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Everyday our cells are exposed to various formerafogenous and exogenous DNA
damaging agents. One of the most cytotoxic formsnafogenous damage comes from Reactive
Oxygen Species. Oxidative DNA damage has beendirtkea number of human diseases,
including cancer. The most common oxidative legmmd in DNA is 8-oxo-guanine, or 8-0xo-
G. It is known that formamidopyrimidine DNA glycdage (Fpg) distinguishes between
undamaged guanine bases and damaged 8-oxo-G, hpwkeemechanism by which this
discrimination is carried out is currently underbdi&. There are a number of X-ray
crystallographic structures available that highli§lpg's damage recognition and base eversion
process that involves the repair of these lesiyms, there are some limitations to these
experiments. These experimental structures are smiypshots along the reaction coordinate,

therefore more detail is needed to understand Fpegthanism between these snapshots. In this



work, computer modeling was used to measure thesieveprocess as well as pinpoint key
components involved in damage recognition of 8-&xo-

A form of exogenous damage of particular interestthis work is the cancer
chemotherapeutic agent Nitrogen Mustard (NM). NMkm®wn to form various crosslinks in
DNA. The crosslink that has been shown to be thetrafifective in inhibiting cell growth and
facilitating apoptosis is the 1,3 interstrand cliogsformed in a 5 GpNpC sequence. Little
structural information is known about this crosklbecause it is difficult to study experimentally,
as it is a promiscuous agent forming various typlesrosslinks that are prone to depurination.
The Scharer laboratory has created a protocol mthegizing a stable analog of NM but it is
unknown if this analog is a good mimic of the natiMM adduct. In this work, molecular
modeling was used to compare the natural NM tohtsmically stable analog to validate the use
of these analogs. These crosslinks were also c@dp@a undamaged DNA to quantify the

amount of distortion created by a 1,3 NM crosslink.
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Figure 4-10.A.) Overlap of structures from simulation B$t-Fpg—DNA complex with a wild-
type Phell3 wedge (pink) and a mutant Trpl113 wédgered by atom). Structure is shown
only for the wedge and base pairs at the inseritaB.) Experimental (jagged traces) and fit
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Chapter 1 Introduction

1.1 DNA damage and Repair

1.1.1 DNA damage and its associated health concerns

Every day, the human genome is exposed to varmussf of exogenous and endogenous
DNA damaging agents. It is vital for human survitkat our genomic information remains intact,
however there are an enormous number of known @génts that cause DNA damdgEhese
DNA-damaging agents can have a cause as triviedtisg burnt meat (benzopyrehe)r might
arise from a more complex origin, such as the dgehinese herbal medicines for weight loss
(aristolochic acid) Some of these DNA damaging agents can disruphalocellular activities.
This disruption of normal cellular activities may lWue to the slowing of replication or
transcription until the lesions can be correcte@rt&in lesions can even form irreversible
mutations in the genome that can lead to abnorredlllar behavior or even cell death.
Irreversible mutations can lead to various disedsethe organism, such as cantémBecause
the human genome encodes for all cellular compsnextept the mitochondria, compromising
the genome has far-reaching consequences. Ceammponents of the genome, such as proteins,
may not fold properly and interactions with otheotpins may be disrupted, thus causing
cellular pathways to be compromised. One examptaisfis the p53 protein, which is involved
in various forms of regulation in the cell suchca#i growth and apoptosfs. It has been shown
that ~50% of human cancers have mutations in thegp&8°’ Thus, it is vital that the genomic
integrity stays intact for proper cellular and argan function.

The end products of two DNA damaging agents arpaoficular interest in this work.

One of these DNA-damaging agents is an exogenous-@ia¥naging cancer chemotherapeutic



agent known as nitrogen mustard (NM), and the oih@ndogenous DNA-damaging reactive
oxygen species (ROS). Nitrogen mustard forms variges of crosslinks in the cell. Of
particular interest is the crosslink that is thesmlethal, the 1,3 interstrand crosslink (ICL).
When several 1,3 ICLs are formed from NM in a tedly can become cytotoxic as they have the
ability to inhibit replication and transcription bylocking strand separation and polymerase
activity.'®** Another form of DNA damage of interest in this Wwds one of the most cytotoxic
forms of endogenous damage which comes from exposuROS. The “oxygen paradox”
eloquently describes the fine line between a celéed for oxygen and the consequence that
overexposure to ROS may lead to toxicitpxidative DNA damage has been linked to a number
of human diseases including cant®One of the most common oxidative lesions formed in
DNA is 8-oxo-guanine (8-0x0-G) which is of partiatlinterest in this work’™* In this chapter
we will discuss the basic properties of DNA and hexposure to these two toxic elements,

reactive oxygen species and nitrogen mustard, isanrld these properties.

