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Abstract 

How DNA repair proteins search and recognise the rare sites of damage from 

the massive numbers of normal DNA remains poorly understood. FapydG (2,6- 

diamino-4-hydroxy-5-formamidopyrimidine) is one of the most prevalent guanine 

derived lesions involving opening of the imidazole ring. It is typically repaired by 

formamidopyrimidine-DNA glycosylase (Fpg) as an initial step in base excision 

repair; if not repaired, the lesion generates a G: C -+ T: A transversion. Unfortu- 

nately, studies on the recognition of FapydG have been hindered by difficulties 

to synthesise and incorporate the FapydG residue into a DNA duplex. Crystal 

structures of Fpg-DNA complexes have demonstrated three common recognition 

events: the protein specifically binding to the extrahelical lesion, bending DNA 

centred on the damaged base, and flipping the damage into the pocket. Thus, 

molecular modelling and dynamics simulation have been used to gather dynam- 

ical information of those recognition events for damaged and undamaged DNA. 

The simulations were initially performed when FapydG or G occurs in several do- 

decamer B-DNA sequences in aqueous solution, then inside the lesion-recognition 

pocket of Fpg, and during the flipping pathway from the helical stack to an ex- 

trahelical position. 

The influence of the damage on DNA stability and flexibility was first in- 

vestigated. Energetic analysis revealed that damage to DNA does appear to 

destabilise the duplex. DNA curvature analysis and a novel combined method of 

the principal component analysis (PCA) and the Mahalanobis distance (DM) in- 

dicated that damaged DNA can adopt the observed protein-bound conformation 
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with lower energetic penalties than its normal counterpart. Results of these stud- 

ies have provided the validation of DNA bending enhancement by the FapydG 

lesion. It also suggested that intrinsic DNA bending could be a principal element 

of how the repair protein locates the lesion from vast expanse of normal bases. 

Considering the specific recognition of FapydG by Fpg, the aF-/39 loop of 

the Fpg enzyme may function as a gatekeeping to accommodate the lesion while 

denying the normal base. Remarkably fluctuating movement of the flipped G 

residue and the aF-ß9 loop is due to the formation of the non-specific Fpg/G 

complex with a lower binding energy by 8.4 kcal/mol compared to the specific 

Fpg/FapydG complex. Free-energy profiles for both damaged and undamaged 

base flipping were generated from the umbrella sampling simulations and the 

Weight Histogram Analysis Method (WHAM). An energy barrier for flipping the 

damage out from the helix is 2.7 kcal/mol higher than its equivalent G and the 

lesion is highly stabilised inside the pocket. In contrast, G flipping seems to 

be rapidly rotated out and into the duplex without the formation of a specific 

complex. These studies could unravel a potentially comprehensive process of the 

repair protein to find and recognise the lesion through the slow kinetic pathway 

in which the more deformable damaged DNA is initially located by the protein; 

the protein subsequently compresses the duplex into an appropriate angle and 

direction to form a specific protein-DNA complex prior to being flipped and 

repaired. 
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Chapter 1 

Introduction 

1.1 DNA damage and cellular responses 

Since Avery and co-workers reported that DNA is the material of inheritance for 

the first time in 1944 [2], DNA has been well acknowledged to be a biomolecule 

that encodes genetic information. The information is carried through genetic 

sequences of the four distinct bases adenine (A), cytosine (C), guanine (G) and 

thymine (T) along a DNA strand, which then are translated to the gene product 

(protein). Each base on one strand forms hydrogen bonds with its complementary 

base in standard Watson-Crick (WC) geometry, with A bonding only to T and 

G pairing only to C (Figure 1.1). 

(a) H 
N-H \ CH3 

<N....... 
H-N 

sugar N' 
0>--N \ 

sugar 
ATG 

(b) H 
c<IET\NX 

sugar Ný /)-N\ 

sugar 
H 

C 

Figure 1.1: (a) A: T and (b) G: C base pairs in Watson-Crick hydrogen 
bonding pattern. 

DNA suffers continual damage, due to endogenous and exogenous sources, 

either at the bases or in the phosphodiester backbone that the bases attach to. 
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In this study, DNA base damage will be predominantly considered rather than at 

other parts of DNA. DNA damage probably occurs at an incredible rate of up to 

1 million lesions per cell per day [3] and can happen at any DNA sequence and in 

any stage of the cell cycle. If a damaged base is in a critical gene that controls cell 

proliferation, it can lead directly to cell death due to arrested DNA replication. 

DNA damage which occurs in a regulatory region of DNA such as a promoter 

or in a tumour suppressor gene results in a faulty gene or protein expression or 

increases the probability of the cancer cell formation, respectively. For example, 

when a DNA lesion is in a coding strand of DNA, a polymerase enzyme may 

stall at the damage leading to a truncated mRNA or may mistranscribe giving a 

wrong code in the mRNA. Due to these potentially deleterious effects, cells have 

evolved ingenious mechanisms for tolerating and repairing the damage. Failure in 

repair mechanisms can lead to hereditary diseases such as xeroderma pigmentosa 

(XP), hereditary non-polyposis colon cancer (HNPCC) and some forms of breast 

cancer [4]. 

DNA damage tolerance is to retain the progression of the cell cycle when 

DNA damage is present, thus allowing normal DNA replication and gene ex- 

pression to bypass the unrepaired damage. Such bypassing sites of base damage 

results in the damage remaining in the cell. To proceed to normal cell division 

through the damage, specialised low-fidelity DNA polymerases are required for 

DNA replication whereas the high-fidelity polymerases typically stall at the dam- 

age. Low-fidelity polymerases are prone to generate replication mistakes or base 

mismatches, for instance, polymerase kappa (Pol i) tends to insert adenine op- 

posite an 8-oxoguanine lesion instead of cytosine during replication. Such base 

rnisincorporation leads to point mutations namely transitions and transversions. 

A transition mutation is when a pyrimidine is changed to another pyrimidine, or 

a purine to another purine, while when a purine is changed to a pyrimidine or 

vice versa this is called a transversion mutation. An example of a G: C -º A: T 

transition after DNA replication is shown in figure 1.2. 
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through several different types of processes. There are five types of DNA damn» 

consisting of hydrolysis, deamination. a. lkylAtir, i1_ c1innerisiiti(; n �f 1)alti(lii:, 

1.1.1.1 Hydrolysis 

Spontaneous liy(lrol%,, iý, (lei'V( the (lieiiiic<l1 bond 1»tweeil a DNA 

and its respective deox ribose leading to abasic sites known as AP sit(, - 

(apurinic/ahy-riinidinic). In mammalian cells. it is estimated that the loss ý" 
purine 

1)ases (guanine 
and ad,, '. 

_ ..,, 
,"Ii, , 11 jý. -i .' ii :i..: 

cycle. while the rate of pyrimiý . ..: 

ably slower. resulting about 500 bases lost per cell cycle, [6]. Tliesr \I' 

nevertheless a general intermediate in the base excision repair (BET; 

they are subsequently recognised and cleaved by AP endonucleasEeý-. 1 

repair of these AP sites is crucial because unrepaired AP sites blocl. 

of DNA replication and cause muta; ene iS and ev"ntually cr11 death f;. 



1.1.1.2 Deamination 

Adenine, guanine and cytosine can be dearninated by hydrolytic attack, chemical 

agents and the abortive action of DNA methyltransferases. Hypoxanthine in 

DNA, a lesion from adenine deamination, can mispair with cytosine to give an 

A: T -* G: C transition. Xanthine, arising from guanine deamination, can mispair 

with tliymine causing G: C -º A: T transition mutations. There are a hypoxanthine 

DNA glycosylase and a 3-methyladenine DNA glycosylase II to excise these lesions 

from DNA. Loss of the amino group from cytosine is particularly common and 

initiates U: G mispairs resulting in G: C --> A: T transitions. It is estimated that 

about 400 cytosine deaminations take place per genome per day [6]. It is clear 

that these lesions have to be repaired by specific DNA repair enzymes prior to 

the next round of DNA replication to prevent mutagenesis. 

1.1.1.3 Alkylation 

DNA alkylation occurs when nucleobases are attacked by alkylating agents such as 

cytotoxic chemotherapy agents e. g. nitrogen mustard compounds and endogenous 

agents such as , -adenosylmethionine, a biological methyl donor. Alkylated bases, 

such as O6-methylguanine, N1-methyladenine and N3-methylcytosine, have an al- 

tered hydrogen bonding pattern which can lead to base mispairing. Of these alky- 

lated bases, 06-methylguanine, which can mispair with thymine, and is strongly 

mutagenic by inducing G: C -+ A: T transition mutations. The lesion is directly 

repaired in an irreversible reaction by a suicide repair enzyme 06-alkylguanine 

alkyltransferase (AGT) or 06-methylguanine-DNA methyltransferase (NMGMT) 

[9] 

1.1.1.4 Dimerisation 

Two adjacent pyrimidine bases are able to be crosslinked due to ultraviolet (UV) 

radiation. Cyclobutyl pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrim- 

idinone dimers are two major UV-induced DNA lesions causing skin photocar- 
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cinogenesis [10]. These lesions can be repaired by DNA photolyases, base and 

nucleotide excision repair enzymes. 

1.1.1.5 Oxidation 

Oxidative DNA damage is generated when DNA bases are exposed to reac- 

tive oxygen species (ROS), which include the highly reactive hydroxyl radical 

('OH), superoxide radical (02-) and non-radical hydrogen peroxide (H202). Cell 

metabolism, UV radiation and chemicals can all increase the level of ROS in cells 

leading to the creation of several oxidation products such as 5-hydroxycytosine, 

thymine glycol, 8-oxopurine and formamidopyrimidine lesions. Of these lesions, 

oxidative guanine damage is the most extensively studied because it is easily mea- 

sured [11] and guanine is the most easily oxidised among the DNA bases because 

of its lowest oxidation potential [12,13]. It has been estimated that about 7500 

8-oxo-7,8-dihydroguanine (80G in keto form or known as 8-hydroxyguanine in 

enol form) lesions are yielded from hydroxyl radical attack in each human cell 

[14]. Oxidative bases are primarily repaired by base excision repair, and also 

by nucleotide excision repair to a lesser extent. Unless repaired, oxidative DNA 

damage can result in mutagenesis, carcinogenesis and aging [15]. 

Oxidative damage to DNA contributes to the incidence of several serious dis- 

cases such as cancer, chronic inflammatory diseases, cardiovascular diseases, ag- 

ing and neurodegenerative problems [16]. Numerous studies have attempted to 

explore a relationship between levels of oxidative lesions and occurrences of par- 

ticular diseases (see review in [17]). The first report on an association of oxidised 

bases with breast cancer by Malins and Haimanot in 1991 demonstrated a 9- 

fold elevation in the levels of 8-oxopurine and formamidopyrimidine lesions in the 

tumour tissue compared with neighbouring normal tissue [18]. Subsequently, Shi- 

moda et at. reported that the levels of 80G in liver tissue with chronic hepatitis 

are increased compared with control liver [19]. Thus, it is highly likely that the 

level of oxidative DNA damage is important in the formation of various diseases. 
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Figure 1.3: Chemical structures of major DNA damage classified by 
chemical modifications. 
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1.1.2 Cellular responses to DNA damage 

When the DNA structure was first reported in 1953 by James Watson and Fran- 

cis Crick, it was supposed to be an extremely stable double helix. Twenty one 

years later, however, Crick published his opinion on the possibility of the exis- 

tence of a DNA repair system to retain genetic information [20]. Nowadays it is 

unsurprising that cells have evolved multiple biochemical processes to cope with 

the vast diversity of DNA damage. Responses to DNA damage depend on the 

damage type. On DNA base damage, it alters not only the chemical structure of 

nucleobases but also the spatial conformation of DNA helix that cells should be 

able to detect and repair such modifications specifically. DNA repair processes 

mainly involve one of two fundamental mechanisms: excision of damaged ele- 

ments, and reversal of DNA damage [21]. In addition to the base damage, single- 

and double-strand breaks are another type of DNA damage. Although the strand 

breaks do not directly change the genetic information, if not repaired they can 

interfere in DNA replication. Moreover, in cases of unrepaired or unrepairable 

damage, cells have developed a process known as translesion DNA synthesis to 

bypass the lesions by particular enzymes. 

1.1.2.1 Excision of base damage 

If there is only one damaged strand in the two strands of a double helix, the 

undamaged strand can be used as a template to direct the correction of the 

damaged strand. To remove the damaged base from the paired bases of DNA, 

it can be excised from the duplex as a free base or as a nucleotide, and be 

replaced with an undamaged nucleotide complementary to that found in the 

undamaged strand. These repair processes are biochemically and mechanistically 

distinct and are referred to base excision repair and nucleotide excision repair, 

respectively. The last excision mechanism is called mismatch repair, particularly 

for the removal of mispaired bases in DNA. 
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Base excision repair (BER) is a primary repair mechanism to restore genetic 

information [22]. The main sources of lesions repaired by BER pathway are from 

oxidation, non-enzymatic alkylation, hydrolysis, deamination, and including in- 

corporated uracil. The mechanism of BER is shown in figure 1.4. The first 

step in BER is conducted by recognition of the lesions by specific enzymes, the 

DNA glycosylases. DNA glycosylases are normally responsible for recognition 

and removal of the damaged bases by flipping the lesion out from the duplex 

and hydrolysing the N-glycosidic bond leaving an AP site. The phosphodiester 

bond of an AP site is subsequently cleaved by an AP endonuclease (APE) giving 

rise to a single-strand break whereas some DNA glycosylases also possess AP 

endonuclease activity. Formamidopyrimidine DNA glycosylase (Fpg or MutM), 

for example, is a bifunctional repair enzyme which is responsible for removing 

a FapydG (2,6-Diamino-4-hydroxy-5-formamidopyrimidine) lesion. The correct 

nucleotide is then inserted by DNA polymerase 13 (Pol 
, 6). Further repair is 

to replace one (short-patch pathway) or more (long-patch pathway) nucleotides, 

depending on the structure of 5'-deoxyribose-5-phosphate (5'dRP) after being 

excised by APE or DNA glycosylases. In the short-patch pathway, 5'dRP, which 

retains the hemiacetal sugar form, is then cleaved by Pol Q and the DNA gap 

is then ligated by a X-ray cross-complementing 1 (XRCC1)-DNA ligase III com- 

plex. Alternatively, the 5'dRP ring is cleaved by endonuclease III through a 

ß-elimination mechanism leaving a 3'-a, /3-unsaturated aldehyde sidechain [23]. 

Long-patch repair is responsible for dealing with the aldehyde form of 5'dRP and 

is a proliferating cellular nuclear antigen (PCNA)-dependent pathway which re- 

quires multiple enzymes such as replication factor C (RF-C), flap endonuclease 

(FEN1), Pol ä or Pol c and DNA ligase I to complete the repair process. It is 

thought that most of the lesions which are recognised by DNA glycosylases are 

repaired via the single-nucleotide replacement pathway, whereas AP sites from 

the spontaneous hydrolysis of bases are repaired by long-patch BER [24]. 
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XPC'-Rad23B specifically recognises pvriini ine (6-4) pvrimidinone dieters. After 

<laiiiage is r. eoniiisecl. the trallseription factor TFIIH. which possesses DNA lieli- 

case activity. is recruited to the site of Dý 
.a 

damage to unwind iid the DXA around 

the lcý, ion [27]. SltbsectneIit (load üici5iuii5 of T-flanked and .5 -flauiked to the le- 

sioti are performed by \PG and the excision repair ý roýý c uiiilý1enwiºt, üib group 1 

j EßC'('1)-X1 F complex. respectively. resulting in an oligonucleotide fragment of 

27-29 nucleotides. Hence the (lattiage is removed as part of the fragment. Finall. y. 

the gap is filled in by DNA synthe i with Pol 5 and 6 iIig the undamaged 
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strand as a template and sealed by DNA ligase I. In transcription-coupled NER, 

blockage of RNA polymerase II (RNAPII) at the site of DNA damage during 

DNA transcription leads to an assembly of Cockaynes syndrome complementa- 

tion groups (CSA and CSB) and/or TFIIS instead of other protein complexes 

in the GGR sub-pathway. Consequently, RNAPII is displaced from DNA. DNA 

excision, resynthesis and ligation proceed in similar way to GGR. 

Mismatch repair (MMR) plays an important role in restoration of not only 

mispaired nucleotides after DNA replication and recombination but also chemi- 

cally induced base modifications in order to maintain genomic stability [28]. Base 

mismatches such as G: T (arising from dearnination of 5-methylcytosine), A: C and 

C: C are main targets of MMR [29]. The mechanism of MMR is mainly medi- 

ated by two specialised proteins termed MutSa and MutLa. MutSa initially 

binds to the mismatched base on the daughter strand and forms a MutSa-ADP 

complex as an active repair intermediate. It was supposed that MNIR proteins 

can distinguish between the parental and the daughter strand by single-strand 

breaks emerging during DNA replication [30]. However, recent studies have sug- 

gested that the strand interruptions are introduced by a DNA endonuclease upon 

activation by mismatch and other proteins, MutS and PCNA [31]. The active 

complex, which has ATPase activity, enables translocation of the complex along 

DNA and association with MutLa. The single-strand breaks on the daughter 

DNA are used as starting points for exonuclease I to remove the mispaired base. 

DNA resynthesis and religation are performed by Pol J and DNA ligase. 

1.1.2.2 Direct damage reversal 

Some DNA lesions are repaired by directly reversing them to the original bases. 

Such direct reversal mechanisms are specific to only three types of base damage: 

thymine dimers, 06-methylguanine, and certain methylations of adenine and cy- 

tosine. The enzyme photolyase can instantly reverse thymine dimers to restore 

two adjacent thymine bases. 06-methylguanine is irreversibly repaired by AGT 
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in a stoichiometric mechanism. AGT must flip the target nucleotide into the 

binding pocket and transfer the methyl group to an active residue cysteine [32), 

leaving a normal guanine in DNA. The last type of DNA damage reversed by this 

direct mechanism is N1-methyladenine and N3-methylcytosine. These cytotoxic 

lesions are repaired by A1kB enzymes via an oxidative mechanism resulting in the 

reversion to the normal base and the release of the methyl group as formaldehyde 

[33,34). 

1.1.2.3 Double-strand breaks repair 

When DNA is attacked by free radicals or ionising radiation the result is fre- 

quently double-strand breaks (DSBs) that need repairing. DSBs additionally 

occur during the DNA replication process. Although DSBs do not directly alter 

genetic information, the fracture of the genome can interfere with normal DNA 

transactions and lead to genome rearrangements that certainly endanger cells. 

To repair DSBs, there are two principal mechanisms termed non-homologous end 

joining (NHEJ) and homologous recombination (HR). NHEJ is a relatively sim- 

ple process by joining two broken DNA ends together without the requirement 

of a homologous template (see figure 1.6). The repair is initiated by binding of 

the Ku70 and Ku80 heterodimer as a ring surrounding one broken end. DNA- 

dependent protein kinase catalytic subunit (DNA-PKcs) subsequently binds to 

the heterodimer in order to bring the two ends in close proximity and catalyses 

the joining of the two DNA ends [35]. The NHEJ process is eventually completed 

by XRCC4-DNA ligase IV complex which directly joins the two broken ends [36]. 

