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ABSTRACT

Bacterial spores are extremely resistant to chemical arydigath stresses,
including UV irradiation, which in spores results in the formatiorb-ahyminyl-5,6-
dihydrothymine (spore photoproduct, SP). While SP accumulates in reMated
bacterial spores, it is rapidly repaired during germination. Spboproduct lyase
(SPL) is the enzyme that catalyzes the specific repagpofe photoproduct to two
thymines. It utilizesSadenosylmethionine (SAM) and a [4Fe-4S] cluster to catalyze this
reaction, and is a member of the radical SAM superfamily. Riedehere is an
investigation of SPL repair activity towards stereochemieaddiiined syntheti®k- andS
spore photoproduct dinucleosides and dinucleotides (SP and SPTpT, respectivel
utilizing SPL purified fromClostridium acetobutylicum. The results of HPLC and Mass
Spectrometry analysis af vitro enzymatic assays demonstrate that SPL specifically
repairs thebR-, but not the 5 isomer. The repair rates were determined to be ~0.4
nmol/min/mg of SPL for the B-SP dinucleoside and ~7.1 nmol/min/mg of SPL for the
5R-SPTpT dinucleotide. Since SPL binding to DNA is a key step in UVadamepair,
SPL binding to undamaged DNA, as well as tlke &nd the Sisomers of SP and
SPTpT, was also investigated. The binding to different substraiesinvestigated by
carrying out electrophoretic mobility shift assays (EMSANd atime-resolved
fluorescence decay experiments. SPL from bBHtillus subtilis and Clostridium
acetobutylicum cooperatively binds the undamaged DNA with relatively high affifkty
= 4.7 x 10 M for B.s. SPL andKy = 1.7 x 10’ M for C.a. SPL). The presence of small,
acid-soluble proteins (SASP), SAM or the [4Fe-4S] cluster of B&le little effect on
SPL binding to undamaged DNA. Interestingly, SPL is able to bind botbRhand the
5S diastereomers of the synthetic dinucleoside/dinucleotide spore photoproduct
although only the B-isomer is repaired. SP lyase binding is stronger to the SPTpT
dinucleotide than to the SP dinucleoside, likely due to the dinucleotide clrusely
resembling the natural substrate in double helical DNA. Also, 8ihibits higher
affinity towards SP and SPTpT than the repair products, thymiditieyoridylyl (3'-5')
thymidine (TpT), respectively.
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CHAPTER 1

INTRODUCTION

Spores, Spore Photoproduct and Small, Acid-Soluble Proteins

The chemical stability of DNA is one of the prerequisitesifef Even though
DNA is a stable molecule, this stability alone is not sigfitfor its role as the long-term
carrier of genetic information. DNA can undergo spontaneous &bteseand also can be
damaged by physical and chemical agents. This sensitivity ternek factors is a
particular challenge for bacterial spores, which may exisloftg periods of time under
harsh conditions (1-4). Spores can survive for many years in thenpeesd, for
example, heat, UV light, desiccation, radiation and chemicals, g beaetabolically
dormant; inside of the spore there is very little or no enzynaatiwity. As a specific
example of spore resistance to external stresses, spofds &web0- times more resistant
to UV light at 254 nm than are growing cells. Sporulation occurseweral types of
bacteria, includindacillus andClostridium species, and is usually triggered by reduced
levels of nutrients or water. Spores can remain dormant for longdgest time and then
return to life when nutrients become available. If the DNA insidgpores gets damaged
during the dormancy, it has to be repaired during germination to esistvigal of the
organism.

The spore structure (Figure 1.1) and chemical composition play verytanpor

roles in its resistance and survival. In addition to the contentsrirgsvegetative cells,
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the spore core also contains high concentrations of minerals, py2idireecarboxylic

acid (or dipicolinic acid, DPA, Figure 1.2) and small, acid-soluble proteinsRSES36).

Outer spore membrane Inner spore membrane

Germ cell wall

Figure 1.1. The structure of the spore. The spore core consists DINA, ribosomes,
tRNAs, large amounts of €& dipicolinic acid (DPA) and the cytoplasm. Cortex
contains a peptidoglycan, which is slightly different from vegetatiThe coats can
consist of more than 50 different proteins. Exosporium might or mighbenpresent in
the spores of different bacteria and it usually consists of lipoproteins.

HOOC N COOH

X

Z

Figure 1.2. The structure of dipicolinic acid (DPA)
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The amount of dipicolinic acid can vary from 5 to 15% of the dry weifthe spore and
probably chelates divalent cations, most likely*'C&,8). DPA is usually synthesized
during sporulation by DPA synthetase and excreted during germinatammever, the
mechanism of this process is not known. Also, although it is known thaimbeant of
DPA in the core is above its solubility, its precise stateotsknown (1). DPA plays an
important role in DNA protection because it acts as a photosemsthat promotes
formation of spore photoproduct (SP) under UV irradiation, rather ity&syn
cyclobutane dimers formed in vegetative cells (Scheme 1.1.) (9-11).

The other unusual properties of the spore core are that it hatowecpntent of
water and high-energy compounds like ATP and NADH. The amount of ingtee core
of the spore, depending on the species, ranges from 27 to 55 % ddttiaxeeight, while
in growing cell it comprises 75 to 80 % (1,2). Because of the i@lxation levels there is
little or almost no enzymatic activity inside the spore. Toefarmation of the spore
DNA is also more A-like than B (Figure 1.3). A-DNA is lessmanon form of DNA,
which is observed under low hydration conditions. Compared to B-DNANA-Das a
wider minor groove and a narrower, deeper major groove. A-DNA abdNB-have
different patterns of bound cations and water molecules that restifferent stability
conditions for these structures. It was also found that A-type BNAore UV resistant
than other DNA forms. Interestingly, binding emall, acid-soluble proteins (SASPSs) to
DNA at least in part could lead to alteration of the DNA ocomiation from B to A-like

as well (12-14), that way contributing to spore resistance to UV light.



t-sT<>T

HO

ﬁj

SP Dewar TT

Scheme 1.1. Formation of various thymidine photoproducts under UV radiation. The
main UV photoproduct formed in bacterial spores is spore photoproduct. SPe- spor
photoproduct,t-s T<>T - trans,syn cyclobutane pyrimidine dimer; 6-4 TT — (6-4)
photoproduct, Dewar TT — Dewar photoproduct.



Figure 1.3Different conformations of DNA

There are two types of SASPs, theand theo/B-type SASPs. The-type SASPs
are encoded by a single gene in all species (15), have highserved amino acid
sequences, and are not associated with spore iDNi&o. Their only known role is as an
amino acid reserve for spores during germination (15-17).

The o/p-type SASPs are encoded by a family of seven genes and they ar
associated with spore DNi& vivo. They play a major role in determining the properties
of spore DNAIn vivo and resistance of spores to UV light (18). tti@-type SASPs are
synthesized during sporulation and are degraded during germinationpdrg s
germination protease (GPR) (16,19). They are small (60-75 amino acidspresent
only in bacterial sporesu/pB-type SASPs have no homologues in non-spore forming

bacteria and their amino acid sequences are highly conserved hbih and across
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species, includingBacillus and Clostridium (20). In Bacillus, o/p-type SASPs can
comprise up to 7 to 20 % of total spore protein. Such a high concenwétowatein is
enough to saturate the DNA in order to protect it from various kihdimage (21).
SASPs bind to random sequences of DNA with dissociation constants 1df0161M
(20,22,23). While SASPs are monomers in a solution (24) and have narstrincthe
absence of DNA (25), recent X-ray crystal structure of Ssl {/p-type SASP),
revealed that it binds as a dimer to 6-bp region of DNA (Figu¢ (26). This protein
consists of two long helices connected by a turn region, formintxathen-helix (HTH)
motif (Figure 1.4) (26). These helices are highly conserved whilariao acids that
comprise the turn can vary greatly and the turn can also diffength (27). Binding of
o/B-type SASPs to DNA forms a coat that protects DNA fromoreritype of damage,
like heat and chemicals (21) and it also increases the perdestgtihh of DNA, which
makes the whole complex more rigid and reduce the bending of the Z8y20§. While
the proteins themselves cannot directly protect DNA from Uadbliation because SASPs
contain too few amino acids that can absorb at 260 nm, it was fbahtheir induced
DNA conformation change from B to A-like (Figure 1&)ntributes to UV resistance
(18,30). SASP significance to the spore resistance was demonblydtexddeletion of or

mutations in SASPs, which caused low spore resistance to UV irradiation (18,30).



Helix 2

Figure 1.4 Crystal structure of the complex of DNA and 3 molecules/fftype SASPs.

A: Stereo diagram of the complex. N and C termini of each SASBnpeotare labeled.
Green, magenta, and cyan represent different SASP molecdes)ddlue are DNA dG
and dC strands, respectiveBy. Stereo ribbon diagram of am/3 -type SASP that has the
orientation present in the protein—-DNA complex. Magenta, Helix 1; blue, Helix 2. The N
and C-terminal arms and the loop between Helices 1 and 2 areeofidregamino acids
that are essential for DNA binding are also shown. Adapted from refe@gjce (

While each of spore components, DPA, SASPs and spore hydration, either
together or separately, has been found to be essential for spst@ness(31), the central
reason for spore resistance to 254 nm UV irradiation is its nd\@l ghotochemistry. In
vegetative cells exposed to UV irradiation the major produatigsyn cyclobutane
pyrimidine dimer (CPD) with small amounts of (6-4) photoproduct wiaieh formed
between adjacent thymines on the same DNA strand (Scheme 1.1gaSéhes different
in bacterial spores, where the major DNA lesion is 5-thyhlbirg-dihydrothymine, also
termed spore photoproduct (SP) (Scheme 1.1).

Spore photoproduct is efficiently repaired upon germination, utilizingrakeve

repair mechanisms, with one being specific to spores and involvengrizyme spore
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photoproduct lyase (SPL). It was found that deletion mutants of theg&fa_¢pIB) did
not have as high of survival capabilities when exposed to UV light (3ZB8) enzyme
converts spore photoproduct to two thymidines (Scheme 1.2) and is theotapis

dissertation.

sugar —N O sugar —N O
/ T uv e

H CHgz -
phosphate - phosphate H CH.
\ Q /H SPL \ Q /H
N Py
sugar ——N- >=O sugar —N (0]
H o ChHs H W CHs

Scheme 1.2. The UV induced spore photoproduct is repaired directly by spore
photoproduct lyase. The methyl bridge (shown in red) of SP is cleavE@lbyeverting
the thymine dimer back to two adjacent thymines.

Spore Photoproduct Lyase and SP Repair Mechanism

Spore photoproduct lyase (SPL) is a DNA repair enzyme found onlyctertzd
spores. It is a pyrimidine dimer lyase (Scheme 1.2) that miatesequire photoactivation
to repair damaged DNA, and thus is distinct from DNA photolya34s Together with
the SASPs, SPL confers dacillus spores their unusual resistance to UV radiation
(32,35).

SPL is synthesized during sporulation and packaged in the spore corbeui36),
does not repair damaged DNA until germination (32,35). Previous wor&atedi that

SPL utilized Sadenosylmethionine (SAM) and contained an iron-sulfur cluster,
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suggesting that it was a member of the Fe-S/SAM faniignaymes (37). SPL contains
three cysteines in the G&X,C motif unique to the Fe-S/SAM enzymes, and these are
responsible for coordination of the catalytically essential irdfuss cluster (38). SPL
also shares some C-terminal sequence homology with the membealse ddNA
photolyase/(6-4) photolyase/blue light photoreceptor protein family @idgus). Both
SPL and photolyase perform the same type of chemistry, tla@age of nucleotide
dimers to monomers, however there are some major differenckglimgcl) the DNA
photolyases, but not SPL, are activated by visible light, 2) the pintolyases contain a
flavin (FADH) and either folate or a deazaflavin, while SPL contains an Elesger,
and 3) the DNA photolyases cleave cyclobutane pyrimidine dimerotmmmers while

SPL cleaves methylene-bridged thymine dimers to monomers (39).

SPL SPLDKRIEA AVKVAKASYPLGFIVAPIYIHE GWNEEGYRHLF 250
N. c. WSYNVDHFHAWTQGRIFPIIDAAMRQVLSTGYMHNRLRMI 477
S. c. WENNPVAFEKWCTGMKH PIVDAIMRKLLYTGYINNRSRMI 454

E. c. WQSNPAHLAQWQEGKGEYPIVDAAMRQLNSGAMMHNRLRMI 346
H. h. WRDDPAALQAWKDGESYPIVDAGMRQLRAEAYMHNRVRMI 353
A n.

S.g.

WENREALFTAWTQAQGYPIVDAAMRQLTEGAMHNRCRMI 353
WRSDADEMAWKSGLGYPLVDAAMRQLAHE\WWIHNRARML 334

Figure 1.5. One of the regions of sequence homology between SPBdgbltus subtilis

and DNA photolyases fromleurospora crassa (N.c.), Saccharomyces cerevisiae (S.c.),
Escherichia coli (E.c.), Halobacterium halobium (H.h.), Anacystis nidulans (A.n.),
Sreptomyces griseus (S.g.). The conserved amino acids are shown in bold. The potential
SPL binding site to DNA (helix-turn-helix) is underlined.

The commonly accepted mechanism for photorepair by DNA photolyaseasvol
dimer splitting as a consequence of a single electron trafieferthe enzyme to the

dimer, a mechanism recently verified by quantum chemicallegions (Scheme 1.4)
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(40). Monomerization of the SP by SPL also occurs through an iram-stllister-
mediated radical mechanism (41).

Anaerobically purified spore photoproduct lyase friBacillus subtilisis brown in
color, consistent with the presence of an iron-sulfur cluster (42¢. UW-visible
spectrum further indicated the presence of an iron-sulfur clustetodur®ad features at
410 (11.9 mMcm™) and 450 nm (10.5 mMem™) (Figure 1.6) (37,42-44), similar to
spectra reported for anaerobically purified pyruvate formate{gatvating enzyme (45)
and lipoyl synthase (46). These features decreased in inteftsityddition of dithionite,
consistent with the reduction of an iron-sulfur cluster (37,42). Anasatbpipurified
enzyme was found to contain iron (3.1+0.3 mol of iron per mol of SPL) addaduile
sulfide (3.0+0.3 3 per mol of SPL) (42). Fontecave and co-workers showed that the [Fe-
S] cluster could be reconstituted from aerobically purified SPtontain ~3.5-3.9 irons

and sulfurs per enzyme (43).
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Figure 1.6. UV-visible absorption spectra of SPL as isolatedi(bo&) and reduced with
dithionite (dashed line). For both spectra, the protein wasudbdn 20 mM sodium
phosphate, 350 mM NacCl, 5 mM dithiothreitol, 5% glycerol, pH 7.5. The redurogein
also contained 100 puM 5-deazariboflavin. The spectra weredexton a 1 cm
pathlength cuvette under anaerobic conditions at room temperature. Taken é@noef

(44).

The iron-sulfur clusters present in SPL were further investidty electron
paramagnetic resonance (EPR) spectroscopy (42,43,47). The EPRrepeEcs-isolated
SPL demonstrated a strong, nearly isotropic signgl=a2.02, observable only below 35
K (Figure 1.7). This indicates the presence of a [3Fé*4%]ster (42). Under anaerobic
conditions SPL can be reduced in the presence of sodium dithiomgteeta nearly axial
EPR signal characteristic of a [4Fe-#Sluster withg, = 2.03,0y = 1.93, andyx = 1.89
(Figure 1.7) (42). After adding SAM to dithionite-reduced SPL, the &Bkal decreased

in intensity, but thg values remain almost identical (Figure 1.7) (42). SimilarlyBR&



12
of C.a. SPL revealed that EPR signal characteristic to [4F&-48]ster, which is then
reduced in the presence of SAM and changed into a rhombic signal-vathes of 2.02,
1.93 and 1.82. While addition of SAM cleavage products 5’-deoxyadenosine and L-
methionine or SAM analo§-adenosyl-L-homocysteine (SAH), also reduced EPR signal,
it didn't change the shape of it, indicating the specific intevacf [4Fe-4SY" cluster

with SAM (44).

=
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3000 3500 4000
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Figure 1.7. X-band EPR of spore photoproduct ly@ep.— as isolated enzymmjiddle —
reduced with 5 mM dithionite arabttom — reduced with dithionite followed by addition

of 2 mM SAM (42). The protein was 350 mM in 20 mM sodium phosphate, 500 mM
NaCl, 10 mM dithiothreitol, 5 % glycerol (pH 8.0). Conditions for theRBkere T = 12

K, microwave power 2 mW, microwave frequency 9.4841 GHz, modulationitachgl
10.084 and receiver gain 2 x*1Q scan accumulated. Taken from reference (42).
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The early studies on SPL pointed to a novel mechanism of repaVv-ofduced
DNA damage, which involved an Fe-S cluster and SAM (37,39). This mischavas
initially proposed by Mehl and Begley (48), and further supportedChgek and
Broderick (39). The latter work showed that a 5’-dAdo radical weaslved in the SPL
enzymatic mechanism (Scheme 1.3). During refhislabel was transferred from C-6-
tritiated spore photoproduct to SAM (39). This label transfer suggdekat SP repair is
initiated by C-6 H atom abstraction, with the resulting substratical presumably
undergoingp-scission to provide the monomeric products (39). The mechanism was
further confirmed by the Hartree-Fock density functional theDfyT() calculations by
Himo and co-workers (40). Their proposed mechanism also had an addgiepa
whereby inter-thymine hydrogen transfer took place befonea# abstracted back by 5-
deoxyadenosine, with the last step being rate-determining (4@jisimechanism SAM
acts as a catalytic cofactor during repair to reversiblyegge the putative adenosyl
radical intermediate (Scheme 1.3) (39,42). This role for SAM wagported by
experiments where SPL and SAM were incubated in the preserue siiltstrate, but no
production of 5’deoxyadenosine, the SAM cleavage product, was obsergad:(E.8)
(42). Further it was shown that only catalytic amounts of SAMewequired in repair

assays (Table 1.1) (42).
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Scheme 1.3. Proposed spore photoproduct repair mechanism by SPL with SSAM a
cofactor, present in the reaction mix, suggesting that SAM auisas cofactor, but not

substrate. Adapted from reference (42).
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Figure 1.8. HPLC analysis of SAM cleavage to 5’-deoxyadenosineRiy HPLC
chromatograms of (A) standard sample, containing SAM and 5-deoxgside; (B)
control sample containing SAM under assay conditions with no SBISA® assay mix
after 90 minutes of incubation; (D) SAM assay mix after oggrnincubation. Samples
(B-D) contained 3 mM sodium dithionite, 4 mM dithiothreitol, 30 mM KCI, 29 ffiris
acetate, and 3gaM SAM, pH 7.0. Samples C and D also contained gg0of SP-
containing pUC18 DNA and 3@M spore photoproduct lyase. Taken from reference
(42).

Table 1.1. Amounts of spore photoproduct repaired by spore photoproduct lyase (0.2
nmol) in 1 hr in the presence varying quantities of SAM. Taken from reference (42).

nmol of SAM nmol of SP repaired
0.23 130 +£10
0.46 130 +£10
2.3 180 +10
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Earlier work done by Nicholson and co-workers suggested that Bad/cleaved
and 5’'deoxyadenosine was produced (47). However, in their work SAM clearzye
observed even in the absence of substrate, and the rates of SAkYeleaere ~8% and
~10% in the absence and in the presence, respectively, of SP-contaifdg47).
Carell and Fontecave also reported similar SAM cleavage (48edBon work in our
laboratory, however, we now believe that these early observationsAdclBavage

may have resulted from the use and/or reconstituted enzyme.

Radical SAM Superfamily

The radical SAM superfamily consists of over 2800 different eesythat have
very broad functions (50-52). This superfamily of enzymes utilimassulfur clusters
and S-adenosyl-L-methionine (SAM) to carry out radical reactions.(8¥)e unique
feature of this superfamily is the nearly universally conse@¥gCX,C motif (Figure
1.9), which is responsible for the coordination of the iron-sulfur cluster.

All radical SAM enzymes, depending on their function, contain onecse non
sulfur clusters. Iron sulfur clusters (Scheme 1.4) are ubiquitousl-gw@itaining
structures found in biology (53-55). Their functions include roles eotedn transport,
protein structural stabilization, sulfur donation and others (56). Thebliéeyrotein
environment surrounding the cluster can provide a range of redox poteantifferent
proteins, varying from =500 to 600 mV (57,58). Iron sulfur clusters @sde involved
in redox (nitrogenase, hydrogenase, carbon monoxide dehydrogenasedraretiox

catalysis (aconitase). They can also have a regulatory yoterbing on or off gene
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expression in response to the levels of oxygen (the fumarate-niddtetion protein)
(59,60) or superoxide (SoxR) (54). Iron-sulfur clusters can also hatreiciusal role,
such as in the DNA repair enzymes MutY and Endonuclease Il (BBy. dan also serve

as electron transporters in ferrodoxin, rubredoxin, and in photosynthesis proteins.

. SPL 86 IPFATG  CMGIBHYCYLQTT
« PFL-AE 24 |ITFFQG CLMRCLYCHNRDT
« aRNR-AE 20 VLFVTG CLHKCEGCYNRST
. BioB 47 SIKTGA  CPQIEKYCPQTSR
. LipA 48 MILGAI  CTRRCPFCDVAHG
. LAM 132 LLITDM CSMYCRHCTRRRF
« HemN 53 YFHIPF CQSMLYCGCSIH

« ThiH 90 LYLSNY CNSKCVYCGFQIL

- MoaA 15 IAVTPE CNLDCFFCHMEFK
« BssD 68 TIFLKG  CNYKCGFCFHTIN

Figure 1.9. CXCX,C conserved binding motif of the radical SAM superfamily.