1.1.2 Properties of DNA

Each nucleotide in deoxyribonucleic acid (DNA) @mgposed of three basic elements: a
phosphate (P§F), sugar (deoxyribose), and nucleobase group (Eiduf, highlighted red,
yellow and blue respectivelyj.Normal DNA comprises four nucleobases- adenine ¢gé&jnine
(G), cytosine (C), and thymine (T) (Figure 1-2)heEe four nucleobases are further divided into
two categories based on their cyclic rings: ade@iné guanines are classified as purines, and
cytosine and thymine are classified as pyrimidifi@igure 1-2, highlighted blue and yellow
respectively). Each base has its own Watson-Ci¢&€) hydrogen bonding partner (also known

as a base pair); guanine hydrogen bonds to a ogtoshile adenine hydrogen bonds to a



thymine (Figure 1-3). The different WC faces of leaaucleobase make it sterically and
electrostatically impossible for a nucleobase tanfa WC hydrogen bond with any other
nucleobase other than its bonding partner, thug#sing the fidelity of replicatioff.In a G:C
base pair, three WC hydrogen bonds are formed.ewhibn A:T base pair two WC hydrogen
bonds are formed. When these base pairs are formedncert under normal conditions they
create a double helix (Figure 1-4).

A DNA double helix consists of two antiparallelastds of DNA that form a cork-screw-
like spiral. The genetic information (each base)pailocated in the central region of the helix
and is surrounded by the sugars as well as thepphats backbone. The direction of the anti-
parallel strands is often labeled as either gomthe 5' to 3' or 3' to 5' direction. This labeling
refers to the orientation of the 3' and 5' deoxysi sugar groups on each nucleobase. Under
normal temperature, pressure, and ionic conceotratonditions, double-stranded DNA forms
B-form DNA (Figure 1-4). In B-form DNA, there arevd distinct grooves that form: the minor
and major grooves. Besides having overall diffeesnm the widths and depths of the two
grooves the chemical structures available for aiattom each nucleobase are different in each
groove (Figure 1-3). It has previously been shotwough X-ray crystallography as well as
molecular modeling that the sequence of DNA hagrecdimpact on the overall structure™®
For example, duplex DNA with A:T tracks has beeaveh to be wound tighter then sequences
that contain mixtures of G:C and A:T tracks® It has been shown that a distinct spine of
hydration forms in the minor groove of DNA, partiely with A:T tracks® Sequence
dependence of these ordered waters was also ceudfiwith molecular dynamics simulatioffs.

The spine of hydration may aid in certain proteiNMinteractions’



The effects of DNA damage can be understood atbiecular level by comparing the
normal properties that are found in DNA to DNA thHzds been damaged. Under normal
conditions DNA is not a perfectly conical duplexsdmwn in Figure 1-4, but is wrapped neatly
around histones and tightly packaged into nucle@spnm order to save precious space in the
nucleus® While it would be more accurate to study the dtmai properties of DNA when
incorporated into the nucleosome, it is currenil§ialilt to accomplish this experimentally or
computationally. Global genome repair (GGR) is knoto repair damaged DNA in the
nucleosome but experimental laboratories do nateatly study this type of DNA repair due to
the difficulty of isolating a nucleosome in vitrtn studying DNA damage using molecular
modeling, approximately 11 base pairs are usualgcsed to model duplex DNA. The rationale
behind selecting approximately 11 basepairs istfdi base pairs make a complete turn in DNA
and the pi-pi base stacking interactions furthabitize the duple%? This trend is also observed
in X-ray crystallography, where it is more commanctystallize a duplex with 11 or 12 base

pairs than with fewer of theAT.2°

Figure 1-1. An undamaged nucleotide comprises apitate (PG?, red), deoxyribose sugar
(yellow), and a nucleobase (blue). The bond commgthe sugar to the base is referred to as the

glycosidic bond.



Figure 1-2.The four standard deoxyribonucleic acid nucleohashke two bases highlighted

blue are the purine bases adenine and guaninetvldhdases highlighted in yellow are t
pyrimidine bases cytosine and thymin

Major groove

n
Minor groove

Minor groove
Figure 1-3. Watsoi©rick base pairs G:C (left) and A:T (right). Wat-Crick hydrogen bond

are shown as dashed lines.
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Figure 1-4. Structure of Bdrm duplex DMA. The backbone is highlighted in cyeThe left

structure is in msms representation and the rightture is in licoric. Theg structures were

created in Nucgeff. The major and minor grooves are labe

1.1.3 DNA repair in BER and NER

Elaborate cellular repair processes have evolvednabat various types of DNA dama
which encompasses base excision repair (BER) ankotide excision repair (NER). In NE
seveal proteins work in a concerted approach to repairarray of helix distorting lesions
DNA. This process recognizes la-scale distortions in DNA, and does not target irtiial
damaged nucleobases. Additionalhis process places a large energegmandon the cell

compared to repair pathways such as , as NER depends on thelicases XPB and XPD



unwind the DNA, a process which consumes A¥¥.In BER, individual glycosylases excise
specific lesions that are generally more commonm tha lesions targeted in NERThe repair
processes of BER are done with high fidelity atitelior no energetic consumption.