Alternatively, recombinational repair is another mechanism to repair DSBs, 

in which the presence of an identical or nearly identical sequence is required to be 

used as a template. HR is a slow repair process but it is important in the repair 

of DSBs that occur during DNA replication [35]. As shown in figure 1.7, HR 

repair begins with nucleolytic resection of the DSBs by the Mrell/Rad5O/Nbsl 

protein complex resulting a 3' single-stranded DNA fragment. A heptameric 
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ring complex formed by B ad52 prot. ein5 binds to the 3' overhang to protect. the 

ssDý. A against exonucleol -tic digestion [2.5]. Rad32 therefore interacts with a 

Rald5l nucleoprotein filament causing an exchange of the broken DNA end with 

the Homologous DNA template. Tue crossing over DNA strand is completed 

after DNA synthesis. ligation and branch migration as in the classical model of 

Holli(lay junction [37]. 

1.1.2.4 Translesion DNA synthesis 

Tratislesiuýti DNA syiltliesi-, (TLS) i5 an ability of particular DNA lx>1viiierase5 

to replicate through DNA damage rather than terminate the cell cycle when 

encounter the lesion. This process involves the use one of a group of TLS 1>oly- 

inerases. most of which belong to the Y-faniilr [381. to insert nucleotides opposite 

DNA lesions. Unfortunately. TLS polynierases have considerably low fidelity 

for nucleotide insertion that can bypass the damage in error-free or error-prone 
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1.2 Molecular recognition of FapydG by Fpg 

FapydG is one of the most prevalent guanine derived lesions formed under oxygen- 

deficient conditions by ionising irradiation and other agents which produce ROS 

[40,41,42]. This ring-opened lesion is considered in addition to the well doc- 

umented 80G lesion, which is the main oxidative guanine damage developed 

under aerobic conditions. However, a number of studies have revealed that 

FapydG is detected at equal or greater yields than SOG after oxidative stress 

[42,43,44,45,46]. It has been documented that FapydG induces misincorpo- 

ration of A opposite it in vitro resulting in G: C -; T: A transversion mutations 

[47] and might also block the progression of DNA polymerases [48]. A recent 

study has demonstrated the relationship between the frequency of occurrence 

and the mutagenic potential of some important DNA lesions, as shown in figure 

1.8 [22]. FapydG appears to be the most ubiquitous lesion associated with high 

mutagenicity in DNA. 

FapydG is usually generated through an addition of a hydroxyl radical ('0H) 

at the C8 position of guanine giving the C8-OH adduct radical [17], as illustrated 

in figure 1.9. Subsequent cleavage of the C8-N9 bond of the imidazole ring and 

one-electron reduction gives rise to FapydG whereas an oxidation of the adduct 

yields 80G. The C8-OH adduct radical may also undergo the reduction prior to 

ring cleavage leading to the formation of 7,8-dihydro-8-hydroxyguanine, which is 

then transformed to yield FapydG. 

Although the formation of both FapydG and 80G lesions is through the same 

intermediate as shown in figure 1.9, the remarkable changes in the structure of 

FapydG from the original guanine base, where the cleavage of the aromatic imi- 

dazole resulting in the increased conformational flexibility of N-glycosidic bond 

and formamide group, are fascinating questions to understand the effects on DNA 

structure and how the lesion is recognised by DNA repair enzymes. Unfortu- 

nately, the first problem in studying FapydG is the difficulty to produce pure 

oligonucleotides containing a Q-FapydG lesion, which is supposed to be a natu- 
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and their mutagenic potential. Chemical structures of the damage with their 

name are shown. The figure is reproduced from [22]. 

rally occurring anomer in the DNA duplex [49]. Chemically synthetic , 3-Fa. pydG 

tends to rapidly anomerise to give a-FapydG under conditions required for DNA 

synthesis [50]. Thus, there has been relatively little information on FapydG. Two 

types of FapydG analogues, however, have been used as a substitute for FapydG 

to be inserted site-specifically into DNA as the pure , ß-anomer, as shown in figure 

1.10. 

The first analogue is a nonhydrolysable FapydG with a C-glycosidic bond 

(ß-C-FapydG) [51]. This ß-C-nucleoside analogue is supposed to be an inhibitor 

for Fpg since Fpg can tightly bind to DNA containing , Q-C-FapydG pairing to 

C in vitro but is unable to excise the damage [52]. Another analogue is a car- 

bocyclic FapydG (cFapydG), which contains a cyclopentane ring instead of the 

2'-deoxyribose sugar [53]. The crystal structure of a bacterial Fpg enzyme, LlFpg 

from Lactococcus lactis, bound to a cFapydG-containing duplex was solved by 
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Coste et al. in 2004 [54]. This noteworthy study provides us with a structural 

basis for recognition of FapydG by Fpg which is a prime step in the BER process. 

The structure was deposited in the Protein Data Bank (PDB) [55] with two PDB 

entries, 1TDZ (solved at 1.8 A resolution with a missing loop on the residues 

220 to 224) and the complete model with 1.95 A resolution (PDB code 1XC8, 

released one year after 1TDZ). 

The global structure of the LlFpg-DNA complex (PDB code 1XC8) is illus- 

trated in figure 1.11. LlFpg consists of two globular domains, N- and C-terminal 

domains, with a pronounced cleft between the domains [56]. The N-domain 

0 

HN 

H2N'LX 
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protein is composed of a proline-glutamate helix. followed by two 4-stranded .3 

sheets that foýriu all antiparallel ;3 sandwich. The C-teriniiial is divided into two 

subdomains: an a-helix rich domain containing the helix-two turn-helix (H2TH ) 

motif and a zinc finger doulain with . 
3-hairpin loop which intercalates into the 

DNA major groove. Though Fpg has a completely different molecular scaffold 

from other members of its DNA glvcosylase superfamily that possess the helix- 

hairpin-Helix (H1iH) motif. Fpg functions the same as other gl cosylases in the 

BEB pathway. The cleft or groove formed between these two domains contains 

an abundance of positively charged residues providing an electrostatically posi- 

tive surface for binding to the negatively charged of the DNA backbone. Figure 

1.12 illustrates an electrostatic potential surface of the Fpg protein generated in 

Visual Molecular Dynamics software (V'\ID) by an adaptive Poisson-Boltziuaiiii 

Solver (. WPBS) approach [57]. The cFapvdG-containing duplex fits nicely into 

the groove and exhibits a distorted structure «itlº all extralielical position of the 
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damaged base buried inside the enzymatic binding pocket. The crystal structure 

has revealed that the DNA duplex is sharply kinked towards the major groove 

at the lesion site. To summarise from the LIFp; -D1 A complex. there are three 

important features for D- NA damage recognition: the protein specifically binding 

toi the lesion. bending the DNA centred on the dainageci base, and flipping the 

damage into the pocket. as being usually observed in all DNA glvcosvla c-DN A 

complexes ý-, t. ucliecl to date [58]. 

Nonetlieless, dynamic aspects of three stages of DNA damage recogllitioll 

arg, ([(nil tfitl. Fur cxanipl<'. it i, riot Y1Ym- wll(. tllYYr th flipped out stage of the 
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lesion are formed before the deformation of the duplex or i'tc( rc, su. Figure 1.13 

deiºiolistrates all possibilities of the re(-() iiition choreography constructed frone 

three major events, iial ely bending. binding, and flipping. Bending relates to 

the D\ 
_A 

flexibility required to obtain the sharply kinked conformation, while the 

formation of specific contacts between the protein and the damaged base is called 

the binding stage. Flipping is the process through which the Baulage is extruded 

from the double Helix. 

Flipping 

ýa 

Flipping i3 
eha 0ý` 

- 
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Fi', urý 1.1: 3: licýý, iiiti(ill ýliurcýý r, i}ýliý. Pý, ". ih1ý 1( )" ilitiuii ýý<itliýýaý" 11Ojli 

the damage occurred through the lctiion extruded into the protein binding 

pocket. There are six possible recognition pathways: Bending --a Flipping =' 
Binnding. Bending - Binding -> Flipping. Flipping - Bonding, - Binding- 

Flipping - Binding ý Bending. Binding --, Bending - Flipping. Binding 

- Flipping - Bending. 

\Vithout an understanding of the dynamic behaviour of each event in the 

l 1. (-., il (' an<1 absence of the lesion. it i, certainly difficult to an er how Vý 

glvcosvlases can find and distinguish the lesion in a large excess of undaiii 1 '' 

basses. One powerful <aj)prorich to gain insights into (lynamic- aspects of thoýý' 

hioiliolectile", are lllole(ill<lr modelling and <iVIla1lAi<', süiittlatiffli5. 
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1.3 Molecular modelling and dynamics simula- 

tions 

1.3.1 Molecular modelling 

Molecular modelling is a generic term that refers to computational techniques 

which are used to depict, describe, or evaluate any aspect of the properties or 

structure of a molecule [59]. The technique is widely used for studying not only 

small chemical molecules but also large biological systems. The basic principle 

of molecular modelling is to assign atomic positions in Cartesian space or in 

internal coordinates. It enables three-dimensional visualisation and manipulation 

of the molecular systems in the atomistic level whilst wet experimental studies 

are certainly difficult to provide information of such a level. Molecular properties 

(e. g. molecular energy, enthalpy, and vibrational frequencies) and its behaviour 

in the presence of other molecules (e. g. electrostatic potentials) are able to be 

predicted by performing a range of calculations. 

Calculations in molecular modelling are mainly divided into two distinct meth- 

ods: quantum mechanical and molecular mechanical methods. Quantum me- 

chanics (QM) is principally based on the Born-Oppenheimer approximation that 

nuclei and electrons are separated from each other. The atomic nuclei are consid- 

ered as point charges where electrons are explicitly designated. The evaluation 

of nuclear-electron and electron-electron interactions are used to solve the spatial 

distribution of nuclei and electrons and their energies. One definite application of 

using QM is to estimate the reaction pathway of a chemical bonding process. Con- 

sequently, the QM method is broadly used to theoretically investigate structural 

and thermodynamic data, transition-state formation and force field parameteri- 

sation. Unfortunately, this sophisticated approach is extremely computationally 

time consuming and it is limited to systems of only a hundred or so atoms, and 

so is unable to deal with biomolecular systems such as protein-DNA complexes. 
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In contrast to QM, molecular mechanics (MM), also known as force field meth- 

ods, typically ignores the electronic motions and treats an individual atom as a 

point charge with an associated mass. This mechanical approach significantly 

reduces computational time, making it possible to quantify molecular properties 

on systems containing thousands of atoms. Calculation of the analytical potential 

energy (EAfm), one of the most interesting molecular properties, is performed by 

adding up bonded energy terms that define the deviation of bond lengths, bond 

angles and torsion angles away from their equilibrium values and non-bonded 

energy terms that describe van der Waals and electrostatic interactions. All stan- 

dard values of equilibrium bond lengths and bond angles, partial charges, force 

constants and van der Waals parameters are known as a force field. For biomolec- 

ular models, the assisted model building and energy refinement (AMBER) force 

field [60] is widely used to calculate EMM as shown in equation 1.1. 

Ehrt=K, (r req)2 +Ks (8 - 9e9)2 +2ý[7,10 
bonds angles dihedrals 

+ 
atoms Aid Bij 

+ 
atoms Qigj 1.1 

i< 

where r- req and 0- Oeq are the deviation of a bond length or angle from 

a minimum energy value respectively, with Kr and KB representing the spring 

constant in accordance with Hooke's law. The approximation of the bond energies 

exhibits a simple harmonic energy curve where the energy quadratically increases 

whether the bond is stretched or compressed. The harmonic approximation means 

that the bond energy profile is estimated correctly only close to the equilibrium 

bond length and angle. The dihedral term consists of V,, referring to the height 

of the rotational energy barrier, n the periodicity of rotation, the dihedral angle 

¢, and the phase factor -y which allows the optimum dihedral angle to be offset 

from zero. The Lennard-Jones potential is commonly used to describe van der 

W'Vaals interactions, where A, j and B23, are empirical parameters for a given pair of 
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atoms, define the well depth and position of the minimum on the energy surface 

and R3 is the interatomic distance. Finally, the electrostatic term, computed 

based on Coulomb's law, is composed of two partial atomic charges qj and qj 

with the distance Rt3 between them and the dielectric constant E. 

By deriving the equation 1.1 with respect to changes in coordinates, one can 

get the initial forces on the atoms. The property of EnMM relates most closely to 

the thermodynamic quantity of the system internal energy (U) but it is difficult to 

relate between the zero points of Ek1M and U. The difference in energies between 

any two states of the structure (DEA. 1A, 1), in practice, is consequently used rather 

than the absolute energy. 

1.3.2 Molecular dynamics simulations 

Prior to performing molecular dynamics (MD) simulations, a technique known 

as energy minimisation is required to find an optimum molecular geometry rep- 

resenting a local energy minimum. Energy minimisation prevents the molecular 

system being fractured during MD simulations due to the large initial forces in 

the system. Although many minimisation algorithms are available, the steepest 

descent and conjugate gradient methods are widely used. 

Each method has a different way to deal with the gradient of the energy as 

well as in its robustness and search efficiency. The steepest descent procedure 

is a powerful algorithm when the initial conformation is considerably different 

from the local minimum, whereas the conjugate gradient is more efficient when 

the structure is close to the minimum. Results from the minimisation step grant 

molecular conformations within a local minimum region that is close to the start- 

ing conformation. The ideal minimised conformation, in fact, is the one in the 

global energy minimum of the potential energy surface (PES). It is feasible to 

perform a systematic search of the conformational space by varying all torsion 

angles through the range of values then to determine the global minimum confor- 

mation. However, for a biological molecule systematic searching is not practical 

38 



as the number of searching conformations increases exponentially with the size 

of the molecule. 

Once the atomic positions are assigned, the temperature of the system is 

usually elevated to 300 K leading to gain the different initial atomic velocities 

depending on the atomic mass and potential energy. Dynamic behaviour of the 

molecular system such as the fluctuations and conformational changes as a func- 

tion of time can be calculated using MD simulations. The MD simulation is a 

conformation space search method in which the atoms with an initial velocity are 

allowed to move along time according to Newton's second law of motion [61], 

F=ma (1.2) 

where F is the force exerted on the atom, m is the mass and a is its acceleration. 

The force applied on an atom can be determined by the change of the potential 

energy function (Eal, %f) and its coordinates r. 

F 
dEAfAl 

dr (1.3) 

The total force on the conformation at time t from equation 1.3 is used to 

calculate the acceleration at time t in the motion equation 1.2. The Verlet algo- 

rithm (equation 1.4) [62] is a widely used method for integrating Newton's laws 

of motion in a MD simulation. With a certain time step ät (typically 1 or 2 

fs), the Verlet algorithm uses the coordinates r(t) and acceleration a(t) at time t 

and the coordinates from the previous step, r(t - 6t) to calculate the new set of 

coordinates at time t+ ät, r(t + (5t). During the time step, the exerted force on 

each atom is assumed to be constant. In every defined time step, equations 1.2 

through to 1.4 are recalculated with the new positions of atoms and total forces, 

leading to a series of coordinate sets in space and time known as a trajectory. 

r(t + bt) = 2r(t) - r(t - öt) + 6t2a(t) (1.4) 
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1.4 General methods 

All MD simulations in chapter 2 were performed using AMBER suite version 8 

[63] where simulations in chapter 3 and 4 were carried out using AMBER version 

9 [64]. A recent review on the AMBER suite of programs has been published 

[65]. The AMBER ff03 force field [66] is a principal force field used in this work. 

Molecular visualization and manipulation were done using Insight II from Accel- 

rys Inc., VMD - Visual Molecular Dynamics software [67] from the Theoretical 

and Computational Biophysics Group, NIH Resource for Macromolecular Mod- 

eling and Bioinformatics at the University of Illinois at Urbana-Champaign, and 

UCSF Chimera package [68] from the Resource for Biocomputing, Visualization, 

and Informatics at the University of California, San Francisco (supported by NIH 

P41 RR-01081). 

1.4.1 System preparation 

The starting coordinates of intrahelical FapydG and the FapydG-containing 

DNA-protein complex were taken from the PDB. An initial canonical B-DNA of a 

12-mer oligonucleotide was generated by the nucgen module from the AMBER 8 

package. Each model had a distinct method for preparation before solvation and 

will be separately described in the following chapters relating to the individual 

simulations. 

All models were then solvated with an explicit water model, TIP3P [69], in 

a truncated octahedral box with a minimum 10 A distance between any solute 

atom and a box edge. Periodic boundary conditions (PBC) were also applied 

to the systems for avoiding the impacts from the atones on the outer surfaces 

drifting away form the simulation box. By means of PBC, the simulation sys- 

tem is surrounded with its images in three dimensions. Once an atom moves 

out of the box, an image atom moves in to replace it. The systems were also 

neutralised with an adequate number of potassium ions. In this study, potassium 

ions were preferred to sodium ions since it is evident that sodium ions highly 
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occupied the minor groove site and distorted the groove width in MD simula- 

tions where in lesser amount by potassium ions [70]. Solvation and neutralisation 

were performed using the Leap module; topology and coordinate files were finally 

generated. 

1.4.2 Simulation conditions 

Simulations were initially minimised by the short steepest descent technique and 

followed by the conjugate gradient method. Equilibration was performed using 

our multi-step protocol for gentle heating and harmonic restraint reduction over 

a period of 90 ps [71] and an 100-ps unrestrained equilibration was subsequently 

done. A production phase of the unrestrained MD was carried out at constant 

temperature (300 K) and pressure (1 atm) using the Berendsen algorithm [72] 

to control the simulation temperature by re-adjusting the atomic velocities. An 

integration time step of 2 fs was used and all bond lengths involving hydrogen 

were constrained using SHAKE [73]. The particle-mesh-Ewald (PME) approach 

[74] and PBC were used to estimate long-range electrostatic interactions with a 

nonbonded cutoff of 9 A. Trajectories, which contain coordinates and velocities 

of each atom with respect to time, were saved every 2 ps over the course of 

production NMD for further analyses. All simulations were carried out using the 

sander module as described above unless specified otherwise. 

1.4.3 Basic trajectory analysis 

Trajectory files were stripped of water molecules and potassium ions to keep 

solely common atoms of biomolecules. The stripped trajectory was analysed 

using a module called ptraj from the AMBER package. The module was used to 

generate some molecular parameter time-series throughout the trajectory such aS 

bond lengths, bond angles and torsion angles. The time-averaged structure waS 

also obtained. 

In addition, a statistical method to calculate how much the conformation 
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changes along the time from some reference structure is the root mean square 

deviation (RA. ZSD). The RMSD is calculated by 

1 
Di (1.5) RMSD = ýN 

Ei 

where N is the number of atomic coordinates in each structure and Di is the 

distance between the coordinates of atom i when the two structures are super- 

imposed. A major advantage of R. MSD values is that the RMSD plateauing may 

reflect the attainment of conformational stability. 

The relative motion of each atom is calculated by the root mean square fluc- 

tuation (RMSF). The RMSF provides an information of atomic positional fluc- 

tuations around the average position rj and may be calculated by 

T" 
RMSF=7, nE(rij -rß)2 (1.6) 

i=l j=l 

where T is the total number of frames in the trajectory, n is the number of atomic 

coordinates, and rij is the atomic coordinate in each frame. 

