing early termination of DNA replication. If replication is not
terminated the lesion is skipped and in the majority of the cases two bases are ignored.
In some cases only one adenosine is attached during replication to the complementary
strand instead of two (Wang and Taylor, 1992). Both cases result in the appearance of
frame-shift mutations. It was observed that if C<>C dimers stayed unrepaired, a
significant higher rate of deaminations from cytosine to uracil were detected which
can result in single C—T or double CC—TT transitions (Peng and Shaw, 1996). The
model of the crystal structure of a DNA decamer containing a cis-syn thymine dimer
is shown in Figure 1.3. on the next page , in which the lesion is responsible for the
distortion of the duplex DNA by bending it 30° toward the major groove and

unwinding it by 9° (Park et al., 2002).
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Figure 1.3: Model of'the crystal structure ofa single CPD (T<>T) lesion in a DNA
decamer. Both thymines forming a dimer are highlighted in green the corresponding
adenines are marked in red; the deoxyribose moieties, other nucleotid bases and the

phosphate backbone are kept in grey (Park et al. 2002)(PDB ID,IN4E).

1.4.3 (6-4) Photoproducts

A different kind of photoproduct induced by UV radiation with a 10 % probability
(Kao et a [ 1993) is the formation of a pyrimidine-pyrimidone (6-4) photoproduct,
which is created by a /[2n+2n]-cycloaddition between the C5-C6 double bond of the

3’-thymine and the carbonyl group of the 5’-thymine. The primary product of this
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reaction is a short lived oxetane-intermediate, which quickly converts into the more
stable (6-4) photoproduct (Scheme 1.2). Continued radiation with UV light finally

transfers it into its Dewar isomer.

o) o) o] 0
HNJj/ NH HNT N P ~NH
| \(L ........
PN NNo LV light o N 3 \N)Qo
o) 0 o o]
RO "o OR' RO Q5 OR'
b,O L JPS, -
0 O 00
Oxetane intermediate
g
3
g
E
i OH Q OH
HN™ Y N._O HN” % N._O
oAN ‘ \N( N Y
H hy 0~ °'N H =~ U N
RO '-.o o OR' RO (7: o OR'
o P\\O o O
Dewar product (6-4) photo product

Scheme 1.2: Formation of the 6-4 photoproduct between two thymines via an oxetane

intermediate and conversion into its Dewar isomer.

The (6-4) photoproduct is a less frequent photo lesion but compared to CPDs its
mutagenic potential is significantly higher (error frequency > 91%) (le Clerc et al.,
1991) and it is highly specific in terms of the mutations induced. In DNA containing a
thymine-thymine (6-4) photoproduct, adenine was observed to incorporate on the
antiparallel strand in response to the 5’ thymine of the (6-4) adduct with a frequency
of 95%. However guanine was incorporated on the antiparallel strand in response to

the downstream 3’ thymine with a frequency of 85% while adenine was observed in
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just 11% ofthe cases (Lee et al., 1999). The model of the crystal structure of a DNA
decamer duplex containing a T<>T (6-4) photoproduct (Lee et al, 1999) is shown in
Figure 1.4 revealing the distorted position of the 3’ thymine, which is able to form a
stable hydrogen bond between its 02 and the NHI/NH2 of the corresponding
guanine. The mutation that occurs is a 3’'T-—»C transition with 85% replication error
frequency. While a 3’T—Ctransition ina T o T cyclobutane dimer appears with only
4% probability (le Clerk et al, 1991). The high mutagenic potential of (6-4)
photoproducts is emphasized by the fact that they are repaired nine times faster by

DNA repair enzymes than cyclobutane dimers (Lee et al, 1999).

Figure 1.4: Model of'the crystal structure ofa T<>T (6-4) photoproduct in a DNA
decamer duplex (Lee et al 1999). Thymines are coloured in yellow, guanine in orange
and adenine in green. H-bonding between the 02 (highlighted in red) of the 3’
thymine and the NHI/NH2 (highlighted in blue) of the corresponding guanine is
indicated by black dashed lines. The deoxyribose moieties, the phosphate backbone
and remaining nucleotide bases shown as sticks, are kept in grey (PDB ID, 1CFL).
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1.5 DNA repair mechanisms

To avoid the detrimental effects of mutations caused by DNA damage and to maintain
genetic integrity, several repair mechanisms have evolved. The most important ones

are described below.

Nucleotide Excision Repair (NER):
The Nucleotide Excision Repair system (NER) is highly conserved in eukaryotes and

prokaryotes (Sancar and Sancar, 1988). This repair system shows a broad range of
substrate specificity of structurally unrelated lesions that include a large variety of
chemical adducts intrastrand and interstrand crosslinks and protein-DNA crosslinks
(Goosen and Moolenaar, 2008). The efficiency of lesion repair has been observed to
increase in proportion to the amount of helical distortion the lesion causes in the DNA
strand (Gunz et al., 1996). However the distortion of the DNA backbone alone does
not qualify a DNA lesion as a NER substrate as simple mismatches or bubbles in the
DNA are not repaired by NER. Therefore a bipartite model for DNA damage
recognition by NER was proposed. This model starts with the recognition of the
distortion of the DNA backbone followed by localization and verification of the
chemically modified base. This results in the excision of a lesion containing
oligonucleotide (Hess et al., 1997).

In comparison to eukaryotic NER, which involves approximately 30 proteins
(Schaerer, 2003), prokaryotic NER involves only three proteins, namely UVrA, UVrB
and UVrC. A general scheme of the prokaryotic NER mechanism repairing a UV-

light induced thymine dimer is shown in Scheme 1.3.
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* The UvrAB protein complex is binding to the dimer lesion

* The UvrA protein dissociates; the UvrB protein remains bound to
the DNA

e UvrC binds to UvrB to form an UvrBC complex

* Hydrolysis of the fourth phosphodiester bond 3’ prime and the

eighth phosphodiester bond 5’ prime away from the dimer, indicated
by green arrows

The incised 12 bp oligonucleotid is released by DNA helicase 1I

DNA polymerase Ifills the existing gap

DNA ligase Iseals the nick

" A
. Oyl“lll.
T C T C T cC T C cC T

Scheme 1.3: Scheme of the NER pathway vrepairing a UV light induced
thymine dimer in DNA.
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The repair process involves detection of a lesion by the UVrA-UVrB complex, which
initiates tight binding of UVrB to the DNA while UVrA dissociates. The next step
involves the association of UVrC to the UVrB-DNA complex by making a first
incision at the fourth phosphbdiester bond 3’ from the damage and a second incision
at the eighth phosphodiester bond 5° to the damage. The lesion is excised by
helicase II. DNA polymerase I fills the gap using the complementary strand as a

template followed by a final ligation by DNA ligase.

Base excision repair (BER):

The Base Excision Repair system (BER) mainly repairs nucleotide bases that have
been modified by deamination (e.g. deamination of cytidine leads to uracil), oxidation
(e.g. 8-oxoguanine) or alkylation (e.g. O°-methylguanine) (Lindahl and Wood, 1999).