Although BER and NER are different repair pathwayigh different mechanisms to
correct the damaged site, they share a common gmmbthe site of interest must first be
recognized and distinguished from nondamaged DMANER, XPC/Rad23B recognizes the
damaged region and initiates a cascade of NER-depérevents such as damage verification
and helix unwinding followed by damage removal @stchnd replacemeft. In BER, the
pathway is less complex; individual glycosylasegmize and remove specific types of damage.
The processes of BER are executed with little oemergetic consumption.

A variety of theories exist on how damage is ififisecognized by repair proteins. It has
been hypothesized by Stivers et al that uracil Dilycosylase uses a combination of frequent
hopping and short distances of sliding to find atrahelical uracif* The Verdine group has
speculated that the BER glycosylase, hOGG1, usssslaling coupled with less frequent
hopping to find intrahelical damage along sectiohs<DNA searching for 8-oxo-&3* It is
difficult to draw concrete conclusions from thesadges since these laboratories do not account
for DNA being wrapped around histones and tightigkaged in the nucleosome which would
sterically block these repair proteins from comglietencircling the DNA while sliding.
Different repair proteins may also vary their sdagnand hopping depending on the type of
damage and whether the damaged nucleobase(s) abeatical or intrahelical as in the two
examples discussed here for Uracil DNA glycosyksg hOGG1 respectively.

A large amount of X-ray crystallographic data existvealing a variety of protein-DNA

interactions. Proteins involved in DNA binding afteshare common motifs such as the helix-



hairpin-helix (HhH) motif®> Most BER glycosylases share the HhH motif suctMaglll *,
MutY?”, MIG®, AIKA*®, OGG" and TagA’. DNA-binding proteins of other repair pathways
also share the HhH motif such as the 5' endonuel&&CC1/XPF which plays a role in 5'
incision in NER*

Besides sharing similar motifs, BER glycosylasemrsltommon mechanisms to remove
damaged DNA. Upon initial binding, the glycosylasay evert the nucleobase of interest out of
the duplex for excision. It is currently unknownwhthese enzymes differentiate damage from
nondamaged DNA, which is one of the topics of ieein this work. As previously mentioned,
these glycosylases share similarities in their Sodd well as certain functions, and it is not
unreasonable to suggest that a mechanism for mig@iion may have similarities amongst
different glycosylases.

Numerous computational studies have used moleclylaamics to investigate protein-
DNA complexes in which a base is everted out ofleuDNA as well as in naked DNA&>2
Several definitions have been proposed to helpuamtify base eversioff:*>>***0One of these
definitions has been used to study base eversiegto§ine in duplex DNA when complexed to
a methyltransferase glycosylase. Broyde et al hstudied the energy required to evert a
nucleobase containing benzopyrene from a sing@ndtof DNA to better understand how the

nucleobase can be recognized by XPC/rad23b.

1.1.4 Exogenous DNA damage caused from nitrogen mustard

Cells are under constant bombardment by naturalgt unnaturally-occurring foreign
agents that potentially lead to cell death. Manyhekse agents attack the nucleic acid of the cell,

where they may block replication and transcripteents and/or cause mutagenicity. Eukaryotic



cells have evolved many mechanisms that work oreitugsion and repair of these malignant
lesions. One particularly interesting cytotoxic @igés nitrogen mustard (NM) (Figure 1-5),
commonly known as mustard gas, which forms intergtrcrosslinks that are covalent bridges
between two complementary strands of DNA. Thessstiriks inhibit essential processes such
as DNA replication and transcription. Nitrogen Marsis and their analogs are a cytotoxic class
of bifunctional alkylating agents that form varioD&A crosslinks® Among the adducts that
form from the reaction of these compounds with DNINA interstrand crosslinks (ICLs) cause
the greatest cytotoxicity to the cell. ICLs formvatent bridges between two complementary
strands of DNA, thereby inhibiting essential prassssuch as DNA replication and transcription.

Nitrogen mustards are known to form ICLs between tyuanines of complementary
strands, (5’GpNpC) of DNA (Figure 1-6). It has poawsly been shown that the instability of the
glycosidic bond on the guanines makes the ICL of pMafticularly unstable for experimental
investigatiort™>® In particular, this instability is due to the iresed likelihood of depurination
occurring to the crosslinked basésThe increase likelihood of depurination is a marr
problem when trying to experimentally test the I§lhce the crosslink of interest will be altered.
Although it is difficult to study the 1,3 ICL expsarentally, depurination occurs on a slower
timescale than that of the quickly replicating canocis cells; therefore it is an ideal agent for
treatment of cancer cells but not an ideal candiftatexperimental studies.