1.5 Aims and objectives 

With an incredible rate of up to 1 million DNA damage events per cell per day, 

cellular responses to DNA damage require a very powerful repair machinery to 

cope with such massive numbers and variations of damage. A primary repair 

mechanism is the BER pathway that is initiated by the lesion recognition by DNA 

glycosylases. Principal questions in the BER process are how the glycosylase 

enzymes find the damaged base in the DNA track and how they distinguish 

between damaged and undamaged bases. One distinct mechanism for target 

search is the protein sliding along DNA. Human oxoguanine DNA glycosylase 1 

(hOGG1), for example, translocates along DNA with a rate of 1000 base pairs 

per 0.1 second and locates the lesion by a redundant search in which the enzyme 
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forms a specific complex with the lesion with a good time to flip and excise the 

damage from DNA [75]. Such a slow and redundant searching process, however, 

may be unable to handle the rapid production rate of DNA damage effectively. 

Thus, additional elements may contribute in the searching process to facilitate 

the repair protein. 

The ultimate aims of this study were to gather information of dynamic pro- 

cesses of DNA damage recognition by DNA glycosylases and to reveal how an 

repair enzyme can find and discriminate between damaged and undamaged base 

using MD simulations. FapydG was selected for study because of its high muta- 

genicity and its difficulty to synthesise and be incorporated into a DNA duplex. 

Additionally, it was hypothesised that, in term of microscopic levels, the recog- 

nition process may be enhanced by some initial molecular signals from the dam- 

age such as the DNA flexibility and the distinct chemical structure of FapydG. 

Unfortunately, MD simulations are unable to handle with millisecond intervals 

to simulate the whole processes of recognition. MD simulations therefore have 

been employed to study three established areas of the lesion recognition process: 

bending, binding and flipping. To tackle the bending subject, unrestrained MD 

simulations of 12-mer oligonucleotides in the presence and absence of the lesion 

were performed. Stability and flexibility of FapydG-containing duplexes were 

mainly analysed compared to their normal equivalent. Regarding to the binding 

stage, DNA containing an extrahelical guanosine bound to Fpg was modelled 

based on the structure of the damaged DNA-Fpg crystal complex. Chemical 

interactions between the flipped-out FapydG and active residues in the binding 

pocket were determined compared to the normal nucleobase over the course of 

simulations. Finally, free-energy profiles of damaged and undamaged base flip- 

ping were generated in three situations: B-DNA, the distorted DNA structure 

and the protein-DNA complex. 

43 



Chapter 2 

DNA Flexibility 

2.1 Introduction 

2.1.1 DNA flexibility and recognition 

Protein-DNA recognition is an essential mechanism in many cellular processes, 

including in DNA damage repair, DNA replication and gene expression. The 

transcription process of genetic information from DNA or RNA and the restriction 

modification system require DNA-binding proteins that must accurately recognise 

specific sequences of DNA (e. g. a transcription factor or restriction endonuclease). 

Yet in other processes such as DNA repair, repair proteins must identify and 

correct damage to the DNA regardless of the DNA sequence context. 

Generally, the ability of a protein to recognise its target DNA efficiently and 

specifically depends on two components: (i) the flexibility of DNA and protein, 

permitting them to adopt their optimal shape complementarity [76,77,78] and 

(ii) the contacts between amino acid sidechains and nucleotides form either direct 

hydrogen bonding, van der Waals and electrostatic interactions or indirect inter- 

actions through water molecules [79,80]. It has been well documented that DNA 

frequently exhibits a bent structure when bound to a protein, whereas regular 

B-DNA is usually thought of as a straight double helix in the absence of a pro- 

tein. However, many experiments have shown that double-helical B-DNA can be 
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bent without the protein and this intrinsic DNA bending is a sequence-dependent 

property [81,82,83,84]. For instance, adenine tracts (A-tracts) with four to six 

consecutive adenine nucleobases have shown DNA bending of .:. 18° [85); DNA 

bending of 23° was observed at the central CC step in the crystal structures of 

two different decamers, d(CATGGCCATG)2 and d(CCAAGCTTGG)2 [82,83]. 

Recognition of the damaged base by an appropriate repair enzyme is the 

first step in DNA repair processes. Crystallographic studies of damaged DNA- 

glycosylase complexes showing a bent DNA structure with an extrahelical lesion 

when hound to a glycosylase suggest a key feature in the BER recognition. As 

shown in table 2.1, bend angles of lesion-containing DNA in the complexes are to 

a much greater degree than those occur in the intrinsically curved DNA. Hence 

it was hypothesised that base damage could be one causative factor of such high 

degree of bending. 

Table 2.1: Bend angles of lesion-containing DNA bound to gly- 
cosylase enzymes (analysed by CURVES program [861). 

Protein DNA lesion PDB ID Bend angle (°) Reference 
Fpg FapydG 1XC8 63.5 [54] 

hOGG1 80G 1EBM 64.0 [87] 
AlkA 1-Azaribose 1DIZ 66.0 [88] 
AAG EDA 1EWN 27.2 [80] 
UDG Uracil 1SSP 38.1 [90] 

Abbreviations: Fpg, formamidopyrimidine-DNA glycosylase; FapydG, 2,6- 
diamino-4-hydroxy-5-formamidopyrimidine; hOGG1, human 8-oxoguanine 
glycosylase; 80G, 8-oxoguanine; A1kA, E. coli 3-methyladenine-DNA glyco- 
sylase II; AAG, human 3-methylalkyladenine-DNA glycosylase; EDA, 1, N6- 
ethanoadenine; UDG, uracil-DNA glycosylase 

Unfortunately, there is little information regarding the microscopic effects of 
DNA lesions on conformational flexibility. But studies on the backbone structure 

of a 25-base DNA strand containing single 8-oxopurine using Fourier transform- 

infrared spectroscopy with multivariate statistics demonstrated that the backbone 

deformation likely occurred immediately adjacent to the lesion [91]. MD simula- 

tion studies of normal and 80G-containing DNA showed that bending dynamics 
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towards the major groove was significantly more likely in the presence of the le- 

sion [921. These findings suggest that DNA deformation is crucial in the initial 

recognition mechanism. 

2.1.2 Structural analysis of the FapydG residue 

The opened imidazole ring of the FapydG residue leads to an increased degree of 

freedom in the glycosidic bond and the formamide group. The crystal structure of 

Fpg bound to an extrahelical cFapydG (PDB ID 1XC8) [54] as well as the NMR 

structure of an intrahelical formamidopyrimidine adduct of aflatoxin B1 (PDB 

entry 1HM1) [93] revealed that the FapydG presents the anti-glycosidic confor- 

mation with a nonplanar cis-formamido group (anti-cis-FapydG). On the other 

hand, an experimental study of FapydG on DNA polymerase activity showed 

that FapydG induces misincorporation of adenine opposite FapydG as the lesion 

adopts a syn-conformation and the FapydG: A base pair presents a thymine-like 

hydrogen bonding pattern [47]. Thus, it is certainly important to first deter- 

mine the reasonably intrahelical conformation of FapydG before incorporating 

the FapydG residue into DNA models. 
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Figure 2.1: The structure of anti-cis-FapydG presenting anti- 
glycosidic bond and the rotatable C5-N5 bond in a cis-configuration. 

2.1.3 Aims and objectives 

The aim of the work in this chapter was to identify the initial molecular pertur- 

bation to the normal structure of duplex DNA brought about by the presence 

of FapydG, which may trigger the damage recognition by Fpg. The influence of 
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FapydG on DNA stability and flexibility compared to its normal equivalent were 

studied using an MD simulation technique. Prior to performing MD simulations, 

a potential structure of an intrahelical FapydG with an appropriate force field 

parameter set was first developed based on both the X-ray crystal and the NMR 

structures available to date plus theoretical methods. Unrestrained MD simula- 

tions were performed on a dodecamer DNA duplex containing a single syn- or 

anti-FapydG residue paired with cytosine, to determine which conformation of 

the lesion was more energetically favourable. Further dynamic simulations on a 

series of DNA duplexes containing FapydG: C or G: C were carried out to study the 

stability and flexibility of the duplexes. Subsequently, global axis curvature was 

calculated to investigate the intrinsic curvature of FapydG-containing DNA; the 

resulting curvature analysis was compared to that observed in crystal structures 

of damaged DNA bound to Fpg. Finally, the energetic penalty for different DNA 

sequences to adopt the observed protein-bound conformation were estimated by 

a combination of the principal component analysis and a novel approach based 

on the calculation of a statistical measure, the Mahalanobis distance. 

2.2 Simulation methods 

2.2.1 FapydG parameterisation 

Since FapydG is a non-standard nucleotide, there is no available molecular pa- 

rameters included in the database as is the case for standard DNA and RNA 

nucleotides. In order to incorporate a FapydG base into the simulations, it was 

first essential to assign an appropriate type and partial charge to each atom. A 

methyl derivative of FapydG was modelled, in which the deoxyribose moiety was 

substituted by a methyl group keeping the FapydG in a neutral system. Electro- 

static potential on the molecular surface was calculated using Gaussian 98 [94], 

with Hartree-Fock calculations and the 6-31G' basis set. To reproduce this elec- 

trostatic potential, appropriate partial charges were then fitted at each atom using 

47 



an atom-centred point charge model termed the restrained electrostatic potential 

(RESP) method [95] within the antechamber module. The charges were finally 

merged with standard AMBER charges for nucleic acid sugars and phosphates, 

and adjusted to give the correct total overall charge. Atom types of FapydG were 

assigned based on the standard AMBER parameters for organic and biomolecular 

molecules, parm99. dat [96]. 

The FapydG force field was calculated according to the parm99. dat with the 

missing torsional terms for X-C5-N5-X (see figure 2.1). To analyse rotational 

energies around the C5-N5 bond, snapshots were generated ranging 0° to 180° 

with 30° increments using Insight II. A full geometry optimisation and energy 

calculation using the 6-31G* basis set with each torsion angle constrained was 

performed. The AMBER energy profile of the dihedral angles around the C5-N5 

bond was also calculated and subsequently fitted with the quantum mechanically 

potential energy profile using different torsional parameters. Standard atom types 

and charges were used for the remaining nucleic acid residues. 

2.2.2 Model construction and simulations 

2.2.2.1 Glycosidic bond conformations 

The potential conformation about the glycosidic bond of intrahelical FapydG 

was first examined. An initial 12-mer B-DNA duplex d(CTTTTGCAAAAG)2, 

termed TGC, was generated by the nucgen module [63]. The dynamics of 

the TGC sequence was extensively studied in previous work [97,98]. It was 

shown that the sequence remained stable over the 5-ns simulations and its time- 

averaged structure was in a great agreement with the NMR-derived structures. 

The parameterised FapydG was then incorporated into the TGC sequence to 

give d(CTTTTFCAAAAG)"d(CTTTTGCAAAAG) termed TFC where F was 

FapydG; an intrahelical anti conformation (240°) of FapydG was employed from 

the NMR structure of the formamidopyrimidine adduct of aflatoxin B1 [93]. A 

sample of DNA containing syn-FapydG was also remodelled based on a syn- 
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deoxyguanosine giving a glycosidic angle of 74° after minimisation and equilibra- 

tion. Both conformations were paired with cytosine as shown in figure 2.2. Each 

system was solvated, equilibrated and simulated for 5 ns as described in section 

1.4.2. The simulations were analysed to identify the most energetically favourable 

glycosidic conformation of FapydG prior to carrying out further experiments. 
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syn-FapydG: C 

Figure 2.2: Starting base pairing of (a) anti-FapydG: C with a G: C-Iike 
hydrogen-bonding pattern and (b) syn-FapydG: C with an A: T-like pattern. 

2.2.2.2 Extended simulations for sequence-dependent flexibility 

To check if the conformational preferences of the FapydG base were influenced 

by its neighbouring bases, the original model systems, featuring a TXC sequence 

(X is G or FapydG) were modified (using Insight II) to give AXA, AXC, TXA, 

AXG and TXT-containing sequences. The 5-ns simulations were carried out as 

described in section 1.4.2. 

2.2.2.3 Conformational search for the target structure 

Coordinates of the bent DNA d(TCTTTFTTTCTC) "d(GAGAAACAAAGA) 

containing FapydG were initially obtained from the PDB (PDB code 1XC8, [54]). 

This distorted DNA conformation from the x-ray crystallographic structure was 

then defined as the 'target' structure. To allow for the fact that the target 

conformation is probably somewhat flexible, and the crystal structure could not 

represent this, the simulation technique was applied in order to produce a set of 

target conformations. The DNA structure was solvated, minimised and equili- 
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brated as described in section 1.4.2. A short restrained molecular dynamics with 

5 kcal/mol/A2 cartesian restraint on both terminal base pairs was then carried 

out to sample its possible deformed conformations of DNA during the simulation. 

Coordinates were saved every 1 ps of the 100 ps restrained simulation. These coor- 

dinates were analysed using CURVES 5.1 [86) to collect the angle and magnitude 

of global axis curvature as a reference ensemble of target conformations. 

2.3 Post simulation analysis 

2.3.1 Principal component analysis 

Principal component analysis (PCA) or essential dynamics (ED) is one of the 

major tools for the analysis of biomolecular MD simulation [99,100]. By the 

means of PCA, an output trajectory which contains a mass of numerical data can 

be analysed objectively and reduced in complexity to identify the most important 

dynamical behaviour and calculate their relative significance in the overall motion 

of DNA. The ptraj module in AMBER 8 suite [63] was employed to calculate the 

principal components from trajectories. 

Prior to performing PCA, the RMSD of snapshots from the initial configu- 

ration and from the time-averaged one was calculated over all DNA atoms to 

remove the transitional and rotational degrees of freedom, and to produce a best 

fit of the coordinates of the entire DNA. Each 5-ns trajectory was used to con- 

struct the positional covariance matrix with 3N x 3N elements, where N was the 

number of atoms in the system (N = 762 or 763 for G and N= 765 or 766 for 

FapydG). Elements cj7 in the Cartesian covariance matrix C are computed by 

1 
C`. i = 1L7 

E [(ri(t) - ri) " (ra(t) - ri)] (2.1) 

c=i 

where M is the total number of snapshots, and rf and r3 denote a given pair of 

coordinates [101]. Since C is a square matrix, diagonalisation of the C matrix 

yields a set of 3N -6 eigenvectors and their associated eigenvalues, in which 
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contains the same fundamental properties of the square matrix, as follows 

C= VDV ' (2.2) 

where V denotes a matrix composed of the eigenvectors (vn) of the covariance 

matrix C, D is the diagonal matrix constructed from the corresponding eigen- 

values (A,, ), and V-' is the matrix inverse of V. The eigenvector describes a 

vectorial representation of each mode of structural deformation that may be ex- 

pressed as a part of the total motion, and the eigenvalue for a mode indicates 

the relative contribution that this mode has made to overall motion within the 

trajectory [102]. The larger number the eigenvalue the more the contribution of 

the motion, thus only those with high eigenvalues are usually considered. 

PCA simplifies multidimensional data into scalar data which re-express the 

original information by projection of the trajectory r(t) onto individual eigen- 

vectors (vn) giving their coefficients (p7z(t)) in each snapshot over the time (see 

equation 2.3). Coefficients or projections for a particular eigenvector imply the 

mode of DNA deformation in the eigenvector subspace. The probability distri- 

butions of projections were analysed to ensure the equilibration of the system. 

Artificial animations were generated from its maximum and minimum projection 

values for major modes of DNA deformation. 

ýnltý = Vn - r(t) (2.3) 

Furthermore, a set of major eigenvectors from different molecular system i. e. 

the modified and unmodified DNA duplexes were quantitatively compared using 

the dot product, 

a"b= lallbl " cosO (2.4) 

where jai and JbI are the magnitude of eigenvectors a and b, and 0 is the angle 

between those two vectors. The dot product provides the degree of similarity of 

DNA motion between two selected eigenvectors. 
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2.3.2 Energetic analysis 

2.3.2.1 Relative binding energies 

Coordinates every 50 ps were analysed by the MM/GBSA approach to calcu- 

late relative free energies of binding. The lM/GBSA method combines molec- 

ular mechanics, a continuum implicit solvent model termed a generalized Born 

(GB) model, and a solvent accessibility (SA) method to estimate free energies of 

molecules (G., ) in solution (see equation 2.5). With the GB solvent model, esti- 

mating solvation free energies becomes feasible because solvent degrees of freedom 

are taken into account implicitly [103,104]. The molecular mechanical energies: 

the van der WVaals interaction (E�dw), electrostatic interaction (Ee3), and inter- 

nal energy (EE,, ), as well as the free energy of GB solvated systems (Gp01) are 

calculated with the sander program [63]. The hydrophobic contribution to the 

solvation free energy (GR07 1) is estimated using the solvent accessible surface 

area of the solute [105]. 

Gx = Evdbv + Ees + Ein + Gpol + Gn pol (2.5) 

In this study, DNA (without FapydG or G) was treated as the "receptor" and 

the FapydG or guanine nucleobase as the "ligand". The G 01 was calculated using 

GB solvent model developed by Onufriev, Basford and Case (GBOBC, igb=5) [106] 

as recommended by Kormos and Beveridge for DNA simulations [107], where 

the G,,,, 
p,, t was calculated from equation 2.6 [108]. The relative binding energy 

(AGbinding) represents the contribution of the nucleobase-DNA interactions to 

the relative stability of these two structures during the simulations. The relative 

binding free energy is estimated with equation 2.5 through 2.8. 

Gnonpoi = 0.0072 kcal/mol/Ä2 x SA (2.6) 

AGbindiing = Gcomplex 
- 

Greceptor - 
Gligand (2.7) 
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AGaind=n9 = DEvdw + LEes + DEin + OGpol + OGnonpoz (2.8) 

2.3.2.2 Intra- and inter-strand interactions 

Intra- and inter-strand interactions were calculated over each 5-ns simulation 

using the anal module of AMBER 7 [109] to represent stacking interactions and 

base pair hydrogen bonding respectively. In all cases the backbones were removed, 

the charge on Cl' was adjusted to have a total neutral charge in each base and van 

der Waals parameters were applied for all atoms except for Cl'. All non-bonded 

interactions were determined for 3' and 5' bases adjacent and the opposite cytosine 

to the lesion or the central guanine. 

2.3.3 Global bending analysis 

Helical bending occurs when there are local distortions of the helix geometry. 

The local distortions, however, do not certainly result in a global bending because 

those local deformations may neutralise each other giving a normal straight helix. 

Thus only global bending parameters are of interest in this study. To analyse 

global axis curvature, a well-known program called CURVES version 5.1 [86] was 

employed. One advantage of the CURVES method over other approaches like 

FREEHELIX [110] is that it can calculate global helical axis parameters and 

then optimise them to yield the best curvilinear helical axis [111]. After the 

optimisation, the angular magnitude is then calculated from the angle between 

the first and the last helical axis segments of the curvilinear helical axis and the 

direction is the angle of the helical axis with respect to the dyad axis (pointing 

towards the minor groove) of the first nucleotide (figure 2.3). The terminal base 

pairs were omitted from all simulations prior to performing the analysis due to the 

fraying effects. The global curvature parameters were determined and compared 

with those from the crystal structure and the short restrained simulation. 
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Figure 2.3: A schematic picture for calculations of attt; ulefr magnitude 
and direction I)V CURVES 5.1 [86] (a) the curvature angle (0) formed 
between the first and the last helical axes (black lines) of the curvi- 
linear axis (red line) calculated from each helical axis segment (red 

circle) (b) the angular direction (red arrow) estiniat('(I wit ii resJx'( t 
to the dyad axis of the first base (green arrow). 