Examples are shown in Figure 1.5:

NH
. 2 H,0 HaN, OH
L HN |
o N 0N N;H4* PN
! | |
R
Cytidine Uridine

N N BN
NH N
oL STy
NTSNTNH, NT >N NH,
R R
8-oxoguanine OP-methylguanine
Figure 1.5: Deamination of cytidine by water can lead to uridine formation;

oxidation of guanine can give 8-oxoguanine; alkylation of guanine can lead to the

formation of O°-methylguanine.
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The pivotal steps of BER are shown in Scheme 1.4:

* Recognition of the damaged base by “Uracil DNA glycosylase” and
excision from the DNA

* Hydrolysis of the A/-glycosidic bond between base and deoxyribose
moiety generates an abasic site

>
Q
Q
>
[2]
Q

aP o
Q

* AP endonuclease hydrolyses the phosphodiester bond adjacent to
the abasic site

* Deoxyribose is removed by deoxyribose phosphatase

T C C T C T C
A G A G A G A G G A
A G G A G G A G
T C T C T C T C C T
* DNA polymerase Ifills the existing gap
* DNA ligase Iseals the nick
" : IT" - -
A G A ' G G A
A G G A G G A G
T C T C T CcC T C C T

Scheme 1.4: Scheme ofthe BER pathway repairing a uridine in DNA as a result ofa

deamination of cytidine.
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The key enzymes involved in BER are DNA glycosylases. After recognizing the
damaged base they catalyse the cleavage of the N-glycosidic bond between the base
and the deoxyribose moiety of the modified nucleotide residue generating an abasic
site (AP site). DNA glycosylases are specific to the nucleotide damage they repair
(Seeberg et al., 1995). Nine glycosylases have been characterized in human cells,
each have its own unique substrate specificity (Schaerer, 2003). The second step is
catalysed by AP endonuclease, which creates a nick in the DNA backbone by
hydrolyzing the phosphodiester bond 5’ to the abasic site. The remaining deoxyribose
phosphate residue is excised by a phosphatase. A DNA polymerase incorporates the

correct nucleotide and finally, the nick is sealed by DNA ligase.

Mismatch repair:

The mismatch repair system (MMR) eliminates base-base mismatches, nucleotide
deletions and insertions, which are accidentally introduced during DNA replication by
DNA polymerases despite their high fidelity and proof-reading ability (Schaerer
2003). The MMR enzymes are able to identify which of the two nucleotide bases in a
mispair is the incorrect one. In prokaryotic cells this strand discrimination by MMR
enzymes can be achieved because parental DNA strands are epigenetically modified
by methylation of nucleotide bases at the specific sequence GATC (Modrich, 1991),
(Modrich and Lahue, 1996). The new replicated daughter strand is not yet methylated
as the methylation process is slow compared with DNA synthesis. This leaves a newly
synthesised strand unmethylated for a short time. It can therefore be detected by the
MMR system and this is the strand where repair occurs. The mechanism for strand
discrimination in eukaryotes is still unknown however it is believed that a close

coupling of the MMR system with the replication apparatus allows identification of
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the newly synthesized strand (Jiricny, 1998). Initiation of the MMR pathway, which
has mainly been investigated in E. coli (Modrich, 1991, Modrich and Lahue, 1996,
Lahue et al., 1989), starts with the binding of the MutS homodimer to the mismatch or
the insertion/deletion loop. MutL binds to the MutS-mismatch complex in an ATP
dependent reaction and is subsequently joined by MutH. MutH is an endonuclease
that nicks the newly synthesized strand 5’ of the non-methylated GATC sequence.
Helicase II and endonucleases degrade the nicked strand past the mismatch (Welsh et

al., 1987). The gap is filled by DNA polymerase III and sealed by DNA ligase.

Photoreactivation:

In contrast to the previously mentioned multistep pathways of DNA repair involving
multiple enzyme complexes, “photoreactivation”, a process to restore UV-light-
induced lesions in DNA, is carried out by only one enzyme, DNA photolyase. This
enzyme class catalyses the direct reversion of CPDs and (6-4) photoproducts
efficiently and with low energy consumption by absorbing near UV- or blue light
(300 nm-500 nm) (Sancar, 2008). The next section will present a detailed overview of

these enzymes regarding their structure, function and their mechanism of repair.
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1.6 DNA photolyases

1.6.1 General background

In 1949, bacteriologist Albert Kelner discovered “photoreactivation” after he
recognized that harmful effects of short UV light radiation on Streptomyces griseus
could be successfully reversed by exposing them to visible light (Kelner 1949). This
observation was explained in 1958 by physicist Claud S. Rupert who was able to
prove that a light-activated enzyme in a cell free extract of E. coli was responsible for
the repair of UV irradiated E. coli DNA and also of UV damaged DNA extracted
from Haemophilus influenzae, an organism which showed no photoreactivation ability
itself. Rupert named this enzyme “photoreactivating enzyme” (Rupert et al., 1958)
and it later became known as photolyase. The DNA photoproducts, serving as
substrate for photolyase enzymes were identified in the following years as
cyclobutane pyrimidine dimers (CPDs) as the major photoproduct (Beukers and
Berends, 1960), (Blackburn and Davies, 1966) and the less frequent (6-4)
photoproduct (Varghese and Wang, 1967), (Karle et al., 1969).

In recent years photolyases were discovered to be present in all parts of the kingdom
of life. This includes archaebacteria i.e. Methanobacterium thermoautotrophicum
(Yasui et al., 1994) and eubacteria i.e. Myxococcus xanthus (O’Connor et al., 1996).
Single-celled eukaryota such as Chlamydomonas (Petersen et al., 1999), fungi i.e.
Neurospora crassa (Eker et al., 1994) (Yajima et al, 1991), plants i.e.
Arabidopsis thaliana (thale cress) (Ahmad et al., 1997), Cucumis sativus (cucumber)

(Takahashi et al., 2002) or Oryza sativa (rice) (Hirouchi et al., 2003). In the animal
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kingdom photolyase was found in insects i.e. Drosophila melanogaster (fruit fly)
(Yasui et al., 1994), in fish i.e. Carassius auratus (goldfish) (Yasuhira and Yasui,
1994) and Oryzias latipes (killifish) (Yasui et al., 1994), in amphibiae i.e. Xenopus
laevis (African clawed toad), in reptiles i.e. Crotalus atrox and in non placental
mammals i.e. in Potorous tridactylis (rat kangaroo) (Yasui et al., 1994). Photolyase
activity was even found in poxviruses (Srinivasan and Schnitzlein, 2001) and
baculoviruses (van Oers et al., 2008). Humans and other higher mammals lack the
gene for photolyase, however they posses two genes, Cryl and Cry2 with similarity to
photolyase sequences (Hsu et al, 1996). These genes encode blue light
photoreceptors involved in the circadian rhythm but do not show any DNA repair
activity (Sancar, 2003). Today it is commonly accepted that placental mammals,
including humans, do not posses photolyases as DNA repair systems (Lee et al.,
1993) (Ley, 1993).

Photolyases are classified by their different substrate specificities. CPD photolyase,
often referred simply as DNA photolyase binds and repairs CPD photoproducts in
single or double stranded DNA, while (6-4) photolyase catalyses the reversion of the
(6-4) photoproduct. Additionally CPD photolyases are divided into two sub classes
based on their amino acid sequence similarity. These classes are referred to as
photolyase I and II (Yasui et al., 1994). Class I photolyases can be found in many
microbial organisms, while Class II photolyases have mainly been isolated from
higher organisms.

All photolyases identified to date are monomeric proteins with molecular masses in
the 53-66 kDa range (454-614 amino acid residues) (Sancar, 1990). Photolyases
contain two non-covalently bound cofactors as chromophores. These cofactors are

shown in Figure 1.6. :
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Figure 1.6: Cofactors associated with photolyases: FAD associates with all

Photolyase enzymes. 5,10-MTHF is found in the folate class and 8-HDF in the

deazaflavin class. FMN was only found in T. thermophilus photolyase so far. The

FAD analogue roseoFAD is able to replace the wild type cofactor FAD in photolyase.
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The crucial, redox active chromophore in every known photolyase so far is flavin
adenine dinucleotide (FAD) (Carell et al., 2001). The second, light-harvesting
cofactor differs between species and is 5, 10-methenyltetrahydrofolate (MTHF) in
E. coli photolyase (Park et al., 1995), or 8-hydroxy-5-deazaflavin (8-HDF) for
example in Anacystis nidulans photolyase (Tamada et al., 1997).

Based on the light harvesting cofactor, class I photolyases can be further categorized
into either the folate- or the deazaflavin-type. However recent results showed that a
second FAD in Sulfolobus tokodaii (Fujihashi et al., 2007) and flavin mononucleotide

(FMN) in Thermus thermophilus (Klar et al., 2006) are the light harvesting cofactors.