Cys, Cys_
Fe—S
Cysy, S \Cys
LF s 1] N
S—Fe (Fe\ /Fe\
|/ | / Fe,// | / /” Cys S Cys
Fe—S 'Cys Fe—S “cys
Cys Cys
[4Fe-4S] [3Fe-4S] [2Fe-2S]

Scheme 1.4. The three major categories of iron sulfur clustenfiustrated including
the [4Fe-4S], [3Fe-4S], [2Fe-2S].
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The most common types of iron-sulfur clusters include [2Fé25][3Fe-4S}"
and [4Fe-4S]"?""** (Scheme 1.4). The iron atoms in these clusters are ligatedtesnsr
via cysteine thiols and inorganic sulfide ions, and have tetrahedmaheagry (61).
Histidine and arginine can serve as ligands to iron as well. Tiee tipes of iron-sulfur
clusters found in enzymes include heteroatomic clusters (nitregelR@Mo-cofactor,
carbon monoxide dehydrogenase) and ones that contain different ligamasd ar
specialized iron centers ([FeFe] hydrogenase H-cluster, [NiFepbgdase) (62-70).

Radical SAM enzymes are believed to reductively cléaagenosylmethionine
to form a 5'-deoxyadenosyl radical intermediate with the releqirovided by oxidation
of a [4Fe-4S] cluster to a [4Fe-48] cluster (Scheme 1.5) (71-73). This 5-
deoxyadenosyl radical then abstracts a hydrogen atom from a subsioéecule,
generating a substrate radical (Scheme 1.5), which can then beethunla series of
reactions (Scheme 1.6). The,Rnzymes utilize a similar mechanism by generating 5'-
deoxyadenosyl radical from 5'-deoxyadenosylcobalamin (AdoCbl) (74er&ymes use
AdoCbl to generate 5'deoxyadenosyl radical by homolyticallgvahg the Co-carbon
bond of the cofactor, which leads to the formation of a 5'deoxyaderaubygél (74,75).
One of the unique features of radical SAM superfamily enzys\éisat they utilize an
iron-sulfur cluster and SAM in place of AdoChbl to initiate radichémistry. In some
cases SAM acts as a cofactor and is regenerated afterasalistnover (SPL, LAM)
(42,76,77), while in other cases it is a co-substrate and is consuonegdoshetrically

with the substrate (PFL-AE, BioB) (45,78).
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[4Fe-4S]""- SAM [4Fe-45]"" - SAM
Met + dAdo
SAM as
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SAM SAM as
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[4Fe-4S] - Met + dAdo [4Fe-4S]* - Met + dAdc’

Scheme 1.5. Proposed mechanistic steps involved in SAM cleavage liaglited SAM
enzymes. Adapted from reference (79).



X X
HN™ NH H NH
M Z_}\N\(o
H H S
o .. : o
Biotin synthase (BioB)

H
+H3NM00- +HN N
H H H

Lysine 2,3 aminomutase (LAM)

H H
Lipoyl synthase (LipA)
g ;
3w

N
sugar—NL _ >=0 sugar—NL__ >0
/ H — = /
phosphate H hosphat H  CHs
\ ek p os<1e y
N (/) .
sugar—N @) sugar—\ _N >—0

H H CH, H CHs

|

|

|

O

Spore photoproduct lyase (SPL)

HOOC

Oxygen-independent coproporphyrinogen-1ll oxidase (HemN)

H, H
H/gf —’ x/'Kﬁ

Activating Enzymes (PFL-AE, ARR-AE)
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shown in red.



21

Sadenosylmethionine (SAM) is a naturally abundant molecule, whiclva$ved
in a number of biochemical reactions (80-82) and is synthesizednfretimonine and
ATP by SAM synthetase. SAM can serve as a methyl group donaived in
methylation reaction of DNA, proteins and phospholipids (80,83). SAM isiaedved
in transsulfuration reaction and can serve as a precursor tagyfotathione (GSH) (84).
SAM can be utilized as a source of methylene groups in the synthesisagropsil fatty
acids, ribosyl groups in synthesis of epoxyquinone (a modified nucleosiB&lAs) and
aminopropyl groups in the synthesis of polyamines (80). Therefaénitriguing to find
that SAM is also involved in radical chemistry (Scheme 1.5).

The early work on radical SAM enzymes started with Knappessodery that
pyruvate formate lyase (PFL) needed another enzyme, lateedepyruvate formate
lyase-activating enzyme (PFL-AE), to be activated (85). Thivamn reaction was
dependent on the presence of flavodoX@radenosylmethionine and iron. It was also

discovered that PFL-AE had a gXX,C motif, contained an iron-sulfur cluster (86) and

was involved in the hydrogen atom abstraction from G734 on PFL by using SAM as a co-

substrate (87). Later it was discovered that there was anothenenaass Il anaerobic
ribonucleotide reductase-activating enzyme (ARR-AE), which alsimnpeed hydrogen
abstraction in order to form a glycyl radical on its substnatetein anaerobic
ribonucleotide reductase (Scheme 1.6) (88,89).

The other early research on radical SAM enzymes was donetgmBand co-
workers as well Frey and co-workers on lysine 2,3-aminomutase (8%).ehzyme

catalyzes the isomerization of L-lysine totlysine (Scheme 1.6) by migrating the
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amino group from L-lysine to thig-carbon to form LB-lysine (91). This conversion was
shown to require SAM as a cofactor, rather than AdoCbl, which is tds aommon
cofactor among isomerases (92). This reaction was also dsgemh reducing
conditions, presence of the iron and pyridoxal-5’-phosphate (PLP). Wortkccaut by
Frey and co-workers directly detected the putative 5'-deoxyademalgal by using the
SAM analog 3’,4’-anhydroadenosylmethionine (anSAM) (93,94).

More recent discoveries of radical SAM superfamily enzymeee viellowed

biotin synthase (BioB) and lipoate synthase (LipA), which are involved in sofartion
in C-H bond (Scheme 1.6) (95,96). Biotin synthase contains two clusters4$}rad
[2Fe-2S] and 2 molecules of SAM. BioB uses [4Fe-4S] cluster torgen&’dAdo
radical, while [2Fe-2S] cluster most likely is used as sulfuree to synthesize biotin
from dethiobiotin (Scheme 1.6) (95). Lipoate synthase performs soHartion to form
lipoic acid, but differently from BioB, it inserts two sulfurs (Scheme 1.6).(97)
Radical SAM enzymes can also be involved in synthesis of compigiorcofactors.
MoaA was found to be involved in molybdenum cofactor synthesis (98), Henm\
heme biosynthesis (Scheme 1.6) (99), while enzymes ThiH and Tei@\alved in
synthesis of thiamine pyrophosphate (79).

Benzylsuccinate synthase (BSS) and anaerobic ribonucleotide aseluct
activating enzyme (ARR-AE) are another two enzymes fronetaggoup of enzymes
that are involved in formation of glycyl radicals (GRE). They iak®lved in hydrogen

abstraction from glycine, just like pyruvate formate lyaderating enzyme, PFL-AE,
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and are thought to function by transferring glycyl radical thial in the active site,
resulting thyil radical, which then participates in catalysis (50).

Radical SAM enzymes were also found to be involved in synthesis gslemm
metal centers, like iron-molybdenum cofactor (FeMoCo) of enzynmregeihase (100)
and H-cluster of enzyme hydrogenase (101). The assembly &f thesters is a very
complex process that involves a number of proteins, some of whicladioalrSAM
enzymes, like NifB or HydE and HydG (100,101).

The other functions of radical SAM enzymes include DNA repaporés
photoproduct lyase, SPL), modifications of tRNA (MiaB), formylgheigeneration
(AtsB) (79).

The conserved CCX,C sequence in radical SAM enzymes gives three cysteinal
ligands that coordinate an iron-sulfur cluster and is unique amongpthsulfur cluster
bearing enzymes (Scheme 1.7), which in most cases coordin&daralions (102,103).
As isolated enzymes usually have a combination of [3F&-48H [4Fe-4S] clusters
that can be reduced to [4Fe-4S}lusters (76,104-106). The presence of [4Fe-A&3s
shown by electron paramagnetic resonance (EPR) in manyediffenzymes and these
results suggested that this state of this cluster was tive acie. This was subsequently
demonstrated by Broderick and co-workers where disappearance oPiheignal of
[4Fe-4S} cluster was correlated with the formation of the product PFtyglsadical

(107).
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Scheme 1.7. ENDOR based model of SAM binding to the [4Fe-4S] cluster of PFL-AE.
Taken from references (108,109).

Enzyme aconitase, just like radical SAM superfamily enzymastans a [4Fe-
4S] cluster that is coordinated by 3 cysteines (110). Aconitaseas/ed in non-redox
catalysis in the citric acid cycle and it does the dehiaitténydration reactions to convert
citrate to isocitrate (110). It utilizes site-differentia{dére-4S] cluster as a Lewis acid,
and it was found that the fourth, unique, iron in the [4Fe-4S] clusteoislinated by the
substrate citrate via the carboxyl oxygens (110-112). Initial ERB@dies carried out
by Broderick and co-workers on PFL-AE by utilizing labe®&M demonstrated that the
unique iron of the [4Fe-4S] cluster binds SAM (Scheme 1.7) (109). L&&OR
studies showed that the unique iron of the [4Fe-4S] cluster iedigat the amino
nitrogen and carboxyl oxygen of Sadenosylmethionine (Scheme 1.7)

(71,108,109,113,114). Recent crystal structures of radical SAM enzymedjidike
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synthase and PFL-AE, further support the interaction bet@estenosyl-L-methionine

and the unique iron of the [4Fe-4S] cluster (Figure 1.10) (115-117).

Figure 1.10. X-ray crystal structures of radical SAM enzymest, lysine 2,3-
aminomutase (LAM, left, minus its C-terminus); center, Modght; pyruvate formate
lyase-activating enzyme (PFL-AE), each with both SAM and substraund. The
location of the radical SAM cluster is at one end of the TIM barrel, with SAKb@oa in
purple) and substrate effectively sealing off the active sitehAssubstrate (carbons in
teal) size increases from left to right, the size of éter&l opening in the TIM barrel also
increases. Taken from reference (79).

Several crystal structures of these interesting enzymesdingl PFL-AE, LAM,
BioB, MoaA and HemN, have been recently reported (98,99,115,117,118). The
interesting feature from these structures became cldae similarity of their crystal
structures despite very different amino acid sequences and vesyediffchemistries
carried out among this family of enzymes (99,116,119). All the radiéal enzymes
seems to have a partial or full TIM barrel (Figure 1.10) (1A8o it was found that the
loop bearing the cysteine motif @&X,C is on the N-terminus (116,119). The

orientation of the SAM molecule and the [4Fe-4S] cluster islainm all the structures

as well, although some bonds distances are different (119). Even thoughyshed
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structure of SPL is not known, considering the fact that irélecal SAM enzyme and it
carries a [4Fe-4S] cluster and binds SAM, it is likely to hageralar structure to these

enzymes.

DNA Binding, Base Flipping Proteins and DNA Photolyase

Double-stranded DNA is a polymer, which consists of a negatively charged sugar
phosphate backbone and a core of stacked base pairs. The edges lohsbgsairs are
exposed to either major or minor grooves. DNA repair proteins ustetlygnize a
particular sequence or structure with a surface that is chtlyniomplimentary to that of
the DNA. Further, protein and DNA base pairs can form a number ofafaleo
electrostatic and van der Waals interactions. In addition, protdid-Bbmplexes might
contain a number of contacts between the negatively charged phegbladt@clude salt
bridges with positively charged side chains. It can also have hydrbgeds with
uncharged main chain or side chain atoms in the protein (120). Tae ngagority of
DNA-protein structures contain DNA that is in B-form, with omlynoderate degree of
bending and deformation. Typically the binding domain of the protein at¢evath 4-10
base pairs of the DNA (120). In some cases DNA binding motifs rsjggt larger sites
due to multiple independently folding protein domains. There are protelich simply
bind to DNA without deforming the structure of the latter. Howeveerd are also
proteins that distort the structure of DNA by binding to it, bdk ste able to form base
contacts (121). That kind of deformation of the DNA requires enevhich usually is

compensated for by a sufficient number of favorable contacts theathprotein. Some
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proteins are capable of opening specific base pairs to pedoemical reactions on the
target base.

The a-helix is the most common protein structural element used fogmnéam
of DNA bases (120). The contacts between the pratefelix and DNA are usually
established through the major groove of DNA, and, in some cases, nmnrtbegroove,
which occurs in théac repressor family (122). Even though the crystal structure of spore
photoproduct lyase is not known, it has a potential helix-turn-helix (Hétif based on
the results from protein sequence analysis (123). The putativetimltkelix motif of
SPL is highly conserved among tiBacillus and Clostridium species (Figure 1.11),
suggesting that it could be a potential DNA binding site.

The helix-turn-helix motif is present among many proteins that bind DNAgHs w
in proteins of different function (124,125). The HTH motif is utilizedtkgnscription
factors, is involved in DNA repair and replication, RNA metabolisna, jgrotein-protein
interactions (125). The basic HTH motif is comprised of threedselthat can vary in
length among different proteins (124). One of the helices, termed3ek usually a
recognition helix that forms both base and sugar-phosphate backbondscentiadhe
major groove of the DNA (120,124). The amino acids from this helix teahgolved in
DNA binding vary across the fold (125). Helix-2 might make additi@/dA contacts,
although it is not bound to the major groove (124,126). This helix frequentlgicsrthe
“phs” motif, where p is charged residue (usually glutamatég, &nhydrophobic residue
and s is a small residue (125). Helix-3 and helix-2 are connectédebgharacteristic

sharp turn (120,124), which contains the “shs” pattern, where s is arssidlie, with
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glycine often being in the first position (125). The loop between Heldxrd helix-2 can
differ among the different classes of HTH motifs. Additionabselary contacts between

the DNA and the protein, outside of this helix-turn-helix motif, can also be forh2&. (

212 EAAVKVAKAGYPLGFIVAPI B. subtilis

219 EAAVKVAEAGYPLGFIVAPI B. halodurans (88 % similarity)

273 EAA RKVAGAGYPLGFIVA  B. thuringiensis (strain Al Hakam) (88% similarity
218 EAAVKVAEAGYPLGFI APl B. amyloliquefaciens (88% similarity)

217 EAA RKVAKANYPLGFIVA  B. weihenstephanensis (KBAB4) (83% similarity)
217 EAA EKVAKAYPLGR/I A B. clausii (strain KSM-K16) (77% similarity)

218 EAAVKVAEAGYPLGFI A B. lichenformis (strain DSM13) (88%)

217 EAA RKVAGAGYPLGFIVA  B. cereus (ZK/E 33L) (88% similarity)

217 EAA RKVAGAGYPLGFIVAR. B. anthracis (88% similarity)

215 E SAYNI LNSGYKTGFIVGPF C. acetobutylicum (42% similarity)

215 EAA LKVSKSGYKIGFI I A C. nowviy (strain NT) (66% similarity)

216 E SAVKLARAGYQ GFII A C. difficile (strain 630) (66% similarity)

216 EA SI KAAKAGYPGH.VA C. bejerinski (strain NCIMB 8052) (72% similarity
217 A SI KVAKAGYPLGFI API C. tetani (82% similarity)

219 ASVKI AKANYPLGFII APV C. perfringens (76% similarity)

N

Figure 1.11. Amino acid alignment of the predicted helix-turn-h@gians in different
SPL proteins fronBacillus andClostridium. The amino acids that do not match with SPL
from Bacillus subtilis are shown in bold. The proteins overexpressed in our lab were from
Bacillus subtilis andClostridium acetobutylicum.

Structurally, there can be different HTH configurations, includieiga-helical

bundle, winged-helix, or ribbon-helix-helix (125). Also, these proteins cae kary

different structures outside of the helix-turn-helix region (125). Oh¢he enzymes
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containing a HTH motif i-D-xylosidase, which catalyze the release of xylose from
xylooligosaccharides (125,127). Interestingly, this enzyme also osn&iTIM barrel
(Blo)s (127). Another enzyme that contains a HTH motifQ&alkylguanine-DNA-
alkyltransferase (AGT) (128). AGT repairs mutagenic lesionBNA by direct damage
reversal ofO-alkylguanines by selectively transferring tBealkyl adduct to an internal
cysteine residue. First, AGT uses its helix-turn-helix matibind to substrate DNA via
the minor groove. Then alkylated guanine is flipped out from thedtask into the AGT
active site for the repair, which occurs by covalent transfédreofilkyl adduct to cysteine
(128). This enzyme could be of interest due to the fact that irsepAiA and it flips out
DNA base, something that SPL also is hypothesized to do.

Usually, when a protein binds to its preferred sequence, it candaroptimal
number of contacts with the base pairs and backbone. Most proteinto limel major
groove of DNA due to easier recognition of the functional groups,evbach base pair
can be uniquely distinguished. In the minor groove, however, the patteydafgen
bond donors and acceptors is less varied and because of that Cfarstsi@C and TA
is similar to AT.

The way proteins recognize DNA bases seems to be even moreicatetpl
because one side chain of the protein can bind all four basesaghs side chain can
form either a single hydrogen bond or two hydrogen bonds with DNIA,the later one
having a higher degree of specificity. However, that might Imavany predictive power
or uniqueness. Van der Waals interactions are less significantodtieeir lack of

directionality, but can play an important role in sequence spégifidien the methyl
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groups of thymine and the protein side chains are involved. Also fisig@f binding
might depend on the orientation at which protein side chains approach the DNA bases.

Numerous ways of side chains contacting DNA bases are posslireugh one
or two hydrogen bonds, through a water molecule, or even through contdusDNA
backbone. The surroundings of the protein side chains might also influencmdivey
by making additional contacts either with DNA bases or to eachr.oflreerefore
understanding of how proteins recognize and bind DNA can be diffididb, each
family of enzymes can have completely different ways of approgcéind binding to
DNA and which particular amino acids are involved in base recogniiyairogen bonds
mediated by water are also common in protein-DNA complexesnbst likely might
have no effect on SPL binding or specificity of binding due to thewater content in
bacterial spores (1). Therefore, the ways each organism ewlpestein to recognize
and bind specific sequence of DNA can vary greatly and depends on the conditions.

DNA photolyase and some other DNA repair enzymes are strughefic
(129). Their binding does not depend on sequence, but rather on a DNA strchtaunge
caused by the damaged site, lidig,syn cyclobutane pyrimidine dimer (CPD) (121). It
has been shown that UV damage induces a DNA bend, which could berarditfegree
for a different photodimer. Also, since DNA damage by UV light cacur randomly on
two adjacent thymines, the DNA repair enzymes must be abladdHat damage and
repair it before replication starts. And while it is known DAIA photolyase is structure
specific (130), there is almost no information on how SPL recogaizé$inds to either

damaged or undamaged DNA, and most likely is structure specific as well.
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How exactly SPL access the spore photoproduct to repair it,asatsknown.
Based on how DNA photolyase repairs thigsyn cyclobutane pyrimidine dimer we
could predict that SP is being flipped out of the DNA helix beforerépair. Base
flipping is fundamental to the function of many DNA-binding proteins (131,1829re
is variety of proteins that use DNA base flipping in their Btéons with DNA,
including methyltransferases (DNA methyltransferagb®l and Haelll) and DNA
glycosylases, (bacteriophage T4 pyrimidine dimer glycosylaseetByladenine DNA
glycosylase, and endonuclease VIl among others) (133-135). An enpadpect of the
action of all these enzymes is their ability to act on padicsltes on DNA. While
methyltransferases are involved in bacterial restrictioresystthat target specific DNA
sequences, DNA repair enzymes have to identify the site of damage first.

It is proposed that there are three steps to base flipping —dgnigon of the
target site, 2) the increase of the interstrand phosphate-phospletealisvhich initiates
base flipping by protein invasion of the DNA and 3) trapping thepdéd base (131).
There are several reasons why proteins might be flipping oesb&sme enzymes flip
out bases on the complementary strand in order to gain access taygetesite. For
example, the T4 endonuclease V excises thymine dimers by fippub one of the
complementary adenines, which are not modified but provide space fdintee to be
reached by the catalytic side chains of the enzyme (131,135hthA&ereason is to have
chemical modification within a catalytic pocket; the mechanismployed by
methyltransferases, DNA glycosylases, AlkB oxygenases BINA photolyases

(121,135,136). The common feature among these enzymes is that thephiaots with
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the phosphates on DNA. The interactions usually involve two to three phasphatee

or both sides of the target site, as well as phosphates on the canalgnstrand (DNA
methyltransferaseldhal andHaelll, DNA photolyase)(121). Binding to the phosphates
on a particular strand can increase the interstrand phosphate-phatiptaatee, which
could lead to disruption of the target base pair and provide the path for one ofehéobas
rotate out of the double helix. This could also happen due to the alve=alkened
hydrogen bonds that are a result of mismatched or damaged blasesext step of the
mechanism is the actual flipping of the base, where the enzgud play either a
passive or an active role (131). The enzyme could actively faeitive flipping or bind

to the base that already flipped out of the helix spontaneously. mpéy espace of
flipped out nucleoside in some cases gets partially occupied wittrabein side-chains.
DNA photolyase kinks DNA in order to flip out outs,syn cyclobutane dimer (Figure
1.10) and the cavity is partially filled with residues Gly397 ahd4@6 (121). After the
target base is flip out of the double helix, it is stabilizedribgractions with the protein
binding pocket as well as additional phosphate contacts. The commore fedtturall
these enzymes is that they flip out only one base, while DNA phetRias out two. If
SPL is repairing spore photoproduct in a way similar to DNA phaosely potentially is

flipping out two bases.
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Figure 1.12. Interactions between CPD-containing DNA and DNA photolyase
Nucleotides not defined by electron density are shown faded. Dastosds andicate
interactions with the protein backbone; solid arrows with side chidumsbering of the
phosphate groups starts from intradimer formacetal group (0). Interschetween
enzyme and the complementary strand may stabilize the bending axdDpA,
because there are no major differences in the affinities do@&D-comprising single-
and double-stranded DNA. Taken from reference (121).
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Base flipping enzymes might also form base contacts. However,
methyltransferases are sequence-dependent, while T4 endonucleasel \DNA
photolyase are not. Methyltransferases within themselves can have diff@sentontacts
in the sequence they recognize. Interestingly, DNA methyltransgesasev little binding
specificity for the specific base itself, which could be due ton#ed to leave this base
unaltered by binding contacts. Other important thing about base flippmygnes is that

DNA-interacting regions in methyltransferases and glycosyksekighly conserved.
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Scheme 1.8. The UV inducets, syn cyclobutane pyrimidine dimer is repaired by DNA
photolyase back to two adjacent thymines.