Because NM is a promiscuous crosslinking agenteex@ntal treatment of cells leads to
numerous types of crosslinks at different locationterstrand crosslinks, intrastrand crosslinks,
and DNA-protein crosslinks. It is therefore diffitto study defined crosslinks caused by NM.
To address this issue, the Schérer group has gmakk synthetic approach for the generation of

NM analog ICLs by the incorporation of aldehyde qumsors on two complementary DNA



strands and the use of a specific double reduaiimmation reaion to yield the crosslin®’ In
these suctural analogs the N7 positions of both guanihage been replaced with carbo
giving enough stabilityto prevent depurination and alloexperimental investigatic®” This
methodology provides an opportunity for the genenabdf ICLs which vary in the length of ti
linker connecting the tw®NA strands by using a variety of amines in theustdle aminatior
reaction.This process can be used to study how varioustiekgths are repaired in the ¢
Currently, there are no crystallographic structwesitrogen mustard in the biologily
relevant 5' GpNpC position, however there are strat analogs of ICLs in DNA in differel
positions, such as the 1,2 GpC crosslink in whieh tytosines are crosslinked across the i
grooves?® The 1,2 GpCcrosslink does show minor local damage around @e Molecular
dynamics simulations have previously been usedhtalate nitrogen mustard in the 1,3 GpN
position where the crosslink was built irB-form DNA.>*%° The basis of this computatior
work was to compare 1,2 and 1,3 ICLs that were &nfrinom nitrogen mustard in duplex DN
These simulationsotind that the crosslink brought the two strand®NA closer than DNA
with no crosslink®®® These simiations had several limitationdhe computational powe
availablewhen the study was undertakl5 years ago only allowed the investigators to &te
the DNA for 200ps, andhese crosslinks were built in as a single res, thus creating
abnormally longbond lengths which were needed to rethe structurébut may have cause

some artificial deformation.

H
/\\/N\,/\Cl

Cl

Figure 1-5.Chemical structure of nitrogen mustard (M
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Figure 1-6. Mechanism fohé chemical formation of a G to G interstrand dioksby nitrogen

mustard®*
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1.15 Endogenous DNA damage caused from ROS on DNA

A fine line exists between a cell's need for oxygand the consequence that
overexposure to reactive oxygen species may leadxioity.® A number of human diseases,
including cancer, have been linked to oxidative DN@mage. The most common oxidative
lesion found in DNA is 8-oxoguanine (8-oxo-G). Gamting the 8-0xo0-G lesion in DNA is
essential to blocking the associated diseasesatha consequence of not repairing it; therefore,
a great deal of work has been done studying tisiieand how it is correctéd®® A better
understanding of repair proteins that remove 8-Bxdrom DNA such as the bacterial
glycosylase formamidopyrimidine DNA glycosylase @frpwhich is of particular interest in this
work, may lead to a more thorough understandinigosd glycosylases work in general to repair
damaged DNA and prevent associated diseases. giaduh excising an 8-o0xo-G lesion in a sea
of undamaged bases may appear to be a dauntingotsisthe Fpg glycosylase can accomplish
this task efficiently and without the need for egetic consumption.

There is a minor chemical difference of two atorasMeen an undamaged G and 8-oxo-
G (Figure 1-7). Although this difference is smaltlreverses the electrostatics on the major
groove face of the 8-0x0-G nucleobase comparebabadf G, allowing it to preferentially favor
hydrogen bond formation to an adenine upon a sirgled of replication in a Hoogsteen base
pairing manner as opposed to a Watson-Crick ma(figure 1-8).

The catalytic mechanism of how Fpg excises 8-oxt& been well characterized
(Figure 1-9)°"® Fpg carries out a nucleophilic attack on the Gthe deoxyribose sugar of 8-
0x0-G by proline 1 when in the active site, follaiMgy p ands elimination®”®°In the active site,
8-0x0-G is held in place by several hydrogen bommisthe O6 of the nucleoba&t.A

crystallographic structure of 8-oxo-G positionedhe active site loop was first demonstrated by
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the Verdine group (PDB 1R2YY.The 1R2Y structure was trapped while probing 8-6xim the
extrahelical position by making an E2Q mutationkimg the enzyme catalytically inactive.

Fpg has been shown through X-ray crystallographyprobe for damage using an
aromatic wedge (Phe 113) as well as two residugdup the gap (Arg 112 and Met 76) and
recognize the orphan cytosine opposite 8-ox0-G (PBBO, 3GQ3)!’? Because neither Phe
113, Arg 112 nor Met76 comes into direct contacthwhe damaged side of 8-oxo-G when
complexed to the DNA in the intrahelical posititinere must be an indirect readout mechanism
that can recognize damage. An indirect readout am@sm suggests that the enzyme can sense
the damaged nucleobase without directly contadtiegdamage. In the 2F50 structure G, is in
the intrahelical position and is held in place bgrasslink to Fpg at residue 166The 3GQ3
structure is crosslinked at residue 166 as well,abeo has the active loop deleted allowing 8-
0x0-G to stay in the intrahelical positiéhThe deletion of the loop suggests that the acitee
loop may play a role in helping 8-oxo-G evert ofithe duplex. To test this hypothesis, Verdine
also had crystallized several structures of 8-oxm@uplex DNA complexed to Fpg, using a
crosslink at residue 166 where point mutations wea€ele in the active site loop, confirming that
some residues in the loop play a role in facilitgteversion (PDB's 3GP1, 3GPP)n another
paper by Karplus and Verdine, a structure of FpgADi&s captured by crosslinking N174€.
This structure contains a G flipped out of the eéxphnd in the minor groove suggesting that
base eversion occurs through the minor groove (PBER4)>
Karplus and Verdine used several computationalnigcies to measure if eversion is