1.6.2 Structure of E. coli CPD photolyase

Despite the fact that the photolyase family comprises nearly 500 entries in Genbank
(Sancar, 2008) the crystal structures of only four different CPD-photolyases are
available to date. There are the three dimensional structure of the class-1I folate type
CPD photolyase from E. coli (Park et al., 1995), the crystal structure of the Class I 8-
HDF-type CPD photolyase from A. nidulans (Tamada et al., 1997), the crystal
structure of a thermostable DNA photolyase from the marine bacterium
T. thermophilus (Komori et al., 2001) and the crystal structure of photolyase from an
archeal strain S. tokodaii (Fujihashi et al., 2007). An important step forward was
made in 2004 by elucidating the crystal structure of Aanacystis nidulans photolyase
binding to a synthetic T<>T dimer, giving insight into the enzyme-substrate
recognition, the substrate binding as well as the geometric orientation of the thymine

dimer and the cofactor FAD in the active site of the protein (Mees et al., 2004). Very
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recently the first crystal structure of a DNA (6-4) photolyase from D. melanogaster
bound to a T<>T was obtained by Maul et al., (2008).

The crystal structure of E. coli pbotolyase (Park et al.,, 1995) is shown in Figure 1.7.

Figure 1.7: Model of'the crystal structure of CPD photolyase from E coli. The a/p
domain is coloured in turquoise, the interdomain loop in grey and the a-helical
domain in green. Cofactors FAD and MTHF are highlighted in yellow and purple
(Park et al., 1995) (PDB ID=1DNP). For a better view, the FAD binding pocket is

illustrated enlarged.
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All CPD photolyases crystallised so far have the same basic architecture, even those
containing different second chromophores (Sancar, 2008). A. nidulans and E. coli
photolyases for example have a similar backbone structure, sharing 39% identical
residues (Tamada et al., 1997). The photolyase enzyme of E. coli is globular in shape
and consists of 471 amino acid residues with a molecular weight of M= 53,994 Da
(Mu et al., 2005). The protein can be sectioned in two well defined domains, an N-
terminal o/ domain (residues 1-131) and a C-terminal a-helical domain (residues
204-471) that are connected via a long interdomain loop (residues 132-203). The o/B
domain has a typical nucleotide-binding fold with a five stranded parallel B-sheet
covered on both sides by a-helices and provides the surface exposed binding site for
the second chromophore. MTHF binds only with its pterin moiety to the protein,
while the glutamate rest is partially sticking out from the enzyme explaining its low
binding affinity compared to the flavin cofactor. FAD is deeply buried within the a-
helical domain. Access to the solvent is limited by a cavity, which leads from the
adenyl moiety of FAD up to the surface of the enzyme (Weber, 2005) and is shown in

Figure 1.8. on the next page.
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Figure 1.8: Model ofthe crystal structure of CPD photolyasefrom E. coli is showing
the position o fFAD (yellow) to be in the core ofthe enzyme and the position ofMTHF
(purple) to be on the protein surface with its glutamate moiety sticking out. The a/fi
domain is coloured in turquoise, the interdomain loop in grey and the a-helical

domain in green (Park et al., 1995) (PDB ID=1DNP).

The cavity is wide enough to allow access for the substrate. The thymine dimer is then
flipped out of the helix due to weak hydrogen bond interaction with its
complementary bases in double stranded DNA (Mees et al. 2004). A band of
positively charged amino acids residues along the protein surface outside of the cavity
favours electrostatic interaction with the negative charged backbone of the substrate
DNA. The potential substrate binding side provides hydrophobic amino acid residues
on one, and polar residues on the other site of the cavity. This fits well with the
asymmetric profile of a CPD. The cyclobutane ring is hydrophobic while the opposite
site of the thymine base contains nitrogens and oxygens suitable for H-bond

formation. FAD is held tightly in place by interacting with 14 highly conserved amino
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acid residues, that are responsible for the strong binding affinity of FAD to the
enzyme (Kp< 10""M) (Sancar, 1994). The flavin is bent in a unique U-shaped
configuration, which brings the 7,8-dimethyl-isoalloxazine ring in close contact to the
adenine moiety. The distance between MTHF and FAD is 16.4 A measured between
the center of the FAD’s isoalloxazine ring and the N5 of MTHF, with the planes of
both chromophores perpendicular to each other. Position and conformation of FAD is
almost identical in E. coli photolyase and A. nidulans photolyase, while the position
of the second cofactors differs greatly. In A. nidulans photolyase 8-HDF is buried

deep in the enzyme, while MTHF in E. coli photolyase is surface exposed.

1.6.3 Cofactors of E. coli CPD photolyase

As previously described flavin adenine dinucleotide (FAD) is the redox active
cofactor in all photolyases classified so far and can be found in three oxidation states
(Figure 1.9), oxidised FAD™ (flavoquinone), radical FADH® (flavosemiquinone) or

fully reduced FAD™ (flavohydroquinone).

R R R
N_ _N__O N_ _N__O
O LI I
6 NP NH H NH ﬁ NH
5 o o) o)

FAD FADH" FADH"

Figure 1.9: The three different redox states of cofactor FAD which can be found in
the photolyase enzyme: oxidised FAD”, semi reduced FADH and fully reduced
FADH ; R = phosphoribosyl adenosine moiety.
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While the substrate binding is redox state independent (Payne et al., 1990) (Sancar et
al., 1987), only the fully reduced and deprotonated form FADH™ in the enzyme shows
catalytic activity by repairing thymine dimers. FAD is not only essential for
catalysing DNA repair but also crucial for substrate binding (Sancar, 1994). While
absence of the second cofactor, MTHF, does not affect binding affinity to damaged
DNA or the DNA repair (Payne et al., 1990). No obvious sequence homology to other
flavoproteins can be found, which is explained by the fact that the photoexcited state
*FADH" is the catalytic active form, whereas the majority of flavoproteins utilise
FAD in its ground state (Massey, 1995).

In photolyase FADH™ has its absorption maximum around 360 nm, weak absorbance
in the near UV light range and fading absorbance above 400 nm (Jorns et al., 1990).
The DNA repair mechanism is a light dependent process in the UV and blue light
region (300-500 nm) so the success of dimer repair relies on a high quantum yield.
Based on its 5 to 10 times higher extinction coefficient (Payne et al., 1990) compared
to FADH , 5,10-methenyltetrahydrofolylpolyglutamate (MTHF) is working as the
light harvesting cofactor, increasing quantum yield by absorbing light in the regions
near UV and visible wavelengths where FADH™ absorbs weakly. In aqueous solution
MTHF absorbs light maximally at 358 nm, however at this wavelength the flux of
solar radiation is lower as it is at longer wavelengths. When MTHF binds to the
photolyase enzyme a bathochromic shift of 25 nm is induced, resulting in a new
absorption maximum of the chromophore at 383 nm, leading to a > 5 kcal/mol
decrease in transition energy from protein-mediated stabilization of the excited state

and/or destabilisation of the ground state of MTHF (Henry et al., 2004).
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1.6.4 Reaction mechanism of DNA repair (photoreactivation)

Photolyases are very efficient enzymes taken into account their low copy numbers per
cell, which are approximately 10 - 20 molecules in E. coli (Harm et al., 1968) and 75-
300 in yeast (Yasui and Laskowski, 1975). Photolyase binds to single or double
stranded DNA in a light independent step (Sancar et al., 1985) recognising the DNA
phosphodiester back bone around the CPDs with an equilibrium association constant
for cis-syn CPDs of 2.6 x 10® to 2.2x 10° M (Husain and Sancar, 1987) (Li and
Sancar, 1990) or 3.7 x 10° M™! (Baer and Sancar, 1993). The association constant for
undamaged DNA is more than four orders of magnitude lower. The thymine dimer is
recognized in the active site by being completely flipped out of the duplex DNA (base
flipping) (O’Neil and Wiest, 2007) and bending the DNA by about 50° (Mees et al.,
2004). The photolyase-catalysed DNA repair follows Michaelis-Menten kinetics with
the important addition that the catalysis strictly depends on light (Rupert, 1962).