DNA photolyase is a widely studied DNA repair enzyme, whimhvertscis, syn
cyclobutane pyrimidine dimers (CPD) to two thymines (Scheme (1.8j-140). This
light-activated enzyme utilizes two cofactors; one is affladenine dinucleotide (FAD)
and the other one is either folate (methenyltetrahydrofdi&iédF) or a deazaflavin(8-
hydroxy-7,8-didemetheyl-5-deazariboflavin, 8-HDF) (141). Due to thewastofactors,
these enzymes are classified into folate photolyases or deazghotolyases. It was
found that DNA photolyase binds to the DNA first and then flips out theadad bases

outside the DNA helix to its active site for repair (121). Themtédtieazariboflavin
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absorbs a blue light photon and transfers the excitation energy ttatng which
transfers an electron through the amino acid residues (tryptopluamgyrwire’) to the
cyclobutane ring, which is split to form two thymines (141). Consafjyean electron
from radical anion is transferred back to the FADH to regémeFsADH. DNA
photolyase binds to DNA with several regions. Even though SPL and DNAlyxdmex
share sequence similarities (Figure 1.11) and both repair UVgdahiaNA, the DNA
photolyase binding region (121,140) is different from the predicted &RX-tarn-helix
motif. The binding regions of photolyase have no match with any pattheofSPL
sequence. That could mean that despite some sequence similagsiestwo enzymes
have different binding sites. Also, most of DNA binding enzymes adatalaSAM
superfamily enzymes have very different sequences but veryasistilctures (within
the same family). SPL specifically repairs spore photoprodue), (But notcis,syn
cyclobutane pyrimidine dimers (142), and it presumably recognizes-apegiic helical
distortion in DNA which differs in its geometry from the distont caused bycis,syn
cyclobutane pyrimidine dimers (121). Once SP-specific binding octhes[4Fe-4S]
cluster of SPL interacts witG-adenosylmethionine (SAM), resulting in the creation of a
5’-adenosyl radical, which participates in the reversal otd&S&vo thymines by radical

fragmentation (Scheme 1.2) (39).
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CHAPTER 2

SPORE PHOTOPRODUCT LYASE AND THE REPAIR OF SPORE
PHOTOPRODUCT

Introduction

Spore photoproduct lyase catalyzes the specific repair of rbhtlgi5,6-
dihydrothymine (spore photoproduct, or SP) to two thymines and, unlike DNA
photolyase, does not need photoactivation. Instead it utzekenosylmethionine as a
cofactor and a [4Fe-45]cluster as an electron donor.

Several groups previously described the formation and the repaspat
photoproduct (35,37,39,142). Most of the research done previously focused on yepair b
using UV-irradiated DNA as a substrate. The drawback of this ofypexperiment was
that only 3-5% of all thymines were converted to spore photoprodd8).(Also, the
spore photoproduct usually is not homogenous and might have other photoproducts, such
ascis,trans cyclobutane photodimers (143). Also, the previous work did not investigate
the spore photoproduct that was formed on DNA was eitBeob5R-isomer (Schemes
2.1 and 2.2). The early work of Begley had proposed that the fornfigomer of SP
should be more favored due the steric constrains in double helical DNK. (TheS
isomer potentially could be formed between two interstrand thymidifteeugh only
~1% of spore photoproduct is generated as interstrand cross-link (Ifi¢yBework,
however, provided no evidence as to which isomer is formed on DNA andeckbsir

SPL.
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Scheme 2.1. TheRs and S5-spore photoproduct dinucleosides
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Scheme 2.2. TheRs and %-spore photoproduct dinucleotides

Recent work from the Fontecave and Carell groupestigated SPL chemistry
involving spore photoproduct dinucleoside (SP, &whe.1) or dinucleotide (SPTpT,
Scheme 2.2). These smaller substrates can be nyaei¢ghbr organic synthesis starting
with thymidine (144-146) or by UV-irradiating thydilyl-(3'-5")-thymidine (TpT)

(43,147). Fontecave and co-workers showed that $RjEperated by UV-irradiation of
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TpT was a good substrate for SPL (43). Their wdnkwever, lacked the full
characterization of the spore photoproduct. Carail co-workers were able to synthesize
the Sisomer andr-isomer of spore photoproduct dinucleoside frommtidyne and carry
out the repair assays witheobacillus stearothermophilus SPL (49,148). They reported
the repair of only th&SP, although the amount of SP repaired was ven}l $49,148).
Carell and co-workers also incorporatd®dSP and 5SP dinucleoside analogs into an
oligonucleotide and measured their melting tempeeat They proposed that due to
lower melting temperature of thiB-isomer containing oligonucleotide, tt&isomer
containing oligonucleotide should be the more starid predominant one after the UV
irradiation (149). However, no repair assays orsehsynthetic oligonucleotides have
been reported. Instead, Carell and co-workers Wwhédrradiated oligonucleotide, for
which SP identity had been only confirmed by magessometry (49).

Only recently NMR and DFT calculations demonstiateat spore photoproduct
formed during the UV irradiation of thymidilyl-(3B)-thymidine (TpT) was B-SPTpT,
and not S SPTpT (150). This result would then suggest thatR-isomer would be
repaired by SPL, contrary to the findings of Carfeétintecave, and co-workers.

In this chapter SPL purification fror@lostridium acetobutylicum and its repair
activity towards SP and SPTpT (botR-5and 55) will be discussed. Also, insight as to
which of the isomersR- or S, is repaired by SPL, will be provided. The sudstr
molecules were synthesized and characterized idatuby Dr. T. Chandra (146,151).

The SP repair assays were developed and carridny@&iSilver and myself.
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Experimental Methods

Materials

All chemicals, used in this work, unless otherwisdicated, were purchased
commercially and were of the highest purity avdéabluner(DE3)pLysS competent
cells were purchased from Nova@énThe Ni-sepharosé column was purchased from
GE Healthcare. Thymidine (T) and thymidylyl (3-5thymidine (or thymidine
dinucleotide, TpT) were purchased from Sigma-AliricSpore photoproduct
dinucleoside and dinucleotide, botR- and S isomers, were synthesized and
characterized by Dr. T. Chandra (146,15%adenosylmethionine was according to

published procedures as described below.

Purification and Dialysis of SPL

Spore photoproduct lyase fro@lostridium acetobutylicum was grown and
purified as described previously (4Byiefly, a single colony of the overexpression istra
pET14b-SPL17 was transformed irEocoli Tuner(DE3)pLysS competent cells and used
to inoculate 50 ml of LB medium containing 5@/mL of ampicillin. This culture was
grown at 37°C for ~15 hr and used to inoculate a 10 L flaskmifiimal media, also
containing ampicillin (42). This culture was grovat 37 °C in a New Brunswick
fermentor (250 rpm, 5 p.s.i. JDand was induced with isopropy-D-thiogalacto-
pyranoside (IPTG, final concentration 0.5 mM) whkenODRyy, = 0.6. The medium was
also supplemented with 750 mg Fe(BSQOy),. The culture was grown for an additional
2 hours, and then was cooled to ®5and placed under nitrogen (5 p.s.i.). The culture

was further cooled to 1%, moved to a 4C refrigerator, and was left under nitrogen for
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12 hours. The cells were harvested by centrifugaiiod°C and stored under nitrogen at —
80 °C until the purification was carried out.

The purification was performed under strictly awéér conditions in a Coy
anaerobic chamber (Coy Laboratories, Grass Lakg,aM16 °C. Solutions and buffers
used in the purification were deoxygenated by spgrgith nitrogen prior to bringing
them into the Coy chamber. The pelleted cells (139 grams) were brought into the
anaerobic chamber and resuspended in 20-30 mL d8.pHysis buffer containing 20

mM sodium phosphate, 500 mM NacCl, 1% Triton X-18% glycerol, 10 mM MgGCJ,

20 mM imidazole, 1 mM PMSF, 1 mg lysozyme per gi@naells, and 0.2 mg DNAse |
and RNAse A. This suspension was agitated forhane and then centrifuged at 27,000

x g for 30 min at £C. The resulting crude extract was loaded diregtifo a HisTrap
HP™ affinity column prepacked with Ni SepharggeHigh Performance resin (0.7 X

2.5 cm, 1mL) that had been previously equilibrateth buffer A (20 mM sodium
phosphate, 500 mM NacCl, 10 mM imidazole, 5% glyLeptli 8.0). The column was
washed with 15 mL of buffer A, and then a 25 mlpstgadient (5 mL steps at 10%,
20%, 50%, 70%, 100% buffer B) from buffer A to arfiB (20 mM sodium phosphate,
500 mM NaCl, 500 mM imidazole, 5% glycerol, pH 8vs run to elute the adsorbed
proteins. SP lyase eluted as a sharp brownish &a8@% buffer B in the step gradient.
The fractions were analyzed by SDS-PAGE, and thodged to be>95% pure were
pooled and concentrated at 4B using an Amicon concentrator equipped with the-YM

10 membrane. The protein was flash-frozen and ¢are 80°C.
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Protein concentrations were determined by the oaetti Bradford (152), using a
kit sold by Bio-Rad and bovine serum albumin ataadard. Iron assays were performed
using the methods of Fish or Beinert (153,154).
Dialysis of the protein was performed in orderemove imidazole. Dialysis was
done anaerobically at +1%€ in Buffer A (50mM HEPES, 500 mM NacCl, 5% glycerol

pH 8).

Synthesis o5-Adenosylmethionine

Sadenosylmethionine was synthesized enzymaticaylyubing the procedure
described previously (Scheme 2.3) (109). A 10mictiea contained 100 mM Tris-HCI
(pH 8.0), 50 mM KCI, 26 mM MgG] 13.0 mM adenosine triphosphate, §%
mercaptoethanol, 1mM EDTA, 10.0 mM methionine, gL5inorganic pyrophosphatase
(0.25 U) and 1 mL SAM synthetase. The reaction ezsed out at room temperature for
15 hrs while stirring. When the reaction was corngadt was quenched with 1 mL 1M
HCI and purified by loading onto a Source 15S eagschange column (Pharmacia, 1
cm x 10 cm) charged with 1M HCI and equilibratedhwMQ water. A linear gradient of
MQ H,O to 1 M HCI was used to elute the SAM. The frati@ontaining SAM were

lyophilized and redissolved anaerobically in 50 REPES, 200 mM NacCl (pH 8.0).
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SAM Synthetase

Methionine + ATP —— 3
-OCC

NHg+ HO OH

Scheme 2.3Generalized reaction scheme for the enzymatic sgiglof SAM.

Repair of Spore Photoproduct Dinucleoside (SPYBl S

The SP repair assays were carried out under anaeroiditions in an MBraun
glove box with @ < 1 ppm. The assays included 1 mMRsEP orSSP, 1 mM SAM, 5
mM DTT, 1 mM dithionite, and 5QM of C.a. SPL in 50 mM HEPES buffer, which also
contained 362 mM NaCl, 30 mM KCI (pH 7.5). SPL vpdmotoreduced for 1 hour in the
presence of 5QM of 5-deazariboflavin prior to the assay. The gssas done at 37C
and aliquots were taken after 1 hour, 6 hours &nlda2irs. These aliquots were boiled for
45 s to further precipitate the protein and diluied in water prior to injection to the
HPLC. However, significant protein precipitation svabserved in these assays due to
higher temperature and prolonged incubation tinte87a°C. Under these conditions
100% repair oR-SP was observed, although the results were nobdapible due to the
protein precipitation. For the next set of assafgaaconditions were changed. The repair
of both R- and Ssisomers of spore photoproduct was carried outgusie method
developed by S. Silver (146). The assays were a@bvi3®°C under the same anaerobic
conditions and included 1mM of eithB&*SP orSSP, 1 mM SAM, 5 mM DTT, 1 mM
dithionite in 45 mM HEPES buffer, which also contd 362 mM NaCl, 30 mM KCI

(pH 7.5). SPL (5QuM, photoreduced with 5-deazariboflavin) was addethe reaction
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mix and aliquots were taken at specific time poifiteese aliquots were boiled for 45 s to
precipitate the protein and centrifuged brieflyseparate the samples from the protein.
These samples were then diluted 1:3 in water aed fog further analysis by HPLC.
Identical conditions were used to carry out Reand SSP repair assays in
phosphate buffer. The only difference was that 88k purified using 50 mM phosphate
buffer instead of 50 mM HEPES (see Purification dradysis of SPL). The reaction mix

also contained 45 mM sodium phosphate instead ofiMSHEPES.

Repair of Spore Photoproduct Dinucleotide (SPTpi%BL

The conditions for assaying the repair of sporet@iroduct dinucleotide were
similar to those for assaying the repair of SP denside (see above). The difference
was that SP dinucleotid&SPTpT orR-SPTpT) was used. The assays were done at 30
°C under anaerobic conditions in an MBraun glove Witk O, < 1ppm. Assays included
500 uM of eitherR-SPTpT orS-SPTpT, 1 mM SAM, 5 mM DTT, 1 mM dithionite in 45
mM HEPES buffer, which also contained 362 mM N&0l,mM KCI (pH 7.5). SPL (50
uM, photoreduced with 5-deazariboflavin) was addedhe reaction mix and aliquots
were taken at specific time points. These aliquage boiled for 45 s to precipitate the
protein and centrifuged briefly to separate the am from the protein. Then these

samples were diluted 1:3 in water and used foh&ranalysis by HPLC.
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HPLC Analysis of Repair Assays

To analyze SP dinucleoside repair assaysu2ef the diluted reaction mix (see
above) was injected onto an HPLC reverse-phaserg/apherisorb ODS2 column (4.6 x
150mm, 5um). The samples were eluted using a gradient dabaitele in water (0% to
10% acetonitrile from 2 min to 20 min, then to 20%he next 5 min). The buffers were
filtered through 0.22im membrane and de-gassed before using. The flewras 0.6
ml/min and column temperature was % Under these conditior®-SP elutes at 18.5
min, S-SP elutes at 20 min and thymidine, which is thpaieproduct, elutes at 14.5 min.

SPTpT dinucleotide repair assays were analyzed simdar way. The diluted
reaction mix (2Qul) was injected onto the same HPLC reverse-phaseid/&pherisorb
ODS2 column (4.6 x 150mm, pm). The samples were eluted using a gradient of
acetonitrile in 2mM triethylammonium acetate (0%l @% acetonitrile from 0 min to 25
min, then to 20% in the next 5 min). The flow rai@s 1 ml/min and column temperature
was 28°C. Under these conditiorR-SPTpT elutes at 8.5 min and TpT, which is the

repair product, elutes at 16.5 min.

Identification and Characterization of the Repaod®icts

For the SP dinucleoside repair assays, the peaks tlie HPLC chromatograms
were identified using the following techniques (s#¢s0 Figure 2.4). First, the assays
were run on HPLC by co-injecting the following stand compounds —RESP, %5-SP,
thymidine, thymine, Sadenosylmethionine (SAM), 5-deoxyadenosine (dAdo)
methylthioadenosine (MTA), and S-adenosylhomocygstei(SAH). For further

identification, the fractions from HPLC were colied, pooled, concentrated, and ESI-
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MS of these samples were carried out at Noyes laawyr, University of Illinois Urbana-
Champaign.

For the SPTpT dinucleotide repair assays, the pkaks HPLC were identified
using the same techniques as for SP. The assays rweron HPLC by co-injecting
following compounds - R-SPTpT, TpT, Sadenosylmethionine (SAM), 5'-
deoxyadenosine (dAdo), methylthioadenosine (MTAN aS-adenosylhomocysteine

(SAH). The ESI-MS of the pooled fractions was alaaied out.

Results and Discussion

Purification of Spore Photoproduct Lyase

The SPL expression vector, pET14b-SPL17, was usetransformE. coli
Tuner(DE3)pLysS for overproduction of N-terminah®&tidine-tagged SPL (SPL-Hj)s
The resulting cells were lysed using an enzymgéisiprocedure. The crude extract was
then passed through a nickel HisTrapTMFaffinity column; pure fractions (>95 %) were
identified by SDS-PAGE, pooled, concentrated, atwdesl under nitrogen at —8iC.
Approximately 25 mg oB.s. SPL and 100 m@.a. SPL is typically obtained from 10 L
of growth media. SPL elutes as a dark brown bama the nickel HisTrap HP! affinity
column, consistent with the presence of an irofuseluster in the protein.

The anaerobically purifie@lostridium acetobutylicum SPL was found to contain
iron (2.9 Fe / SPL) and had a concentration of ©/h04. The amount of iron present in

the purified SPL is dependent on the precise gramthpurification conditions.
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The Repair of Spore Photoproduct Dinucleoside byr&photoproduct Lyase

It is known that SPL repairs spore photoproduct; bat any other UV-
photoproducts, such as cyclobutane photodimers)(BPt2vious experiments in our lab
involved only the repair of UV-damaged DNA (39,4Bpr these assays, pUC18 DNA
was labeled with tritium and then irradiated undéf light under certain conditions to
create spore photoproduct (39,42). However, thithatkyielded very low amounts of
spore photoproduct (only 3-5%) and it was not vefiable. To have better substrate for
the enzymatic assays, the open form spore photoptooh bothR- and S forms, was
synthesized by Dr. Tilak Chandra in our lab (Sch@mig.

To investigate SPL activity towards theR-5and % spore photoproduct
dinucleosides, repair assays were performed. Tbeedure involved photoreducing
spore photoproduct lyase in the presence of 5-déaflavin and small amounts of
dithionite. The assays were performed under anaeoamnditions and were incubated at
30 °C for up to 4 hours. The repair assay that incluBiBeSP as a substrate yielded
thymidine (Scheme 2.4, Figure 2.1) and startedskow down” after 3 hours and stopped

after 4 hours. The repair assay &SP yielded no thymidine (Scheme 2.4, Figure 2.2).
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Figure 2.1. HPLC chromatogram oRISP repair and thymidine formation over time.
The diluted reaction mix (2Ql) was injected onto an Spherisorb ODS2 column 4.6
150mm, 5um, Waters). The samples were eluted using a gradfeacetonitrile in water
(0% to 10% acetonitrile from 2 min to 20 min, then20% in the next 5 min. The flow
rate was 0.6 ml/min and column temperature waSC35Thymidine elutes at 14.5 min,
amino acid residues at 15.5 milR-SP at 19 min (146).
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Figure 2.2. HPLC chromatogram o&5P repair and thymidine formation over time. The
diluted reaction mix (2Qul) was injected onto an Spherisorb ODS2 column 4.6
150mm, 5um, Waters). The samples were eluted using a gradfeacetonitrile in water
(0% to 10% acetonitrile from 2 min to 20 min, then20% in the next 5 min. The flow
rate was 0.6 ml/min and column temperature waSC35Thymidine elutes at 14.5 min,
amino acid residues — at 16.5 migSP at 20.5 min (146).
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Characterization of the Peaks from HPL&{SP Repair Assay - Dinucleoside)

The products of 5R-SP repair assay were identibigdboth co-injection of

authentic compounds on HPLC and by ESI-MS of isaldtactions (Figure 2.3). For the
co-injections, one of the repair assay samplé&s3B repair after 3 hours) was spiked
with each of the following standard compounds ipasate experiments — thymine,
thymidine, R-SP, Sadenosylmethionine (SAM), methylthioadenosine (MTAS
adenosylhomocysteine (SAH) and 5’-deoxyadenosidel@yl (Table 2.1). Then HPLC
was run under standard conditions and the increasme peak intensity was used to
identify specific HPLC peaks. From these resultsweee able to show that peak eluting
at 14.5 minutes was thymidine, at 18.5 minutesS®, 21 minuteS-adenosylmethionine,
at 24 minutes 5’-deoxyadenosine, at 28 minutes yitatbadenosine (Figures 2.4 and
2.5) (Table 2.1).
Table 2.1. HPLC elution times of standard compouriety® HPLC, a reverse-phase
Waters Spherisorb ODS2 column (4.6 x 150mnuyn® was used. The samples were
eluted using a gradient of acetonitrile in watéo(tb 10% acetonitrile from 2 min to 20
min, then to 20% in the next 5 min). The buffersravdiltered through 0.22um

membrane and de-gassed before using. The flowwate 0.6 ml/min and column
temperature was 3%&.