2.3.4 Mahalanobis distances 

The Mahalanobis distance (D w) is a distance measure between an unknown data 

set and a known one by taking into account the correlations of the data set [1121. 

DI calculation-, were employed to measure the distance of any configuration fron 

the average structure using the PC. 1 data. The D. ý, was calculated by 

D11 
-\L 

(2.9) 

iIý 

where p, and X are the projection and eigenvalue along each principal component. 

respectively. and . 
A' is the number of eigenvectoýrs. Since all translational and 

rotational mode are removed from the trajectory before performing PC'A. time 

resulting eigeI vectors are assuillecl to he equal to normal vibrational Il o des of 

the system and their correspolldillg eigen-values can refer to the forces assn "iatel 

p it hDA deformation along the modles. Up to this, point. the D. ýl relat yes to i lle 
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energy required to distort the structure from the average configuration to any 

configuration. Thus if there is the same target configuration, calculations of Dm 

from two molecular systems to this target reflect to their attainability to achieve 

the target configuration. Unfortunately, getting the exact target configuration is 

time-consuming and overestimates Dh1 since the Dm increases with the number 

of eigenvectors calculated. The calculation can be speeded up by targeting to 

a structure within a given RMSD tolerance which can be achieved with a much 

lower N. The compressed trajectories [113] with the first 100 eigenvectors (N = 

100) which represented over 97% of the DNA motion with only 5% of the original 

file size were considered. Ten central base-pairs were used to calculate the DM in 

order to avoid the fraying effects. 

The concept of Dh1 measurement was applied to the compressed trajecto- 

ries to analyse DNA deformability of modified and unmodified duplexes towards 

the conformation required for protein binding within a conformational space of 

RMSDs of 2.0 and 1.0 Ä. The search method to find the combination of individ- 

ual projections along each eigenvector that minimises the D' If from the original 

(time-averaged) structure to the target (crystal) one within a given RMSD toler- 

ance was introduced as shown in figure 2.4. The initial step was to calculate the 

dot product vector between those two structures and then decide the direction 

to deform the original structure. The next step was that the starting structure is 

distorted by moving a short distance along each eigenvector in turn. After each 

move, the change (reduction) in RMSD, and the change (increase) in DM were 

calculated. When the eigenvector that results in the biggest reduction in RMSD 

for the smallest increase in DM was found, the structure was subsequently moved 

to that new position and became the new starting structure for the next cycle 

of tests of different moves. The search process was continued repeatedly and 

stopped when either (a) the minimum RMSD was reached or b) a maximum DAI 

was reached or c) no move could be found that lowers the RMSD any further. 
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According to the harmonic approximation, a DM can be transformed into an 

energetic penalty required for deformation between two well-defined conforma- 

tions using a Hooke model (see equation 2.10) 

Eýf= 2TDn1 (2.10) 

where Edj denotes the deformation ener*r, kB is the Boltzmann constant and T 

is the simulating temperature. 

Bch- 
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Figure 2.4: A minimal iýlahalanobis distance searching algorithm 
from an average structure to a target conformation within the RMSD 
tolerance. The blue arrow shows the principal direction to deform 
the original structure and each small black arrow represents the de- 
formation of the structure to achieve a minimal RMSD along each 
eigenvector. 

2.4 Results and discussions 

2.4.1 Modified AMBER force field for FapydG 

"Missing, force field parameters for FapydG were first reported by Perlow-Pochnelt 

et al. [114. The FapydG parameters have been mostly maintained similar to the 

guanine nucleobase leading to the constrained formamide group in the plane with 
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the pyrimidine ring. In contrast, a nonplanar formamide group was expected as 

occurred in the X-ray and the NMR structures. 

Applying the new modified force field, preliminary MD simulations of a 

FapydG-containing oligonucleotide in the presence and absence of Fpg showed 

the FapydG conformation in good agreement with the crystallographic and the 

NMR structures. The resulting partial charges and atom type assignments are 

shown in figure 2.5 and the modified force field for FapydG used in this study is 

demonstrated in table 2.2. 
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Figure 2.5: (a) Atom types (b) Atomic charges of FapydG. 

2.4.2 Glycosidic conformation of FapydG 

RAiSDs of snapshots from the initial conformation over the entire DNA atoms 

for 5-ns 3ID trajectories of both syn- and anti-FapydG were first calculated to 

produce the least-square fit of the coordinates. As depicted in figure 2.6(a), 

the RXISD with the respective starting structure indicates that the syn- and 

anti-FapydG containing DNA systems are stable during the fully unrestrained 

simulations with average RIVISD values of 1.92 and 1.75 A respectively. The 

ptraj module [63] was then employed to track the glycosidic torsion angle (04'- 

C1'-N6-C6) over the simulation. It has also been clearly evident in figure 2.6(b) 

that syn -* anti conversion occurred after 500 ps and was maintained along the 

simulation. 
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Table 2.2: Modified AMBER parameters added to the parin99. dat. 

Bond Kid Rbond Analogy with 
N-CM 448.0 1.365 CAI-N* 

NC-CM 483.0 1.339 CA-NC 
Bond angle Karzgle Rangte Analogy with 

C-N-CM 70.0 121.60 C-N*-CM 
N-CM-C 70.0 120.10 CM-CA-N2 

N-CM-CM 70.0 121.20 CM-CM-N* 
H-N-CM 50.0 121.20 CM-N*-H 

CM-CM-NC 70.0 121.20 CM-CM-N* 
CA-NC-CM 70.0 118.60 CA-NC-CQ 
NC-CM-'N 70.0 119.30 N2-CA-NC 
N-CT-H2 50.0 109.50 N*-CT-Hl 
CT-N-CM 70.0 121.20 CM-N*-CT 
OS-CT-N 50.0 109.50 OS-CT-N* 
Dihedral Phase Kdihedral Phase angle Periodicity Analogy with 

CA-NC-CM-N 1 1.10 180.0 2. CB-NC-CA-N2 
Cl4M-CM-NC-CA 1 1.85 180.0 2. X-CM-N*-X 

H-N-CM-NC 1 1.85 180.0 2. X-CM-N*-X 
CT-N-CM-NC 1 1.85 180.0 2. X-CM-N*-X 
CT-N-CM-CM 1 1.85 180.0 2. X-CM-N*-X 
H-N-CM-CM 1 0.25 0.0 2. New parameter 
H-N-CM-C 1 0.25 0.0 2. New parameter 

C-N-CM-CM 1 0.25 0.0 2. New parameter 
C-N-CM-C 1 0.25 0.0 2. New parameter 

Notes: K is a force constant for each term and R is an ideal value. 
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The \I\IýGB5.1 II)I)Ioach vv i- Subsequently used to calculrite relative binding 

free energies of both conformations within the duplex as shown in table 2.3. The 

results of the two binding modes are roughly the same in any energetic term except 

for the electrostatic interaction. The atiti conformation is iiiore 5tihili5C(l thl-ui 

the . fin structure with ti 11 A'cal/isol. since the $yo-FapydG: C' pairing exhibits a 

dolibl(' hydrogen bon(l vv11il'st a triple lhvdrogen bond is present in uati-Fipv<IG: C 

pairing. This 11elitttinarY result here has a good agreement with the qualrtunt 

iiitlcli<uical calculation by Ober et (Ii. [115]. The density functional calculation 
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with a constraint on the glycosidic torsion angle of either cFapydG or FapydG 

showed that the potential functions of both natural and analogue molecules were 

very similar and in both cases the anti conformation was -- 6 kcal/mol more 

favourable than the syn conformation. This QM calculation also suggests that the 

cFapydG is a reasonable model for FapydG. So far then it is strongly convincing 

that the anti-FapydG is a potential structure for the intrahelical FapydG lesion. 

However, it niust be considered that the nonplanar formamide group may cause 

the different dynamic behaviour depending on the adjacent DNA base particularly 

in 3' direction. Hence, further simulations on a series of nucleobases neighbouring 

the lesion site were initiated. 

Table 2.3: Relative binding free energy of intrahelical syn- and anti-TFC from 
XIM/GBSA approach 

Sequence DELdw DEes DEin iGpo! OGnonpol OGbinding 

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) 

syn-TFC -23.9±1.5 45.1±3.6 -12.4±3.5 -24.4±6.2 -2.5±0.1 -18.0±6.8 
anti-TFC -24.1±2.0 21.5±3.6 4.2±1.3 -28.2±6.2 -2.3±0.1 -28.9±5.4 

2.4.3 General MD results 

A nucleobase of FapydG or guanine paired with cytosine in Watson-Crick geome- 

tries was incorporated in the central AXA, AXC, AXG, TXA, TXC and TXT 

sequences. The RXISD time series of each duplex, which provides a measure of 

conformational changes with respect to the initial conformation, fluctuates more 

broadly in the presence of FapydG, as depicted in figure 2.7. The average RMSD 

for each sequence is shown in table 2.4. The RMSD generally implies that the 

lesion-containing DNA would have more conformational flexibility than its nor- 

mal counterpart, however there are exceptions to this rule. No tendency of base 

opening was detected in all 5-ns simulations. 
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Table 2.4: Average RMSD values of damaged and undamaged sequences 
compared to the starting structure over its 5-ns simulation. 

Sequence Average RMSD (A) Sequence Average RMSD (AF 
AGA 1.81 TGA 1.90 
AFA 2.16 TFA 2.26 
AGC 1.86 TGC 1.84 
AFC 1.91 TFC 1.75 
AGG 2.58 TGT 1.67 
AFG 1.80 TFT 1.99 

2.4.4 Principal component analysis 

As of the RMSD-based analysis of MD trajectories, there is no obvious indication 

of how FapydG influences the DNA behaviour in terms of flexibility. The PCA 

method therefore was applied to each of twelve 5-ns trajectories independently to 

identify the principal components (PCs) of DNA motion (eigenvectors) and their 

corresponding eigenvalues. The projection of the trajectory onto each component 

was plotted as a time-series which reveals the global movement for each mode. 

Ten major eigenvectors of each damaged duplex, which contribute to approxi- 

mately 75% of the global DNA motion, were subsequently compared with those of 

its normal counterpart using the dot product approach. Figure 2.8 demonstrates 

an example of the dot product matrix of damaged and undamaged TGC sequence 

where other sequences display similar results. The matrix shows that along the 

diagonal PC1, PC2 and PC3 are red indicating a high degree of similarity between 

three major components of the TGC and TFC sequences. The matrix also shows 

the perturbation of DNA movement due to the presence of FapydG. Eventually, 

short MD animations of all studied sequences projected along first three major 

PCs were visualised by VMD [67] to observe the type of motion. 

Regarding to the visualisation, the bending and twisting modes were observed 

in those three major components. The PC1 presenting a bend about the lesion 

site was of the interest and PC1 of all sequences contributed averaging 26.4% 

to the overall motion. Table 2.5 shows the proportion of first three principal 
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components that contributed to the global DNA movement. It was nonetlieless 

not possible to obtain a clear picture of the impact of Fapv(1G on DNA duplex 

b viewing animations. The PC1 niotioii \vaLs subsequently analysed by CURVES 

"). 1 and Nvil1 be <li-ý(ll . e(l iii section 2.1.6. 

TFC 

TGC 

Fi uit 2. ': Dot iýrý_, ýluct matrix four (l<muzgl; c 1 mid und; mm ed TUC 
DNA sequence. w awing froccc U to 1 which shows 1 to be a red . square 
corresponding to perfectly overlap between two eigenvectors and 0 in 

a blue square indicating no overlap between the vectors. 

Table 2.5: Proportion of first three f)riiicipal components of each 
sequence contributed to the Overall motion. 

Segiwiic"c PC1 (Vc) PC2 (/c) PC3 (%, ) 
AGA 24.5 17.2 12.1 
AFA 24.7 17.4 i1. 
AGC 20.8 16.7 12.0 
AFC 36.5 1.58 8.9 
AGG 25.0 18.4 10.3 
AFG 23.5 17.1 12.6 
TG 24.3 16.7 8.3 
TFA 24.2 18.7 10.9 
TGC 27.9 16.1 71.7 
TFC 25.8 17.8 12.2 
TGT 29.3 12.6 9.3 
IFT 30.5 16.4 6.8 
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2.4.5 Energetic properties and DNA stability 

2.4.5.1 Relative binding energies 

A low melting point of the cFapydC: C base pair compared to G: C base pairs in 

the duplex has been reported [53]. It suggests the dramatic destabilisation of the 

FapydG-containing duplexes. The MM/GBSA approach was initially performed 

to estimate relative binding free energies of the FapydG base compared to its 

normal counterpart. As shown in table 2.6, in all the cases AGbindi,,, g of damaged 

duplexes are less than the normal duplexes about 5-10 kcal/mol mainly desta- 

bilised by the electrostatic interaction (AEe3) and the polar part of the solvation 

free energy (1G). The destabilisation of DNA containing FapydG may be ex- 

plained by two factors: (i) the weaker hydrogen bonding of the FapydG: C base 

pair due to the high degree of freedom of the glycosidic bond (ii) the negative 

charges of the nonplanar formamide group leading to unfavourable electrostatic 

interactions with the 3'-flanking base. 

Table 2.6: Estimated relative binding free energy of damaged and undamaged 
DNA duplexes from MM/GBSA approach. 

Sequence AEvdIV AE,, AEin t Gpot AGnonpot AGbinding 

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) 

AGA -24.0±2.1 17.6±4.5 6.5±1.2 -31.9±7.1 -1.8±0.1 -33.6±6.4 
AFA -23.6±2.1 23.1±3.6 4.1±1.2 -28.8±6.2 -2.1±0.1 -27.2±5.9 
AGC -24.5±2.6 18.1±4.4 6.9±1.2 -31.7±8.2 -1.9±0.1 -33.1±7.5 
AFC -23.3±2.0 18.0±2.8 4.0±1.1 -24.7±5.5 -2.1±0.1 -28.0±5.6 
AGG -23.8±2.2 19.3±4.8 7.0±1.0 -35.2±7.0 -1.8±0.1 -34.5±5.6 
AFG -23.3±2.1 26.6±4.2 3.9±1.1 -30.6±5.9 -2.0±0.1 -25.4±5.4 
TGA -23.0±2.3 15.2±4.8 6.8±1.3 -28.0±7.6 -1.9±0.1 -30.9±7.2 
TFA -23.6±2.2 23.7±3.2 3.8±1.4 -29.4±6.8 -2.2±0.1 -25.8±6.9 
TGC -24.4±2.6 17.1±4.3 6.6±1.3 -33.3±6.5 -1.9±0.1 -35.9±6.2 
TFC -24.1±2.0 21.5±3.6 4.2±1.3 -28.2±6.6 -2.3±0.1 -28.9±5.4 
TGT -24.9±2.1 15.0±4.0 7.1±1.0 -30.7±7.4 -1.9±0.1 -35.4±6.2 
TFT -25.2±2.1 23.8±3.9 4.4±1.2 -26.2±7.4 -2.2±0.1 -25.4±6.4 
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2.4.5.2 Hydrogen bonding and stacking interactions 

According to the above hypothesis, non-bonded interactions of both inter-strand 

(hydrogen bonding) and intra-strand (stacking interaction) of the FapydG: C or 

G: C base pair in different contexts of central oligonucleotides were calculated us- 

ing anal module [109]. The resulting interactions are shown in table 2.7. The most 

noticeable effect of interactions is in the way that FapydG pairs with cytosine at 

%8 kcal/mol higher than normal G: C base pairs. Although the FapydG: C base 

pair exhibits a G: C-like hydrogen-bonding pattern, yet the high mobility of the 

glycosidic bond results in the instability of those hydrogen bonds. The stacking 

energies of FapydG or guanine flanked by various 5'- and 3'-neighbouring bases 

resulted unexpectedly that the nonplanar FapydG has the tendency to generate 

more stable base stacking in B-DNA than normal guanine. Such preferences oc- 

cur when the 3'-nucleobase of FapydG is adenine, cytosine or guanine whereas 

FapydG displays unfavourable interactions to 3'-thymine. The nonplanar formyl 

group can generate hydrogen bonding with an amino group in adenine and cyto- 

sine where the negative charge of formamido group may locate in a good distance 

and produce favourable repulsive-attractive interactions with negatively charged 

N7 and 06 of guanine base (see figure 2.9). The unfavourable interactions be- 

tween the FapydG and 3'-thymine base step could be explained by a steric effect 

between the out-of-plane formamide group of FapydG and a methyl group at 

position 5 of 3'-thymine. 

2.4.6 Intrinsic DNA curvature 

Global bending analysis provides bending information in terms of angular direc- 

tion and magnitude. The sine function of DNA curvature magnitude was first 

plotted as a function of their angular direction associated with the DNA curva- 

ture of the kinked crystal structure (1XC8) and the short restrained simulation 

of the target structure illustrated by polar plots in figure 2.10. The kinked DNA 

conformation obtained from the complex between LlFpg and FapydG-containing 
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Table 2.7: Inter-strand (hydrogen bonding) and intra-strand 
(stacking) interactions of FapydG: C or G: C base pairs in 6 dif- 
ferent sequence contexts. 

Sequence Hydrogen bond energy Stacking energy 
(kcal/mol) (kcal/mol) 

AGA -25.9±1.8 -17.6±1.7 
AFA -18.1±1.6 -19.1±1.9 
AGC -26.2±1.6 -18.8±1.8 
AFC -18.4±1.4 -23.7±1.7 
AGG -26.2±1.7 -9.7±2.0 
AFG -18.2±1.6 -10.4±1.7 
TGA -26.0±1.7 -13.7±2.0 
TFA -18.0±1.5 -13.4±1.8 
TGC -26.4±1.5 -14.7±2.0 
TFC -18.1±1.6 -17.5±1.7 
TGT -25.9±1.8 -9.9±2.0 
TFT -17.5±2.4 -8.7±2.2 

DNA has indicated that Fpg is bound to the damaged DNA at an angle of curva- 

ture 63.5° and in the direction of 104.00 and this conformation has been used as a 

reference point in the polar plots. The restrained simulation of the kinked DNA 

was performed to gain some of its possible conformations required for binding 

to Fpg. The resulting angular magnitude and direction of the target conforma- 

tions range from 51.6° to 94.7° and 103.1° to 129.3° respectively. However, these 

large magnitude and direction of bending rarely occurs in the absence of protein 

binding, though intrinsic DNA bending of only 15° to 24° is normally observed 

in crystal structures of B-DNA [84]. 