The following reaction scheme was introduced by Rupert in 1962:

ki
E+UV-DNA _ _ E- S22 E.Pp " E+P

ks
The enzyme binds to the substrate in a light independent step, to form an enzyme-
substrate complex that must absorb a photon as the “second substrate” to start
catalysis.
The hypothetical repair cycle introduced by Kim and Sancar in 1993 is shown on the

next page in Scheme 1.5
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Light 300-500nm

MTHF *MTHF

Excitation Energy Transfer

CPD Product
o ) o o)
HN NH HNJ\/I( YLNH
o)\N NAO *FADH- FADH" O)\N N’J*o
\)b OR'

OR'

Scheme 1.5: The postulated repair mechanism of a thymine dimer by CPD photolyase
(Kim and Sancar, 1993); R = phosphoribosyl adenosine moiety.

The antenna cofactor, which in E. coli photolyase is MTHF, absorbs light in the 300-
500 nm wave length range and transfers its excitation energy to FADH™ resulting in
the excited singlet state *FADH™ (Lipman and Jorns, 1992). This occurs via a long
range dipole-dipole interaction known as Foerster transfer (Kim and Sancar 1993)
with an energy transfer (ET) efficiency of [Egr] = 0.92 (Ramsey et al., 1992) at rates
of 4.6x10° s and 3.0x 10! s (Kim ez al., 1991). Both excitations are singlet n-m*
transitions from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). In the excited singlet state, *FADH™ transfers
an electron to the T<>T lesion which immediately undergoes cycloreversion creating

a CPD anion radical and leaving the flavin cofactor in its neutral radical semiquinone
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state FADH®. The pyrimidine radical anion splits into pyrimidine monomers. The
excess electron is transferred back to FADH® to regenerate the initial redox state of
the flavin FADH™ (Weber et al., 2001). The overall quantum yield for T<>T splitting
is ®=0.9 (Sancar, 2004) with the entire DNA repair cycle completed in

approximately 2 ns (MacFarlane and Stanley, 2003).

1.6.5 Photoactivation

The photolyase enzyme can contain FAD in three oxidation states. While the enzyme
with FAD and FADH® is catalytic inactive, the reduced form FADH is the
catalytically active form. Besides photoreactivation the enzyme can carry out a second
photoreaction, which is the photoreduction of FAD and FADH® by absorbing light in
the visible wavelength range in presence of a reducing agent, in vitro i.e. DTT,

resulting in € transfer to gain the fully reduced FADH" as it is shown in Scheme 1.6:

R R E N__O
N.N_O N._N__O +&
:@[ 10Y \( ‘————-——s—H__ H /I \g-l _— ﬂ Lf\NfH
> N/ NH H ” . -e” H
5 fo} O (o)
FAD®* FADH’ FADH

Scheme 1.6: Different oxidation states of FAD. R = phosphoribosyl adenosine
moiety. Roman numbers I, II and III refer to the pyrimidine-, pyrazine- and xylene-

part in the isoalloxazine moiety.

This process is called photoactivation (Sancar, 2003) (Byridin et al., 2003) (Kavakli

and Sancar, 2004) (Aubert et al., 2000) and occurs by abstraction of an electron
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through a highly conserved triad of tryptophans by the excited *FADH* over a total
distance of 13.4 A. The following scheme seen in Scheme 1.7 using time resolved

absorption spectroscopy was introduced by Aubert ef al., (2000).

Abstraction of an electron from W382 resulting in the reduced FADFT and a

tryptohanyl radical cation W382*+in 30 ps

- Radical transfer from W359 to W382*+resulting in W359*+and W382 in less
then 10 ns

- Radical transfer from W306 to W359*+resulting in W306*+and W359 in less
then 10 ns

- Final deprotonation of W306*+ gaining the neutral radical W306* in 300 ns

Deactivation of W306* by electron abstraction from an exogenous electron

donor

-13.4 A

W382

*FADH*

Scheme 1.7: Reaction and time scheme ofelectron transfers during photoactivation
over a distance ofapprox. 13.4 A via tryptophans 306, 359 and 382 resulting in the
reduction o fFADH* (Aubert et al 2000). For details see text.
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1.7 Two putative electron transfer mechanisms

The DNA repair by CPD photolyase is a light induced one-electron transfer reaction,
however a distinguished pathway of electron transfer from the excited *FADH" to the
CPD and the electron back transfer still remains a topic of discussion. The crystal
structure of the A. nidulans CPD photolyase binding to a T<>T dimer, published in
2004 by Mees et al., can be consulted to predict two electron transfer pathways during
the repair cycle (Figure 1.10, next page). They can be distinguished by making use of
the orientation, conformation and distance values of FAD and the substrate in the

active site of the enzyme (Mees et al., 2004).
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Y290

N349

R350

Figure 1.10: Two proposed electron transfer pathways based on the orientation of
FAD and a thymine dimer in the crystal structure of CPD photolyase from
A. nidulans. An indirect electron transfer via the adenine moiety is shown in pink. A
direct electron transferfrom C8a of'the isoalloxazine moiety to the 3 -T is drawn in

turquoise (Source: Mees et al 2004).

The first possibility is a direct single electron transfer (single super exchange) over a
distance of approx. 7A to the dimer from the center of the electron donating
isoalloxazin ring of the flavin. It involves the C8a group, which points towards the

substrate-binding site and is 4.3 A away from the C4-carbonyl group of the 3°-T of
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the dimer. In 2007 Prytkova et al. used molecular dynamics simulations and
electronic structure analysis to favour the idea of a direct electron transfer (ET). They
calculated the localization of the lowest n—n* excited singlet state on the side of the
FADH™ flavin ring nearest to the dimer. This localization enhances the donor-
acceptor coupling and the direct through-space ET pathway (Prytkova et al., 2007).
The ET reaction was assumed to be activationless with reorganization energy of
approx.1 eV and a predicted electron transfer rate of 230 psec” at room temperature,
which was close to the experimental data of an electron transfer rate of 170" psec’
published by Kao et al, (2005) using femtosecond-resolved fluorescence up-
conversation and transient-absorption techniques. Both groups exclude the adenine
moiety of FAD from being an essential mediator during electron transfer. Tunnel
matrix element calculations on modified FAD in which the phosphoribosyl adenosine
moiety were replaced by a methyl group at the C1’ position and the substitution of the
C8a by a hydrogen showed that the tunnelling energy for the proximal donor state to
the dimer is not significantly effected by deleting the adenine-mediated pathway but
reduced by modification on the C8a (Prytkova et al., 2007). Additionally Kao et al.
did not measure any intramolecular electron transfer from the isoalloxazine ring to the
adenyl moiety in the absence of substrate.

Both groups rather see the role of the adenine moiety to sterically stabilize the dimer-
FADH™ conformation in the active site by adenine-dimer hydrogen bond formations.
This locates the dimer close to the benzene side of the flavin ring where n— =*
transition for directing the electron to the dimer enhances the donor-acceptor coupling
(Prytkova et al., 2007).