more favorable for 8-oxo-G over G through the migowove’® They found that it is indeed

more favorable to evert 8-oxo-G (~13kcal/mol) corepato G (~18kcal/mol}* Although this
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work does suggest that it is more favorable fox8-& to evert than G, it does not address how
Fpg, which consumes no energy can overcome aneiehbgrrier of ~13kcal/mdFf

A series of pre-steady-state kinetic studies usiimge course Trp fluorescence
experiments on thé&co-Fpg-F113W system were previously studi&® These stop-flow
fluorescence experiments were used to better desize whether an indirect mechanism exists
that can help distinguish between damaged (8-oxafd) undamaged (G). These fluorescence
experiments show that Fpg facilitates eversion aht8-oxo-G and G out of duplex DNA to
transiently stable states. These experiments dgiaetany directionality as to which way these
two nucleobases evert nor do they suggest whaaysng a role in stabilizing them.

The indirect readout mechanism by which Fpg catingjsish between an undamaged
guanine nucleobase and a damaged 8-0xo0-G is cyrmamtnown. As previously stated, there
exists a large amount of structural data that mgbhl Fpg's damage recognition and base
eversion process8%’%"?These experimental structures are only snapshamig ¢he process, but
we would like to understand what happens betweesetlsnapshots, more detail is needed to
elucidate the steps of this process. In this wodmputer modeling was used to measure the
eversion process of Fpg and pinpoint key componertived in damage recognition of 8-oxo-

G.
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Figure 1-7 Atom names of guanine (top left) an-oxo-guanine (top right). The chemic
differences between the two nucleobases can be arechby their electrostatic differenc
bottom left (G) and bottom right -oxo-G). The colors used for the electrostatics reptasiemn
are red, white, and blue for etronegative, neutral, and electropositive, respebti Deepel
variations of red and blue signify a greater extehtelectronegativity or electropositiv
respectively.Arrows indicate the change of the local dipole momaround the damage s

(pointing towards the more negative directi
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Figure 1-8 A.)Watson€rick hydrogen bond formation between -oxo-guanine and cytosir

B.) Hoogsteen base pair formation between-oxo-guanine and an adenine.
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Figure 1-9The proposed catalytic mechanifor the removal of 8-oxo-®y Fpgwhen in the
active site loop of DNAIn the active site,roline 1 carries out a C1' attack on deoxyribosg-
oxo-G (top), creating achiff base intermediate (middle). From the intermats, 3 (beta) and
67-69

(delta) elimination occurs creating a nick in theA(bottom)
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Figure 1-10 Equilibrae structure oFpg complexed to duplex DNEDB 2F50) where G w.

computationally mutated to andko-G in the intrahelical positioft.

1.2 Simulation methodology

Molecular dynamic§¥MD) simulations can be used to computationally studyide
range of scientific problemstructural biology is a fielin which MD simulations can have
significant impact. In structural biology, experimalists are limited by the spatial resolut
that can be obtained through experimental techsigsigech as in -ray crystallography, nucar
magnetic resonance spectroscopy (NMR), and atoonee fmicroscopy (AFM). Although high
successful at obtaining structural details, theggeements are limited by the fact that
structures obtained are single snapshots of higlyigyamic bi-moleailes, while the les
populated or unstable states between those snapafteinot realized. MD simulations can

used to understand these lgspulated structures between the static experirhenégpshots. B
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better understanding the dynamic properties of ehb®-molecules, structural events or
processes may be elucidated. Molecular dynamiesparticularly powerful tool, as molecular
interactions may be visualized from the trajec®gesated from the Amber simulation package
as time progressés. These time-dependent trajectories can be vieweth wisualization
software such as Visual Molecular Dynamics (VMD)RyMol.”” An additional benefit to using
the Amber software is that it is distributed with analysis package, Ambertools 4’1This
analysis software allows the user to perform aildetaanalysis of the trajectories created at

atomic resolution.