Compound Elution time, min
Thymine 10.5
Thymidine 14.5
5R-spore photoproduct 18.5
5S-spore photoproduct 20.0

S Adenosylmethionine (SAM) 22.0
5'-Deoxyadenosine (dAdo) 24.0
Methylthioadenosine (MTA) 28.0
S-adenosylhomocycteine (SAH) 18.0
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Figure 2.3. The separation oRISP repair assay products by HPLC. The peaks that
eluted from HPLC C-18 ODS-2 column (Waters) wendghier analyzed by co-injecting
the standards and doing ESI-MS. SP — spore phataptoSAM -S-adenosylmethionine
(AdoMet), dAdo- 5’-deoxyadenosine, MTA — methylthdenosine.
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Figure 2.4. Co-injections off8SP, thymidine and thymine in the origind-SP repair
assay (3 hr). The diluted reaction mix (g0) was injected onto an Spherisorb ODS2
column (4.6 x 150mm, um, Waters). The samples were eluted using a gradien
acetonitrile in water (0% to 10% acetonitrile frémin to 20 min, then to 20% in the
next 5 min. The flow rate was 0.6 ml/min and colutemperature was 3%. Some

shifting of the peaks was observed.
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Figure 2.5. Co-injection of standards - S-adenasylbcycteine (SAH),
methylthioadenosine (MTA-adenosylmethionine (SAM), 5’-deoxyadenosine (dAdo)
in the original repair assay mix (3 hr). The ditbteaction mix (2Qul) was injected onto
an Spherisorb ODS2 column (4.6 x 150mmurB, Waters). The samples were eluted
using a gradient of acetonitrile in water (0% td/d @cetonitrile from 2 min to 20 min,
then to 20% in the next 5 min. The flow rate wasl/min and column temperature was
35°C. In some spectra SAM peak was absent most lkedyto SAM degradation.
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To further confirm this data, the fractions werdexded after HPLC of theRSP
repair assays were concentrated using a SpeedMhowvare identified by ESI-MS
(Figures 2.6 to 2.11). The fraction at 12 minutesnf the 100% repair assay (see above)
was also tested to confirm that the product is tkdyme. The MS of the known/standard
compounds (thymidine andR8SP) were also done for comparison (Figure 2.7 for
thymidine and Figure 2.9 forRBSP). The mass spectrometry further confirmed the
information suggested by HPLC spiking. The fractibat eluted at 24 minutes contained
5’-deoxyadenosine (Figure 2.10). ESI-MS also showet the peak at 15.5 minutes
likely contains amino acids and the fragments ofesd amino acids, presumably

resulting from protein degradation during the sanpkparation (data not shown).
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Figure 2.10. The mass spectrum of the fractionghaed from HPLC at 24 minutes. The
molecular ion peak at 252.2 m/z matches 5’-deoxyasiaee + H.
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The Repair Rates ofBSP and 5SP

The repair assays that were carried out showedSRatrepairs B-SP, but not
5SSP (Figures 2.1 and 2.2). These experiments vagreated several times with the
protein from different growth and purifications forther confirm the results. Repair
assays of B- and %-SP were also carried out in phosphate buffer acribed in
Material and Methods. The results from these assays in agreement with the previous
assays done in HEPES buffer.

Integration of the peaks from HPLC chromatogranmasdd quantification of the
amounts of thymidine produced (Figure 2.11). Theanerates were determined to be
~0.4 nmol/min/mg of SPL for theReSP, with no repair observed fo&SP. The repair
rate of I-SP was significantly slower than that observednfatural substrate generated
by UV-irradiation (0.33umol/min/mg) (42). Also, our results contradictedhwprevious
results from Carell and co-workers, which stateat 85-SP, but not B-SP is repaired

(49,148).
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Figure 2.11. The thymidine formation over time frdrath R- and S-isomer of spore
photoproduct. The experiments were carried out rtiae three times and were repeated
in the presence of two different buffers (HEPES phdsphate) and from two different
SPL growths. Error bars represent the standardatieniof product formation.
Interestingly, during our repair assay reactiongd@®xyadenosine peak on HPLC
chromatogram was also observed (Figure 2.3). Thadyzt can be formed only during
SAM cleavage or degradation. This was an unususgreltion considering our previous
reports that SAM acts as a cofactor for SPL andilshoot be irreversibly cleaved during
repair (39,42). Also, the 5’-deoxyadenosine peals Wwecreasing with the incubation
time, suggesting that it could be related to theviig of SPL (data not shown). Previous
experiments focusing on the repair of spore phaoipet in DNA clearly showed that

SAM was not cleaved during the reaction (42). Heasve Carell and co-workers

observed SAM cleavage and they proposed that SAMagting as a co-substrate (148).
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In their work, SAM cleavage was also observed emndhe absence of the substrate (49).
We suggest that due to the fact that the sporeophaduct dinucleoside is not a natural
substrate for SPL, unlike UV-irradiated DNA, andcéese strong reducing agent
(sodium dithionite) was utilized in these reactioas uncoupling between substrate
turnover and the reductive SAM cleavage occurr@dil& reductive SAM cleavage was
observed in other radical SAM enzymes as well (I5%), which occurred in the presence
of non-physiological reducing agents, like sodiunithidnite or photoreduced
deazariboflavin, but not in the presence of flavodeeductase/flavodoxin (79,155).
Interestingly, dAdo is produced in botlR‘SP and 5 SP repair assays, which was also
observed by Carell and co-workers (148). ProductbrdAdo in the absence of the
synthetic substrates further indicates uncoupliegvben SP repair and the reductive

cleavage of SAM.

The Repair of Spore Photoproduct Dinucleotide bgr&@hotoproduct Lyase

To further investigate SPL activity towards the rgpphotoproduct, assays for the
repair of .-SP and 5S-SP dinucleotideR(SPTpT and S-SPTpT, Scheme 2.2) were
carried out in a similar way to those of th&SP and 5SP dinucleosides. The
difference was that SP dinucleotide (Scheme 2.Bi¢hwhas a bridging phosphate group
between two thymines, was used as a substratethefeSP dinucleoside (Scheme 2.1).
Due to the fact that SP dinucleotides resemblenditeral substrate (DNA) more closely
than the dinucleoside, faster rates of repair vweeqeected. Also, the SP dinucleotide
cannot rotate around the methylene group and isenuumstrained than the SP

dinucleoside due to the bridging phosphate. Thairgssays of &SPTpT demonstrated
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its complete conversion to thymidine dinucleoti@@T) (Scheme 2.5) over the course of
one hour (Figure 2.12). The initial repair assaySSPTpT have shown no repair (data
not shown) and further confirm that thB-Bomer, rather than thesS5 is the substrate for

SPL (Scheme 2.5).
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Scheme 2.5. The repair oR5and 5 spore photoproduct dinucleotide®R(SPTpT and
5S-SPTpT) by spore photoproduct lyase
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Figure 2.12. HPLC chromatograms d®-SPTpT repair and TpT formation over time.
The diluted reaction mix (2Ql) was injected onto a Spherisorb ODS2 column (4.6
150mm, 5um, Waters). The samples were eluted using a gradieacetonitrile in 2 mM
TEAA (0% to 10% acetonitrile from 2 min to 25 mif)he flow rate was 1 ml/min and
column temperature was 28. SR-SPTpT elutes at 8.5 min, SAM at 12.5 min, TpT at
16.5 min and dAdo at 18 min. The chromatogramsOo&ad 60 minute repair assays are

not shown.



65

Characterization of the Peaks from HPL&{SPTpT Dinucleotide)

The products of theBSPTpT repair assay were identified the same wapras
5R-SP repair assay, by both co-injection of authectimpounds on HPLC and by ESI-
MS of isolated fractions. For the co-injectionseanf the repair assay sampl&3IPTpT
repair assay after 30 minutes) was spiked with e&the following standard compounds
in separate experiments — TpT, RSPTpT, Sadenosylmethionine (SAM),
methylthioadenosine (MTA)Sadenosylhomocysteine (SAH) and 5’-deoxyadenosine
(dAdo). Then HPLC was run under standard conditenms the increase in one peak was
used to identify the HPLC peaks. From these resudtavere able to identify that peak
eluting at 8 minutes asRESPTpT, the peak at 12 minutes&adenosylmethionine, the

peak at 16 minutes as TpT, and the peak at 18 esrag 5’-deoxyadenosine (Table 2.2).

Table 2.2. HPLC elution times of standard compourtety HPLC, a reverse-phase
Waters Spherisorb ODS2 column (4.6 x 150mnmun® was used. The samples were
eluted using a gradient of acetonitrile in 2 mM T&A0% to 10% acetonitrile from 2
min to 25 min). The flow rate was 1 ml/min and cohutemperature was Z&. The
buffers were filtered through 0.22n membrane and de-gassed before using.

Compound Elution time, min
Thymidylyl (3'-5") thymidine (TpT) 16.5
Spore photoproduct dinucleotide (5R-SPTpT) 8.5
Spore photoproduct dinucleotide (5S-SPTpT) 11.0
S-adenosylmethionine (SAM) 125
5'-deoxyadenosine (dAdo) 18.0
Methylthioadenosine (MTA) 155
S-adenosylhomocycteine (SAH) 13.0
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To further confirm this data, the fractions colkttafter from HPLC of th&-
SPTpT repair assays were concentrated and idehbffeESI-MS (Figures 2.13 - 2.15).
The fraction at 8.5 minutes was identified as 5R45P(Figure 2.13), at 16.5 minutes as
TpT (Figure 2.14) and at 18 minutes as 5-deoxyade® (Figure 2.15). The MS of the
standard compounds (TpT aReSPTpT) were also run for comparison (data not sH)ow
The mass spectrometry further confirmed the infélonasuggested by HPLC spiking.
ESI-MS also showed that the peak at 26 minutesilplgssontained some amino acids
and peptide fragments of several amino acids (M& dat shown), resulting from

protein degradation during the sample preparation.
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Figure 2.13. The mass spectrum of the fraction #hated at 8.5 minutes in theRb
SPTpT repair assay. The molecular ion peak at 5#7zlmatches SPTpT + H and peak
at 569 m/z — SPTpT + Na.
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Figure 2.14. The mass spectrum of the fractioneghaed at 16.5 minutes. The molecular
ion peak at 547 m/z matches TpT + H and at 569-nTgT + Na.
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The Repair Rates oRBSPTpT and S SPTpT

Unlike the repair assays in which SP dinucleosids wsed, complete repair was
observed with 5R-SPTpT (Figure 2.12). These results indicate th&SBTpT
dinucleotide with the bridging phosphate group isbetter substrate thanR5SP
dinucleotide. The reaction was completed after 4 mvith 100% of WR-SPTpT
converted to TpT. The peaks from HPLC chromatogramie integrated and quantified
in order to determine the rate of TpT productioRig@re 2.16). The repair rates were
found to be ~4 nmol/min/mg of SPL foRESPTpT. These rates were 10 times higher
than R-SP dinucleoside (~0.4 nmol/min/mg of SPL) but #gigantly slower than those
observed for natural substrate generated by U\iaten of (0.33umol/min/mg) (42).

During this reaction, 5’-deoxyadenosine formatioani S-adenosylmethionine
was also observed (Figure 2.12). The SAM cleavage dependent on reaction time and
SPL activity, similar to the B-SP repair assays (Figure 2.11). F&SPTpT control
samples, just like in theRBSP dinucleoside assays, there was no dAdo praatuitithe
absence of SPL. These results confirmed that iardalcleave SAM, both SPL and the
substrate have to be present. Again, SAM cleavagkdcbe due to the fact theRb
SPTpT is not as good substrate as natural substratérradiated DNA, and due to the

presence of reducing agent sodium dithionite.
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Figure 2.16. The TpT production in th&SPTpT dinucleotide repair assays over time.
The experiments were carried out in duplic&eor bars represent the standard deviation
of product formation.

Conclusions

SPL was successfully overexpressed and purifieth toothBacillus subtilis and
Clostridium acetobutylicum. C.a. SPL was purified with ~3 Fe/SPL, indicating a
significantly higher cluster content than previgusported by Fontecave and co-workers
(1.6 iron/protein) (147) and was not subjectedrtdicial reconstitution.

Due to the higher stability and solubility Gfa. SPL, it was used for both spore
photoproduct dinucleoside and dinucleotide reps#ags. Interestingly, wheb.a. SPL
was used for the spore photoproduct repair assayss found that it repaired thdb
isomer rather than theSisomer (146), which differs from what was reporggdviously
(49,148). The repair rates for this assay were doionbe 0.4 nmol/mg/min of SPL for

5R-SP and 0 nmol/mg/min of SPL forS&P. These rates are lower than the ones
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observed from DNA repair assays using the UV iateti DNA (42) and could be due to
the fact that the synthetic substrate was usedwitimcorporation into DNA. The repair
of BR-SPTpT dinucleotide further confirmed that SPL repahe R-isomer with the
repair rate of 4 nmol/mg/min of SPL. These findirggee with the results showing that
5R- is the isomer produced during the UV-irradiatmfra thymidine dinucleotide (TpT)
(150). Also it showed thatteSPTpT is a better substrate th&SP. For the longer-term
goals, the repair assays of oligonucleotide comtgi®R- and & spore photoproduct,

have to be carried out.
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CHAPTER 3

SPORE PHOTOPRODUCT LYASE BINDING TO UNDAMAGED DNA

Introduction

Many proteins bind DNA to perform a variety of faioos, including
transcription, regulation, DNA protection and rep€i57,158). Before binding to its
target site, a DNA-binding protein is thought t@salong the DNA by 2-dimensional
diffusion to find the specific sequence or, in casaepair proteins, the damaged site
(159) Therefore nonspecific binding is thought to precédding to the specific/target
site. Nonspecific binding, therefore, should be important intermediate step in the
process of recognizing and binding the target/dadeagte. Binding affinities, specific
and non-specific, can help provide insights int® ithiteractions between the proteins and
DNA. It can provide information as to how strongdk interactions are, and, if non-
specific binding precedes the specific binding, howich binding of the protein is
stronger to specific DNA than to non-specific DNfd ‘selectivity’ ratio), and how
protein repairs the DNA.

Previous studies have shown that specific bindiag mduce conformational
changes in the DNA or both the protein and DNA (180-163). However, little is
known about how proteins bind to nonspecific oramdged DNA. Also, it is not clear if
nonspecific binding changes the structural and ohyogroperties of the DNA (164) like
they do in case of specific binding. There is viitye known about how the proteins

switch from nonspecific binding to specific duritige ‘scanning’ process (164).
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Thelac repressor is a DNA-binding protein that is invalva lactose metabolism
in bacteria and binds to the major groove of therajor region of théac operon. It was
found that thelac repressor protein can form a nonspecific completh idDNA by
making electrostatic interactions, which can behier stabilized by protein side-chain
and backbone interactions with the phosphates (1B#grestingly, most of these
interactions are preserved when the protein biad3NA specifically (Figure 3.1, (164)).
Kaptein and co-workers suggested that this kinaofsition between the nonspecific and
specific complexes may be more energetically favoveen a target site is found during
the ‘scanning’ process (164). Therefore the DNAdmg protein should have a scaffold
for DNA binding that can be adjusted for either sipecific or specific binding (164).

Although the lac repressor has a completely different function tlsgore
photoproduct lyase, it also has a helix-turn-hatiatif and there might be some binding
similarities/analogies. For example, SPL might biaachon-specific DNA with relatively
appreciable affinity and most of the bonding cooédmade up from electrostatic and/or
hydrogen bonding with the phosphate backbone.

DNA photolyase, a DNA repair protein that convettig cis,syn cyclobutane
photodimer (CPD) to two thymines, shares some gsemusimilarities with SPL (see
Chapter 1). DNA photolyase was also found to bindADnonspecifically (165,166).
However, it efficiently discriminates between targed non-target structures as do
sequence-specific DNA binding proteins (165). DN#ofolyase dissociation constant for
undamaged DNA was determined using electrophonetibility shift assay (EMSA) by

binding competition (165). It was found that thel@dn of a large amount of undamaged
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oligonucleotide decreased some of the specific ¢exeg formed between the enzyme

and damaged oligonucleotide, suggesting weak ictierawith undamaged DNA (167).
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Figure 3.1. Schematic summary of specific and neci§p binding interactions between
lac repressor and DNA. The bases that are specificattggnized by lac repressor are
colored in yellow. The solid lines indicate inteians in the major groove, and dashed
lines - in the minor groove. Red lines indicate foggen binding, green — hydrophobic
interactions, and dashed lines indicate electriostantacts (164).

Husain and Sancar proposed that the complexes &etvphotolyase and
undamaged DNA were too weak and did not survivetedphoresis (167)). In their 1987
Nucleic Acid Research paper they determined the nonspecific dissociat@rstant foiE.

coli DNA photolyase to b&y=3.45 x 16° M in comparison t&y= 2.6 x 1¢* M for the

specific binding, with a stoichiometry of 1.0 maldée of enzyme per thymine dimer
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(167) (Table 3.1). In 1993, Baer and Sancar fotmadlE. coli DNA photolyase ha#y =
2.6 x 10° M for non-specific DNA andg = 3.7 x 10° M for specific DNA (165) (Table
3.1). For both of these assays a 43-bp long oligeatide with or without cyclobutane
dimer damage in the center was used. It seem&gHat non-specific binding from these
two papers were consistent, but for specific bigd{g was 7 times smaller in the latter
paper (Table 3.1). That could be due to several ifmatons in the photolyase
purification procedure, since other conditions wele same. The results from
nitrocellulose filter binding assays utilizéoing plasmid DNA, with 5.5 damaged sites
per molecule, gave g value of 6.0 + 2.1 x I0M (168) (Table 3.1). It is not clear at
this point whether the difference in binding betwélis and previous assays is due to a
different type of DNA used or that filter bindingssays were done instead of
electrophoretic mobility shift assays, although #elier work of Husain and Sancar
suggested that there is no significant differenesvben these two types of assay (167).
There is no data available on what nonspecific inppdetween long plasmid DNA and
DNA photolyase could potentially be (Table 3.1).

Despite similarities between the DNA photolyasefj§hotolyase and SPL, such
as repair of thymine dimers, and some sequencdasitieis, these enzymes are likely
very different in structure and binding/damage ggution. SPL has a predicted helix-
turn-helix motif, while DNA photolyase has not. Alsphotolyase’s DNA binding
regions have very little match with SPL sequendeatTcould mean that despite some
sequence similarities these two enzymes might ki#ferent binding sites. Also, many

DNA binding enzymes, which share the same functaam have similar protein folds
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(169), as do radical SAM superfamily enzymes, desfpw sequence conservation

within each family (51,116,119).

Table 3.1. DNA photolyase dissociation constaramfdifferent experiments.

DNA Type of binding Kq, M Type of assay Reference
43-bp oligo non-specific 35x10° |[EMSA (167)
43-bp oligo with CPD* [specific 2.6x10° [EMSA (167)
43-bp oligo non-specific 2.6x10° [EMSA (165)
43-bp oligo with CPD* [specific 3.7x10° [EMSA (165)
plasmid DNA** specific 4.7 x 10" |nitrocellulose filter (168)
plasmid DNA non-specific N/A N/A N/A

* Oligonucleotide that contains cis,syn cyclobutane dimer (CPD) at the center position
* pBR322 plasmid DNA that contains ~5.5 damaged sites (CPD’s) per molecule

Beyond the repair of spore photoproduct (39,4291324R), there is very little
knowledge on how SPL recognizes and binds DNA withwithout a damaged site.
Nicholson and co-workers found that SPL binds tocBRtaining oligonucleotide and
bends the DNA, presumably to flip out the damaged($42). They also found that SPL
protects a 9 base-pair region around the damate{14i2). Because SPL binds3S& but
not the cis,syn cyclobutane dimer, it presumably recognizes ansg@ific helical
distortion in DNA which differs in its geometry fiothe distortion caused byces,syn
cyclobutane pyrimidine dimer (142) that is recoguaizy DNA photolyase. Also, since
UV irradiation can create a damaged site at any agjacent thymines in the DNA,
presumably SPL has to be able to find the damadeegair it in any sequence context.

We also assume that non-specific binding occurfiwithe predicted helix-turn-helix
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region of SPL, with the most conserved amino adikisly making bonds with the
phosphate groups on the DNA backbone (see FigdreQhapter ).

There are several methods, such as electrophonetidity assays (EMSA), filter
binding assays, and calorimetric assays that apdoged to investigate protein binding
to DNA. Although these methods can provide usefdidrimation about protein-DNA
interactions, they also have some limitations. &ample, the observed affinities from
these assays could be the sum of all interactiooarang between the protein and the
DNA, especially in nonspecific binding. Also, theofein-DNA interactions that are
short-lived might not be detected in electrophaoretiobility or filter binding assays.
Filter binding assays are not necessarily 100%ciefft under different experimental
conditions (166).

In order to investigate how SPL binds to undama@®diA, electrophoretic
mobility shift assays were carried out. Here wevshar the first time that SPL binds to
undamaged/nonspecific DNA with rather high affiniyso, we show that the absence of
[4Fe-4S] cluster in SPL and the presenc&afienosylmethionine (SAM) or small-acid
soluble proteins (SASPs) had little effect on hmdi The binding of SPL from two
different bacteriaBacillus subtilis and Clostridium acetobutylicum, to undamaged DNA

was also compared.
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Experimental Methods

Materials

All chemicals used in this work were purchased cemumally and were of the
highest purity available. The synthetic oligonutiges were purchased from Integrated
DNA Technologies. {*P] ATP was purchased from MP Biomedicals. T4
polynucleotide kinase, required for radioactiveelaiy, was commercially obtained from

Invitrogen.

Purification and Dialysis of SPL

Spore photoproduct lyase enzymes fr@acillus subtilis and Clostridium
acetobutylicum were purified as described previously (42,148fer purification the
protein was concentrated and kept frozen at°@s0ntil use. For electrophoretic mobility
shift assays (EMSA) protein was first dialyzed éonove imidazole (which could be up
to 250 mM) and also substitute 50mM sodium phosphath 50mM HEPES. Dialysis
was always done anaerobically at *@tagainst 2 L of Buffer A (50mM HEPES, 0.5 M
NacCl, 5% glycerol, pH 8) for 2 hr and then repeaifBue concentration of SPL froB
subtilis was 0.183 mM and it had 2.3 irons per protein. Tbecentration ofC.a. SPL
was 0.104 mM and had the 2.9 irons per protein.[MgA binding assays this protein
was later diluted with Buffer A in order to maintaconstant salt concentration in the

DNA binding reaction mix.
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Preparation ofpo-SPL

Purified SPL fromB. subtilis was dialyzed against 2 L of EDTA buffer (10 mM
EDTA, 50 mM HEPES, 0.5 M NaCl, 5% glycerol, pH 8y £ hr at +£C and then this
cycle was repeated. The EDTA was then removed &alyzing against Buffer A for 2
hours. The protein concentration after the dialygs 0.049 mM and it had 0.43 irons
per protein. The protein was then diluted with théfer A and used for the binding
assay. SPL concentration after dialysis was 0i08@nd it had 0.5 irons per protein. An

analogous dialysis procedure was carried out fdr f&n C. acetobutylicum.