A second hypothesis suggests an indirect, superexchange-mediated single electron

transfer from the isoalloxazin ring via the adenine moiety to the CPD. In addition,
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redox active amino acids can be involved and act as mediators during electron transfer
(Weber, 2005). Based on the crystal structure of E. coli photolyase, tryptophan 277 is
close to the putative substrate-binding site (Park ez al., 1995) and could therefore act
as potential intermediate electron acceptor. This residue was found of being capable
to repair CPD directly when photoexcited by short UV light (= 280 nm) (Kim e al.,
1992). The involvement of the adenine moiety in a radical transfer is feasible by
observing a unique U-shaped conformation of FAD when bound to the enzyme in
which the adenine moiety bends over the pyrazine and pyrimidine part of the
isoalloxazine ring (Weber et al, 2001). This mechaniém is supported by EPR
ENDOR and TRIPLE resonance spectroscopy experiments by Weber et al. (1999)
and computational calculations using density functional theory methods that analyse
the electronic structure of the neutral flavin radical FADH® in photolyase by Kay et
al. (2001). Firstly, a strong spin density at the N5, C4a and N10 indicates an increased
orbital overlap between the n-system of the isoalloxazine and the adenine moiety of
FAD (Weber, 2001). Secondly, the very small spin densities on C8a and C6 are
evidence that the delocalisation of the unpaired electron is shifted mainly towards the
central pyrazine and the outer pyrimidine part of the isoalloxazine moiety, which are
in close contact to polar amino acids Asp 372 and Arg 344. The xylene part however,
points towards the substrate binding site where the absence of any stabilizing amino
acid residues does not promote distribution of the unpaired spin over the flavin ring
system (Kay et al., 1999). A probable explanation could be that once the electron is
transferred from FADH™ to the CPD and the transient FADH® radical is formed, the
rather poor stabilization of the unpaired electron spin over the isoalloxazine moiety

might favour electron back transfer from the split dimer to the cofactor.
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2.1 Materials

All chemicals, if not otherwise stated, were purchased from Fisher, Merck, Sigma-

Aldrich, NovaBiochem, New England BioLabs, Quiagen, Fluka or Alfa Aeser.

Oligonucleotides were purchased from Operon.

2.1.1 Instruments

Acrylamid gel electrophoresis

Agarose gel eletrophoresis

Autoclave

Balances

Centrifuge and rotors

FPLC

Freeze dryer

Heating block

SE 250 Mighty Small II (Hoefer Scientific
Instruments San Francisco, USA)

Multi Sub Choice gel unit with 1x removable,
150x150mm UV gel casting tray 2x1.0mm, 20
samples comb (JENCONS-PLS Staffordshire, UK)

Astell Scientific (Sidcup, Kent, UK)

Kern ALJ 120-4 (North Fareham, Hampshire, UK)
Mettler Toledo AB204-5 (Beaumont Leys, UK)

Sorvall RC5C Plus and RC6 Plus with rotors
SLA-3000 and SS-34; Thermo Scientific (Waltham,
MA, United States)

FPLC-AKTA

Monitor UPC-900, Hg-lamp 280 nm, Pump P 920,
Mixer M-925, Valve INV-907, fraction collector
Frac-900/901, Software UNICORN 3.10 (former
Amersham Biosciences, now GE Healthcare, little
Chalfont, UK)

Freeze  dryer unit Alpha 1-4  (Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz)
Controll device LDC-1M; Elekt. Conection 230 V,
50 Hz; Temp. —50°C; pressure 0,200 mbar

SB1 mono digital block heater, 2 block model
(JENCONS-PLS Staffordshire, UK)
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Incubation shaker

Incubator
pH-Meter
Peristaltic pump

Rotational evaporator

See-saw rocker
Table top centrifuge

Thermocycler

Ultrasonic device

UV -light gel unit

UV/VIS Spectrophotometer

Vacuum pump

New Brunswick Scientific Incubation shaker
INOVA 44 (St.Albans, UK)

Heraeus Instruments (Buckinghamshire, UK)

HANNA  Instruments pH209 pH  Meter
(Woonsocket, USA)

101U/R Watson Marlow , (Falmont , Cornwall, UK)
Membrane pump and vacuum pump
(VAKUUBRAND GmbH & Co, Wertheim)
Rotavapor RE 120 (Biichi, Germany), waterbath
(Kottermann, Deutschland)

Labortechnik KS501 digital (Wasserburg , Germany)
Spectrafuge 24D (JENCONS-PLS Staffordshire, UK)

TECHNE Touchgene Gradient (JENCONS-PLS
Staffordshire, UK)

Vibra cell SONICS (Newtown, USA)

Gene Flash SYNGENE Bio Imaging (Cambridge,
UK)

Jasco V-660 Spectrophotometer
JASCO CORPORATION
2967-5 Ishikawa-Cho, (Hachioji Tokyo, Japan)

MZ 2C (VAKUUBRAND GmbH&Co./Wertheim)

For filtration and buffer degassing
Roto-Vac 3 (Biotech-Fischer, Reiskirchen, Germany)
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2.1.2 Enzymes

Enzyme Supplier

DNase I Sigma

Lysozyme Fisher Scientific

Taq polymerase New England Biolabs
T4-Ligase New England Biolabs

Restriction enzymes:

BamHI New England Biolabs
Ndel New England Biolabs
2.1.3 Media

For solid LB plates, 20 g/l agar was added to LB medium. Filter sterilised antibiotics

were added to autoclaved medium cooled to approx. 50°C.

LB (Luria Bertani)-Medium 10g Trypton
Sg Yeast Extract
5¢g NaCl
per 11 H,O
autoclaved

When applicable, the following antibiotics were added to final concentrations of

180 mg/1 ampicillin, 15 mg/l kanamycin, 10 mg/ml erythromycin
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2 x YT-Medium 16 g Trypton
10g Yeast Extract
5g NaCl
per 11 H,O
autoclaved
SOC-Medium 20g hydrolyzed Casein
Sg Yeast extract
20 mM Glucose
10 mM MgSO4
10 mM NaCl
10 mM MgCl,
2.5mM KCl
per 11 H20 )
autoclaved
Glycerol-Medium 50 % LB-Medium
50 % Glycerol
autoclaved

2.1.4 Buffers and solutions

Solution- or Buffer name Compounds
Ethidium bromide solution 1 pg/ml Ethidium bromide
Ligase buffer 250 mM Tris-HC], pH 7,6

50 mM MgCl,

50 mM DTT

5 mM ATP

25 pg/ml BSA

pH 7.5 at 25°C
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10 x Polymerase buffer

Sample buffer for DNA gels

Saline

TAE buffer 50 x

TE buffer 10 x

15 mM
500 mM
100 mM
1%

50 % (v/v)
0.25 % (w/v)
0.25 % (w/v)
TE-Buffer

0.9 % (W/v)

2M
100 mM

100 mM
10 mM

MgClz

KCl

Tris-HCI, pH 8.8
Triton X-100

Glycerol
Xylenecyanol
Bromphenol blue

NaCl

Tris-acetate, pH 8.2
EDTA

Tris-HCI, pH 8.2
Na,EDTA

Buffers for £ coli E109A photolyase purification from host cell B. subtilis (vacuum

filtred and degassed):

Lysis buffer

Buffer Ags

Buffer BBS

50 mM

10 mM
100 mM
10 % (w/v)

50 mM
100 mM
10 mM
10 % (v/v)

50 mM
2M

10 mM
10 % (v/v)
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HEPES, pH 7.0
DTT

NaCl

Sucrose

HEPES, pH 7.0
KCl

DTT

Glycerol

HEPES, pH 7.0
KCl

DTT

Glycerol
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Buffer Cps

Buffer DHS

Buffer EHS

50 mM
50 mM
10 mM
10 % (v/v)

50 mM
1 mM

10 mM
10 % (V/v)

50 mM
1M

10 mM
10 % (v/v)

HEPES, pH 7.0
NaCl

DTT

Glycerol

HEPES, pH 7.0
KCl

DTT

Glycerol

HEPES, pH 7.0
KCl

. DTT

Glycerol

Buffers for purification and reconstitution for E. coli photolyase with His tag on Ni-

NTA- Sepharose column (vacuum filtrated and degassed):

Buffer ANiS

Buffer Byn;s

Buffer A-Urea

Buffer A~

50 mM
50 mM

100 mM

10 mM

0.02 % (W/v)