1.2.1 Force fields

The fundamental component of classical moleculacharics calculations is the force
field. The force field is a potential energy fulctithat represents the physical interactions of the
molecule(s) being simulated. By calculating thebgspral interactions at each timestep, the
potential energy of the system can be calculatetithe dynamics examined as time evolves.
The Amber force field, which is of particular ingst in this work, has terms divided into four
categories: bond lengths, bond angles, dihedraleangnd non-bonded interactions. The
parameters for each of the interactions found m fibrce field are predefined. The general

Amber force field is outlined in equation 1-1 below
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The general Amber force field equation is dividetbitwo parts: one part encompasses the "hard
degrees of freedom” such as bond lengths, angidgoasions, while the other part describes the
nonbonded interactions, namely, the electrostateractions and the van der Waals forces. The
summation of all five of these interactions givies potential energy (U) of the system. The first
term in the summation defines the distance betweencovalently bound atoms. The second
term defines the angle between three sequentialtglently bonded atoms. These two terms are
described by a harmonic potential, with &d Ky being their respective force constants, drd (
bg) and (-6y) being the deviation from their respective equilim values. The third term
defines the rotation about a bond as describedhéydihedral angle. As mentioned earlier, the
nonbonded component of the potential energy isddiiinto two parts that define the
interactions between two atoms: a Coulomb potethial defines the electrostatic interactions
and a Lennard-Jones potential that defines theleaiVaals interactions.

The Amber all-atom force field is used to descnibelecules at the atomic level. This
force field is parameterized by quantum mechangatulations as well as by fitting to
experimental findings such as vibrational frequescand structuré€:®’ The main force field
used in this work is known as ff99SB with the pasaih backbone additiod&®* The ff99SB
forcefield has previously been shown to be hightgusate at modeling bio-molecul&sThe
parmbscO backbone parameters modify the alpha antung torsional terms for DNA. The

parmbscO modified alpha and gamma torsional terawe Ipreviously been shown to give more
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reasonable results for simulating DNAlt has been shown by comparing experimental and

calculated order parameters that ffO9SB is higlhuaate®

1.2.2 Solvation effects

Modeling bio-molecules in solvent is of interest ithis work because a solvent
environment represents reality more accurately thamcuo simulations. It has previously been
shown that solvent can have specific interactionts Wwio-molecules, as well as having bulk
solvent effects on the system of intef82t The choice of how to model the solute-solvent
interactions in molecular dynamics simulations é¢f@e can have a direct impact on the
accuracy of the system as well as the efficienapefcalculations. The two most common water
models available are explicit and implicit solvemidels.

In the explicit solvent water model, each waterevale is independently modeled in the
system of interest. One advantage of explicitly eliodj) each water molecule is that specific
solute-solvent interactions, such as bridging veatetween an individual water molecule and
two regions on the molecule of interest, can bepdadn By modeling each water molecule, the
total number of atoms increases significantly amerdfore the computational expense of these
calculations also increases. One of the more comemplicit solvent models is TIP3P, which is
used throughout this wofk. This water model was parameterized by fitting pineperties of
bulk water as well as its thermodynamic propefife@ne way to reduce the computational cost
of modeling in solvent is to use particle mesh EW8PME) to represent the long-range
electrostatic interactiorfé. The coupling of explicit solvent with PME for lomgnge
electrostatic interactions is often considered st accurate way to explicitly model water

using molecular dynamiég.
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In the implicit solvent water model, also known @mtinuum solvent, the solvent is
considered as a continuous medium, as opposedetonttividual water molecules used in
explicit solvent. There are various types of imiplisolvent models available. Two largely
popular models are Poisson Boltzmann (PB) and Géred Born (GB)® In implicit solvent
models, the free energy of solvation is estimat#ely on the positions of the solute atofi&y
neglecting the solvent atoms in the energy calmratof the system, large computational costs
can be saved. Implicit solvent models also carryage weaknesses, as the exclusion of solvent
molecules does not permit sampling of importargriattions, such as bridging or ordered waters.

Explicit and implicit solvent models carry with thecertain strengths and weaknesses.
When modeling systems using molecular dynamics Isitons, it is important to understand the
overall problem that is trying to be solved and as®lvent model that will help lead to the most
accurate answer. For example, various studies atelimg base eversion have used the TIP3P
explicit solvent water model, as specific watertpno or water-DNA interactions may have an

effect on the system as the water exposed basts /&>

1.2.3 Advanced molecular dynamics simulation methods

One of the main limitations to molecular dynamigsidations is the ability to sample
biologically relevant states. To investigate biabadjy relevant states, enhanced sampling may
be needed in order to overcome energy barriershenntolecule’s potential landscape. It is
therefore often beneficial to force a transitionomcur during a simulation and subsequently
analyze the interactions that occur as a resuhisftransition. There are numerous ways to force
a transition to occur, such as using targeted mtdedynamics, the partial nudged elastic band

method and umbrella sampliAg®*
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Targeted molecular dynamics

A common way to create a transition between twdestas to use a method called
targeted molecular dynamics. This method uses singidharmonic potential to force an initial
state to adopt the conformation of a targeted .sfhtes calculation is added to the energy
function of the system. Equation 1-2 gives the &équdor the calculation of the targeting force
in targeted molecular dynamics. K represents tlmeef@onstant. N represents the number of
atoms that this force will be applied to. RMSDhe difference between the current state and the

targeted state. RMSJis the targeted value.