As shown in figure 2.10, the polar plots of FapydG-containing duplexes com- 

pared to its normal counterpart demonstrate the angular magnitude and direction 

of damaged DNA bending shifting towards the target area. It can be undoubtedly 

seen in the altered behaviour of AFC, AFG and TFC; AFA, TFA and particu- 

larly TFT bendability is however questionable. One-way analysis of variance 

(ANOVA) was used to test differences between the angular magnitude over 5- 

ns simulations of damaged DNA compared to undamaged DNA (a=0.05 for a 

95% confidence). The results showed statistically significant differences in the 
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Figure 2.9: Proposed interactions between a foriuvl functional 

group of FapvdG and ; 3'-iieiglibourillg intcleobases (pictures gener- 

ated frone their tinge-ýýerxgeýl ýtrlictiires). Fapy (I /A and FipvdG/C 
base step-, "how hydrogen hoed lengths at, 2.35 and 2.09. A. and 
the angles at 152 and 15-1°. respectively. FapydG/G represents 
favourable repulsive-attractive iuterictionls while Fapv<1G/T üili- 

caztes unfavourable steric interactions between a fornlamide group 
and a methyl group of thviiiiiie. 

presence of Fa1'vdG within AAA. ABC. AXC. TXa and TXC sequences. while 

there was no significant difference between TGT and TFT. A histogrifin of DNA 

curvature in the presence and absence of FapydG are also shown in figure 2.11. 

In the presence of FapydG. shifts to wards larger curvature «Vere evident in the 

distribution of bending magnitude of AFA. AFC. AFG. TF. -ß and I'FC central 

, equc'iice'. 

The average values of the angular mimagnitude and direction of bending of those 

of the damaged and the undaiiiaged sequences over 3-ns simulations were c"alc"tt- 

lat¬(l aini sho wii ill table 2. S. The average global curvature of AFA. AFC. AFC. 

IFA and TFC sequences demonstrated a higher value of the angular magnitude 
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1)1eX The re-, alts here all provide an assumption that F. 1pV(1G enhances 

the bending of RNA in the direction required for hiuditig to Fpg. However. in 

the absence of the Fpg protein. the FapydG-containing duplexes are unlikely to 

fully achieve the sharply kinked conformation as observed in the crystal Structure. 

It is alo evident that the distinct dynamic behaviour off Fl' requires further 
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Table 2.8: Average values of the angular magnitude and direction of global 
bending and proportion of the MD ensembles that show the required bending 
(curvature > 30°, direction = 100° - 130°) from 5-ns simulations. 

Sequence Average curvature (°) Average direction (°) Required bending (%) 
AGA 16.2±7.8 135.6±56.8 1.3 
AFA 18.1±8.7 126.2±48.7 4.0 
AGC 18.4±8.2 141.7±48.7 2.1 
AFC 23.7±9.8 138.2±38.4 12.2 
AGG 20.9±10.1 137.6±48.0 7.1 
AFG 26.0±9.5 128.0±32.8 12.4 
TGA 15.1±7.8 137.6±70.2 2.0 
TFA 17.7±8.2 116.7±46.5 3.4 
TGC 15.0±7.9 158.6±65.5 0.6 
TFC 22.3±9.1 146.0±32.8 4.4 
TGT 17.4±9.1 136.8±55.4 3.2 
TFT 17.0±8.7 151.5±66.6 0.7 
1XC8 63.5 104.0 - 

MD animations of PC1 of each sequence were analysed for the global curvature 

parameters as shown by polar plots in figure 2.12. The analysis revealed that PC 1, 

a bend motion about the lesion site, mainly contributed towards Fpg recognition 

as PC1 pointed towards the direction of the target area. The first component 

of all damaged duplexes, excluding TFT, is more likely to generate the bent 

conformations than that of normal duplexes. Noticeably, PC1 of TFT influences 

the bendability in a different direction as observed in the previous polar plots 

(figure 2.10). This specific DNA behaviour of TFT can be explained by the 

unfavourable stacking interactions of the nonplanar formamide group of FapydG 

and the methyl group of 3'-thymine as shown in figure 2.9. 
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2.4.7 I\ Iahalanobis distances 

The DI, was used to determine the defortnability towards the protein-hound 

conformation. It is not only measure the siillilarit Y het weeii two ("onfigiirat ions 

of a svstein as in the conventional ßMSD method but it also takes into uceoulrt 

of Inzijor nio(-lc, of dleformrltion of D\_1 and roughly reflects thy' ('nerv (Et, j) 

required to deforni the structure from the average configuration toward s the target 

using a Hooke model. In general. the greater the value of D11. the higher energy 

is required to (lefuriu toward s the target configuration. The results of D 
.u 

and 

F,,,,. t are demonstrated in table 2.9. 
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The DAf2.0 is the lowest distance from the time-averaged structure to adopt 

a conformation similar to the target conformation within a conformational space 

of an RMSD of 2.0 A. The results here indicated that the DM2.0 of all FapydG- 

containing sequences were decreased from their undamaged equivalents. It sug- 

gests that the duplexes are more deformable when FapydG is present. More 

rigorous experiments were performed for the Mahalanobis distance to achieve a 

conformation with an RXISD of 1.0 A (DM1. o). The results of D1 1. o were similar 

to those of DM2.0 (see table 2.9). Nonetheless, the conversion of D, 11,0 into the 

energy term resulted in a considerably energetic penalty as it was based on the 

harmonic approximation. 

Table 2.9: Mahalanobis distances and energetic penalties asso- 
ciated with RNISD tolerance of 2.0 and 1.0 A of the bent DNA 
structure observed in the crystal structure [54]. RMSDs of each 
time-averaged structure from the crystal structure are also listed 
along. 

Sequence RNISD DA. r2. o Edef2. o D41i. o Edef1.0 
(A) (kcal/mol) (kcal/mol) 

AGA 4.20 5.33 8.46 15.55 72.06 
AFA 4.09 4.90 7.15 14.45 62.22 
AG C 4.10 5.85 10.2 18.64 103.5 
AFC 3.7 7 3.90 4.53 14.38 61.62 
AGG 3.98 4.30 5.51 13.29 52.63 
AFG 3.84 4.25 5.38 13.21 52.00 
TGA 4.26 4.62 6.36 13.92 57.74 
TFA 3.94 4.20 5.26 11.93 42.41 
TGC 4.12 5.15 7.90 18.34 100.2 
TFC 3.87 3.94 4.63 13.97 58.16 
TGT 4.18 4.93 7.24 15.96 75.91 
TFT 4.38 4.84 6.98 15.60 72.52 

It is noticeable that DA! 1, o and DM2_o of TFT are relatively higher than other 

damaged sequences indicating that a higher energetic penalty is required to distort 

it to the protein-bound conformation. The result here has a good agreement with 

the previous axis curvature analyses that TFT tends to deform not in the required 

direction. This is in contrast to the AFC and TFC sequences, which require a 

lower energetic penalty to achieve the target conformation, in another word, they 
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are more deformable than the TFT sequence. This individually intrinsic curvature 

may result in differences in Fpg activity to recognise the lesion flanked to 3'- 

cytosine more efficiently than the lesion with 3'-adjacent thymine. These findings 

support the hypothesis that the damage recognition is sequence-dependent and 

may be related to the energetic cost of DNA distortion, as has been reported in 

the activity of uracil DNA glycosylase [116]. Although glycosylases are expected 

to recognise and remove DNA damage in any sequence context, there have been 

some reports that the UDG activity is dependent on the sequence surrounding 

the uracil with up to 20-fold differences in UDG efficiency [117,118,119]. 

Regarding to the Dm of damaged and undamaged sequences, the Dh1 of AFC 

and TFC sequences are dramatically decreased whereas those of AFG and TFT 

contexts are slightly dropped, compared to their normal counterparts. If the 

repair enzyme could detect the different flexibility in the presence and absence of 

FapydG, it would be able to distinguish or recognise FapydG flanked to 3'-cytosine 

better than in other sequence contexts. Alternatively, it may suggest that the 

effect of FapydG in TFT and AFG flexibility is concealed from the repair process 

of Fpg. 

2.5 Conclusions 

Parameterisation of FapydG and verification of the potential glycosidic conforma- 

tion were initially resolved before carrying out MD simulations. The simulations 

were then performed on 12-mer oligonucleotides containing anti-FapydG: C and 

G: C in various neighbouring bases. The PCA approach was employed to extract 

essential information from a massive numerical output from simulations. DNA 

bending at the lesion site was the major mode of motion (PC1) where dam- 

aged and undamaged duplexes deformed in different extents. Energetic analysis 

showed the destabilisation of FapydG: C due to the weaker hydrogen bonding that 

may lead to base flipping into the pocket of Fpg afterwards. However, there was 

no tendency of base opening during our simulations. 
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DNA conformations were analysed in terms of the global axis curvature and 

direction. In the presence of FapydG, the direction and magnitude of global 

bending are both significantly more likely to generate DNA conformations of the 

type required for binding to Fpg. Nonetheless the sharply kinked duplex seems 

to be unachievable without the protein binding. Results of these studies provide 

the validation of DNA bending enhancement by oxidative base lesions, which can 

be observed from PC1. It is highly likely that DNA deformation is one principal 

element of how the repair protein distinguishes the lesion from the vast expanse 

of normal bases. 

The distinct behaviour of TFT was firstly noticed by analysing its angular 

magnitude and direction showing the impediment of the flexibility. We hypothe- 

sised that the steric interaction between a nonplanar formamide group of FapydG 

and a methyl group at position 5 of successive 3'-thymine inhibits the DNA flex- 

ibility. This behaviour may impair the recognition process and the efficiency of 

repair enzymes. 
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Chapter 3 

Damage Recognition by DNA 

Glycosylases 

3.1 Introduction 

DNA base damage is typically excised from the genome by DNA glycosylases. The 

glycosylase must stabilise the damaged base in an extrahelical conformation inside 

its lesion-specific recognition pocket forming appropriate contacts and orientation 

before excision can take place. This finding raises fascinating questions of whether 

the enzymes need to extrude each base into the recognition pocket in order to 

distinguish the lesion from native nucleobases, or whether the proteins are able to 

locate and flip only the damaged base which is situated within the DNA duplex 

[120]. To understand how the lesion recognition pocket discriminates between 

damaged and undamaged bases, it is necessary to have structural information 

of the protein binding pocket when bound to DNA in the presence of a lesion 

or its normal counterpart. Unfortunately, DNA-binding proteins commonly fail 

to bind specifically to DNA without cognate groups such as lesions or promoter 

sequences. To grant the missing knowledge, theoretical studies are required to 

construct models of the protein bound to non-lesion DNA based on all sources of 

information available to date. 
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3.1.1 FapydG-specific interactions with Fpg 

FapydG, as well as 8-oxoguanine (80G), is a well-known substrate for the bacte- 

rial formamidopyrimidine-DNA glycosylase (Fpg or MutM). Although other le- 

sions such as 8-oxoadenine (80A), 5-hydroxycytosine (50HC) and dihydrouracil 

(DHU) are also substrates for Fpg, those lesions are excised less efficiently than 

FapydG by Fpg [54]. To investigate the recognition mechanisms of FapydG by 

Fpg at an atomic level, it was initially probed based on available Fpg crystal 

structures deposited in the Protein Data Bank (PDB) [55]. 

Four different species of bacterial Fpg proteins have been used for crystallo- 

graphic studies: Therrnus thermophilus (Tt) Fpg [121], Escherichia coli (Ec) 

Fpg [122], Bacillus (or Geobacillus) stearothermophilus (Bst) Fpg [123] and 

Lactococcus laths (Ll) Fpg [56,54]. Most of these crystal structures are in DNA- 

bound enzyme complexes except for a structure of free TtFpg protein. Unfortu- 

nately, the absence of structures of both uncomplexed and DNA-bound enzymes 

from the same source has hindered damage recognition studies. Another bacte- 

rial enzyme which shares significant sequence similarity with the bacterial Fpg 

protein is the bacterial endonuclease VIII (EndoVIII or Nei) [124]. EndoVIII ef- 

ficiently repairs a number of oxidised pyrirnidines, including thymine glycol (Tg), 

dihydrothymine (DHT) and DHU [125,126,127]. These two subfamilies are cat- 

egorised as the same structural Fpg superfamily. The global structure of the Fpg 

superfamily consists of two distinct domains connected by a flexible hinge with 

a large, electrostatically positive cleft lined by highly conserved residues between 

the domains. Amino acid sequences and their alignment of the Fpg superfamily 

have been shown in figure 3.1. 

The most remarkable crystal structure for FapydG recognition studies is the 

wild-type LlFpg-DNA containing cFapydG complex (PDB entry 1XC8,1.95 A 

resolution) [54] as previously described in 1.2. The extrahelical conformation of 

the anti-glycosidic cFapydG lesion was constrained inside the recognition binding 

pocket of Fpg. The pocket was formed between N- and C-terminal domains of 
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Figure 3.1: Primary sequence alignments of the Fpg superfaiilily. The boll 
black characters in 

, yellow boxes indicate the homologies. The closed and 
opf n trianylt. S represent the residues that are Intercalated in DNA at the 
target site for Fpb and Eunlo\11I. respectively-. The residues of the hiiiding; 

pocket involved in the recognition of FapvdG and SUCH are indicated by bluE 

and cfrf fn circles. respectively. The j-strands and n-helices are illustrute(i 1)5, 
black arrows and rectauglcs. respectively. The black, dashr-d liiic represents 
the missing residues in the electron density map. The figure is taken froin 
[. 54]. 

the enzyme by the o-hclii A and the 34-35 loop of the N-terniintts and the (IF- 

.. 1J 1001) located between the 112TIl motif and the Zinc finger iii the C' terriiirnts. 

Interestingly. the flexible part of the caF- l9 loop (residues 220-224). which was 

cli5orclerecl in the first published X-ray model of' LlFpg bound to a r"FapvclCl- 

containing DNA (PDB entry- I TDZ. 1.8 A resolution), was suggested to play 

a major role in the lesion recogniitioii by creating a hydro-en lrutiding network 

between either the attain chain or the side drain of the protein and part of Fapvc1G 

[54.1281. 

Based on the first publication of the L/Fp /DNA complex [ 4]. several Fpg 

residues appear to be involved in the specific recognition of the FapvclG lesion: 

G1u2 and Gltt.: > of the (1-helix A. Met 7`r and Gh1 ti of the lool). and Ser21 
. 



11e219. and 1vr238 of the (IF-39 loop. A shown in the aligned pritiiar), sequences 

(figure 3.1). most of the interacting residues are strictly conserved except G1u5. 

The Fapvd1G nuc1eoba. 5e i5 recognised by Fpb through direct hydrogen bonds and 

Indlirect lilt eractio lls via Water molecules inside the binding pocket (figure 3.2). 
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Figure -3.2: A schematic diagram of Fpg/D\ A contacts at the binding 

site. Auiiiio acid residues. uiicleotides and eaters involved in the 

recognition are shown in red. blue and green, respectively. The figure 
is reproduced from [. 3-4]. 

The recognition of the NI atom of Fapv<1G is through livdrogeii hoed With 

the main chain aiuide and the side chain carboxyl groups of Glut through vvat3: 3. 

The N2 amino group of Fapyc1G is directly contacted by dither the side chain cau- 

l)oxý-1 group of Glu3 or the main chain carbouvl group of Sei-217. while the main 

chain of Scr21also forms a hydrogen bond with N3 of FapydG. The 04-carbonvl 

of Fapvd1G is recobiiiýeýl by the main chain amide of I1e219. The foniiaiiiide 

functional group of FapvdG is indirectly hydrogen bonded by the main chain of 

-\I(, 17. -) and the ýsiclc chain. of Glit (i and Tvr238 through wat421 and writ 198. 

let T and GluiG are also involved in the recognition of the hlvccosidic amino 

NO, : Troup of Falpvd1G through water irnolecide-assisted m leraction,. Three water 
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molecules (wat30, wat33 and wat421) also present within the binding pocket of 

previous crystal structures of Fpg-DNA complexes [122,129]. Table 3.1 sum- 

marises distances between hydrogen bond donors and acceptors of cFapydG and 

the surrounding Fpg residues inside the binding pocket. 

Table 3.1: Distances between hydrogen bond donors and acceptors 
of Fpg/DNA contacts at the binding site. The table is adapted from 
[541. 

H-bond donor* H-bond acceptor* Distance ( 
I1e219(N) cFapydG(04) 2.9 

cFapydG(N3) Ser217(O) 2.7 
eFapydG(N2) Ser217(O) 3.0 
cFapydG(N2) Glu5(OE2) 3.1 

Glu2(N) wat33(O) 3.0 
wat33(O) Glu2(OE2) 2.8 

cFapydG(N2) wat33(O) 2.7 
wat33(O) cFapydG(N1) 2.7 
wat30(O) Met75(O) 3.1 
wat30(O) G1u76(OE2) 2.7 

cFapydG(N6) wa. t30(O) 3.0 
wat421(0) Met75(O) 3.2 

G1u76(OE1) wat421(0) 3.3 
cFapydG(N5) wat421(O) 2.5 
Tyr238(OH) wat198(O) 2.9 
wat198(O) cFapydG(O) 2.6 

`Atom names of hydrogen donor and acceptor residues are indicated in 
parentheses. 

In addition to the specific interactions to constrain cFapydG in the recognition 

binding pocket, three residues in the N-terminal domain (Met75, Arg109 and 

Phe111) are intercalated into the DNA backbone via the minor groove, preventing 

the lesion reinsertion into the DNA duplex. The intrahelical cytosine opposite 

cFapydG is also stabilised by the formation of hydrogen bonds with Arg109. The 

DNA phosphodiester backbone of the damaged strand is also maintained by the 

cooperation of positively charged residues establishing the inner surface of the 

pocket for DNA binding. The sharply kinked DNA is constrained at the lesion 

site by Lys57, Tyr238 and Arg260, which collectively contact the two phosphate 

groups adjacent to the site. 

79 



3.1.2 Aims and objectives 

After being oxidised by reactive oxygen species (ROS), the imidazole ring of 

guanine is ruptured resulting in the formation of the formamide functional group 

and the increased degree of freedom in the glycosidic bond. Undoubtedly, these 

functional groups are explicitly different from guanine and are of interest in this 

study. The aims of the work in this chapter were attempted to improve the 

proposed Fpg-FapydG interaction model from the previous report [54] and to 

study how the recognition pocket distinguishes the FapydG lesion from its normal 

counterpart through these major chemical alterations. The dynamics of the aF- 

09 loop that was missing in the electron density map of the crystal complex was 

also a particular region of interest since this flexible loop may establish specific 

interactions with the formamide group of FapydG. 

MD simulations of the wild-type LlFpg-DNA containing cFapydG complex 

and its undamaged model with an extrahelical guanine were performed. The 

undamaged model was constructed by the replacement of FapydG by its normal 

equivalent at the same location in the binding pocket. Specific interactions be- 

tween the distinct functional groups of the FapydG lesion and Fpg residues inside 

the recognition pocket were first investigated during the simulations compared to 

the non-lesion complex. The influence of FapydG on protein flexibility of the cxF- 

ß9 loop compared to its normal equivalent was also studied. Relative binding free 

energies of the damaged and undamaged complex were finally calculated using 

the M', 4T/GBSA approach. 