50 mM

50 mM

500 M

10 mM

0.02 % (wW/v)

50 mM

50 mM

8M

10 mM

0.02 % (w/v)

50 mM
50 mM
10 mM
0.02 % (W/v)
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Tris-HCI, pH 7.4
NaCl

Imidazole
B-mercaptoethanol
Azide

Tris-HCI, pH 7.4
NacCl

Imidazole
B-mercaptoethanol
Azide

Tris-HCI, pH 7.4
NaCl

Urea
B-Mercaptoethanol
Azide

Tris-HCI, pH 7.4
NaCl
B-mercaptoethanol
Azide
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Buffers for reconstitution of E. coli photolyase via dialysis

Buffer Anis

Buffer A~

Buffer A-Urea

Buffer B-Urea

Buffer C[)y

with either

50 mM

50 mM

100 mM

10 mM

0.02 % (w/v)

50 mM
50 mM
10 mM
0.02 % (w/v)

50 mM

50 mM

8M

10 mM

0.02 % (w/v)

50 mM
50 mM

500 mM

8 M

10 mM

0.02 % (W/v)

50 mM

50 mM

10 mM

20% (v/v)
4,2,1or0OM
0.02 % (w/v)

Tris-HCI, pH 7.4
NaCl

Imidazole
B-Mercaptoethanol
Azide

Tris-HCI, pH 7.4
NaCl
B-Mercaptoethanol
Azide

Tris-HCI, pH 7.4
NaCl

Urea
B-Mercaptoethanol
Azide

Tris-HCI, pH 7.4
NaCl

Imidazole

Urea
B-Mercaptoethanol
Azide

HEPES, pH 7.4
NaCl

DTT

Glycerol

Urea

Azide

Buffers for reconstitution of E. coli photolyase via Phenylsepharose

Buffer Apg

50 mM
1.7M

0.5 mM
10 mM

20% (v/v)
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Buffer Bps 50 mM KH,POq4, pH 3.5
1.7M (NH4)2SO4
0.5 mM EDTA
10 mM DTT
20% (v/v) Glycerol
saturated with KBr

Buffer Cps 100 mM KH2P04, pH 7.0
0.5 mM EDTA
10 mM DTT
50% (v/v) Ethylene glycol

Buffers for C. ammoniagenes FAD-synthetase purifiaction from host cell E. coli

(vacuum filtrated and degassed):

Buffer Aa 20 mM Tris-HCI, pH 7.4
200 mM NaCl
1 mM EDTA
0.02 % (w/v) Sodium azide
Buffer By 20 mM Tris-HCI, pH 7.4
200 mM NaCl
1 mM EDTA
50 mM Maltose
0.02 % (w/v) Sodium azide

Restriction endonuclease buffers:

NEBuffer 1 (1x) 10 mM Tris-HCI, pH 7.0
10 mM MgCl,
1 mM DTT

NEBuffer 2 (1x) 10 mM Tris-HCI, pH 7.9
50 mM NaCl
10 mM MgClz
1 mM DTT
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NEBuffer 3 (1x)

NEBuffer 4 (1x)

50 mM Tris-HCI, pH 7.9
100 mM NaCl

1 mM DTT

10 mM MgCl,

20 mM Tris-Ac, pH 7.9
50 mM KAc

10 mM MgA02

1 mM DTT

Buffers and solutions for SDS-Polyacrylamide gel electrophoresis:

Acrylamide solution

Ammonium peroxide sulfaphate

solution (APS)

Bromophenol Blue solution

Coomassie Blue solution

Electrophoresis buffer

Destainer 1

Destainer II (over night)

Stacking gel buffer

38.9 % (w/v) Acrylamide

1.2 % (w/v) Bisacrylamide
10 % (w/v)

0.25 % (wW/v)

0.25 % (w/v) Coomassie-Blue R-250
45 % (v/v) Methanol

9 % (V/v) Acetic acid

25 mM Tris-HCI, pH 8.3
192 mM Glycine

0.1 % (w/v) SDS

50 % (v/v) Methanol

10 % (v/v) Acetic acid

5 % (vIv) Methanol

7.5 % (v/v) Acetic acid

250 mM Tris-HC], pH 6.8
0.2 % (w/v) SDS
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SDS-PAGE sample buffer

Resolving gel buffer

12 % resolving gel buffer

4 % stacking gel buffer

5% SDS
30 % Glycerol

60 mM Tris-HCI, pH 6.8
10 % Sucrose

3% 2-Mercaptoethanol
0.02 % Bromphenol blue
1.5M Tris-HCI, pH 8.8
0.4 % (wW/v) SDS

3.0ml Acrylamide

4.5ml H,0

2.5ml stacking gel buffer
75 ul APS

5ul TEMED

0.5 ml Acrylamide

2.0 ml H,0

2.5ml stacking gel buffer
75 pl APS

5ul TEMED

Ladders for DNA and Protein electrophoresis:

1 kb DNA ladder (NEB)

Protein marker broad range (NEB)

Protein marker broad range (NEB)
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10 kbp, 8 kbp, 6 kbp, 5 kbp, 4 kbp,
3kb, 2kb, 1.5kbp,1kbp 0.5kbp

175 kDa, 83 kDa, 62 kDa, 47.5 kDa,
32.5 kDa, 25 kDa, 16.5 kDa, 6.5 kDa

212 kDa, 158 kDa, 116 kDa, 97.2 kDa
66.4 kDa, 55.6 kDa, 42.7 kDa, 34.6 kDa
27kDa, 20kDa, 14.3kDa, 6.5kDa,
2.4 kDa
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2.1.5 Bacterial strains

For molecular biology work, derivates of the E. coli K12 strain were used as listed in

table 2.1. The genotype of the B. subtilis strain is shown in table 2.2.

E. coli strains:

strain genotype source
XL1-Blue recAl, endAl, gyrA96, thi-1, hsdR17,|Bullock et al.
supE44, reldl, lac, [F’, proAB, lacPZAM15,| 1987
Tnl0 (tef)]
BL 21 (DE3) F—, ompT, hsdSp(rg-, mp-), dem, gal, A(DE3) |Promega
M15[pGB3] lac, ara, gal, mtl, recA”, uvr’, [pGB3, lacl,|Qiagen
bla
Table 2.1: E. coli strains
B. subtilis strain:
strain genotype source

BR151[pBI1][p602E109A]

trpC2, lys-3, metB10 [pBL1,lacl, er)’]

[p602, lacl, kan", phrE109A]

Schleicher, 2001

Table 2.2: B. subtilis strain
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2.1.6 Plasmids

The expression plasmids used are listed in table 2.3.

plasmid size [kbp] resistance source
p602E109A 5.8 Kanamycin Schleicher 2003
pET 19b-phr-5.2 7.2 Ampicillin Ladebeck 2008
pMalribF-CA 7.6 Ampicillin Kemter 2003

Table 2.3: Plasmids

2.1.7 Primers

Primers were synthesized by Operon Biotechnologies®:

Primer

Sequence

OL_phr-Ndel-fwd

GGAGAAA CATATG ATGACTACCCATC

Ndel

OL_phr-BamHI-reverse

TCACGCC GGATCC GGCATCTG

BamHI1

Table 2.4: Primers; (Restriction sites are underlined)
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2.2 Molecular-biological methods