5’-End Labeling of 94-bp Oligonucleotide

Two complementary oligonucleotides were synthesizgategrated DNA
Technologies) based on th&. subtilis sequence (from 322456 to 322550).
Oligonucleotides had 94 nucleobases (the adjabgntitiines are shown in bold):

TK4-72a (MW = 28,902 Da) 5- CGGGATCAACCAGAGCATCATT TGC
GTTATCAATGGTTGTTATCGCCGCAATGGTCGGTGCACCGGGATTGGTTCT
GAAGTATACAGTGC C -3 and

TK4-72b (MW = 29,057 Da) 5'- GGCACTGTATACTCAGAACCAAGTCC
CGGTGCACCGACCATGCGGCGATAACAACCATTGATAACGCAAGCATGAT

GCTCTGGA TGATCCC G -3..

TK4-72a oligomer (luL, 5.8 pmoles or 0.1jig) was added to pL 5X Forward
Reaction Buffer (Invitrogen), 2.5L [y->P] ATP (10 uCi/uL, 3000 Ci/mmol)(MP

Biomedicals), uL T4 polynucleotide kinase (Invitrogen) and 1315 of autoclaved MQ
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water to the total volume of 25.. The mixture was incubated for 10 minutes at’G7
followed by heat inactivation at 6& for 10 min. Ethanol precipitation was carried asit
follows: to the Eppendorf tube containing labeldidamer was added 250L 4.67 M
NH4OAc and 75QuL 100 % ethanol (ice cold). Then, the sample was ka ice for 30
minutes and centrifuged at 12,000 rpm for 20 miswide supernatant was removed and
500 uL of 80 % ethanol (ice cold) was added. The samgale centrifuged at 12,000 rpm
for another 20 minutes and the supernatant waarmied. The oligomer was dried under
a N, stream and resuspended in (@0 TE Buffer (pH 8). The labeled strand was then
hybridized to the complementary strand TK4-72b bgting at 9CC for 2 minutes and
cooling down slowly to room temperature. The dotgifanded oligomer was purified

using mini Quick Spin Oligo Column (Roche Appliedi&ice), and stored at —80.

Electrophoretic Mobility Shift Assay
of the Double-Stranded 94-bp Oligonucleotide

The electrophoretic mobility shift assay (EMSApegons were prepared in a
total volume of 20uL containing 10 mM HEPES, 50 mM NacCl, 10% glycel@l05%
NP-40, 0.5 mM DTT, 2.9 nM labeled double-strandéidomucleotide, and different
concentrations of eithds.s. or C.a. spore photoproduct lyase (pH 8). The assay reetio
were prepared anaerobically in an MBraun glove @od incubated for 1 hour at room
temperature. The samples were loaded on an 8% ewaiting polyacrylamide gel and
electrophoresed at 200 V (20 V/8nfor 2 hours. Next, the gel was dried overnight an

the electrophoresis products were visualized byradtography (X-Omat AR-5 film
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(Kodak)). The bands on the film were quantifiechgsizS-900 gel scanner (Bio-Rad) and

QuantityOne 4.0.2. software.

Electrophoretic Mobility Shift Assay at DifferenHp

The reaction conditions were identical to thosgcdbed above, except the pH of
Buffer A (50 mM HEPES, 0.5 M NaCl, 5% glycerol) wagjusted to pH 8, pH 7.5, pH

7.0 or pH 6.5. Analogous experiments were done @ish SPL

Electrophoretic Mobility Shift Assay at Differenib@ditions

For the assay under aerobic conditions, the @aconditions were the same as
above, except the samples were prepared aerobi€allythe assay witapo-SPL, the
only difference was thaB.s. SPL lacking iron-sulfur cluster was used. For ithaction
with Sadenosylmethionine (SAM), in addition to the reactmix, SAM was added to
each sample to the final concentration of 1 mM. therassay with the small acid-soluble
proteins (SASPs), SspC was added to the ratio NA)SspC] = 1:5. SspC was purified
as described previously (42).

Electrophoretic Mobility Shift Assay
of the Single-Stranded 94-bp Oligonucleotide

For the labeling of single-stranded TK4-72a oligdeotide, the procedure was
the same as for the double-stranded oligonucleotcteept the annealing step was
omitted. The EMSA conditions were identical to tlomes for double-stranded

oligonucleotide under anaerobic conditions.
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Electrophoretic Mobility Shift Assay
of the Double-Stranded Long DNA

In order to investigate how DNA binding dependsitsiength, the EMSA with
long DNA was carried out. For that purpose linddCi8 DNA was used. The advantage
of this method is that it does not require radivactabeling and it is faster. The major
disadvantage, however, is a lower accuracy. Fptasmid pUC18 DNA was transformed
into NovaBlue (Novagen) cells and overnight culturgere grown. Then DNA was
purified using the QIAprep Spin Miniprep DNA purification kit (Qiagen). In der to
obtain linear DNA, pUC18 DNA was cut with the résion enzyme EcoRI (Promega)
and purified from 1% agarose gel using the QIAqtiiGel Extraction kit (Qiagen). The
binding assays were carried out the same way &ftp oligonucleotides. Agarose gels
(1 %) were run at 110 V (20 V/@nfor 1 hr. The bands on the gel were scanned and

guantified using UVP scanner (Doc-It LS software).

Calculation of SPL-DNA Dissociation Constant

The dissociation constariy was determined from the point at which 50 % of
DNA is bound to protein by determination using @rig.0 software with the Hill

equation for cooperative binding:

— Imax[ L]n
(Kyg + L)

Where: | is band intensity at a specific concentrationhef ligand;lmax is the intensity at

which ligand binding reached saturationjs Hill coefficient, describing cooperativity;
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Kq is the dissociation constant (at which half of ligand molecules are bound);is the
ligand concentration
This equation was chosen because the binding sweee sigmoidal, indicating

cooperative binding.

Results and Discussion

Rationale and General Approach

The electrophoretic mobility shift assays (EMSAQydes a method for detecting
DNA-protein complexes. The assay is based on theerghtion that the complexes
between the protein and DNA migrate through a gekremslowly than free DNA
fragments or double-stranded oligonucleotides. Wuofately, there is no general
procedure or optimal conditions that would be aggtile to all protein-DNA complexes.
Therefore for each protein-DNA system the optimwnditions have to be determined
empirically. For the complex between SPL and undmdaDNA we found that the
conditions described in Experimental Methods wexnmal for our purposes.

The binding reactions were performed by incubapngtein with either a long
piece linearized plasmid of undamaged DNA % end-labeled non-SP containing
oligonucleotide under anaerobic conditions. Aftacubation the reaction mix was
applied to agarose or polyacrylamide gel, respeltivand electrophoresed in order
separate protein-bound and unbound DNA. Two bamwis,for free DNA and the other
for bound DNA (in the presence of protein) wereastsed. Unlike the results for DNA

photolyase (166), we were able to detect both fredgamaged DNA and DNA-protein
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complexes on the gel. Therefore our binding assese performed to observe the
binding between undamaged DNA and spore photoptolgase directly rather than

indirectly.

Binding of B.s. SPL to Plasmid DNA

First, the preliminary binding assays betwdatillus subtilis SPL and plasmid
pUC18 DNA were carried out. From these experimamgound that SPL could bind to
plasmid DNA, which consisted of both circular anndked DNA (Figure 3.2), with full
binding being reached at ~10 x @M. We also observed that protein-DNA complexes
were stuck in the gel wells at higher protein conicgions. This could be due to the fact
that the protein has a positive charge at the plthefbinding assay (pH = 8.0) as the
predicted pl for SPL is 8.48 and 8.58 for tBacillus subtilis and C. acetobutylicum
enzymes, respectively. The theoretical pl was ¢atled using the online calculator from
Scripps Research Institute (170). The pl estimateirmes all residues have pKa values
that are equivalent to the isolated residues whiayht not be valid for a folded protein
(170). To make SPL-DNA complexes enter the gelatld be necessary to adjust the pH
of the gel and running buffer to the one aboveph@H 9-10). However, it is not clear
how this high pH might affect the SPL-DNA complex tbe protein itself, which can
precipitate very easily. Therefore the pH = 8.0jaollhis closer to the physiological value
of spores (which is 6.5 in a dormant stage and gpds 7.5 during germination) but still
below the calculated pl, was used. The dissociatimmstant for these binding assays
could not be calculated due to the fact that atelo®PL concentrations the DNA-SPL

complex appears as a very faint broad band andstdifficult to estimate where the free
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DNA band ends and bound DNA band starts. Due tbisisae the quantification of free
DNA versus bound DNA was impossible and the disgam constanKy could not be
calculated. From analogous assays with lineariz¢@18 DNA, we were able to obtain
full binding of DNA at SPL concentration of ~10 8%4M (Figure 3.3). The dissociation

constant, due to the same reasons could not berdeésl. These results indicate that the

affinity to circular and linear DNA is either vesymilar or the same.

Bound DNA

0 3 10 29 48 66 89 104 123 [SPL], nW

Figure 3.2.B.s. SPL binding to undamaged plasmid pUC18 DNA (nicked circular).
The EMSA reactions had a total volume of A0 containing 10 mM HEPES, 50 mM
NaCl, 10% glycerol, 0.05% NP-40, 0.5 mM DTT, 3 nM@18 DNA, and increasing
concentrations ofB.s. SPL (pH 8). The assays were performed anaeropicaid
incubated for 30 min at room temperature. Agarasls ¢1%) were run at 110 V (20
Vicm?) for 1 hr.

In order to gain more accurate results and alsmvestigate how nonspecific

binding might depend on the length of the DNA drestconditions, like pH, agarose gels
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were replaced by polyacrylamide gels and 94-bagedpable-stranded oligonucleotide

was used instead of plasmid DNA.

Bound DNA

Free DNA -

0 10 28 7 85 104 123 142 [SPL]. nM

Figure 3.3B.s. SPL binding to undamaged linearized pUC18 DNA. EMSA reactions
had a total volume of 2QL containing 10 mM HEPES, 50 mM NacCl, 10% glycerol,
0.05% NP-40, 0.5 mM DTT, 3.09 nM linearized pUC18\A and increasing
concentrations ofB.s. SPL (pH 8). The assays were performed anaeropicaid
incubated for 30 min at room temperature. Agarasis ¢1%) were run at 110 V (20
V/iem?) for 1 hr.

Binding of B.s. SPL to 94-bp Oligonucleotide

The sequence for TK-4 oligonucleotide was takemfi®acillus subtilis. The
principle of these binding assays was the samergslfC18 DNA. The only differences
were that P*labeled oligonucleotide was used instead of pldsrBINA and
polyacrylamide gels instead of agarose. All theepthinding assay conditions were left
unchanged. Due to this more sensitive method, tlaads for free and bound DNA were

observed (Figure 3.4). These bands could lateubatgied and dissociation constants in
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each case could be calculated. Full bindind3osubtilis SPL to TK-4 oligonucleotide
under anaerobic conditions could be reached ak 4@ M, with K4 = 4.7+ 0.44 x 10
M (Figure 3.4). These finding suggest that SPL inigdo undamaged DNA is very tight
and much stronger than that of DNA photolyase, tiiasky of ~10° M (165-167).
This kind of strong binding suggests that therehhigore than one molecule of SPL
binding to the oligonucleotide/DNA. The cooperatviactor (or Hill coefficient), n,
calculated from Hill equation, suggests that treee7.1 £ 3.2 molecules of SPL binding
to one molecule of DNA in a cooperative fashione Tissociation constants also suggest
that there is very little difference in the bindia§SPL to long DNA (pUC18) and short
DNA (94-bp oligonucleotide) and therefore SPL bimgdaffinity to undamaged DNA has

only moderate dependence on the length of the Dikéhd.
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Figure 3.4.B.s. SPL binding to 94-bp oligonucleotide under anairabnditions. a) X-
Ray film of SPL-oligonucleotide binding. The EMSAactions were prepared in g0
containing 10 mM HEPES, 50 mM NacCl, 10% glycero05% NP-40, 0.5 mM DTT (pH
8), 2.9 nM P?*labeled 94-bp oligo, and different concentration®.s. SPL. The assays
were prepared anaerobically and incubated for &tlmoom temperature. The samples
were loaded onto an 8% non-denaturing polyacrylargel and electrophoresed at 200 V
(20 V/cnf) for 2 hours. The electrophoresis products wesaalized by autoradiography.
b) The bands on the film were quantified using ®@8-@el scanner (Bio-Rad) and
QuantityOne 4.0.2. software. All free oligo was bdwat SPL concentration of ~ 8 nM
with the dissociation constalit = 4.7+ 0.44 nM. The assays were done in triplicate. The
error bars represent the standard deviation of baedsities.
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Effect of Oxygen, SAM, SASP and
Iron-Sulfur Cluster on SPL Binding to DNA

SPL binding properties were further investigateddamdifferent conditions,
including in the presence of oxygen, AdoMet and Isnaaid-soluble proteins (SASPS).
Since SPL repairs DNA damage under anaerobic dondijtit was unclear if this protein
can still bind to DNA in the presence of oxygeneTrepair of SP cannot proceed under
aerobic conditions due to the degradation of SPAFe-4S] cluster. Interestingly, when
binding assays were done in the presence of oxygjeh,still bound undamaged DNA.
Full binding could reached at ~ 8 x" 1M, with Ky = 5.3+ 0.21 x 10 M (Figures 3.5).
The binding curve also suggests that there is Hegiree of cooperativity, with roughly
11.6 £ 7.9 molecules of SPL binding to one DNA. i#fiere, although SPL cannot repair

the SP under aerobic conditions, it could stilldia DNA with high affinity.
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Figure 3.5B.s. SPL binding to 94-bp oligonucleotide under aeraanditions. a) X-Ray
film of SPL-oligonucleotide The EMSA reactions wgneepared in 2@QL containing 10
mM HEPES, 50 mM NaCl, 10% glycerol, 0.05% NP-4& M DTT (pH 8), 2.9 nM
P*%labeled ds- oligo, and different concentrationsBaf SPL. The assays were done
aerobically and incubated for 1 hr at room tempeeatThe samples were loaded onto an
8% non-denaturing polyacrylamide gel and electropéed at 200 V (20 V/ct for 2
hours. The electrophoresis products were visual®eautoradiography. b) The bands on
the film were quantified using GS-900 gel scanr@gip{Rad) and QuantityOne 4.0.2.
software. Full binding is reached at [SPL] ~ 8 4;= 5.3+ 0.21nM. The assays were
done in triplicate. The error bars represent thaddrd deviation of band intensities.
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Figure 3.6.Apo-SPL binding to 94-bp oligonucleotide. a) X-Raynfilof apo-SPL-
oligonucleotide EMSA. The EMSA reactions were pregan 20uL containing 10 mM
HEPES, 50 mM NaCl, 10% glycerol, 0.05% NP-40, 0!8 ®TT (pH 8), 2.9 nM P*
labeled ds-oligo, and different concentrationsBdf. apo-SPL. The assays were done
anaerobically and incubated for 1 hr at room terppee. The samples were loaded onto
an 8% non-denaturing polyacrylamide gel and eletimoesed at 200 V (20 V/@nfor 2
hours. The electrophoresis products were visualgeautoradiography. b) The bands on
the film were quantified using GS-900 gel scanrigio{Rad) and QuantityOne 4.0.2.
software. Full binding is reached at [SPL] ~ 12 if4;= 6.7+ 0.39 nM. The assays were
done in triplicate. The error bars represent thaddrd deviation of band intensities.
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The role of the iron-sulfur cluster in non-specifimding of SPL to DNA was
further investigated. There are proteins, like MatYd Endonuclease lll, which contain
[4Fe-4S] clusters that have a structural role (172). The experiments withpo-SPL
were carried out to determine if non-specific birgdcould be affected by the absence of
SPL’s [4Fe-4S] cluster. The full binding apo-SPL was reached at ~12 x 1M andKq
= 6.7+ 0.39 x 10 M (Figures 3.6). Cooperative binding is also otsedr with n = 11.6 +
6.7. These results indicated that the absenceoofsulfur cluster had no affect on
binding to undamaged DNA. However, it is still mbéar if the binding to specific DNA
would be equally unaffected, since more contactadxn the protein and DNA might
need to be established.

Further experiments involved the SPL cofa@@denosylmethionine (AdoMet or
SAM). S-adenosylmethionine is required for SPL to repaér $pore photoproduct and it
is known that radical SAM superfamily enzymes b84&M. Therefore it was of interest
to investigate whether SAM plays a role in DNA bimgl However, we found that the
presence of 5 mM SAM had very little effect on SPinding to undamaged
oligonucleotide. Full binding in the presence ofoMet could be reached at ~12 x°10
M with Kq = 5.5+ 1.21 x 10 M (Figures 3.7). As in previous cases, non-spe&L
binding is cooperative and there are 5.4 + 1.4 oubés of protein per DNA. Table 3.2
summarizes the dissociation constants of SPL tobe&®& pair double-stranded

oligonucleotide at different experimental condison
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Figure 3.7. Binding oB.s. SPL to 94-bp oligonucleotide in the presence oMSA) X-
Ray film of SPL-oligonucleotide EMSA. The reactiongere prepared in 2QL
containing 10 mM HEPES, 50 mM NacCl, 10% glycero05% NP-40, 0.5 mM DTT (pH
8), 2.9 nM P*labeled ds-oligo, 1 mM SAM, and different concatibns ofB.s. SPL.
The assays were done anaerobically and incubatedl fo at room temperature. The
samples were loaded onto an 8% non-denaturing gofgenide gel and electrophoresed
at 200 V (20 V/crf) for 2 hours. The electrophoresis products wemialized by
autoradiography. b) The bands on the film were tfiat using GS-900 gel scanner
(Bio-Rad) and QuantityOne 4.0.2. software. Fulldimg is reached at [SPL] = 12 n{;

= 5.5+ 1.21 nM. The assays were done in triplicate. Trher dars represent the standard

deviation of band intensities.

18
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Table 3.2. Spore photoproduct lyase binding to oratged DNA (94-bp oligonucleotide)
at various conditions.

Dissociation constant Kg,
Bacteria Conditions* nM
Bacillus subtilis Anaerobic:
pH=8.0 47+0.4
pH=7.5 17.2+15
pH=7.0 60.3 + 3.8
pH=6.5 27.0+£6.5
Aerobic 53%0.2
apo-SPL 6.7+0.4
With S-adenosylmethionine 55+1.2
With SspC 6.0+ 0.7
Clostridium acetobutylicum |Anaerobic:
pH=8.0 169.0 +4.9
pH=7.0 446 £2.3

* The experiments were carried out at pH = 8.0 ssgated otherwise

Small, acid soluble proteins play an important inlspore resistance and they are
in high abundance inside of the spore (17,28,1[f3%. known that these proteins bind
and protect DNA (29,30), but is not clear if thenaffect SPL binding to the DNA. In
order to investigate the influence of small-acitlibte proteins to SPL binding, SspC was
added to the binding reaction mix with the ratith 85spC:DNA). However, the presence
of the small-acid soluble protein SspC has no erfte on SPL binding. Full binding of
SPL can be reached at ~ 8 X*1 andKg is 6.0+ 0.73 x 10 M (Figures 3.8), which is

similar to that without SspC (Table 3.2).
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Figure 3.8. Binding oB.s. SPL to 94-bp oligonucleotide in the presence @CSsa) X-
Ray film of SPL-oligonucleotide EMSA. The reactiongere prepared in 2QL
containing 10 mM HEPES, 50 mM NacCl, 10% glycero05% NP-40, 0.5 mM DTT (pH
8), 2.9 nM P*labeled ds-oligo, SspC (SspC:DNA ratio 5:1) arféedént concentrations
of B.s. SPL. The assays were done anaerobically and itedib@r 1 hr at room
temperature. The samples were loaded onto an 8%lematuring polyacrylamide gel
and electrophoresed at 200 V (20 Vfifor 2 hours. The electrophoresis products were
visualized by autoradiography. b) The bands orfithrewere quantified using GS-900
gel scanner (Bio-Rad) and QuantityOne 4.0.2. sa#wiaull binding is reached at [SPL]
=8 nM;K; = 6.0+ 0.73 nM. The assays were done in triplicate. Triher éars represent

the standard deviation of band intensities.
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Also, the SspC has no effect on cooperativity —Hilecoefficient is n = 8.2 £
5.8. SspC might not have much influence on SPLibgqtb DNA due of its’ own affinity
to DNA (15 = 100 x 18 M (26)), which is low in comparison to that of SPIherefore
small, acid-soluble proteins appear not to compatie the non-specific binding of SPL
to DNA and most likely do not interfere with recdiipn and repair spore photoproduct
by SPL.

While bacterial spores have pH ~ 6.5, once thay geaminating, the pH changes
to 7.0 — 7.5. During that germination process SRlstfind and repair UV-damaged
DNA. Therefore the SPL DNA binding properties atffatient pH levels were
investigated. For this set of the experiments the gb all the buffers was adjusted
depending on the assay conditions, including theopdligonucleotide and the protein.
The rest of the conditions were the same as foatta@robic binding assays. The assays
were carried out at pH 8.&{ = 4.7+ 0.44 x 10’ M), pH 7.5 Kg = 17.2+ 1.45 x 10 M),
pH 7.0 Ky = 60.3+ 3.82 x 10’ M) and pH 6.5Kq= 27+ 6.53 x 10 M) (Figure 3.9 and

Table 3.2).