Ermo = K * N * (RMSD - RMSDy)? 1-2

In targeted molecular dynamics, the initial ste@ be forced to move towards or away
from the targeted value based on the sign of thmefoonstant. Although this method is a useful
approach to solving simple problems, it may notabk to sample complex problems, such as
applying targeted molecular dynamics on the ingtalte. With this approach the targeted value
forces the system to take the most direct spasiti pegardless of whether this path is higher in
energy than an indirect path. Therefore, targetedecnlar dynamics may not be the best

enhanced sampling technique if there is a needrtpke an indirect path.

Partial nudged elastic band theory
The partial nudged elastic band (PNEB) method eeeatlow energy path between two

or more state¥' PNEB can be used to uncover direct or indirechaetween states, which is
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an advantage over methods such as targeted malegmamics, which cannot locate an indirect
path. The PNEB code in Amber's multisander funetiioy allows the user to apply nudged
elastic band forces to a subset of the systemtasffoThis method is of particular interest for
large, explicitly-solvated systems, since the fercan be applied directly to the region(s) of
interest. An initial path is needed before a lowrgy pathway can be found. To create an initial
path, multiple copies of the end point structur&govn as “beads”) are usually made.
Alternatively, to "seed" a pathway of interest thay be indirect, midpoint bead(s) can be used
to help guide the path in the direction of interddte initial path is optimized, using several
rounds of simulated annealing in which heating @emaling occur.

In PNEB, springs are used to keep each bead ewpalged along the pathway, and a
decoupling tangent based on the neighboring beaitiggus or energies is used in order to

remove the effect of the springs during the optatian process by the forcefield.

Umbrella Sampling and WHAM analysis

As mentioned earlier, a major limitation to moleauldynamics simulations is the
sampling time, which is dependent on the availaddeputational resources. It is therefore
difficult to calculate the free energy of a systbetween two states if the simulations cannot
sample one of the states or the transition thatesded for it to occur. Ideally, if a simulated
system is sampled until equilibrium is reached leetwthe two states of interest, the free energy

difference can be measured based on the populaifahs two states:.

P(ds)

F(dg) —F(ga) = —kgT |
() — F(d,) B ”ng g
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In this equation the free energy is calculated betwpopulation P and a reference
population P(g) at reaction coordinates A and B respectivelyiskthe Boltzmann constant and
T is the temperature of the system.

When simulating a system of interest, if equilibmidbetween two states cannot be
reached, then a method known as umbrella sampéingoe used in which a biasing potential is
added in order to force sampling of the regionndéiest*®® In umbrella sampling, a group of
simulations is performed while varying the biasipgtential to sample between the states of
interest. By applying a biasing potential, stateattnormally would not be sampled in
unrestrained molecular dynamics simulations carsd&mpled. After sampling the region of
interest, a potential of mean force (PMF) can beutated by using the weighted histogram
analysis method (WHAMJ? WHAM analysis is used to unbias the data to obfaie energy
profiles or PMFS*

The following equation is used to measure the wdnlgpotential of mean force between
two states when a biasing potentiaf’{Ms applied based on the reaction coordinafe(i) is

the free energy constant that is determined bytexqua-4 below:

i P(as) i i
FOdg) = F(a,) ~kKTIn——=-V ¥ (qg) +K®
A
1-4
_k® V9 (ds)
KT — KT
€ —<¢€ > 1-5

The underestimated constant’ ikan be determined in the equation above.
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Equation 1-6 is the fundamental equation for WHAMalgsis®**®> The optimized
estimate of the unbiased distribution function épehdent on the reaction coordinate q weighed
over the sum of the number of biased windowg)(N'he number of individual data points is
given byn;. The underestimated constant is calculated inteaqua-5.

When using the umbrella sampling method there araesvariables that should be
carefully considered. The fundamental assumptionnirella sampling is that there are one or
two reaction coordinates that can define the systémmterest. The reaction coordinates have
limitless possibilities, such as backbone dihedoaleven base eversidh?” Umbrella sampling
is usually used with systems that exhibit a lackahpling in a region of the energy landscape,
suggesting that there is a high barrier to entat thgion, or that the region itself is signifidgnt
higher in energy. This suggests that windows waled to be restrained to stay in the region.