2.2.1 Amplification of DNA using Polymerase Chain Reaction (PCR)

PCR (Mullis et al., 1990) is a well-established method in biochemistry used to
increase the amount of a short DNA fragment in vitro. It requires four main
components: the template DNA, a set of short oligonucleotide primers specific to
known sequences on the template strand, deoxynucleotide triphosphates (ANTPs)of
adenine, thymine, cytosine and guanine and a thermostable DNA polymerase e.g.
Taq. The reaction proceeds in repeated cycles at three temperatures. In the initial step,
94-96°C, the template DNA double strand is denatured to give two DNA single
strands. At the second temperature, which depends on the sequence and the length of
the primers and varies usually between 45-60°C, the primers hybridize to the
complementary sequences on the parent strand. The primers are extended in step three
by the addition of individual deoxynucleotides by DNA polymerase to synthesise the
new DNA strand at 72°C. Repeating this three temperature process allows an
exponential amplification of the template DNA with an average rate of 1000
nucleotides per min. A final incubation time between 10 to 20 min at 72°C ensures
the completion of the DNA copying by the DNA polymerase. The following protocol

was used:
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Template DNA (5-25 ng) 2 ul
dNTPs (25 mM each) 0.8 ul
Primer forward (100 pmol) 0.5 ul
Primer reverse (100 pmol) 0.5 pl
Polymerase buffer (10 x) 10 ul
Taq-DNA-Polymerase (1 U) 1ul
dH,O (sterile) 85.2 ul
Total volume 100 pl
Step Temperature[°C] time[s] function
Separation of DNA
! 4 30 double strands
2 54-62 30 Primer hybridisation
3 72 30 ) )
Primer elongation
4 72 600-1200 Final elongation

Table 2.5: PCR temperature and time scheme (Steps 1-3 repeated 25 times)

2.2.2 Agarose gel electrophoresis

For analytical and preparative separation of DNA fragments, agarose gel
electrophoresis was used. Negatively charged DNA molecules move in the electrical
field towards the anode and smaller molecules move faster in agarose gels than larger

molecules. Thus, this method can be used to determine the size of DNA fragments,
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their purity and their concentration in a sample by comparing to a known DNA
ladder. To determine the size of DNA fragments DNA molecular weight markers with
definite sizes can be used. Agarose gels are usually prepared at concentrations
between 0.8-1 % (w/v). Agarose gels were prepared by suspending agarose powder in
TAE buffer and boiling the mixture until a clear solution formed. The solution was
poured onto the gel caster equipped with a gel comb. After a rigid agarose gel was
formed, it was placed in an electrophoresis chamber and filled with TAE buffer so
that the gel was completely submerged. The gel comb was removed from the gel and
DNA samples (5-20 pl) mixed with DNA sample buffer, as well as suitable
molecular weight marker were pipetted into the wells of the gel. The electrophoresis
chamber electrodes were connected to a constant voltage power supply (145 V) for
45-90 minutes. The colour marker bromophenol blue present in the sample buffer
makes the progress of electrophoresis visible. The gel was then incubated 20 minutes
in ethidium bromide solution (1 pg/ml) in the dark. Ethidium bromide can intercalate
into double stranded DNA and becomes highly fluorescent under UV light (366 nm)

and therefore makes nucleic acids visible upon UV excitation.

2.2.3 Purification of DNA

For concentration and purification of DNA, either PCR fragments, restriction- or
ligation samples, “QIAquick PCR Purification kit” from (QIAGEN, West Sussex,
UK) was used. The purification buffers contain chaotropic salts, which dehydrate the
DNA so that the negatively charged phosphate groups interact via salt bridges with

hydroxyl groups of a silica gel matrix attached to a microcentrifuge tube (spin
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column). Polysaccharides and proteins do not bind the matrix and can be eluted under
high salt conditions. An elution with water or low salt buffers will re-hydrate and
elute the DNA from the silica gel matrix. Binding buffer was mixed with DNA in the
ratio 5:1, placed on a silicagel containing spin column and centrifuged (1 min,
16,000 x g). The flow-through was discharged and the column was washed with
750 ul wash buffer (1 min, 16,000 x g). Residual wash buffer was removed by
another centrifuge step (1 min, 16,000 x g). The DNA was eluted using 50 pl of
sterile water. The average yield of DNA was approx. 90 %. Agarose gel

electrophoresis was carried out to visualise the products of purification.

2.2.4 Restriction enzyme digestion of DNA

DNA digesting enzymes, so-called restriction endonucleases, recognise specific sites
in the DNA by short palindromic sequences. These enzymes cut DNA either within
that recognition site or a few nucleotides upstream or downstream. Three kinds of
restriction cuts are possible: cuts with a 5’ end or 3’ end overhang (sticky ends) or
with no overhang (blunt ends). Restriction endonucleases were obtained from New
England BioLabs®},... For analytical digestions 100-300 ng of DNA, 2 ul of reaction
buffer (10 x) and 0.5- 1 units (U) restriction endonuclease in a total volume of 20 pl
were used. 1 U is defined as the amount of enzyme required to completely digest 1 pg
of substrate DNA in a total reaction volume of 50 ul in one hour (New England
BioLabs., 2006). Reaction mixtures were incubated for 1 h at 37°C. The results were
examined by agarose gel electrophoresis. For preparative digestions, 1-5 pg DNA,

10 % (v/v) of reaction buffer and 4-8 U of restriction enzyme were used. The total
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reaction volume was between 100-130 pl. Samples were incubated for 3-4 h at 37°C,
and subsequently transferred to an agarose gel, electrophoretically separated,
incubated for 10 min in ethidium bromide and excised from the gel under UV light.
The recovery of DNA from agarose fragments was undertaken using the “QIAquick
Gel Extraction kit” (QIAGEN, West Sussex, UK). Three volumes of “binding buffer”
were added to the gel fragment and incubated at 65°C with regular mixing until the
agarose was melted. The solution was transferred to a spin column, centrifuged for
1 min at 16,000 x g and the flow-through was discharged. The DNA was washed and

recovered in an identical manner to the procedure used in 2.2.3.

2.2.5 Ligation of DNA fragments

DNA fragments were ligated using the “Quick Ligation Kit” from New England
BioLabs®,e. Briefly, DNA ligase isolated from T4 bacteriophage catalyses the ATP
dependent phosphodiester bonding between the 3’-hydroxyl and the 5’-phosphate
group of double stranded DNA. Vector DNA and the DNA fragment with the gene of
interest (insert) were used in the molar ratio of 1:3.
Typical protocol was used:
1-6 uL 50 ng Vector DNA
1-6 uL 150 ng Insert DNA

Adjusted to a total volume of 10 ul with sterile water
10 pL 2 x Quick ligation buffer

1uL Quick T4 DNA ligase
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The reaction was incubated for 5 min at room temperature and used to transform

chemical competent cells via heat shock.

2.2.6 Preparation of chemical competent cells

Chemical competent cells were prepared by inoculating 100 ml of Luria Bertani
media with 1 ml of an overnight culture of E. coli strains XL1-Blue or BL21 (DE3).
The culture was incubated at 37°C on a shaker at 145 rpm. The culture was grown to
an optical density (OD) of 0.6 at 600 nm and then cooled on ice to 4°C. A 100 ml
volume of the culture was then transferred to a 250 ml centrifuge tube and the culture
was centrifuged for 30 min at 2,700 x g at 4°C. The pellet was resuspended with
50 ml of cold (4°C) 50 mM CaCl; buffer. The resuspended cells were put on ice for
10 min and then centrifuged again (30 min, 2,700 x g, 4°C). The pellet was
resuspended with 30 ml of cold (4°C) 50 mM CaCl, buffer containing 15 % (v/v)
glycerol. The suspension was dispensed as small aliquots of 100 ul in sterile
eppendorf tubes, snap frozen in liquid nitrogen and stored at -80°C. The

transformation efficiency was approx. 3x10’ transformants/pg of DNA.

2.2.7 Heat shock transformation

An aliquot of 100 pl chemical competent cells was incubated on ice for 10 min. Either
ligation reaction or plasmid DNA was added to the competent cells and incubated for

30 min on ice. Then the DNA was transferred into the batch of competent cells and
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incubated for 30 min on ice. The cell-DNA mix was incubated at 42°C for 1 min in a
heating block, returned to ice for 2 min and then 1 ml of SOC medium was added.
The cells were then incubated for one hour at 37°C in a shaking incubator before

being streaked out on agar plates containing the appropriate selective antibiotic(s).