3.2 System preparation and simulation 

3.2.1 Protein system setup 

Coordinates of the X-ray crystallographic structure of the Fpg protein bound 

to a FapydG-containing oligonucleotide (Fpg/FG complex) and 4 structural wa- 

ter molecules inside the binding pocket (wat30, wat33, wat198, and wat421 in 
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figure 3.2) were initially obtained from PDB entry 1XC8 [54]. The sequence 

of the DNA duplex was d(TCTTTFTTTCTC)"d(GAGAAACAAAGA), where F 

is FapydG. The Fpg model was thoroughly prepared prior to performing sim- 

ulations. Protonation states of Fpg residues were first decided using the web 

interface version of the WHAT IF suite of program [130]. The result suggested 

reassignments of histidine residues as follows: His201 was renamed as protonated 

histidine (HIP), His198 and His263 as ö-histidine (HID), while all others were 

assigned as f-histidine (HIE). The modified Fpg model showed the improvement 

of its stability from the original structure through an increasing number of the 

intramolecular hydrogen bonds. Furthermore, the N-terminal proline residue was 

modified as neutral to mimic the pre-catalytic stage before base excision since 

it was suggested that the glycosylase activity of the DNA glycosylase family is 

initiated by attacking of the nucleophilic residue on the C1'-deoxyribose moiety 

of the target [131,132]. Force field parameters for the neutral N-terminal proline 

were obtained from [114]. 

Finally, the zinc finger motif was disordered during MD simulations when the 

original nonbonded zinc parameters (o = 1.10 A, e=0.0125 kcal/mol) from the 

AMBER force field were used. Thus, a longer-range electrostatic model (c = 1.70 

A, E=0.67 kcal/mol) of zinc ion (Zn2+) as reported by Stote and Karplus was 

employed [133]. The Zn 2+ was coordinated within the zinc finger motif by four 

cysteine residues 245,248,265 and 268, at those were renamed as CYM (cysteine 

with negative charge). Geometry of tetrahedrally coordinated Zn2+ in the centre 

of the zinc finger motif was subsequently maintained throughout the simulations. 

The remaining protein and nucleic acid parameters were determined using the 

AMBER ff03 force field [66]. 

3.2.2 Undamaged model construction 

Regarding the construction of the non-lesion complex model (Fpg/G complex), 

it has been recently documented that the extrahelical guanine is trapped outside 
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the active site of the repair enzyme hOGG1 using a disulphide-crosslinking strat- 

egy [134]. The crystal structure (PDB entry 1YQK) showed that DNA backbone 

of the undamaged system after being crosslinked was drastically bent, even more 

than its damaged system (hOGG1-80G containing DNA complex, PDB entry 

1EBM). However, the biological relevance of this study may be questioned. The 

disulphide crosslink between the estranged cytosine and hOGG 1, in fact, may re- 

sult in the anomalous backbone conformation when bound to the enzyme. Thus, 

in this study, the extrahelical FapydG conformation was replaced by guanine at 

the same location using the Leap module regardless of the binding of guanine at 

the alternative site. The initial structure of the extrahelical guanine was nicely 

superimposed on FapydG inside the binding pocket and was stabilised by a hy- 

drogen bonding network similar to that of the FapydG residue. 

3.2.3 Simulation conditions 

Both Fpg/FG and Fpg/G complexes were solvated with the explicit TIP3P model 

in truncated octahedral boxes with a minimum of 8A buffer between the box 

edge and any solute atom, while the water molecules inside the binding pocket 

from the crystal structure were retained. Minimisation, equilibration and 10-ns 

MD production were performed as previously described in section 1.4.2 associated 

with 5 kcal/mol/A2 cartesian restraint on both terminal base pairs in order to 

maintain the distorted DNA conformation. 

3.3 Post simulation analysis 

3.3.1 Structural analysis 

The RMSD time series with respect to the initial conformation of three regions 

of the damaged and undamaged complexes were separately analysed: (i) protein, 

which includes the peptide backbone atoms (N, C, C and 0) of all protein 

residues; (ii) the lesion site, which is calculated using all heavy atoms of only 
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the FapydG: C or G: C and flanking base pairs; and (iii) the aF-/39 loop, which 

includes the peptide backbone atoms of residues in the base recognition loop 

(216-224). The relative atomic fluctuations around the average position of the 

peptide backbone atoms of all protein residues and all heavy atoms of the helix 

were calculated by MNISF. All these analyses were carried out using the ptraj 

module. 

3.3.2 Relative binding energies 

The' method, as previously described in section 2.3.2.1, was employed 

for calculation of relative free energies of binding between the Fpg binding pocket 

and the extrahelical base. In this chapter, the protein and DNA (without FapydG 

or G) was defined as the "receptor" and the FapydG or guanine nucleobase as 

the "ligand". The GBoac solvent model with igb=2 was used as suggested by 

by Kormos and Beveridge for protein simulations [107]. 

3.4 Results and discussions 

3.4.1 Structural and energetic analysis 

Simulations were performed for 10 ns for each of the damaged and undamaged 

systems. RMSD time-series throughout each trajectory was performed for three 

components; the protein backbone, the lesion site and the a F-/39 loop, as shown 

in figure 3.3. 

The RAMSDs of all components fluctuate in the region under 1.7 A suggesting 

that both Fpg/FG and Fpg/G complexes are stable during the simulations. The 

protein backbone in the Fpg/FG system is likely to be slightly more flexible 

than that of the Fpg/G complex with an averaged RMSD at 1.1 and 1.0 A, 

respectively, whereas the aF-, ß9 loop of the Fpg/G complex is more flexible than 

that of Fpg/FG with an averaged RMSD at 0.8 and 0.6 A, respectively. One 

possible explanation for these observations would be that the increased flexibility 
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of the whole Fpg structure complexed with the damaged D\A is to permit it to 

rearrange itself for accommodation of its specific substrate DNA -while the loop 

region of Fpg is more ribi(l N Own it spec ilirallt hinds to the F a}wdG residue. 

The RMSD of the central DNA triha. se in the Fpg/G complex ttnexpe("tedlV 

demonstrates a conformational shift from the initial conformation after 3 ms. 

From visualisation. it is noticeable that there is base pair hreatliillg of Ade- 

nine residue 289 (DA289) as shown by its time-averaged structures over the first 

3 ns and the last 7 us in figure 3.4. At this point. Fpb residues which might he 

responsible for this perturbation in the A: T hydrogen bonding were explored. Un- 

fortunately. no Fpg residues could be clearly identified as influencing the process. 

Furnier simulations of solely the sequence in the Hernial helical and the disto>rte(l 

conformations were performed to examine the spontaneous DNA breathing at the 

A: T 1 hay. c pair. However. no evidence of the breathing was seen in both siniula- 

tions. In conclusion. it is proposed that the breathing event is due to fine details 

of the deformation of the health. - DNA backbone itself as shown in figure 

)T27 DT278 

1:, :: -ý. .(, , ̀ .;: () 
. il'. -,, 11- , )t T illic'-<I%Vl 

iigw1 ý, trii: tlll't, ý, of 
, 
ýl) t)I( e fiI -st 

a iii alid (I)) t lic last u., of D\ _A conformation from F pg/G complex 
showing spontaneous breathing of the DA289 residue on the healthy 
DNA backbone. 
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Flic relative atomic fluctuations of the protein and D\: A l)a(kbon(' were sui}>- 

sequeiitlY calculated by R\ISF to investigate the molecular flexibility over the 

süiiitlat ion t üiie. The }rut ein flexibility N -L Iit: "t invest igait ('(1 and is depicted ill 

figure 3.7i. Colours range horn reel where the residues are highly rigid. to green 

when the highly flexible residues occur. It can be seen clearly that the binding 

pocket in Fpb! FG complex is more ribi(l than that of the complex. 

Pmu-tit'nlh1rly in the oF- i-) loop. 

09 
P 

Flexible 

49 
P 

I 
Rigid 

Fi ; ure iiiodels cut Fp% IOORi1ig to w ni I tile 
hiti<litie pocket. The surface is slum-ii by a colour gradient of the rel- 
ative atomic fluctuation from the (a) Fps/FG and (b) Fpg/G simula- 
tions. demonstrating a major difference in the flexibility of the lesion- 

recognition biuclin pocket particularly the dynamics of the of-39 loop. 

Furthermore. fl(aihility of the DNA and enzyme haic"kl»tice in the Fpg/FG 

complex is illustrated in figure 3.6 i) . 
The FapvdG-coiitainiiig DNA is firtiily 

bound to the Fpg binding pocket whilst there is a larger amount of movement 

of the nuaiiiri(' resiclne iiiitlc the I)iuUlitig pocket figure 3.6(h). It suggests that 

the Fapvc1G residue is preferred to guanine inside the active site pocket - in other 

«"orcis. Feip, -c1C: is ac"c"oiutiioclilt('(1 bt he binding pocket better tlian its eclltivaleut 

guanine. The dynamics of the ciF-i9 loop is likely to play an itiipoi-talit role to 

form the precise geoinetr. v for the lesion binding pocket. The unfavourable inter- 

act ions, het «-eeti I he flipped-out guanine and t lie pocket in i lie Fpg/G ("oiiil)ley 
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Flexible 

Rigid 

Figure 3.6: Comparisons of (a) Fpg/FG and (b) Fps; /(., ' complexes 
coloured by the relative atomic fluctuation from their simulations repre- 
sents the more flexibility of the Fpg/G complex. particularly the flipped- 

out guiaiiinie and the DA289 residue. coliii)ared to the Fpg/FG complex. 
The DNA conformation is represented by the van der Waal model. and 
the protein is with a cartoon diagram. 

Inas- additionally' lead to the higher mobility of the kinked DNA structure als well 

as its (lete('tahle lase breathing of the DA2S9 residue. 

The M\I%GBSA approach was used to further calculate relative binding free 

energies between the enzyme and the extrallelieal FapvdG compared to itS l, orlllal 

counterpart (table 3.2). Although the electrostatic interaction (JF,,., ) seelnti to 

have a major contribution to stal)lllslllg p mmanine inside the pocket. it is 11ellt i'allsed 

by the %"all der \Vaals interaction (_ýE, ttt-) and the internal energy (ýE1,, ) so 

that there is almost no differences in the binding energy between Fpg/FG and 

Fpg/G before solv-ation effects are considered. Hence Fpg stabilises FapvdG by 

L". ". 4 heal i mol more than G. mainly due to the solvation free energy (-AG1,01). which 

is reasonable since water 111ol('('tlles are required to establish 111(llre('t interactions 

between Fpg and the lesion as shown in figure 3.2. The FapvdG residue that is 

favourable in binding to Fpg may also explain i he rigidity when t lie lesion I)otlnd 

to the binding pocket in figure 3.6. Finally. Fpg is likely to be ah)le to discriminate 

the lesion froill the lion-lesion once the nuclcobase is extrallelical. 
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Table 3.2: Relative binding free energy of Fpg/FG and Fpg/G complexes from 
MM/GBSA approach 

Complex AEvdtiv AE,., DEi, n AGpot AGnonpo! OGbinding 

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) 

Fpg/FG -27.0±2.0 -8.8±4.8 2.7±1.0 9.4±3.8 -3.2±0.1 -26.9±2.7 
Fpg/G -22.9±2.0 -17.4±7.6 6.7±1.6 17.8±4.7 -2.8±0.1 -18.5±3.8 

3.4.2 Specific interactions of FapydG versus G 

Initial structures of Fpg/FG and Fpg/G complexes after minimisation and equili- 

bration, focusing on interactions and distances between some active residues and 

the ligand (FapydG or G), are shown in figure 3.7. FapydG differs from guanine 

in hydrogen bonding capability by having an acceptor 0, a donor N6 and con- 

version from an acceptor N7 (guanine) to a donor N5 (FapydG). Since a water 

molecule which links between the carbonyl 0 atom of the formamide group and 

Tyr238 disappears after equilibration and Tyr238 has a very close contact to the 

phosphate backbone, it is arguable that the water-assisted interaction between 

the formamide group and Tyr238, as suggested by Coste et al. [54], is entirely 

labile (in figure 3.2). 

As demonstrated in figure 3.7(a), the distinct formyl group of FapydG is 

presumably recognised by potential interactions with Arg220 through hydrogen 

bonding with either the amide backbone (3.06 A) or the secondary amine side 

chain (3.23 A). Hydrogen bond donors at N5 and N6 positions of FapydG are 

able to efficiently establish a hydrogen bond network via either direct or indirect 

interactions with A7et75 and G1u76, where the N7 atom of guanine is indirectly 

bonded to the carbonyl group of G1u76 via a water molecule shown in figure 

3.7(b). Additionally, a common functional group of FapydG and guanine, the 

carbonyl 04 (FapydG) or 06 (guanine) atom, is apparently hydrogen bonded by 

the different main chain of I1e219 and Arg220, respectively. 
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Figure 3-7: ('()iuiririsonis of oufo>rll iltioin of the w<u ; uit ion Lituliii 
v 

region c"outaüiing FapydG (in panel a)or guanine (iii panel h). Mot :,. 
GIu7G. I1c219. Arg220 and Tvr238. The nucleotides, are shown in 

siiiall ball and stick. the protein backbone. in a ribbon diagram and the 

surrounding residues in rl licorice model. The fax-ourable interactions 
between the nucleotide. water and airiino acids are indicated by bloch, 

rlrr. 5lrf r1 1if" Associated with the distance. 
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According to the comparison of the structures above, it reveals that the hydro- 

gen bonding patterns of Fpg/FG and Fpg/G complexes are obviously different. 

The FapydG lesion at least possesses two more functional groups available to 

form hydrogen bonds - the N6 atom of the glycosidic bond and the 0 atom of the 

formamide group. These additional interactions are specific between the lesion 

and its binding pocket leading to a tightly bound complex between the FapydG 

residue and Fpg. 

Distances between the carbonyl 0 atom of the FapydG and the backbone 

hydrogen (H) or the side chain hydrogen (HE) of Arg220 were calculated to 

explore the stability of these interactions during the simulation. As shown in 

figure 3.8(a), it demonstrates that these interactions are weak with averaged 

distances of 3.5 A and 4.0 A for H and HE, respectively. Thus, an alternative 

contact such as the water-mediated interaction may be required to maintain the 

protein-lesion complex. Figure 3.8(b) demonstrates a snapshot representing a 

hydrogen bonding network between the carbonyl 0 atom and Arg220 through 

a water molecule. On the other hand, the guanine has no functional groups to 

interact with Arg220. 

3.5 Conclusions 

To understand mechanisms of DNA damage recognition at an atomic level, x-ray 

crystallographic structures remain an important source of information to begin 

with. The most informative structure of the Fpg protein bound to a FapydG- 

containing duplex was selected as an initial model. Subsequently a model of 

the Fpg-DNA duplex containing an extrahelical guanine was also constructed to 

represent a version of the complex when Fpg flips the normal nucleobase out 

from the double helix. Prior to performing MD simulations, parameters for Fpg 

residues were carefully amended in terms of their protonation states, the pre- 

catalytic stage of the N-terminal proline, and the geometry of the zinc finger 

motif attempting to produce a most reliable model. 
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Molecular modelling and MD simulation studies were clearly evident that if 

Fpg distinguishes the lesion by the extrusion of each base into the recognition 

pocket, the repair protein is capable of discrimination of the lesion from the non- 

lesion once the base is extralielical. The present results have shown that FapydG is 

tightly bound to the recognition pocket through either direct or indirect hydrogen 

bonding where the contacts between the nonplanar formamide group with a part 

of the aF-Q9 loop are an important component. The aF-, 39 loop of the Fpg 

enzyme may function as a gatekeeping for the damage recognition. Energetic 

analysis from MMD simulations also demonstrated that FapydG is preferable to 

G in the lesion-recognition pocket of Fpg by 8 kcal/mol which corresponds 

to a7 kcal/mol preference to insert 80G versus G into the lesion-recognition 

pocket of hOGG1 [134]. It was finally suggested that Fpg is able to discriminate 

the subtle structural changes of the FapydG lesion from its normal counterpart 

by producing a stable complex of the lesion and Fpg while denying the normal 

nucleobase. 

92 



Chapter 4 

Base Flipping 

4.1 Introduction 

4.1.1 Base flipping and biological relevance 

Since the first base flipping event was observed in a co-crystal ternary complex 

of cytosine-5-methyltransferase, its DNA substrate, and S-adenosylhomocysteine 

in 1994 [135], base flipping was their termed as a natural phenomenon of DNA 

where a target base is completely rotated out from a stacked position inside 

the double helix into an extrahelical location. Such a process appears to be 

a general and pivotal mechanism for DNA modification [135,136] and for DNA 

repair proteins to deal with the target bases [137,138]. However, DNA-modifying 

enzymes such as DNA methyltransferases are sequence-specific binding proteins 

that flip a normal base out of the helix [139], whilst DNA repair enzymes are 

sequence-independent that must recognise and flip damaged bases out of the 

helix no matter what the sequence is. Nonetheless, it has been suggested that 

mechanisms of DNA repair proteins in order to detect and repair their targets 

are likely different from those of sequence-specific enzymes [140]. Base flipping 

may also occur in the early stages of DNA strand separation and unwinding as 

would be required during the DNA replication and transcription [141,142]. 
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4.1.2 Mechanisms of base flipping 

There are two possibly mechanisms of base flipping [141]. The first is a protein- 

facilitated mechanism in which the protein recognises the intrahelical target. A 

proposed flipping mechanism called a "pinch-push-pull" model is used by Uracil- 

DNA glycosylase (UDG), the prototypical glycosylase that removes uracil from 

double-stranded DNA [140]. The pinch-push-pull mechanism is initiated by the 

protein searching for the damage by slightly bending the DNA (pinch), then 

inserting some appropriate residues to push the base out via the major groove 

(push) and finally capturing the base inside its specific binding pocket by at- 

traction of the complementary active site residues (pull). It has been believed 

that the pinch-push-pull method is a common mechanism used by other related 

glycosylase enzymes [140]. 

Alternatively, a rarely flipping event is spontaneous opening of a nucleobase 

from helical DNA, or DNA breathing, where the flipped-out base is recognised by 

the protein. The disruption of hydrogen bonds between the complementary bases 

results in the occurrence of base-pair breathing and flipping of the base out of 

the helical stack. Spontaneous base pair-opening can be indirectly examined from 

exchanging rates of labile base protons with the surrounding solvent [143]. Using 

NMR imino proton exchange measurements, it was demonstrated that an opening 

process of a natural Watson-Crick (WC) base pair occurs in the millisecond range 

and it is a sequence-dependent property [144,145,146]. It also revealed that 

base flipping of A: T and G: C base pairs takes 1-10 and 5-50 ms, respectively, 

with remarkably high energy of activation : 20-80 kcal/mol while bases remain 

in the flipped-out state for 10-100 ns [147]. In DNA repair, the uracil opening, for 

instance, was observed in the MD simulations of DNA containing a G: U wobble 

base-pair [148]. It was also evident that UDG searched the target by capturing 

an extrahelical uracil [149]. 

Although extensive studies have been carried out for base flipping mechanisms 

by DNA glycosylases, even in the well-studied UDG, questions of whether repair 
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proteins presumably locate a particular damaged base via its chemical specificity 

and/or the intrinsic curvature of damaged DNA; or may use the benefits of spon- 

taneous damaged-base flipping to be an initial lesion recognition remain unclear. 