B.s. SPL Binding at Different pH

From these experiments we can draw the conclusiainthe strongest binding of
SPL to non-specific DNA is at pH 8.0 and the weakeat pH 7.0 (Figure 3.9), with the
binding at pH 8.0 being ~13 times stronger thamptat7.0. For all these assays SPL
showed significant cooperativity. The Hill coefiaits for these binding assays were n =
7.1+32atpH80,n=11.1+36atpH 7.5 64+14atpH7.0andn=9.1+2.0 at

pH 6.5. The summary of all the dissociation coristas shown in Table 3.2. Weaker
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non-specific binding at pH 7.0 could contributemore selective binding due to lower
energy that would be required when protein hasaiteck from non-specific binding to

specific.

Binding Dependence on pH
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Figure 3.9. SPL nonspecific dissociation const&g} lependence on pH. The error bars
represent the standard deviation of dissociatiorstzmt.

SPL binding to single-strandé@P-labeled oligonucleotide was also investigated.
The results demonstrate thiasls. SPL can bind single-stranded DNA. Full binding is
achieved at ~16 x 10M, although it is impossible to determine the digation constant,
because it is not clear where free DNA bands erdl vahere complexed DNA/SPL
begins. There is some shifting of free DNA bandtstg at concentrations ~3.2 nM,
which becomes wider and more spread out at higbacemtrations. Repeating this

experiment under the identical conditions yieldeel $ame results. Although it indicates
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binding, it is different from type of binding wewavith double-stranded oligonucleotide
(Figure 3.10). Therefore the unusual binding isseaunot by experimental conditions,
but due to the fact that single-stranded DNA isdusehich would have different
structure. However, based on SPL concentrationrathwfull binding is reached, we
suggest that the affinity towards single-strandddADis similar to that for double-

stranded DNA.

0 08 16 32 48 64 80 96 11.2 128 144 16
[SPL]. nM

Figure 3.10. Binding oB.s. SPL to 94-bp single-stranded oligonucleotide. Shaw X-
ray film of SPL-oligonucleotide EMSA. The reactionsre prepared in 20L containing

10 mM HEPES, 50 mM NacCl, 10% glycerol, 0.05% NP-@8, mM DTT (pH 8), 2.9 nM
P*%labeled single-stranded oligo and different cotregions ofB.s. SPL. The assays
were carried out anaerobically and incubated far &t room temperature. The samples
were loaded on an 8% non-denaturing polyacrylargeleand electrophoresed at 200 V
(20 V/cnt) for 2 hours. The electrophoresis products weseaalized by autoradiography.
Full binding is reached at [SPL] = 16 nM. The assagre performed in triplicate.
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Binding of C.a. SPL to DNA

DNA photolyase from different bacteri&, coli and M. thermoautotrophicum,
were shown to have very different binding, whicluldovary as much as 100 times (129).
To investigate how binding might differ for SPL fnoBacillus and Clostridium, the
EMSA of pUC18 DNA were carried out with SPL fro@lostridium acetobutylicum.
SinceB.s. SPL showed no difference in binding to circulad dimear DNA, for these
assays only linear pUC18 DNA was used. We found @hestridium acetobutylicum
SPL fully binds to DNA at concentration of ~10 &°IM (Figure 3.11) and the binding

pattern/shifting is similar to the one observedBa SPL (Figure 3.3).

1 2 3 4 5 6 7
Boundl
DNA
Free |
DNA
0 10 19 38 57 76 95 [SPL], nM

Figure 3.11.C.a. SPL binding to undamaged linearized pUC18 DNA. THMSA
reactions had a total volume of 20 containing 10 mM HEPES, 50 mM NacCl, 10%
glycerol, 0.05% NP-40, 0.5 mM DTT, 3.09 nM lineatizpUC18 DNA, and increasing
concentrations ofC.a. SPL (pH 8). The assays were performed anaeropicaid
incubated for 30 min at room temperature. An agafts%) gels were run at 110 V (20
V/iem?) for 1 hr.
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The next step was to further investig&ta. SPL binding to*’P-labeled double-
stranded oligonucleotide in order to determine digsociation constant. These assays
were done as foB.s. SPL with 94-base pair oligonucleotide at two dif® pH
conditions, pH 8.0 and 7.0. From these assays wedfthatC.a. SPL binding to non-
specific DNA is actually weaker than that®g. SPL.C.a. SPL binds to DNA at pH 7.0
with Kq = 44.6+ 2.34 x 10 M, better than at pH 8.0, which hg = 169+ 4.91 x 10
M. Interestingly, the binding at different pH vatuevas in reverse order f@.a. SPL
compared td.s. SPL. This might be due to tifigct that even though the calculated pl for
both proteins is similar, the pl of the predictedA binding region of each protein is
different. The pl of the helix-turn-helix motif iB.s. SPL is 8.69, while that d.a. SPL
is 6.25. Therefore DNA binding regions for these two proteins should tharged
differently at both pH 7.0 and 8.0f the predicted helix-turn-helix motif is indeed
involved in DNA binding, these different isoelectrpoint values could explain the
significant differences in protein affinities. Inéstingly, C.a. SPL had higher affinity to
long DNA (pUC18) than to a shorter oligonucleotidibe only explanation could be that
longer DNA might resemble a more natural and stmect substrate than shorter DNA.

This hypothesis could be confirmed by using diffedlength oligonucleotides/DNA.

Conclusions

The data from EMSA showed that SPL could bind tdaimaged DNA. This non-
specific binding could precede binding to specidtlA and/or is the way for SPL to

‘scan’ DNA looking for damage (the spore photopr)luSPL could bind to circular,
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nicked or linear DNA, as well as single-strandediouble-stranded oligonucleotides that
contained no spore photoproduct. SPL binding tg IDINA (linear pUC18 DNA, 2686
bp) suggests that full binding could be reachedl1s x 10° M. The binding results for
94-oligonucleotide suggested that there was lttiféerence in binding between short
oligonucleotide and long DNA foBacillus subtilis SPL. Similar results were observed
for DNA photolyase, which bound different conforimats of UV-irradiated DNA, as
well as double-stranded DNA and single-stranded Diith similar affinities (166).

When non-specific binding assays were carried outeu anaerobic or aerobic
conditions, the differences Ky values were insignificant. The addition &
adenosylmethionine had no effect on non-specificlibng. However, there was slightly
less binding wherapo-protein was used. Therefore the iron-sulfur clusteght have
little or no effect on SPL binding to undamaged DNFie presence of small, acid-
soluble protein had no effect on SPL binding asl,webst likely due to differences in
binding affinities between SPL and SspC. The pHhef reaction mixture had a more
pronounced effect on non-specific binding; the bgghaffinity of SPL to undamaged
DNA is observed at pH 8.0 and the lowest at pH THils suggests that SPL affinity
could be affected during spore germination, whenpH of the spore core changes from
6.5 to ~7.5. Lower SPL affinity for undamaged DNApdd 7.0 could also indicate that
transition from non-specific binding to specifimting at this pH could be more favored
energetically.

The binding of Clostridium acetobutylicum SPL to undamaged 94-bp

oligonucleotide revealed that nonspecific bindimgveaker than that f@.s. SPL but still
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very tight. It also showed that binding is strongeérpH 7.0 rather than pH 8.0, the
opposite ofBacillus subtilis SPL. This potentially could be due to differentvalue of
DNA-binding region inC.a. SPL. However, more experiments have to be caogdo
confirm this hypothesis.

Future work may include side-directed mutagené&sisreate SPL mutants in
order to determine which amino acids are involvetinding. Some of these mutations
could include amino acids from the predicted h&lisa-helix motif, which would clarify
the role of this motif in SPL-DNA binding. Also, e photoproduct lyase without a H-
T-H region could be designed and its binding proegrcould be investigated. Another
set of experiments may involve SPL binding to DNAMGC- or AT-rich regions in

order to determine if SPL has higher affinity totagn DNA bases.
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CHAPTER 4
SPORE PHOTOPRODUCT LYASE BINDING TO DAMAGED DNA
Introduction

Many proteins bind to DNA both specifically and rgpecifically (164). DNA
photolyase, as discussed in Chapter Ill, has #ffinowards both damaged and
undamaged DNA (167,174). This enzyme has a relgthigh affinity toward the DNA
containingcis,syn cyclobutane thymine dimers with a dissociationstantKq ~10° M.
DNA photolyase fromMethanobacterium ther moautotrophicum has different affinity to
E. coli photolyase. This enzyme has a dissociation congtas 1.4 x 10 M and 1.1
molecules of enzyme binds per thymine dimer (1ENA footprinting assays showed
that both enzymes frorg. coli and M. thermoautotrophicum protected the same 11-16
base pair region around the thymine dimer (174,17B¢ authors, based on these results
and those of Sancar (167), suggested that photolyam these two sources have very
different dissociation constants, but no conclusi@s drawn as to the probable cause of
their different affinities (175). From this datagvirever it is possible to infer how DNA
photolyase interacts with DNA. DNA photolyase bindoth damaged and undamaged
DNA with the specific binding being several ordexs magnitude tighter than non-
specific. Also, the enzyme makes many contactseddiNA backbone in order to flip out
the damaged site for repair (121).

The (6-4) photoproduct photolyase is another DNpaneenzyme that converts

(6-4) photoproduct (see Scheme 1.1) to two thym{i€®). These enzymes also share
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sequence homology with cyclobutane pyrimidine dif@@PD) photolyases and have a
similar repair mechanism (141). (6-4) Photolyasesl lo DNA relatively tightly and
with high specificity (141). The dissociation caarsts for this protein with damaged
DNA were determined using EMSA to vary from <16 10 M (177). DNase |
footprinting assays also demonstrated that (6-#tgases can protect 11 to 20 bases
around the damaged site (141).

In contrast to CPD and (6-4) photolyases, theneery little knowledge on how
SPL recognizes and binds SP-containing DNA. In ipres studies, Nicholson and co-
workers showed that SPL bound specifically to aeplaired spore photoproduct, not
cyclobutane dimer (142). However, these studiesndidprovide information about the
affinity of SPL towards UV-damaged DNA. Thereforkea determining the affinity of
SPL for undamaged DNA (Chapter 3) we further ingased SPL binding to
specific/damaged DNA as described in this Chapter.

The electrophoretic mobility shift assays (EMSA)atthwere employed to
investigate SPL binding to undamaged DNA couldyrinciple, be utilized to investigate
SPL binding to UV-damaged/SP-containing DNA as wdtwever, previous attempts to
do EMSA binding assays betweBrs. SPL and UV-irradiated DNA were unsuccessful
(142). DNase | footprinting assays showed that $Bund to the SP-containing DNA
and protected 9-bp region surrounding SP from DNafigestion (142). Nicholson and
co-workers suggested that SPL binds to SP contaialigonucleotide and bends the
DNA, presumably to flip out the damaged site (1489cause SPL binds to SP but not

the cis,syn cyclobutane dimer, it presumably recognizes arsf@ific helical distortion
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in DNA which differs in its geometry from the distion caused by ais,syn cyclobutane
pyrimidine dimer (142).

Our attempts to do binding assays by EMSA showatl while B.s. SPL could
bind UV-irradiated DNA, the dissociation constanult not be determined. In order to
determine the affinity of SPL to spore photoprodiicucleoside and dinucleotide, time-
resolved fluorescence decay assays were develtipeds previously been shown that
time-resolved fluorescence assays could be utilizedinvestigate protein-DNA
interactions (178). Jones and co-workers utilizeheiresolved fluorescence to
investigate base flipping from DNA by DNA methylisferase Hhal (178). For that
purpose, DNA was labeled with the fluorescent agaloadenine, 2-aminopurine (2-AP),
and then fluorescence lifetime change of 2-AP duateraction of the DNA with protein
was measured (178). A similar approach was apphi@avestigate base flipping by DNA
photolyase, except steady-state fluorescence wdagedt where quenching of
fluorescence emissions was observed due to thelgbeé flipping out the cyclobutane
pyrimidine dimer (179). For DNA photolyase bindiegperiments fluorescence assays
can also be utilized because of the presence &ABH, cofactor (180,181). When the
substrate, cyclobutane pyrimidine dimer, bound tdADphotolyase, the change in
FADH, fluorescence due to its proximity to the substdaiteding site was observed
(180,181). Since SPL does not contain FAD&hd its substrate does not contain a
fluoropore, for our DNA binding assays we applib@ ihovel approach of measuring
protein intrinsic fluorescence in a time-domaimfiat. This method measures the change

in fluorescence lifetime waveform rather than theargge in fluorescence lifetime or
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amplitude, which was previously shown to be usébulstudying protein aggregation
over time in the presence of dendrimers (182). Témults from our time-resolved
fluorescence assays suggest this method can bessfaity applied to SPL-DNA
binding studies. It also suggests that SPL bindbeédSP dinucleotide more strongly than
to the dinucleoside. This data is in good agreemetiit the SPL repair assays, which
show that the SPL repair rate for SP dinucleotsleignificantly higher than for the
dinucleoside (44,146). These results are also wdgagreement with those of DNA
photolyase, which was found to have different a#s to the cyclobutane pyrimidine
photodimer dinucleoside (CPD) and dinucleotide (TPD) (180,183). The fluorescence
lifetime decay assays also show that SPL binds riginly to spore photoproduct, both
dinucleoside and dinucleotide, than its repair potsl thymidine and thymidylyl (3'-5")
thymidine (TpT), respectively. While two distinciadtereomers of SP i and 5 SP)
could in principle be formed upon UV irradiationbacterial spores, only thd&kdsomer

is possible for SP formed from adjacent thyminesiauble helical DNA, due to the
constraints imposed by the DNA structure (48,14&@cent results showed that SPL
repairs R-, but not &>-spore photoproduct (44,146,150). Interestingly fowend that SPL
bound not only B-isomer of SP, but alsoSGsomer. SPL binding affinities from two
different bacteriaB. subtilis and C. acetobutylicum, towards spore photoproduct were

also investigated.
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Experimental Methods

Materials

All chemicals used in this work were purchased cemunally unless otherwise
indicated and were of the highest purity availafilee synthetic oligonucleotides were
purchased from Integrated DNA Technologies®’P] ATP was purchased from MP
Biomedicals. T4 polynucleotide kinase, required tbe radioactive labeling, was
commercially obtained from Invitrogen. Thymidine)(&nd thymidine dinucleotide
(TpT) were purchased from Sigma-Aldrich. Spore ppatduct dinucleoside and
dinucleotide, botbR- and 5S isomers, were synthesized and characterized byTDr

Chandra in our lab (44,146).

Purification and Dialysis of SPL

Spore photoproduct lyase froBacillus subtilis and Clostridium acetobutylicum
was purified as described in Chapter 2. For bindisgays this protein was later diluted
with Buffer A (50 mM HEPES, 50 mM NacCl, 5% glycerpH 8.0) in order to maintain

constant salt concentration in the binding reactiox

5’-End Labeling of 94-bp Oligonucleotide

Two complementary oligonucleotides were synthesizgategrated DNA
Technologies) based on thBacillus subtilis sequence (from 322456 to 322550).

Oligonucleotides had 94 nucleobases (the adjabgntitiines are shown in bold):
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TK4-72a (MW = 28,902 Da) 5- CGGGATCAACCAGAGCATCATGETGC
GTTATCAATGGTTGTTATCGCCGCAATGGTCGGTGCACCGGGATTGGTTCT
GAAGTATACAGTGC C -3 and
TK4-72b (MW = 29,057 Da) 5- GGCACTGTATATTCAGAACCAAGTCC
CGGTGCACCGACCATGCGGCGATAACAACCATTGATAACGCAAGCATGAT
GCTCTGGITGATCCC G -3..

These oligonucleotides were labeled as describeGhapter 3 and were UV-
irradiated as described below.

Generation of Spore Photoproduct
on 94-bp Oligonucleotide by UV-irradiation

The 3%P-labeled 94-bp oligonucleotide was prepared for itfddiation under
three different conditions, involving 1) lyophilig the oligonucleotide in water, 2)
lyophilizing the solution of oligonucleotide and &l acid soluble protein (SspC, ratio
[DNA]/[SspC] = 1:5), and 3) lyophilizing the oligocleotide in a Buffer A (50 mM
Hepes, 0.5 M NaCl, 5% glycerol, pH 8.0), which atemtained dipicolinic acid sodium
salt (10 mM, pH 8.0).SspC was purified as described previously (42) sodium
dipicolinate salt was prepared by titrating NaOHdtpicolinic acid until the pH = 8.0
(184-186). After the lyophilization the films of dried oligocleotide were irradiated
under UV light (254 nm) by using Stratalinker UV dSslinker (Model 2400, 15 W,
Strategene), which has the intensity of 4 mWicfor 30 minutes (total dosage of 7.2
Jlcnf). After the irradiation the oligonucleotide wassiespended in de-oxygenated water

under anaerobic conditions and used for electraglmomobility shift assays.
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Electrophoretic Mobility Shift Assay of the UV-lm&ated
Double-Stranded 94-bp Oligonucleotide

The EMSA reactions were prepared in a total vol@in20 uL containing 10 mM
HEPES, 5 mM NacCl, 10% glycerol, 0.05% NP-40, 0.5 VT, 2.9 nM labeled, UV-
irradiated, double-stranded oligonucleotide, anifiedint concentrations oB.s. spore
photoproduct lyase (pH 8.0). The assay reactionse peepared anaerobically in an
MBraun glove box and incubated for 30 minutes atmdemperature. The samples were
loaded on an 8% non-denaturing polyacrylamide gdl electrophoresed at 200 V (20
V/cm?) for 2 hours. After that, the gel was placed bemvavo gel drying films and dried
overnight. The electrophoresis products were vizedl by autoradiography (X-Omat
AR-5 film (Kodak)). The bands on the film were gtiaed using GS-900 gel scanner
(Bio-Rad) and QuantityOne 4.0.2. software. The dedae analyzed with ORIGIN 8.0

software.

SPL Binding Assays Using Time-Resolved Fluorescéweny

The assays were performed as follows. The bindeagtions were prepared in
total volume of 1 mL containing 50 mM HEPES, 500 nNACI, 5% glycerol, 5 mM
DTT, and 5uM of B.s. or C.a. spore photoproduct lyase. The assay reactions were
prepared anaerobically §O< 1 ppm) in an MBraun glove box and transferred to
anaerobic Spectrosil quartz 3.5 mL cuvettes (St&els, Inc., Atascadero, CA). The
substrate was added with a gas-tight syringe uNgd@nd the fluorescence lifetime decay
was measured at different substrate concentratieorsthese assays, different substrates

were used — thymidine, TpBR-SP,5S-SP,5R-SPTpT,5SSPTpT and a 94-base pair
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double-stranded oligonucleotide. Fluorescence de¢se collected at Fluorescence
Innovations, Inc. The fluorescence measurements taken on a Varian Cary Eclipse
spectrometer that was modified for fluorescencetifife experiments by replacing the
standard photomultiplier tube (PMT) to R7400 PMTafkhmatsu), and introducing a
transient digitizer. It was also equipped with &ette holder (Quantum Northwest, WA)
for temperature control and magnetic stirring cépeds. The tunable UV light around
295 nm was generated by pumping a frequency-dagisiiompact dye (Rhodamine 6G)
laser with a pulsed Nd:YAG laser (Teem Photonicante). Other parameters include
200 uJ energy per pulse, 1000 Hz pulse repetition fragueand 0.5 ns pulse duration.
Time-domain fluorescence data were recorded withorietary transient digitizer that
generates a complete fluorescence decay curveary ser shot. The digitizer employs
an analog memory to sample at 1 gigasample/secXires spacing in the time domain).
The effective sampling rate is increased to a fpmi@t every 200 ps via 5X interleaving.
Each fluorescence decay waveform is averaged @@ aser shots, corresponding to 1
second acquisition time per waveform. Fluorescelata were recorded every 2 nm from
300 nm to 400 nm; the emission bandpass was Satat The PMT was biased at 500 V
for these experiments. All the experiments werei@aout at 20C.

The data were collected in the form of wavelengtietmatrices, i.e. fluorescence
decay curves at a series of emission wavelength. déta were analyzed in intensity
format at a single emission wavelength of 350 nhs Wavelength was chosen due to its
proximity to the emission wavelength of maximumeimgity (ca. 334) and situation to

sufficiently long wavelength to avoid interferenzg solvent Raman scattering. The area
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under the fluorescence decay curves is proportibmahe fluorescence intensity that
would be measured in a state-state fluorescenceriexgnt.

The dissociation constant was calculated from #@soence waveform change due
to ligand addition to SPL using a method developgdsillispie and co-workers (187).
By considering the fluorescence decay spectra emng all data points were utilized
instead of condensing them to a single value, ag doiterative reconvolution. The free
vector was obtained from the baseline taken pregetigand addition and the bound
vector after adding ligand. A linear combinationtloése two vectors was used to fit each

decay curve:
W =c,W; +c,W,

A waveform at tima, (W) can be represented by mixing the basis wavefafms
the free and bound SPMW and W, respectively). The relative amount of each basis
waveform is determined by preceding coefficientserEfore for any given timie ¢ and
cip identify how much of the free and bound waveforaespectively, is present.