2.2.8 Plasmid isolation

Fresh overnight culture (10 ml) bearing the desired plasmid was centrifuged (15 min,
16,000 x g) and the supernatant discarded. Plasmid isolation was performed using the
Qiagen Plasmid Mini Kit (QIAGEN, West Sussex, UK). The pellet was resuspended
in 250 pl of solution I and transferred to a microcentrifuge tube. In order to lyse the
cells, 250 pl solution II was added, mixed gently by repeatedly inverting the tube until
the solution became viscous and slightly clear. Lastly 350 ul of solution III was
added, and mixed by gentle and thorough inverting the tube. The solution became
cloudy. Subsequently the microcentrifuge tube was centrifuged (10 min, 16,000 x g).
The supernatant was pipetted carefully in a spin column and centrifuged to allow the
DNA to bind to the column matrix (1 min, 16,000 x g). The flow-through was
discarded. The spin column was washed by adding 500 ul of HB buffer and
subsequent centrifugation (1 min, 16,000 x g). Thereafter it was washed with 750 pl
of DNA wash buffer, centrifuged (1 min, 16,000 x g), and the flow-through was
discarded. For complete removal of residual DNA wash buffer, the spin column was
centrifuged for an additional 1 min at 16,000 x g. To elute the plasmid DNA, the spin

column was placed in a clean microcentrifuge tube, 50 pl of sterile water was added
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and centrifuged (1 min, 16,000 x g). By this method up to 20 pg of plasmid DNA can

be isolated from 10 ml of cell culture.

2.3 Protein chemical methods

2.3.1 Culture preservation

Bacterial cultures were streaked on agar plates with appropriate antibiotics, incubated
over night at 37°C and then stored at 4°C. Every four weeks, the new subcultures
were prepared on fresh medium. For long-term storage of stock cultures, 10 ml over
night cultures were centrifuged (10 min, 2,700 x g, 4°C) and the supernatant
discarded. The cell pellet was resuspended in 1 ml LB media containing 50 %
glycerol (v/v) transferred to sterile eppendorf tubes, snap frozen in liquid nitrogen and

stored at -80°C.

2.3.2 Protein expression

Bacteria were cultured in Luria Bertani (LB) media with the appropriate antibiotic(s).
Culture media supplemented with appropriate antibiotics was inoculated with an over
night culture of bacterial strain in the ratio 1:100 and incubated at the desired

temperature (25°C, 30°C or 37°C) in a shaking incubator until reaching an optical
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density (OD) of 0.5-0.7 at 600 nm. Gene expression was induced by the addition of
IPTG to a final concentration of 1 mM, and the cells were incubated (25°C, 30°C or
37°C) for 4h or overnight. The cells were harvested by centrifugation (20 min,
2,700 x g, 4°C), the pellet was washed with 0.9 % saline, centrifuged (30 min,

2,700 x g, 4°C), and stored at -20°C till protein purification.

2.3.3 The testing of protein expression

LB media (5 ml) supplemented with the appropriate antibiotics was inoculated with
bacteria cells from a single colony grown overnight at 37°C. 20 pl of this over night
culture was used to inoculate a 200 ml LB culture with appropriate antibiotics. The
culture was incubated at 37°C with shaking. Cells were grown to an optical density
(OD) of 600 nm of 0.5-0.7 and IPTG was added to a final concentration of 1 mM to
induce expression. Cells were incubated for a further 4 h or over night. To break open
the cells, the cell pellet (in lysis buffer) was disrupted by ultrasonification, centrifuged
(10 min, 48,000 x g, 4°C), and supernatant checked for protein expression by means

of SDS polyacrylamide gel electrophoresis.

2.3.4 SDS polyacrylamide gel electrophoresis

The purity of protein fractions was determined using discontinuous sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) according to the

system of Laemmli (1970). SDS is an anionic detergent, which denatures proteins and
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confers net negative charges to proteins. The proteins have mobility that is inversely
proportional to their size.

The gel was prepared using the SDS-PAGE discontinuous buffer system. The
components of the resolving gel solution were mixed together and then loaded into
the slab deposited between two glass plates on the gel caster. The gel was covered
with isopropanol. Polymerisation of acrylamide was completed after 10 min and
isopropanol was removed. The stacking gel solution was prepared, and loaded on top
of the resolving gel in the presence of a 10-15 well comb. Polymerisation of stacking
gel was completed after 10 min. The slab gel was placed on the SE 250 Mighty Small
II electrophoresis system (Hoefer, San Francisco, USA), which was connected to a
cooling system. Protein samples were mixed with SDS-sample buffer in a ratio of 1:1.
The mixtures were incubated at 95°C for 10 min. The protein samples were then
loaded into the wells of the gel. Standard proteins were used as molecular-weight
markers. Proteins were separated by passing 50 mA across the gel. After approx. 1 h,
the gel was removed from the support plates and stained in staining solution for
30 min. The gel was destained with destaining solution for 1 hour. The following

discontinuous buffer system recipe for two gels was used:

Resolving Gel (12%): Stacking Gel (4%):

3.0 ml acrylamide 0.5 ml acrylamide

4.5 ml H,O 2.0 ml H,O

2.5 ml resolving gel buffer 2.5 ml stacking gel buffer
75 ul APS 75 ul APS

5 ul TEMED 5 ul TEMED
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2.3.5 Expression of the DNA photolyase E109A mutant

DNA photolyase from E. coli was expressed in the recombinant B. subtilis strain
BR151 harbouring plasmids pBL1 and p602E109A. Cells were cultured in baffled 2 |
Erlenmeyer flasks containing 800 ml LB medium supplemented with 15 mg/l
kanamycin and 10 mg/l erythromycin. The cultures were incubated at 28°C while
shaking. At an optical density of 0.6 (600 nm), IPTG was added to a final
concentration of 1 mM, and incubation was continued for 14 h. The cells were

harvested by centrifugation and stored at -20°C.

2.3.6 Expression of DNA photolyase containing a 10 x His tag

The recombinant E. coli strain BL21 (DE3) harbouring the plasmid pET-19b-phr-5.2
was cultured in baffled 2 L Erlenmeyer flasks containing approx. 800 ml of 2x YT
medium supplemented with 150 mg/l ampicillin. The cultures were incubated at 25°C
with shaking. At an optical density of 0.7-0.8 (600 nm), IPTG was added to a final
concentration of 1 mM, and incubation was continued at 20°C for 14 h. The cells

were harvested by centrifugation (20 min, 2,700 x g, 4°C), and stored at -20°C.

2.3.7 Expression of FAD synthetase from C. ammoniagenes

The recombinant E. coli strain XL1-Blue harbouring the plasmid pMalribF-CA

containing the genes for FAD synthetase and the maltose binding protein MalE as
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fusion-tag, was cultured in baffled 2 L Erlenmeyer flasks containing 500 ml LB media
supplemented with 150 mg/l ampicillin. The cultures were incubated at 37°C while
shaking. At an optical density of 0.6 (600 nm), IPTG was added to a final
concentration of 1 mM, and incubation was continued for 4 h at 37°C. The cells were

harvested by centrifugation (20 min, 2,700 x g, 4°C) and stored at -20°C.

2.3.8 Protein extraction

The first step of a typical protein isolation procedure consists of cell disruption, which
releases the protein in soluble form from its intracellular compartment. For cell
disruption, thawed cell pellet (5-10 g wet cell mass) were suspended in respective
buffer (10 ml per g of wet cell mass). Lysozyme (1 mg-5 mg/g of cells), 1 mM PMSF
and DNasel (0.1 mg/g of cells) were added.

The mixture was incubated at room temperature for 30 min while stirring.
Sonification was performed for cell lysis. The extract obtained after lysis, termed
homogenate, was centrifuged (30 min, 48,000 x g, 4°C). The subsequent supernatant,

called the crude extract was used for protein purification.
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2.3.9 Protein purification
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