It was anticipated that differences in free energy pathways associated with the 

conformational changes for damaged base opening relative to its normal coun- 

terpart can explain how base flipping plays an important role in DNA damage 

recognition. Unfortunately, experimental studies are unable to define the energet- 

ics and the structural transformation of base flipping, whereas the long time scale 

of the flipping process and the high intrinsic energy barrier make it inaccessible 

by conventional MD simulations. 

4.1.3 Umbrella sampling and WHAM analysis 

When two configurations of interest of a molecular system are separated by a 

large energy barrier, standard MD simulations which are initiated from one con- 

figuration are unlikely to overcome the high potential barrier leading to poor 

sampling or even unsampling the configuration space of another configuration. 

One approach to overcome the problem is an umbrella sampling technique. The 

umbrella sampling approach which was first introduced by Torrie and Valleau 

in 1977 [150] attempts to improve the sampling of such system by addition of 

biasing potentials to maintain intermediate configurations in high energy regions 

between two configurations. In other words, high energy configurations can be 

sampled. 

An umbrella sampling method is implemented within the sander module of 

the AMBER suite enabling one to simulate the microscopic system in the pres- 

ence of a harmonic biasing potential. The biasing potential typically applies to 

distance, angle, or dihedral variables (known as reaction coordinates or RCs). 

The biased simulation of an initial coordinate of interest (often called a "win- 

dow") offers the distribution of values of this coordinate during the simulation. 

The biased simulations are then repeatedly performed with different ranges of 
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the coordinate moving towards the target configuration. It is crucial that each 

simulation or window must be equilibrated and the probability distribution of 

each biased simulation must overlap with that of its neighbouring windows. 

All equilibrium simulations are then transferred to the Weight Histogram 

Analysis Method (WHAM) program written by Alan Grossfield [151] based on 

the WHAM approach by Kumar et at. [152]. The WHAM approach is employed 

to calculate a potential of mean force (PN1F), which describes the change in free 

energy (AG) along the chosen RC, from unbiased probability distribution (tiV(x)) 

and temperature (T) in each equilibrium window via equation 4.1. 

AG = -kBT 1nW(x) (4.1) 

where the kB is the Boltzmann constant and the WW(x) is corrected by removing 

the effect of the biasing potentials from the simulations. The WHAM procedure 

is suggested to yield the best estimates of free energies since it takes into account 

all the simulations so as to minimise the statistical errors and can optimise the 

overlaps of W(x) from different windows [153]. PMFs are subsequently obtained 

by connecting the free energy along the coordinate. Construction of PNMFs using 

the umbrella sampling combined with WHAM method has been frequently used 

to understand biomolecule conformational changes at an atomic level such as base 

flipping in DNA [154,155] or in RNA [156], and conformational changes in an 

allosteric binding site [157]. 

Umbrella sampling MD simulations of base flipping pathways in B-DNA have 

been performed by applying restraints on a variety of RCs. Studies of the opening 

of the WC A: T and G: C base pairs using an angle restraint to generate the 

energy profiles have revealed that the pyrimidine bases are flipped towards major 

and minor groove pathways with similar energy profiles while the purine bases 

are rotated through the more favourable major groove [158,154]. However, the 

deformability of DNA backbone was ignored from the angle restraint approach. 

One novel method that took the backbone flexibility into account was the use of 
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umbrella sampling with a centre-of-anass (COM) dihedral 1HC to calculate PNIF 

for G: C base pair opening in the absence of protein [155] acid in the presence of 

(-)"tosin e-5i-inethv-ltra nsferase [159]. A schematic diagram of the COM dihedral for 

the cc-, -tosine Hipping is presented in figure 4.1. The CO\[ dihedral is calculated 

from four sets of heavy atones: (i) the guanine and cytosine bases forming a base- 

pair at the 3' adjacent to the tar get cytosine. (ii) the sugar moiety attached to 

the 3* guanine. (iii) the sugar moiety attached to the flipping cytosine base. and 

(iv) the flipping cytosüie base [15.5]. This method offered comparable results for 

guanine and cytosine flipping pathways to the previous angle restraint reports 

when the protein is absent. However. in the presence of protein the flipping of 

the target cytosine i)ase occurs through the preferable major groove of the DNA 

and the process is facilitated by the protein [1-59]. 

10 
G: Cbp b) 
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s Pathway 
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target C 
target c 
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"ý Pathway 
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Figure 4.1: (a) A -chematic diagraue of the centre-of-Blass dihedral coiistraüit 
for (Vt otiüºe flipping (sec I ('Xt). the üit ralielital C' conformal ion for COM dihe- 
dral value _-1U° (top) and the flipped-out C in .: z18o0 (bottom). A simplified 
diagram of C'OM dihedral is shown on the right. (b) Flipping of the target 
C base (red) from the helical conformation (right) to a flipped confortüation 
(left) via the major or minor grooves. The figures are adapted from [155.1.59]. 

4.1.4 Aims and objectives 

L3, �( liil)I)iil, 
-, l)lav- dt key rille in the bac excision repair of U NA ba v damage 

since all lesions lutist he rotated out frone the helical duplex iti order to be cleaved 

frone DNA by DNA olYcos. vlases. To understand how the proteins recognise tile 

le. iou over its iiuriiial ecluivaleiit t lirougli Ow flipping inecln-ullsiii. It is iiecessau-v to 
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investigate their structural transformation and energetic changes involved in the 

process. Moreover, crystallographic structures of the repair protein-DNA systems 

have revealed slightly or sharply bent DNA conformations bound to the active 

binding pocket of repair proteins, as shown in table 2.1. It was also suggested 

by theoretical molecular modelling that base pair opening is coupled with DNA 

bending [160]. Thus, the influence of DNA deformation on the base flipping was 

also taking into account for this study. 

The aim of the work in this chapter was to generate profiles of the rela- 

tive free energy changes of the FapydG or guanine base flipping pathway in 

three distinct circumstances of the DNA: (i) the distorted DNA structure in the 

presence of the Fpg protein as being observed in the crystallographic structure 

(PDB entry 1XC8) [54]; (ii) the sharply kinked conformation of the DNA duplex 

d(TCTTTXTTTCTC)"d(GAGAAACAAAGA) where X is FapydG or G in the 

absence of the protein; (iii) the canonical B form of the DNA sequence. Umbrella 

sampling was employed in conjunction with MD simulations to restrain the target 

base within a given range of reaction coordinates. Conventional umbrella sam- 

pling, that each window is performed sequentially using the last structure from 

the previous window as an initial structure for the subsequent simulation, is very 

time-consuming. A targeted MD approach was therefore used to force the flipped 

base to swing back into the helical duplex. A set of coordinates along the flip- 

ping pathway from the flipped state to the intrahelical position were consequently 

generated and used as an initial structure for each window. Finally, by a means 

of the combined method, the simulations were performed in parallel processing 

and structural intermediates associated with energetic changes estimated using 

the WHAM approach. 
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4.2 Methods 

4.2.1 Construction of pre-flipped models 

Two actual states of FapydG, intrahelical and extrahelical conformations, are 

essential in order to investigate the flipping pathway. Unfortunately, only the 

crystal complex of the LlFpg with DNA containing the extrahelical cFapydG 

base (PDB entry 1 XC8) [54] is available. Molecular modelling techniques there- 

fore were used to construct a pre-flipped structure of FapydG-containing DNA 

bound to Fpg. The intrahelical FapydG was built with respect to the previous 

studies in which the FapydG residue exhibits the anti-glycosidic conformation 

with a nonplanar formamide group (see [93] and section 2.1.2). The pre-flipped 

DNA model was basically built by rotating a, 0, -y and 8 torsion angles of the 

backbone of the damaged nucleotide into the duplex and the X torsion of FapydG 

and the opposite cytosine to re-establish the hydrogen bonds (figure 4.2), while 

the remaining residues and the kinked conformation were retained as within the 

original 1XC8 model. The extrahelical guanine DNA model was constructed us- 

ing the Leap module with a similar way as described in section 3.2.2, and the 

intrahelical model was built as described above. 

Fitting the intrahelical-FapydG DNA model into the binding pocket of the 

LlFpg protein, steric clashes between the FapydG residue and the intercalating 

triad from the N-terminus (Met75, Arg109, and Phelll) were found. The Fpg 

model was therefore initially remodelled with respect to the apo-form of TtFpg 

(PDB entry 1EE8) [121] due to the absence of structures of the uncomplexed 

enzyme from the same source. Between the free TtFpg and the bound LlFpg, 

there are slightly different orientations mainly in the hinge region and the N- 

terminal domain, as illustrated in figure 4.3. Electrostatic potential surfaces of 

the apo-form of TtFpg compared to the DNA-bound form of LlFpg with the re- 

moval of the DNA were generated in VMD by an Adaptive Poisson-Boltzmann 

Solver (APBS) approach [57]. The figure demonstrated the highly positive DNA- 
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Figure 4.2: (a) The notation for torsion angles in a polyiiucleot, ide back- 
bone. Each curved arrow demonstrates a rotatable houd. (l)) Startju g 
structures of the intrahelical DNA model in yellow and the extralielicqal 
nio(lel in red slºowiiºa that only the FG: C and G: C base pairs are relocated 
while the other parts are retained including the distorted conformation 
of DNA. The picture illustrates the DNA tribase of the damaged (left) 

and the uiuhillagedl (right) DNA models. 

hiii(ling clcft of the enzyme with a relatively tightly lesion-recognition pocket of 

the "closed state of LlFpg when binds to the damaged DNA. Cavity calcula- 

tions of the lesion binding pocket by the VOIDOO program [161] indicated a 

larger space of the TtFpg pocket (70.2 
. 
k3) compared to that of the L1Fpg (41.4 

A: '). It was also noticeable that the intercalating residues in the capo-foren of 

TtFp;; are slightly more 01)('11 relative to those of the closed LIFpg ("onforiua- 

tiun. More details of the structure comparison of the apo-fori>> of TtFpg and the 

LIFpg-DNA complex can be -seen in [56]. Homology modelling by the web-based 

S\\-ISS-'\I(DEL workspace [162] «-as subsequently used to generate an (//)O-fh)rtii 

of Ll Fpg. Unfortunately. it failed to resolve the steric clashes between FüpvcdG 

and t lion of the interralat eng triad. 
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poteiltial positive in flue. negative in red and ucuttrad ill gray) (1CI11U115tratill 

the lesion-recognition bilIdiug pocket and the intercalating residues. 

Another close related source for the bacterial r'pg c'nZViiie is the 1)ac"t criall 

enclonuclease VIII (Endo VIII or Nei) which belongs to the sattle H2TII structural 

family [58] and possesses both 
-, 
Y-glycosvlase and Al' lase activities as with Fpg. 

Since the free aiicl the DNA bound Eiale VIII Are striic"tiirally cllalac"terisecl. these 

deitionstrate two clistiitct states of the enz iiie in the presence and absence of DNA 

as shown in figure 4.4 [163]. Ac lý> c strnc t itral siiiiilarity l)etvVe('ii the C'-t eriiiüial 
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dotnaüis and a 50° doinaiii rotation of t he v'-terminal doniain were ohserved aft er 

a C-terminal fit. It was suggested that DNA-binding may induce the iuoveiueirt of 

the two doiiiaüis of Endo VIII iiltu the closed strife (tue tu the flexible interduiilaüi 

hill--e. 

a) 

i 50 

"terminal 
erminal 

Fiýitre -1. A: S il>erpo. itioil of t1ie free Fi Io VIII (re( 1) aail(l the h( )itu(I E'. luIO 
VIII (green) resiilte(l Ifl)11i a 1(' t-Scluarc5 lit of 1111 C-teriiiimil (lotiiaüi,. In 
the complex. the eiiz. vine is shown in it cartoon cliagraiºt. the DNA in as small 
ball and stick model (backbone iii blue: lases in evati). and the Zinc atolil 
(bottom right) in a magenta (the free enzyme) or vellow (the complex struc- 
ture) ball. (a) A view perpendicular to the long axis of the Endo V. 'TIT protein 
iii the Endo VIII-DIA complex. (b) The same superposition mmlei 
iuiately orthogonal to (a). The figure is taken from [163]. 

Ba, <, cd can the finding of the I)\_\-indlnc"ced conformational changes in Endo 

VIII. the (laillage re(ognition b Fppz; may be iiiitiate(I by a slillih-I'l. approach 

in which the enzyme binds to damaged DNA followed by the closing tiiox cincnt 

of the domains upon DNA binding. Thus. to c"otnst rtu"t an roil i ll pie-ftif)pe(l 

model of LIFpg without the steric clashes. the N-teriiiiual doiuiaiu of L/F1_) "vI icll 

coutaüis the intercalating, residues (Met ý5. Arg-109 and Phclll) was shifted away 

from the DNA inhio r groove with respect to that of the (rpo-TtFpg protein while 

the C-terminus of the closed LIFpg- conformation was retained as in the crustal 

strut tutre. 

Superposition of the pre-flipped model and the bound LIFph D\A complex 

resulted in ei relatively high RJISD value of 2.42 A (backbone churns of rusi<lncs 

b) 
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5 to 265). On the other hand, the individual domain overlaps resulted in an 

RMSD value of 0.78 A for the C-terminal domain (backbone atoms of residues 

150 to 265), and that of the N-terminal domains showed an RMSD value of 0.66 

A (backbone atoms of residues 5 to 115). These RMSDs obviously demonstrated 

that the structures of the individual domains were nearly equivalent in the pre- 

flipped and the closed models. Figure 4.5(a) illustrates the superposition of the 

pre-flipped model and the bound LlFpg-DNA complex based on the C-terminal 

domain resulting in a large RMSD value of 4.69 A of the N-terminus (backbone 

atoms of residues 5 to 115). It was suggested that the N-terminal domain was 

successfully shifted away from that of the crystal structure and the lesion binding 

pocket was also expanded particularly in the intercalating region as shown in 

figure 4.5(b). The pre-flipped LlFpg model consequently permits the intrahelical- 

FapydG DNA model to nicely fit inside the binding pocket of the protein. A 

pre-flipped model of the LlFpg/G complex was also constructed similar to the 

method described in section 3.2.2. Both pre-flipped models of the Fpg/FG and 

Fpg/G complexes were energy-minimised to get rid of any bad contacts in the 

protein-DNA complexes. 

4.2.2 Production of flipping trajectories 

After completing the construction of the pre-flipped models of both Fpg/FG and 

Fpg/G complexes, the base flipping pathway was able to be approximated using 

targeted molecular dynamics (TMD). TMD is a method to simulate a conforma- 

tional transition pathway between two known structures at a given temperature 

by applying a time-dependent, geometrical constraint [164]. The TMD method 

which is available within the sander module of the AMBER suite generally adds 

positional restraints to attain a range of target structures within a given mass- 

weighted RMSD tolerance of a reference structure from an initial structure. 
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terlllillal domain is reilre, ellted by a cartoon cliagraill ill NN-111cli the closed 
LIFpg conformation in green and the pre-flipped state in red. The extrahelical 
Fapvd1G-cuiitailling DNA is shown by a evan van der \VaIals model. Sollre 

Active re., i(l1ies inside the l'oiu(lillb pocket are shmvil by a licorice model. (1>) 
Shifting away of the intercalating triad (Met T T. Ar-109 and Phe111) showing 
in red from the closed LIFpg structure ill green. 
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The additional restrained energy inserted on the selected target structures (E) 

is calculated by 

E_2 (Ri -R ef)2 (4.2) 

where k is a user-defined force constant, Nis the number of the target atoms, and 

R= and R, ef denote the current RMSD and the target RMSD of the structure 

during the simulation with respect to the reference structure, respectively. 

Prior to performing TMD, the solvated and minimised structures of the fully 

flipped-out Fpg/FG and Fpg/G models were taken from section 3.2.3 and used as 

an initial structure for the damaged and the undamaged models respectively. The 

coordinates of the minimised water molecules of each system were then used as 

a water box for the corresponding pre-flipped model as the same atomic number 

and order of the initial and reference systems are required in order to carry out 

TMD. Fortunately, there was no steric clashes between the Fpg-DNA complex 

and the water molecules. The base flipping process was simulated using the 

TMD approach to force the extrahelical base back into the helix as well as the 

opening of the N-terminus by defining all Ca atoms of the Fpg protein and the 

FapydG: C or G: C base pairs as the target structure. A force constant of 5.0 

kcal/mol/A2 was used in TMD and the weight change technique was combined 

to continuously reduce the target RMSD from 4.20 A to zero with respect to the 

reference structure within 1-ns simulations. In all simulations, the terminal base 

pairs of the duplex were harmonically restrained using positional restraints with 

a force constant of 3.0 kcal/mol/A2. The flipping trajectories eventually were 

generated to provide starting structures for each reaction coordinate (RC). 

Since the COM dihedral constraint was first introduced in the base flipping 

study using the program CHARNIM (Chemistry at Harvard Macromolecular Me- 

chanics) in 2002, it has been suggested to be a novel RC for base flipping studies 
[155]. Unfortunately, extensive modification for the source code of the sander 

program is required to apply this approach in the calculation of MD simula- 

tions. In fact, a relatively high biased potential is also required to restrain those 
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groups of atoms, the RC chosen in this study was the 0 dihedral angle spanned by 

the atoms FG277: C6 or DG277: C4 
, 

FG277: C4' or DG277: C4' 
, 

DT278: C4', and 

DT278: N3, where FG denotes the FapydG nucleotide (figure 4.6). The flipping 

dihedral angle 0 was calculated compared to the COM dihedral angle over the 

targeted MD trajectory of the Fpg/FG complex using the ptraj program. Figure 

4.7 exhibits a comparable value between the 0 angle and the COM dihedral angle. 

The trajectories also revealed that the minor groove flipping as increasing from 

0° to 180° is preferred in this recognition process. 

a) FapydG (C6-C4-C4'-N3 vs centre-of-mass) 

WA 

b) Guanine (C4-C4-C4'-N3 vs centre-of-mass) 
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Figure 4.6: Depiction of the dihedral angle reaction coordinate 0 to study 
base flipping are illustrated by a bold line between C6 and C4' atoms of FG 
or C4 and C4' atoms of DG and C4' and N3 atoms of 3' DT, compared to 
the COI dihedral angle defined by four sets of atoms used to calculate the 
flipping angle in the ptraj program. 

Targeted MD was also used to generate the trajectories of the canonical B- 

DNA containing FapydG or G when the protein was omitted. All parameters 

for the Fpg protein were retained as described in section 3.2.1. The Fpg-DNA 

systems were neutralised, solvated and equilibrated as described in section 3.2.3 

while the protein-free simulations were performed as described in section 1.4.2. 
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4.2.3 Umbrella sampling and PMF Calculations 

'I'lºe umbrella sampling method «-as used to calculate the potential of mean force 

(P\IF ) as a function of the EI dihedral angle for the damaged (CG C' 1Cf \': 3 for 

Faln-c1(; ) and the undamaged (C-t-C 1'-C for G) models (see figure 4.6) ill 

three different environments - the Fp' D\ A complex. the protein-free distorted 

DNA duplex cl(TCTTTXTTTCT(')"cl(UAUAAACAAA('IA) where X is Fal)v(IC: 

or G. and the canonical B form. The starting structures for each umbrella sitn- 

tilation of the Fpg-DNA and the B-DNA systems were taken frone the targeted 

\ID trajectories when the initial structures for the bent duplex were ul)tainv(1 1)Y 

removal of the protein structure from the structures of the Fpg-DNA complcX. 