Each wavefornW can be area-normalized using the following formula:

N W
W —mAf,

where: W" is normalized fluorescence intensity/waveform agiien concentration at
timel; A(L) is the area under the fluorescence decay curvthéocorresponding ligand

concentrationc;; and A¢ is the area under the fluorescence decay curveSRIf

tryptophan(s) in the absence of ligand.
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The area under any fluorescence decay curve ceaaltdated as:
A=) W At

Then, the change in fluorescence wavefowty'\) due to SPL-ligand formation at

a given ligand concentration can be calculated filoefollowing formula:
AW" =w" —w"
i fo

where:W Nis SPL fluorescence waveform in the absence oftiga
Finally, the sum of fluorescence intensities (fegcence waveform change) at a

given ligand concentration can be calculated as:
N
Al = [aw™
i -

The data obtained from the fluorescence experimsatge further analyzed with
ORIGIN 8.0 software. Although the binding mechanibetween SPL and the ligand
could be more complicated, the dissociation conskan at which half of the ligand
molecules are bound to SPL, was determined usiagMitchaelis-Menten equation by
nonlinear fit:

_ Al [L]
Kg +[L]"
where: Al is fluorescence waveform change at a specific eatnation of the ligand,;
Almax is fluorescence waveform change at which ligamdlibig reached saturatioKy is

dissociation constant; and][is ligand concentration.
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Free energy of SPL binding to various substrateiewalculated using following
formula:
AG®° =-RTInK,
where:AG® — change in Gibbs free energg, — gas constant (R = 8.314 J/mol R)-

temperatureK, — association constarK{= 1 /Ky).

Results and Discussion

Binding of B.s. SPL to 94-bp UV-damaged Oligonucleotide

The electrophoretic mobility shift assays (EMSApy&d to be a good method for
detecting undamaged DNA-protein complexes and chetang theKy, as described in
Chapter 3. Therefore this method was chosen tcstigage the interaction between SPL
and damaged DNAFirst, the spore photoproduct had to be generate@debp double-
stranded oligonucleotide that was previously used rionspecific binding assays
(Chapter 3) and which contained several adjacgmhitie pairs. For that purpose this
oligonucleotide was irradiated under several déifierconditions that were published by
different groups. It involved making oligonucleatidiry films by lyophilization of the
oligonucleotide either from water (43,142), or franDNA/SspC mix (42), or from DNA
mix with sodium dipicolinate (43,49). All three alihons were utilized in order to
determine the best method for generating sporeophaduct. After UV irradiation at 254
nm, the UV-damaged oligonucleotide was applied @nfmlyacrylamide gel to analyze
the damage (Figure 4.1). The results suggest hiealUV irradiation of oligonucleotides

under all three different conditions resulted DNa#rthge since the major DNA band that
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was present before UV irradiation was altered uegposure to UV light (Figure 4.1).
However, from this preliminary data it is impossiltb conclude whether the damage is
spore photoproduct and how much of it was formddoAit was impossible to tell how
many base pairs were damaged on one oligonucleairdé this type of damage was
uniform in all oligonucleotides. The streaking ith @ the “+ UV” lanes suggested that
more than one type of damage might have occurréth, ather possible photodimers
(cis,syn cyclobutane pyrimidine dimer, (6-4)-photoprodutit.eformed as well (Figure

4.1).

Plain Oligo Oligo with SspC Oligo with DPA
I 1 1 11 1

No UV uv No UV uv No UV uv

Figure 4.1. UV-irradiation of 94-bp oligonucleotideder different conditions. Lanes 1-
2, oligonucleotide with no SspC or dipicolinic a¢ldPA); lanes 3-4, oligonucleotide in

the presence of SspC (1:5 ratio); lanes 5-6, oligtaotide in the presence of 10 mM
DPA. The samples for EMSA were prepared inuk@ontaining 10 mM HEPES, 50 mM

NaCl, 10% glycerol, 0.05% NP-40, 0.5 mM DTT, 2.9 ifR-labeled 94-bp oligo (pH 8)

and loaded onto an 8% non-denaturing polyacrylargaleand electrophoresed at 200 V
(20 V/cnf) for 2 hours. The electrophoresis products wesaalized by autoradiography.

Under all three conditions UV irradiation resultedcertain kind of damage (lanes 2, 4
and 6) in comparison to non-irradiated DNA (lane8 and 5).
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To investigate whether SPL binds to this UV-dama@¥dA, EMSAs were
carried out. For these experiments UV-irradiated ACB$pC complex was chosen,
because this kind of damaged DNA was previously Use DNA repair assays (42).
When binding assays were carried out between thérkddiated DNA and.s. SPL, the
SPL bound to UV-damaged DNA with higher affinityathto undamaged DNA (Figure
4.2). Full binding betweeB.s. SPL and UV-irradiated oligonucleotide was reachaeed
2 x 10° M, while for non-irradiated DNA full binding wasached at ~ 8 x 10M.
Unfortunately, UV-irradiated DNA bands on the geuld not be quantified accurately
due to the streaking of DNA bands and therefreould not be determined.

UV-irradiated Oligo Non-irradiated Oligo
1
1 2 3 4 5 6 7 8 9 10 11 12 Lanes

0 05 15 25 35 45 . 5 25 35 45 [SPL]nM
Figure 4.2.B.s. SPL binding to both UV-damaged (lanes 1-6) andaumaed 94-bp
oligonucleotide (lanes 7-12). For the UV-irradiateligo, the one irradiated in the
presence of SspC was utilized. The EMSA reactioeeprepared in 20L containing
10 mM HEPES, 50 mM NaCl, 10% glycerol, 0.05% NP-@@ mM DTT, 2.9 nM*?P-
labeled 94-bp oligo, and different concentratioh®8s. SPL (pH 8). All UV-irradiated
oligo was bound at SPL concentration of ~ 2 nM,lgvlait the same SPL concentration
less than half of non-irradiated oligo was bound.
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Determination of Dissociation Constdyt
of SPL to Spore Photoproduct

Since irradiation of DNA proved to be an unreliablethod for generating clean
spore photoproduct in oligos, synthetic SP waszetil to gain insights into SPL binding
to damaged DNA. For that purpose a novel techniquelving measuring SPL intrinsic
fluorescence waveform change due to substraterignedas developed. One advantage of
this method is that it does not require labelingd>®A or protein. A protein’s intrinsic
fluorescence is due to the amino acids tyrosinenplalanine and tryptophan. Most of
the emissions are due to excitation of tryptophesidues with a few emissions due to
tyrosine and phenylalanine. Therefore protein #soence is generally excited at 295
nm, which iskmax Of tryptophan. Also, tryptophan fluorescence iatpins is usually very
sensitive to its local conformation and can beiagd to gain useful information, like
interactions with solvent, protein conformationdlanges or binding interactions (188).
When substrate molecules were added to SPL, chanfy@rescence waveforms could
be observed. Another advantage of this methodas lhnile light scattering and inner
filter effects due to the addition of a substra@ mterfere in steady-state experiments,
fluorescence lifetime experiments are not effecsaite the desired information is
extracted from the shape of the fluorescence tifetcurve rather than from intensity
(182,188). In order to calculate the dissociatioonstant, the changes in SPL
fluorescence decay waveforms (rather than the @amdluorescence lifetime) were
calculated at different concentrations of a ligand.

For the fluorescence lifetime decay experiments synthetic spore photoproduct

dinucleosides and dinucleotides, b&handS., were utilized (Scheme 4.1). In order to
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compare SPL binding to nonspecific substrates,ibgndssays with thymidine (T) and
thymidine dinucleotide (TpT) were also performedi{&ne 4.1).

The first set of assays was carried out w@ta. SPL, which contains one
tryptophan (W240), anBR-SPTpT dinucleotide. Fluorescence lifetime quengldne to
SPL-SP complex formation was observed (Figure 4\B)en increasing concentrations
of 5R-SPTpT were added to SPL, the fluorescence wavefmak at ~42 ns increased,
while the shoulder at 45 ns decreased, until bopdeached saturation (Figure 4.3.a). The
presence of an isosbestic point suggests the mesdénwo different fluorescent species,
bound and unbound SPL, in the reaction mix. Theeihce in fluorescence waveforms
was also plotted (Figure 4.3.b). The SPL fluoreseequenching was quantified and the
dissociation constankKy was calculated using ORIGIN software as descrilred
Experimental Methods (Figure 4.4). The dissociattonstant for binding of BSPTpT
to SPL was determined to be 6.8 x°1@, which is lower that thé&g for to non-specific
DNA (See Chapter 3). The lowKy for SPL binding to B-SPTpT is likely lower due to
the fact that the substrate was only a dinucleptatder than full-length DNA.

Similar fluorescence lifetime decays were obseffeedC.a. SPL in the presence
of 5S-SPTpT dinucleotide (Figure 4.5) and thymidylyl-83 thymidine (TpT) (Figure
4.6). The change in fluorescence waveform suggleatsSPL can bind to bo&8&5SPTpT
and TpT. Interestingly, SPL was found to birliSomer of SP, although on\RESPTpT
and not S SPTpT is a substrate (44). However, the changas \itere induced in
fluorescence waveform due to addition &SPTpT were very small in comparison with

5R-SPTpT (Figures 4.3 and 4.5). This could mean 8t can bind to SSPTpT, but
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binding somehow is different that oRESPTpT and it effects the tryptophan environment
in a different fashion. The dissociation constdnt@. SPL to &>SPTpT was determined
to beKy = 2.8 x 10* M (Figure 4.7), which suggests that the binding wather tight,
however not as tight as for tReisomer of SP. Th€.a. SPL was found to bind to TpT as
well. TheKq for TpT was determined to be 1.8 X318 (Figure 4.8), suggesting that SPL

binding was stronger to spore photoproduct thatsteepair product TpT.

XJ xj XJ

Thymidine 5R-SP 55-SP
/ (0]

A HNW

w ©
O\P//i O\ //
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5R-SPTpT 5S-SPTpT

Scheme 4.1The substrate molecules used for SPL binding assays
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Figure 4.3. Binding assay betwe€ra. SPL and R-SPTpT carried out by fluorescence
lifetime decay. a) Area-normalizé&iia. SPL fluorescence lifetime decay upon addition of
5R-SPTpT at concentrations from 0 to 588!. The binding reaction was prepared in a
total volume of 1 mL containing 50 mM HEPES, 50 mMClI, 5% glycerol, 5 mM DTT,
and 5uM of C.a. spore photoproduct lyase (pH 8.0). The reactiorn was prepared
anaerobically in an MBraun glove box and transtéteeanaerobic Spectrosil quartz 3.5
mL cuvettes (Starna Cells, Inc.). The substrate adaked with a gas-tight syringe under
N, and the fluorescence lifetime decay was measureliffarent concentrations &R-
SPTpT. All the experiments were carried out af@0The arbitrary shift in fluorescence
signal on time scale was observed due to the de&iween excitation and signal
collection at transient digitizer. b) SPL fluoresce lifetime waveform changes due to
addition of R-SPTpT at concentrations from O to 534.
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Figure 4.4. Binding assay betwe€ra. SPL and R-SPTpT carried out by fluorescence
lifetime decay. The fluorescence waveform changes at eliffezoncentrations ofFs
SPTpT were quantified and the data were analyzed with ORESINsoftware. The
saturation of binding was reached ~ 400 with the Ky = 68 = 17uM. The assay was
done in duplicate. The error bars represent the largest stand@atiotheof fluorescence
intensity change. The red line is the nonlinear fitting curve.
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Figure 4.5. Binding assay betwe€ra. SPL and S SPTpT carried out by fluorescence
lifetime decay. a) Area-normalizé&ila. SPL fluorescence lifetime decay upon addition of
5S-SPTpT at concentrations from 0 to 6281. The binding reaction was prepared in a
total volume of 1 mL containing 50 mM HEPES, 50 mM NacCl, 5% glycerol, 5 mM DTT,
and 5uM of C.a. spore photoproduct lyase (pH 8.0). The reaction mix was prepared
anaerobically in an MBraun glove box and transferred to anaerpbii8sil quartz 3.5
mL cuvettes (Starna Cells, Inc.). The substrate was addbdavgas-tight syringe under
N, and the fluorescence lifetime decay was measured at diff&&@PTpT
concentrations. All the experiments were carried out alQ0The arbitrary shift in
fluorescence signal on time scale was observed due to thelslagen excitation and
signal collection at transient digitizer. b) SPL fluorescelifeéime waveform changes
due to addition of SSPTpT at concentrations from 0 to G24.
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Figure 4.6. Binding assay betwe€ra. SPL and TpT carried out by fluorescence lifetime
decay. a) Area-normalized.a. SPL fluorescence lifetime decay upon addition pT ht
concentrations from 0 to 3 mM. The binding reactivas prepared in a total volume of 1
mL containing 50 mM HEPES, 50 mM NacCl, 5% glycerol, 5 mM DTT, api1%of C.a.
spore photoproduct lyase (pH 8.0). The reaction mas wrepared anaerobically in an
MBraun glove box and transferred to anaerobic $psittquartz 3.5 mL cuvettes (Starna
Cells, Inc.). The substrate was added with a gas-tgyhinge under N and the
fluorescence lifetime decay was measured at diifefepT concentrations. All the
experiments carried out at 2G. The arbitrary shift in fluorescence signal onetistale
was observed due to the delay between excitati@h sdgnal collection at transient
digitizer. b) SPL fluorescence lifetime waveform egbas due to addition of TpT at
concentrations from 0 to 3 mM.
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Figure 4.7. Binding assay betwe€ra. SPL and S SPTpT carried out by fluorescence
lifetime decay. The fluorescence waveform changedifégrent concentrations of$%
SPTpT were quantified and the data were analyzed with R8® software. Saturation
of binding was reached at ~ 6QM with the Ky = 189 = 71uM. The assay was done in
duplicate The error bars represent the largest standardtawviaf fluorescence intensity
change. The red line is the nonlinear fitting curve.
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Figure 4.8. Binding assay betwe€ra. SPL and TpT carried out by fluorescence lifetime

decay. The fluorescence waveform changes at diffecencentrations of TpT were
guantified and the data were analyzed with ORIGIOI $ftware. Saturation of binding
was reached at ~ 2.5 mM with thkg = 1.8 £ 0.3 mM. The assay was done in duplicate.
The error bars represent the largest standard tamviaf fluorescence intensity change.
The red line is the nonlinear fitting curve.

In order to investigate the effect of the phosphlstir bridge on SPL binding to
SP, the following fluorescence lifetime decay expents tested5R-SP, 5S-SP
dinucleosides and thymidine. Previously we repo(sss Chapter 2) that ti@a. SPL
repair rate increased ~17 times when synthetic @Bclkotide was used instead of
synthetic dinucleoside (44,146). When the bindingagssbetweenC.a. SPL and
synthetic SP dinucleosides were carried out, weddbat SPL bound to these substrates
as well (data not shownJhe dissociation constants wefe = 3.7 x 16° M for 5R-SP,

Kq = 7.4 x 10 M for 55SP andKq = 4.7 x 10° M for thymidine(Table 4.1). As in the

assays with dinucleotide, SPL bound to SP with éigiffinity than to its repair product
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(thymidine). These dissociation constants suggest3PL affinity for dinucleoside was
weaker than to dinucleotides, consistent with theeolation that the phosphodiester
bridge-containing spore photoproduct is a bettdissate, as previously shown by SP
repair assays (44).

When free energylG® for C.a. SPL binding for each synthetic molecule was
calculated (Table 4.1), it was found thaG° was lower for SP dinucleotide than
nucleoside, indicating that binding is thermodynaltyc more favorable for SP
dinucleotide.AG® was —13.56 kJ/mol for®SP and —17.68 kJ/mol foiSESP while for
5R-SPTpT it was —23.46 kJ/mol and -20.89 kJ/mol &SP TpT. SPL binding to TpT
had slightly lowedG° (-13.15 kJ/mol) than binding to thymidine (-15.51 kJ/msihell.

The analogous fluorescence lifetime decay experisnéor both dinucleosides
and dinucleotides, Scheme 4.1) were performedBsr SPL, which contains two
tryptophans (W243 and W303). We found that additbnthese substrates &s. SPL
induces changes in the intrinsic fluorescence dt Wke dissociation constants were
determined similarly to the ones f@.a. SPL as described above. The dissociation
constants were comparable to the ones ffdm SPL and were determined to be for
nucleotidesKq = 2.7 x 10" M (BR-SPTpT),Kq = 1.6 x 10 M (5S-SPTpT) andKy = 1.9 x
10° M (TpT) (Table 4.1)B.s. SPL dissociation constants for nucleosides Ware 4.8 x
10°% M for 5R-SP, Ky = 9.6 x 10" M for 55-SP andKy = 1.6 x 10° M for thymidine
(Table 4.1). Free energdG° for B.s. SPL binding was determined similarly to the one
for C.a. SPL as described above. Binding energies were compaodible ones front.a.

SPL and for nucleotides were determined to be -2kJifol (R-SPTpT), -21.44 kJ/mol
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(5S'SPTpT) and -15.33 kJ/mol (TpT) (Table 4.B)s. SPL free binding energies for
nucleosides were -13.07 kJ/mol fd&®-5P, -17.04 kJ/mol for$SP and -10.13 kJ/mol for
thymidine (Table 4.1). The results from time-resolvbrescence experiments are
summarized in Table 4.1.

Table 4.1. Dissociation constankg) of SPL to various substrates and correlating free
energies 4G°).

B.subtilis SPL C.acetobutylicum SPL

Kg, mM AG®, kd/mol Kg, mM AG®, kd/mol

Thymidine 16.07 £5.15 -10.13 4.70 £ 0.09 -13.15
5R-SP 4.85 + 0.55 -13.07 3.97 £ 0.13 -13.56
5SSP 0.96 +0.92 -17.04 0.74 +£0.10 -17.68
TpT 1.93 + 0.56 -15.33 1.79 + 0.3C -15.51
5R-SPTpT 0.27 £ 0.03 -20.15 0.07 £ 0.0 -23.46
5SSPTpT 0.16 +0.02 -21.44 0.20 + 0.06 -20.89

Conclusions

To investigate SPL binding to specific/damaged DNAectrophoretic mobility
shift assays involving SPL and UV-irradiated DNArevearried out. The results from
these experiments suggested that UV irradiati@rsaathe 94-bp oligonucleotide and that
SPL affinity for this type of DNA is higher thanrfmon-irradiated DNA. However, the
SPL dissociation constant for UV-damaged DNA cooutd be determined from these
assays. To gain more accurate results of SPL binfdingpecific DNA, time-resolved
fluorescence experiments between SPL and sporeogooiuct were carried out. A

change in SPL fluorescence lifetime waveform waseoled due to the formation of an
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enzyme-substrate complex. The presence of only tfiereht fluorescent species, bound
and unbound SPL, were also suggested by the presdnisesbestic points in these
titrations (Figures 4.2, 4.3 and 4.4).

Fluorometric titrations were utilized to determidissociation constants (Figures
4.3, 4.5 and 4.6). Previously it was observed thaethes a difference in repair rates
between spore photoproduct dinucleoside and diotidee (44,146). Therefore, to
investigate SPL binding to spore photoproduct, famons of SP, the dinucleoside and
dinucleotide, were utilized (Figure 4.1). Our timeealged fluorescence experiments
showed that there was a difference in SPL bindin§P dinucleoside and dinucleotide
(Table 4.1), which is likely due to SPTpT having asér resemblance to the natural
substrate and therefore more favorable bindingacte®ns with the enzyme active site.
Similarly, DNA photolyase was found to have diffaraffinities to the cyclobutane
pyrimidine photodimer dinucleoside (CPD) and dieatide (CPDTpT) (180,183}-or
CPDTpT the dissociation constantskofcoli DNA photolyase were found to be ~ 2.4 x
10* M (180) and ~ 1.8 x IOM (183), while for cyclobutane photodimer dinuclieles
(CPD) it was ~ 1 x 18 M (183), ~ 5 times weaker. While SP repair rateGar. SPL
increased 17-fold fromP&SP dinucleoside tolBSPTpT dinucleotide, the differences in
binding were ~ 54-fold fo€.a. SPL and ~18-fold foB.s. SPL.In the case of thymidine
and TpT, the difference was only ~3 and ~8-fold@a. andB.s. SPL, respectively. For
the Sisomer of SP, there was a difference in bindingveen &SP and S SPTpT as
well, at ~ 4 — 6-fold. Interestingly, these resultggest that the binding changed the most

for the R-isomer of SP (SPSPTpT) in comparison with the Shsomer or
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thymidine/TpT. Also, the dissociation constants weseparable betwee.s. andC.a.
SPL, which suggest that the SPL binding pocket meghsist of highly conserved amino
acids despite the low overall identity of 42 % between thegetoteins.

Interestingly, SPL was found to bind th&iSomer of SP, although we have
previously reported that only theRBsomer is repaired (44,146). Despite the apparent
different structures of the two diastereomers (Fegd.9) (146,150), binding could be
possible due to partial recognition of only ondghe# nucleobases. Also, the amino acids
that are involved in binding theREisomer may quite possibly make some of the same
contacts with the Sisomer as well. However, without having a crystaliciure of SPL

with substrate bound, it is hard to make any further corurissi
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Figure 4.9. Computational models for th&®-5and Sisomers of synthetic spore
photoproduct dinucleoside lacking a DNA backbone. Adaptad {146).



130

The time-resolved fluorescence decay experiments umdamaged DNA (94-
base pair double-stranded oligonucleotide) showedahange in fluorescence lifetime
(data not shown). This is most likely due to the DBiAding region being too far from
tryptophan. Similarly, it was found that fluorescencenching for DNA photolyase was
not observed when undamaged oligonucleotide was (188). It might also suggest that
SPL binds non-specific DNA with different amino @githan at the spore photoproduct
binding site. However, more research in order testigate this hypothesis has to be
done.

Future work could also include SPL binding assaysSP-containing double-
stranded oligonucleotide, which could be carried lmptdoing electrophoretic mobility
assays (EMSA) or time-resolved fluorescence desagys. Damage on the DNA strand
could to be created by incorporating synthetic spgshotoproduct into an
oligonucleotide. SP amidite (a precursor that candssl in DNA synthesis) has already
been synthesized in our lab and now must be irdarn® a 14-bp oligonucleotide

(Scheme 4.2).
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Scheme 4.2. Single-stranded oligonucleotide contgiRiisomer of spore photoproduct.
Letter S represents deoxyribose; P — phosphate; AanG C — adenine, thymine,
guanine and cytosine, respectively.
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CHAPTER 5

GENERAL CONCLUSIONS AND FUTURE DIRECTIONS

Purification and Characterization of Spore Photoprodvase

Spore photoproduct lyase is an enzyme that calilze specific repair of 5-
thyminyl-5,6-dihydrothymine to two thymines. It utks S-adenosylmethionine as a
cofactor and a [4Fe-45]" cluster as an electron donor (35,37,39,142). Moshef t
research done previously focused on repair by usivigrradiated DNA as a substrate
with little investigation on the formation of theo@e photoproduct. There are two
different diastereomers of spore photoprod&tand R-, based on the orientation of
methyl group on the C5 carbon. The formation of Rasomer of SP should be more
favored due to the steric constrains in théorm of DNA that is present in bacterial
spores (144). Th&isomer potentially could be formed on two inteastt thymidines,
however, there is no direct evidence of which isomseformed on DNA due to UV
irradiation of spores and is repaired by SPL.

SPL was successfully overexpressed and purifieth ftwo different bacteria,
Bacillus subtilis and Clostridium acetobutylicum. The anaerobically purifiedC.
acetobutylicum SPL was found to contain 2.9 Fe / SPL and had aerdration of 0.104
mM, while SPL fromB. subtilis had a concentration of 0.025 mM and contained 2.3 irons
per protein. The amount of iron present in the paifSPL is dependent on the precise
growth and purification conditions, and the proteuas not subjected to artificial

reconstitution (47,147).
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The Repair of Stereochemically-Defined Spore Photopmtodu
Dinucleoside And Dinucleotide by Spore Photoproduct eyas

Repair assays were utilized to investigate SPLviggtin repairing theR- andS
spore photoproduct dinucleosides. The repair assayvas then injected onto the HPLC
and the peaks that eluted were characterized lhydmsinjection of authentic compounds
and by ESI-MS. These assays showed that SPL repais, but not theS-isomer of SP.
Integration of the peaks from HPLC chromatogrameswad quantification of the
amounts of thymidine produced. Repair rates werera@bed to be ~0.4 nmol/min/mg
for the 3R-SP and 0 nmol/mg/min of SPL fo65%P. These results contradicted the ones
from Carell and co-workers, which stated th&t3P, but not B-SP is repaired (49,148).
Interestingly, during the SP repair reaction, 5'xdemlenosine and methionine peaks on
the HPLC chromatogram were also observed. This wasurusual observation
considering the fact that SAM acts as a cofactorSiBL and should not be irreversibly
cleaved during repair (39,42). We suggest that dileetdact that the spore photoproduct
dinucleoside is not a natural substrate for SPlikerSP-containing DNA, and because
non-physiological reducing agent sodium dithiomites utilized in our repair reactions,
reductive SAM cleavage occurred. Reductive SAM dgav was uncoupled from
substrate turnover and was also observed in the absetimesyinthetic substrates.

In order to investigate the effect of the phosphstir bridge on the repair of SP
by SPL, we also assayed repairS6:SPTpT andbSSPTpT dinucleotides. Due to the
fact that SP dinucleotides resemble the naturastsate (DNA) more closely than the

dinucleosides, the results were expected to be reiffe Because of the bridging
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phosphate the SP dinucleotide cannot rotate ardlwmdnethylene group and is more
constrained than the SP dinucleoside. The repaayassf I-SPTpT demonstrated its
complete conversion to thymidine dinucleotide (T@Ver the course of ~ 40 minutes.
The repair assays oS&SSPTpT show no production of TpT and further confihat the
R-isomer, rather than th&, is the substrate for SPL. The products of tReSPTpT
repair assay were identified the same way asREB repair assay, by both co-injection
of authentic compounds on HPLC and by ESI-MS. Thekgefrom HPLC
chromatograms were integrated and quantified irerotd determine the rate of TpT
production. The repair rates were found to be ~#lhmn/mg of SPL forR-SPTpT and
0 nmol/mg/min of SPL for SSPTpT. During this reaction, 5’-deoxyadenosine fdroma
from S-adenosylmethionine was also observed, which wasrilmt on reaction time.
For R-SPTpT control samples, just like in thB-SP dinucleoside assays, there was no
5’-dAdo production in the absence of SRAlgain, SAM cleavage could be due to the fact
the R-SPTpT is not a natural substrate for SPL or duditization of non-physiological
reducing agent. These assays also showed tR&PIpT dinucleotide is a better
substrate for SPL tharRESP dinucleoside likely due to its closer resemidaio natural

DNA substrate.

Spore Photoproduct Lyase Binding To Undamaged DNA

Many proteins bind DNA to perform a variety of fulons, including DNA
protection and repair (157,158). Nonspecific bindsthought to precede binding to the

target site and therefore should be an importatd@rnmediate step in the process of
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recognizing and binding the target site. DNA phadsky, another DNA repair protein that
shares some sequence similarities with SPL, wasdfaanbind DNA nonspecifically
(165,166). The dissociation constalig)(of E. coli DNA photolyase to undamaged DNA
is Kg = 3.45 x 10° M in comparison toKg = 2.6 x 10° M for the specific binding
(166,167).

Beyond the repair of spore photoproduct (39,42,43,49,1there is very little
knowledge on how SPL recognizes and binds undamageddV-damaged DNA. We
assume that SPL has to be able to find the damadyeepair it in any sequence context
and that non-specific binding occurs within thedicged helix-turn-helix region of SPL,
with the most conserved amino acids likely makiogds with the phosphate groups on
the DNA backbone.

In order to investigate how SPL binds to undama@®diA, electrophoretic
mobility shift assays (EMSA) were carried out. Here show for the first time that SPL
binds to undamaged pUC18 DNA with rather high &f§inThis non-specific binding
could precede binding to specific DNA. We found t8&1_ could bind to circular, nicked
and linear DNA. SPL binding to long DNA (linear pUEDNA, 2686 bp) suggests that
full binding could be reached at ~10 x L& of DNA. The dissociation constant,
however, from these assays could not be determined.

In order to determine th&y of SPL to undamaged DNA, the binding assays
between SPL and 94-bp double-stranded oligonucleotide egeried out. Full binding of
B. subtilis SPL to this oligonucleotide under anaerobic coondg could be reached at ~ 8

x 10° M, with Kq = 4.7+ 0.44 x 10° M. These finding suggest that SPL binding to
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undamaged DNA is very tight and much stronger than thaiN# photolyase (129,166).

It also suggests that binding is cooperative wittrerthan one molecule of SPL binding
to one oligonucleotide. The cooperativity factor (or iddefficient) was determined to be
7.1 £ 3.2 molecules of SPL per one molecule of DNAL Sinding affinity to
undamaged DNA does not depend significantly onthts length since there is little
difference in the binding of SPL to long DNA (pUQ18s. short DNA (94-bp
oligonucleotide). SPL was found to bind single4stied DNA with similar affinity as
well. The binding of C. acetobutylicum SPL to undamaged 94-bp oligonucleotide
revealed that nonspecific binding is weaker that tar B.s. SPL which could be due to

different pl values of the predicted helix-turn-helix.

Spore Photoproduct Lyase Non-Specific Binding
Under Different Conditions

SPL binding properties were further investigatediamdifferent conditions,
including in the presence of oxygen, AdoMet and §naaid-soluble proteins (SASPs).
The repair of SP cannot proceed under aerobic tondidue to the degradation of [4Fe-
4S] cluster that is present in SPL. Interestinglfew binding assays were done in the
presence of oxygen, SPL still bound undamaged DNA i = 5.3+ 0.21 x 10° M. The
binding is cooperative, with ~11.6 + 7.9 moleculesS8fL binding to one molecule of
DNA. The role of the iron-sulfur cluster in non-sgiecbinding of SPL to DNA was
investigated further by carrying out the experinsenith apo-SPL, which lacks the [4Fe-

48] cluster. The full binding cdpo-SPL was reached at ~12 x 1M andKys = 6.7+
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0.39 x 10° M. Cooperative binding was also observed, with il ¥ 6.7. These results
indicate that the absence of iron-sulfur clustes mp affect on SPL binding to
undamaged DNA. However, it is still not clear if thieding to specific DNA would be
equally unaffected, since more contacts betweempitbiein and DNA might need to be
established.

Sadenosylmethionine (SAM) is required for SPL tpaie the spore photoproduct
and it is known that radical SAM superfamily enzgr@nd SAM. Therefore it was
interesting to investigate if SAM plays a role ilNB binding. The next experiments
involved SPL binding to 94-bp oligonucleotide iretpresence of SAM. However, we
found that the presence of 5 mM SAM had very litHect on SPL binding to
undamaged oligonucleotid&{ = 5.5+ 1.21 x 10 M). As in previous cases, non-specific
SPL binding is cooperative and there are 5.4 + 1.4 moleculesteirpper DNA.

Small, acid-soluble proteins play an important riolespore resistance and they
are in high abundance inside of the spore core 81773). It is known that these proteins
bind and protect DNA (29,30), but is not clear if they caa@fSPL binding to the DNA.
In order to investigate the influence of small-asaduble proteins on SPL binding, SspC
was added to the binding reaction mix. We found tha presence of the small-acid
soluble protein SspC has no influence on SPL bimdind theKy is 6+ 0.73 x 10 M
with the Hill coefficient n = 8.2 £ 5.8. Therefore dimacid-soluble proteins appear not
to compete with the non-specific binding of SPIDISA and most likely do not interfere

with recognition and repair of spore photoproduct by SPL.
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We also found that SPL bound single-stranded 94dlignucleotide with similar
affinity to that of double-stranded oligonucleotidgth the maximum binding being
reached at 8 x TOM. Unfortunately, single-stranded DNA bands on thkapuld not be
guantified accurately and therefdfg could not be determined.

While dormant bacterial spores have pH ~ 6.5, it gharto 7.0 — 7.5 once the
spores start germinating. During that period SRidgiand repairs SP-containing DNA.
Therefore it was interesting to investigate if S#finities to DNA vary at different pH
levels. For this set of the experiments the pH lofha buffers was adjusted depending on
the assay conditions. The assays were carried qail &0 Kq = 4.7+ 0.44 x 10 M),
pH 7.5 Kg = 17.2+ 1.45 x 10 M), pH 7.0 Kq = 60.3+ 3.82 x 10 M) and pH 6.5K4=
27 + 6.53 x 10 M). In all these assays SPL showed significant ecatpvity with the
Hill coefficients ranging between 6 and 11. The pHtlee reaction mixture has a
pronounced effect on non-specific binding. The hagreffinity of SPL to undamaged
DNA is observed at pH 8.0 and the lowest at pH 7.€h wie binding at pH 8.0 being
~13 times stronger than at pH 7.0. These resultsestighat SPL affinity could be
affected during spore germination, when the pH ef gpore core changes from 6.5 to
~7.5. Interestingly, fo€. acetobutylicum SPL binding is stronger at pH 7.0 rather than
pH 8.0, the opposite d. subtilis SPL. This potentially could be due to differenvalue

of DNA-binding helix-turn-helix region i€.a. SPL.
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Spore Photoproduct Lyase Binding To UV-Damaged DNA

Many proteins bind to DNA both specifically and rgpecifically (164). DNA
photolyase has affinity towards damaged DNA comagirtis,syn cyclobutane thymine
dimers with a dissociation constaky ~10° M. (167,174). DNA footprinting assays
showed that DNA photolyase enzymes frdin coli and M. thermoautotrophicum
protected the 11-16 base pair region around thmitiey dimer (174,175). Also, DNA
photolyase makes many contacts to the DNA backioooeder to flip out the damaged
site for repair (121). The (6-4) photoproduct phgdsk is another DNA repair enzyme
that converts (6-4) photoproduct to two thymineg6)lby binding to DNA relatively
tightly and with high specificity (141). The dissaton constants for this protein to
damaged DNA that were determined from EMSA varymire10° to 10*° M (177).
DNase | footprinting assays also demonstrated(6:4) photolyases can protect 11 to 20
bases around the damaged site (141).

While it was shown that SPL bound specifically todarepaired spore
photoproduct, not cyclobutane dimer (142), the gttsnio do binding assays between
B.s. SPL and UV-irradiated DNA were unsuccessful. DNaeetprinting assays showed
that SPL bound to the SP-containing DNA and pret& 9-bp region surrounding SP
from DNase | digestion (142). However, these studidsnot provide information about
the affinity of SPL towards UV-damaged DNA. Therefoafter determining the
dissociation constant of SPL to undamaged DNA wthéun investigated SPL binding to
specific/damaged DNA by employing electrophoretiobitity shift assays (EMSA).

Damage on DNA was created by making oligonucleotidefilms by lyophilization of
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the oligonucleotide either from water (43,142), frBMNA/SspC mix (42), or from DNA
mix with sodium dipicolinate (43,49) and then iri@thg at 254 nm. UV irradiation of
oligonucleotides under all three different condisaesulted in a certain kind of damage,
but it was unclear if the damage was spore phothymtoor how much of it was formed.
It is possible that more than one type of damagghtnhave occurred, since other
photodimers d@is,syn cyclobutane pyrimidine dimer, (6-4)-photoprodudat.etould form
as well. When binding assays were carried out betwee UV-irradiated oligonucleotide
andB.s. SPL, we found that SPL bound to UV-damaged DNA with higffenity than to
undamaged DNA. Full binding betwe&s. SPL and UV-irradiated oligonucleotide was
reached at ~ 4 x TOM in comparison with ~ 8 x IO M for non-irradiated oligo.
Unfortunately, théy could not be determined since UV-irradiated DNAd=on the gel

could not be quantified accurately.

SPL Binding To Stereochemically-Defined SP Dinucleaidrd Dinucleosides

In order to gain insights on SPL binding to damaD&tA, synthetically mad&-
and Sisomers of SP were utilized. For that purpose weeldped a technique that
involves measuring the quenching of SPL intrindioifescence was developed. Due to
the formation of an enzyme-substrate complex, a gdan SPL intrinsic fluorescence
was observed. Two different fluorescent species, haamd unbound SPL, were also
suggested by the presence of an isosbestic poirdrder to compare SPL binding to
nonspecific substrates, binding assays with thymngidid'-5") thymidine (TpT) were also

performed. The first set of assays was carried atlt @.a. SPL, which contains one
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tryptophan (W240), anBR-SPTpT dinucleotide. Fluorescence lifetime quenching to
SPL-SP complex formation was quantified and thesadigtion constantk) for 5R-
SPTpT was determined to be 6.8 Xx°1M. This K4 was lower in comparison to the one
for non-specific DNA, which could be due to the tfabat the substrate was a
dinucleotide, rather than full-size DNA. Similar fhescence lifetime decays were
observed in the presence 8&SPTpT dinucleotide and thymidylyl (3'-5) thymidine
(TpT). The change in fluorescence decay suggestsSthh can bind to botBS-SPTpT
and TpT. Interestingly, SPL was found to bind ti&i<omer of SP, although onlyR5
SPTpT is repaired (44). The dissociation constanCa SPL for &=5SPTpT was
determined to b&y = 2.8 x 10" M, which suggests that the binding is rather strdmg
not as strong as for tHeisomer of SP. Despite the apparent different stirest of the
two diastereomers (146,150), binding could be possibk to partial recognition of only
one of the nucleobases. Also, the amino acids tkaheaolved in binding the¥isomer
may quite possibly make some of the same contaithstixe S5-isomer as well. Th&qy
for TpT was determined to be 1.8 x 1M, suggesting that SPL binding was stronger to
spore photoproduct than to its repair product TpT.

To better define the structural requirements of ®iiding to SP, the effect on
binding by the phosphodiester bridge between twmthes was also investigated. Since
SP dinucleoside lacks phosphodiester bridge anéftire is less resembling DNA, SPL
binding to SP is expected to be different than tfaBPTpT. Also, previously it was
reported that th€.a. SPL repair rate increased ~17 times when SP dintide was used

instead of dinucleoside (44,146,150). Therefore theviiing fluorescence lifetime decay



141
experiments teste8R-SP and5SSP dinucleosides, as well as thymidine. When the
binding assays betwedha. SPL and SP dinucleosides were carried out, wedfdbat
SPL bound to these substrates as well. The dissmtiednstants werky = 3.7 x 10° M
for 5R-SP,Kg = 7.4 x 10" M for 55SP andKq = 4.7 x 10° M for thymidine. As in the
assays with dinucleotide, SPL binds to SP with higifnity than to its repair product
(thymidine). These dissociation constants suggestSPL affinity towards dinucleoside
is weaker than to dinucleotides, further supportimghypothesis that the phosphodiester
bridge-containing spore photoproduct is a bettéssate, which is likely due to SPTpT

having a closer resemblance to the natural substrate.

Other Binding Experiments Involving Spore Photoprodiyetse

The analogous fluorescence lifetime decay experisnéor both dinucleosides
and dinucleotides) were performed Bis. SP lyase, which contains two tryptophans
(W243 and W303). We found that addition of thesessakes toB.s. SPL quench the
intrinsic fluorescence as well. The dissociationstants were determined similarly to the
ones forC.a. SPL by reaching saturation of binding. The disdamiaconstants were
comparable to the ones froBa. SPL, which suggest that the SP lyase binding pocket
might consist of highly conserved amino acids desthie low overall identity of 42 %
between these two proteins. The SPL dissociatiorstaats for dinucleotides were
determined to b&gy = 2.7 x 10" M for 5R-SPTpT,Kq = 1.6 x 10* M for 55SPTpT and

Kgq = 1.9 x 10° M for the repair product TpT. The dissociation canss for dinucleosides
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wereKy = 4.8 x 10° M for 5R-SP,K4 = 9.6 x 10° M for 53-SP and{q = 1.6 x 10° M for
the repair product thymidine.

The fluorescence lifetime decay experiments witldamaged 94-base pair
double-stranded oligonucleotide showed no chandeianescence lifetime. This is most
likely due to the SPL’'s DNA binding region beingtéar from the tryptophan. It might
also suggest that SPL binds non-specific DNA wittflecent amino acids than at the

spore photoproduct binding site.

Further Experiments: Repair of SP-Containing Oligonuidledoy SPL

Since we determined the repair rates for sporegmnotiuct dinucleoside and
dinucleotide, the next step will involve repair agsavith SP-containing DNA, which
should be better a better substrate than SP ditigdeor dinucleoside. First, damage on
the DNA strand has to be created, which will be eadd by incorporating SP into an
oligonucleotide. SP amidite (a precursor that candssl in DNA synthesis) has already
been synthesized in our lab and now must be irdar® a 14-bp oligonucleotide
(Scheme 4.2). To investigate the repair, the same auefls for SP assays will be
utilized. Briefly, C.a. SPL will be photo-reduced in the presence of déaakavin and
added to SP-containing oligonucleotide under arfmermonditions and the reaction will
be quenched at different time points. The repaidpects will be detected by using HPLC
and their identity will be further verified by cojections of authentic compounds and by

mass spectrometry.
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During these repair assays SAM cleavage will &dlsanvestigated. Since SAM
degradation during SP repair was previously obskrve would be interesting to
investigate if it behaves as coenzyme or co-sufesttaring the repair of SP-containing
oligonucleotide, which is the most relevant physyutal substrate and should not result

in SAM cleavage.

Further Experiments: SPL Binding to Undamaged and UV-D@a®ligonucleotides

SPL specifically recognizes and repairs thymine tptioner, termed spore
photoproduct (5-thyminyl-5,6-dihydrothymine) (39,4421¥46,189). Nicholson and co-
workers proposed that SPL might be recognizingiiN& bend caused by the formation
of SP in similar fashion DNA photolyase recogni@D-induced DNA bend (121,142).
However there is no evidence if SPL binding is dtite-specific. Therefore it would be
interesting to investigate if the SP recognitiorppens due to SPL’'s higher affinity
towards thymine nucleobases or due to structuffdrdnces of UV-irradiated DNA. The
experiments could involve SPL binding assays wiithee GC-rich or AT-rich
oligonucleotides in order to determine if SPL haghbr affinity to one or another,
providing some insight to how SPL finds damaged sites sontaspore photoproduct.

Also, a new method to perform EMSA experiments cdudddeveloped that does
not require oligonucleotide labeling wifiP-ATP. Instead GelRed Nucleic Acid Stain
(Biotium) could be employed to visualize DNA barws the polyacrylamide gel. This

method is much faster, easier and does not invakege of radioactive materials.
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Preliminary results showed that GelRed can be sstaky utilized to detect protein-
DNA complexes on the polyacrylamide gels (data not shown)

In order to determine the binding affinity of SPh UV-damaged DNA, the
experiments involving the SP-containing oligonuté® and SPL could be carried out.
For that purpose SP-containing DNA could be geedrat two different ways. One, as
mentioned previously, would involve incorporatingogp photoproduct into synthetic
DNA. The other method would involve UV-irradiatingignnucleotide, which carries
two adjacent thymines, to create damage. HPLC tbeidde utilized to separate UV-
damaged DNA from undamaged as described by Carelca-workers, who carried out
a similar experiment with a 6-bp oligonucleotid®)4The binding assays could then be
performed by either EMSA or time-resolved fluorescen@ayéas described previously)
andKq4 could be determined.

Other future work may include side-directed mutagenin order to create SPL
mutants to determine which amino acids are involneninding spore photoproduct. The
mutations could involve amino acids from the prestichelix-turn-helix motif, which
would clarify the role of this motif in SPL-DNA biling. Also, spore photoproduct lyase
without the entire HTH region could be designed andr-expressed, and its binding

properties investigated to determine if HTH is indeed weolin DNA binding.
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