Structures with the 0 angle from 0` to 180° ill 5° increments Were Selected re- 

: -julting in 37 flipped orientations of the base through the minor groove for each 

studied :V tccin. The nºajor groove flip})iug; Imtltway as (lcc'rc'asitin from (1 tco -180° 

of the 0 angle was omitted in this study- as the visual inspection of tute FIpr DNA 

crustal complex revealed that the major groove of the' bent duptcx is compressed 

and packed with the C'-terminal domain of the Fpg protein whilst widening of 

the minor groove is observed. 
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These initial structures were equilibrated for 0.2 ns, and one 1-ns umbrella 

sampling window was independently simulated for each structure. Umbrella po- 

tentials with a force constant k=0.05 kcal/mol/deg2 (k = 164.1 kcal/mol/rad2) 

[98] were distributed uniformly along the dihedral RC. In all simulations, the 

terminal base pairs of the duplex were harmonically restrained using positional 

restraints with a force constant of 5 kcal/mol/A2, and in the protein-free bent 

DNA simulations the backbone phosphate atoms of DNA residues 6,7,8,9 and 

20 were additionally restrained with a force constant of 5 kcal/mol/A2 similar 

to the protein-DNA backbone interactions that happen in the crystal structure 

1XC8. The other parameters of these umbrella simulations were the same as those 

in the standard MD simulations sec: MDmethod. The value of the dihedral angle 

0 was recorded every 0.2 ps. The PMF was calculated from the recorded 0 angle 

using the Weighted Histogram Analysis Method (WHAM) [153] as implemented 

by Grossfield [151]. 

4.3 Results and discussions 

Although base flipping is generally postulated to occur via the major groove 

rather than minor groove, the structural analysis of the Fpg-DNA complex shows 

that the blocking of the major groove by the C-terminal domain of the enzyme and 

the deformed DNA itself disallows flipping through major groove (see figure 1.12). 

Thus only the minor groove flipping pathway was concerned. Calculations of the 

PMF along the 0 dihedral angle from 37 independent simulations of each system 

through the WHAM program result in a free-energy profile (FEP). Histograms of 

the probability distribution is illustrated in figure 4.8 showing a good convergence 

of each window and the overlap between one with its neighbouring windows. FEPs 

for both damaged and undamaged base flipping for the three conditions of the 

DNA are demonstrated in figure 4.9. The WC base-paired state and the fully 

flipped-out state of damaged and undamaged DNA for each condition are shown 

in figure 4.10 to 4.12. 
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For G flipping in normal B-DNA. rotation of the 0 angle from the \\"C hy- 

drogen boii<ls (20`) to -10° results in a transient breathing of the orphan C into 

major groox e. Two \VC' hydrogen bonds are ruptured at, . 50° rotation and af' 

ter 70° opening the third hydrogen bond is broken at the cost of 1 

which is comparable to the spontaneous base flipping previously reported at 12 

kcal/rnol [165". The opening G residue then turns out. -of-plane to establish hv- 

drogen bonds with Y-Neighbouring bases and T-r interactions in the T-shaped 

geometry between two aromatic rings [166]. Opening of FapvdG from the helical 

stack of B-D\A slightly differs from G Hipping as the FapvdG: C base pair is less 

stable than G: C'. The opening of FapvclG occurs more easily with the a lower 

energ harrier of 7 Aral j»iol. 

Base Hipping for the distorted D\. -A occurs in a similar manlier as in the 

normal (liiplcx. However smaller cncrgctic penalties are needed. The G: C base 

pair is broken at a cost of 5 kcal/real at 55° rotation. Tn FapvdG flipping, the fait 

energy around 20° to 353 rotation is due to the stabilisation of Fapvc1G hV sliding 

under its paired cytosine. O )eI1iiig pof 55' 1-til>tiires the three hydrogeil lxuu(lý Lt < 
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the solid line. Each line was iiorinalised to zero value with respect to its WC 
base-paired state. 

cost of 4 kcal/mol and the base turns out-of-plane. It should be noted here that 

extralielical C; and FapyddG are clrauiatically stal)ilised by the dcforniation of the 

D'\. A 

Iii advV tli('(,. it n rlý ýýýlýt'ý tcd that the FEP of G flipping into the DNA-1)nlding 

site of Fpg would reveal a large energy to rotate out of the helix. However. in 

reality the opening movement of guanine from the stable WC base pair (15°) 

involves a relatively low energetic penalties of 0.7 Iiui/inol. After the disruption 

of G: C lid clroneri bonding by the replacement of _arg 
09 for the target G at 

230 rotation. the flipping G residue promptly shifts to an cit-of-plane position 

lea(hiiig to a large void ititrahelically. Two intercalating residues. Het 75 and 

Phcl11. subsequently appear to fill the space via minor groove and expel the 

G residue froiti the Helix by the steric effect. The intercalating residues inhibit 

the reinsertion of the base. This could suggest that the G flipping pathway is a 

spontaneously rapid l)roc es, after the substitution of Argl O9. The fully flipped- 
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out state of G is stabilised by the protein, however it is still less stable than 

Fpg/FG complex by 3.4 kcal/mol. Energetic analysis of the fully flipped-out 

state of FapydG and G inside the Fpg binding pocket (see table 3.2) showed that 

Fpg stabilised FapydG by 8.4 kcal/mol more than G. 

For FapydG flipping, an energy barrier is found at a cost of 3.4 kcal/mol, 

which is less than or equal to one hydrogen bond energy (5-6 kcal/mol), to rotate 

the damage from the WC base pair at 10° to 20°. Recorded torsion angles over 

the simulation time (1 ns) of an independent simulation of the Fpg/FG complex 

with the 0 RC at 23° was shown in figure 4.13. A time-averaged structure of the 

last 300 ps was generated as a sample structure over the high energy region (0 = 

20° to 25°), as depicted in figure 4.14. 

The time-averaged structure of the Fpg/FG complex, 0= 21°, demonstrates 

the FapydG: C base pair in a buckle conformation while Arg109 is forming a 

hydrogen bond to the carbonyl group of the orphan C. Interestingly, a water- 

mediated interaction between Arg260 and the formamide group of FapydG is 

additionally established. There is no such possible interaction between G and 

Arg260 during the flipping mechanism. The energy penalty may be required to 

specifically break this water network to allow the flipping to proceed. Hence it 

is hypothesised that this indirect interaction between Arg260 and FapydG could 

direct the discrimination between lesion and non-lesion substrates. 

The Arg260 residue, as well as the intercalating triad (Met75, ArglO9 and 

Phel11), are highly conserved in the Fpg superfamily (see figure 3.1). Moreover, 

Arg260 is a part of a zinc finger motif that functions as a DNA binding domain 

for the Fpg protein. Mutations of cysteine residues of the zinc finger of the EcFpg 

resulted in the lack of DNA binding or cleavage activity [167). Mutations of the 

intercalating loop and the conserved residues in the zinc finger of the Endo VIII 

enzyme revealed that the repair function of the enzyme is impaired, particularly 

the perturbation at the zinc finger location [168]. However, the precise roles of 

Arg260 in damage recognition require further studies. 

ill 



FapydG in B-DNA 

m nor groove pathway 

ý-± -ý` DG in B-DNA 
b 

r 

Figure 4.10: 1 he central B-DNA tribase at the WC base-paired state in 

the left panel and the full-, - flipped-out state in the right panel. Fapvc1G 
is represented in red. G in blue. C in green and the neighbotiring base 

pairs in cyan. Each system is indicated by top view and minor groove 
view in top and lower panel respectively. 

112 

-J 
ý\ 

minor groove pathway 



%Lý ,. o. groove pathway 

DG in bent-DNA 
( 

1ý ., ý- : ý-- 

rr ý_ 

_" y. oove Da: nw2y 

Figure 4.11: The central lent DNA triba, e at the WC base-paire(I state 
in the left panel and the fully flipped-out state in the right panel. FapvdG 
is represc-nted in reel. C in blue. C in green and the neighbouring base 
pairs in evalº. Each system i` indicated by top view and tinnor groove 
view in top and lower panel respectively. 

11: 3 

FapydG in bent-DNA 



m nor groove pathway 

Fpg/DG complex 

minor groove pat vy 

Figur- 4.12: hit central bent D\A t ribase in c"omplcxed wit li Fpg at 
the \VC' base-paired state in the left Panel and the fully flipped-out state 
ill the right panel. DNA is presented by a licorice model while aitiii>>o 
acid resiýInes ilidic"aited by the small ball and stick. FapvcIC is repre- 
sented ill reel. C in blue. C in green. the iieighibourittg base pairs in cyan. 
Argi09 rg26l) iii blue. Met 7-5 in yellow and P1id111 in purple. Each 

is indicated by top view and iiiinor groove view ill top aiid lower 

Ipvc"tiVely. Panel lv. 

114 

Fpg/FG complex 



10 

i 

30- 

26- 

20 

Is 

10- 

6 

0 
0 

Figure 4.13: Re ui k10 angle liaiige as a function of the siiinthtio ll 
tithe from the 23 reaction coordinate windoxv. 

V 

DC FapydG 
z. el- 

yý 

ARG109 

7 ARG260 

PHE111 m6 

f i; ýurf 1.11: I'll iit<ýýfr, iýecl stinrtýirr of the F g;, FG coniplet over : 300 i ()f 
the 2: 3` dihedral angle window showw-in a water-mediated interaction betWecn 
Arg2G0 and Fapi-(1G. DNA is presented bv a licorice model while amino acid 
re. idmies iu(lH aced by the siºiall ball and stick. Fajw(1G and C are coloured 1),. 
atom name. the neighbouring base pairs in orange. Arg109/ Ar 2G0 in blue. 
\let i -) in yellow and Pliel ll in purple. 

115 

, 00 2m 300 400 500 ow 700 goo 900 1000 
Time (ps) 



üicr tlit' \1\I 
GBS_A analv; i, ()f the FP SFG and Fp /G coiiiplcxvs (tal 1c 

: 3.2) showed that Fapý"c1G is more stabilised than G within the Fpg binding pocket 

by 8.4 A"ral! mol. aid attempt to reproduce the FEP-, based on this result Inas 

been indicated in figure 4.15.1t is clearly evident that the initial (pre-flipped) 

Fpg/FG complex is stabilised relative to Fpg/G. This suggests that the repair 

protein could directly discriminate the lesion froiii icon-lesions even when the base 

is iiitrahelical. However. this recognition now rotfies with it penialty: there is a 3.1 
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4.4 Conclusions 

Prepl t r, ttir, ii ý-f the al)p1i ri'Ite '-l)re-flil)I>e(I itto(Iels for tIUe Fp FG and FI)-, -G 

complexes «"a, an initial task. The -pre-flipped" model gras used as a target 

; tn1(ttlr(, for the t-trgettd MD pro raiii to generate a reasonable able set of cýýurýli- 
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nates along the flipping pathway. Obtaining starting structures for each umbrella 

simulation, the simulations were able to run in parallel processing. 

Umbrella sampling in conjunction with the WHAM approach was employed 

to produce free-energy changes as a function of the base opening dihedral angle 

0, C6-C4'-C4'-N3 (FapydG) and C4-C4'-C4'-N3 (DG), into the minor groove. 

An obvious advantage of using the umbrella sampling method is to improve the 

sampling of intermediate configurations in high energy area. Finally, FEPs were 

calculated from the unbiased probability distribution of the chosen reaction co- 

ordinate in each sampling window. 

Free energy pathways of minor groove flipping for the damaged and undam- 

aged base in B-DNA, the distorted DNA, and the protein-bound complex were 

generated. In the protein-free profiles, only half of energetic penalties were re- 

quired for FapydG flipping relative to G flipping due to the weak hydrogen bond- 

ing of FapydG: C. It was also evident that the DNA bending enhances the opening 

of the base and stabilises the flipped-out base conformation. In the protein-bound 

profiles, the first thought was that the protein would facilitate the flipping in the 

similar manner as occurs in the protein-free profiles. The higher energy penalties 

of G flipping Were expected. On the contrary, flipping of the FapydG residue re- 

quired an energy transfer to overcome the barrier. Structural analysis suggested 

that an indirect interaction between Arg260 and FapydG via a water molecule 

is likely to be a specific recognition between the protein and FapydG whereas 

Arg109 functions as a recognition probe to rupture the WC hydrogen bonds of 

the flipping base pair following by the filling the intrahelical gap with the hy- 

drophobic Met75 and Phe111 residues. 

The proposed flipping mechanism above supports the hypothesis that damage 

recognition is dependent on the kinetic rate. Guanine which is a non-lesion sub- 

strate can be extruded into the recognition pocket forming a non-specific complex 

and be released from the pocket in a fast kinetic rate, whereas FapydG is rotated 

and bound to the Fpg pocket in a good time prior to being cleaved. 
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Chapter 5 

Conclusions & Future Works 

Molecular modelling and dynamics simulation techniques were employed for this 

study in an attempt to understand at the atomistic level, a DNA damage recogni- 

tion process that is inaccessible through experimental studies. A particular DNA 

lesion, FapydG, was selected as a case study due to its chemical instability and 

the difficulty to insert FapydG at a specific site of DNA. Hence theoretical studies 

are a practical alternative to approach this issue. 

5.1 DNA flexibility and damage recognition 

Incorporating a modelled FapydG residue into six dodecarner sequences have 

destabilised the duplex relative to its normal counterpart by 5-10 kcal/mol. Al- 

though the FapydG: C base pair possesses a hydrogen bonding pattern similar to a 

WC G: C base pair, destabilisation of FapydG: C is due to the rotatable glycosidic 

bond of FapydG that disturbs hydrogen bond formation. Dynamic behaviour of 

DNA in the presence of FapydG was perturbed, and particularly the intrinsic 

DNA bending property. Damage to DNA appears to enhance the deformation of 

DNA towards the major groove as being observed in the protein-bound confor- 

mation. The PCA indicated that the required bending mode is a major principal 

component of the dynamics of FapydG-containing DNA. Energetic-related anal- 

ysis by a novel combined method of the PCA and the DM was also successfully 
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introduced as a way to distort the structure from the average configuration to any 

configuration. This approach indicated that the duplexes are more deformable 

by protein when FapydG is present. In conclusion, DNA flexibility could act 

as a 'dynamic signature' used by Fpg to discriminate and locate damaged from 

undamaged DNA. 

To be noted, the unusual dynamic behaviour of 5'-TFT that tends not to 

deform in the required direction could hinder the recognition of such lesions by 

Fpg. It was hypothesised that this is due to an unfavourable interaction between 

the formamide group of FapydG and the 5-methyl group of 3'-T. Further studies 

could be carried on to verify the issue by substitution of 3'-T with some other 

nucleobases with and without 5'methyl position such as 5-methylcytosine and 

uracil, respectively. 

5.2 Protein-DNA recognition 

Based on the published crystallographic structure of wild-type LlFpg-DNA con- 

taining cFapydG complex and other related-structures of the Fpg protein, molec- 

ular modelling was employed to construct a model of an extrahelical guanine 

buried in the binding pocket of Fpg and further pre-flipped models of damaged 

and undamaged complexes. MD simulations have shown that the FapydG lesion 

was tightly bound inside the binding pocket with a higher binding free energy of 

8.4 kcal/mol relative to G. Destabilisation of G inside the binding pocket associ- 

ated with the fluctuating motion of the undamaged DNA and the aF-ß9 loop was 

noticed. It suggested that the undamaged DNA is loosely bound to Fpg forming 

a non-specific protein-DNA complex. Interestingly, damage specificity of the Fpg 

enzyme may depend upon the dynamics of the aF-, 89 loop where Arg220 specif- 

ically interacts with the formamide functional group of FapydG. It was clearly 

evident that Fpg is capable of discriminating the lesion from the non-lesion once 

the base is extrahelical if each base must be presented into the recognition pocket 

for the damage recognition. 
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The issue of base flipping was studied using the umbrella sampling method to 

generate sets of the coordinates in the high energy regions between the flipped- 

out state and the helical-stacked state; the WHAM approach was then employed 

to calculate the energetic changes associated with the movement of FapydG and 

G from inside the duplex to an extrahelical position. Free-energy profiles of 

damaged and undamaged DNA in B-DNA, the distorted DNA, and the protein- 

bound complex were generated. Base flipping is postulated to occur through 

minor groove rather than the usual major groove due to the blocking of the 

major groove by the C-terminal domain of the enzyme and the deformed DNA 

itself. Thus only minor groove flipping was simulated in this study. 

Base-flipping mechanisms of the G base in B-DNA and in the distorted DNA 

exhibited a similar manner as reported elsewhere [165] while FapydG flipping 

happened with a drastic reduction of energy barrier due to the weak hydrogen 

bonding of FapydG: C base pair. From the free-energy profiles, it was notable that, 

in the deformed DNA event, energetic penalties of base flipping were dramatically 

decreased and the extrahelical base was also stabilised outside the duplex. For 

the Fpg-DNA system, it was expected that the damaged base flipping would 

be energetically more favourable. In fact, the calculation showed that FapydG 

flipping is an unfavourable process compared to G flipping by a little energy 

barrier of 2.7 kcal/mol. This may suggest that the repair protein is capable 

to specify the lesion with some specific contacts. From the structural analysis, 

after disruption of FapydG: C hydrogen bonding by the substitution of Arg109, a 

water-mediated interaction between Arg260 and the formamide group of FapydG 

is formed before the flipping occurs, whereas there is no such specific interaction 

between the protein and G. This indicates that G flipping is a spontaneously rapid 

process. Thus the repair protein may distinguish the lesion from the normal base 

through the kinetic rate of base flipping. Further experiments could be performed 

to validate the hypothesis by the mutation of Arg260 in order to reduce the energy 

barrier and accelerate the flipping process or the damage repair may be halted 
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duce to lack of a Sj)t'tific (-oliºj)1cti. Alternatively. imitations of the intercalating 

triad (Arg109. \1et 73 and Phel l l) may suspend or cease base flipping since 

the disruption of Fapv-c1C;: C is cancelled. It may be useful for crystallographic 

experiment., to be alle to capture the intralielical state of t -iiiaged or undamaged 

base in the presence of Fpg. 

To conclude. an xtutiii"tic view of (lalilage recognition by Fing and the base 

flipping mechanisms have been revealed using \ID simulations. In the case of 

Falnº1G. ý1)e( ifiº re obiiitioli is estahlishcd hctwcell the protein and the fornianiiºlc 

group and the rotatable glvcosidic bond causes FapvdG different from its ººoriººaºl 

counterpart G. Finally. these studies could unravel a coil, prchcn5ivc picture of 

the repair protein to search and recognise the lesion through the different kinetic 

rates in which the more deforinable damaged DNA is initially located by the 

protein: the protein, ul)sccIucntlY compresses the duplex into sui appropriate angle 

and direction to form a specific protein-D\ A complex prior to being flipped and 

lesion-searching repaired (se(- figure 5.1). This finding is in food agreement with a 

tnOxiel in wh ich the enzvnºe insist fornº a speº ific complex with the lesion with a 

t':: ºlalnº<i-c from DNA `751 
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