Another important issue is the choice of initialustures used in umbrella sampling. To
create each initial window the restraint can fdireereaction coordinate(s) to adopt their targeted
position(s). This approach biases the system tasvHrd initial structures. A better approach
would be to couple partial nudged elastic band orkthith umbrella sampling: First, a low
energy pathway can be created between two staiteg partial nudged elastic band method;
then structures can be extracted based on therthesetion coordinate(s) and used for umbrella

sampling®*
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1.2.4 Challenges and relevance to projects

In this work we are interested in modeling DNA withwithout damage as well as with
or without being complexed to repair enzymes. Oneuo interests lies in measuring the energy
needed to evert a nucleobase out of DNA when bdawynah enzyme. To accomplish everting a
nucleobase, the partial nudged elastic band meithddumbrella sampling were coupled, as this
event could not be sampled using conventional tmraiesed molecular dynamics. Two reaction
coordinates were chosen to quantify the base @reesient, one of which was developed in our
laboratory®” Several other laboratories have used other appesaim study base eversion such
as solely using umbrella sampling or using targ&®&ISD which may not sample the lowest

energy path*® 273

1.3 Overview of My Research Projects

1.3.1 Modeling of interstrand crosslinks in DNA

Our interests lie in studying nitrogen mustard $ewveral reasons. Various DNA repair
pathways, including nucleotide excision repair (NERomologous recombination, and
translesion synthesis work together to repair IQiLg, the details of how repair is achieved are
not understood.In particular, the relationship between the stitebf the ICL and its repair are
not known. The ability to predict and characterfmv ICLs influence DNA structure will
provide opportunities to address this issue. Adoettodel of the overall dynamics of the duplex
caused by this lesion may lead to a more thorougberstanding of these pathways.
Investigating the effect due to variations of ldnghd charge on these ICLs may lead to a better

understanding of the recognition pathways involved crosslink repair. More extensive
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knowledge of the recognition events may lead othedevelop more effective chemotherapeutic
agents.

Two questions will be addressed through these etudFirst, the comparison of
experimental and computational data of the statdgogs will validate the calculations. Second,
the comparison of the simulation data of the stalbi@ogs and native NM will validate the use

of stable analogs in experiments as a substitutdnéounstable NM.

1.3.2 Quantifying base eversion

Elaborate cellular repair processes have evolvediabat various types of DNA damage.
One of these repair pathways is called base excisipair (BER)® In BER, individual
glycosylases excise specific lesions that are gdgemore common than in other repair
pathways, such as in nucleotide excision repairRNEThe repair processes of BER are done
with high fidelity and little or no energetic comsption. In general, all glycosylases share
similar functionality: they evert the damaged basé of the duplex DNA for excision while
inserting a wedge through the minor groove. Ofipaldr interest in this work is studying the
eversion pathway of 8-oxo-G when complexed to tbherfamidopyrimidine DNA glycosylase
(Fpg). To computationally study the pathway for rei@n of 8-oxo-G, a metric to quantify
eversion is needed, therefore a pseudodihedra¢ ave chosen. This eversion angle was shown

to give substantial improvement over previous deins*>*"%°
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1.3.3 What role does Fpg's aromatic wedge play in damagecognition?

As mentioned earlier, BER glycosylases share siractraits when recognizing DNA
damage. One particular functionality that BER gbylases share is using aromatic or aliphatic
residue(s) to probe DNA and destabilize the baseqfanterest, facilitating eversiotf® This
behavior is seen with the bacterial glycosylase, lpgvhich a Phenylalanine (113) wedge is
used to probe for damage. In this study, we argcpéarly interested in understanding the role
that the Phell3 wedge plays in destabilizing tlex&G:C base pair to facilitate eversion. To
accomplish this, we computationally mutated thelRBewedge to an alanine residue to better
understand how the removal of the aromatic ring@c$ the overall profile to eversion. To
measure the energetic profiles to eversion for 8Gxand the F113A mutant, the partial nudged
elastic band method was coupled with umbrella sammpt After obtaining the energetic profiles
to eversion, it was found that removing the wedgdikzes the intrahelical state. Through the
use of structural analysis and pairwise energy gosition, we were able to uncover the key

interactions that result from the presence of tibercalating wedge.

1.34 How does Fpg discriminate between a damaged 8-oxodad an undamaged
G in DNA?

There are fewer than 12 known DNA glycosylases inkaEyotic cells:®® These
glycosylases recognize and excise different tydedamaged nucleobases in DNA with great
efficiency. What is not known is exactly how theggcosylases distinguish damaged from
undamaged DNA. In this study, the discriminatorjdngor of the bacterial DNA glycosylase
Fpg is explored when interrogating a G or 8-oxo+&leobase. Through the use of partial

nudged elastic band theory and umbrella samplirgginwestigated whether base eversion goes
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through the major groove or minor grooves. Frons¢henergetic pathways, a transiently stable
exo-site in the major groove eversion path of Fpasviound where discrimination occurs
between G and 8-0x0-G. As a result of two resiq@eg263/Gly264) that specifically recognize
G in the exo-site, the eversion pathway constritiss no longer allowing G to continue on the
eversion path. This constriction of the G evergathway results in an increase in the energetic
barrier to eversion. Three specific interactionshe exo-site of Fpg recognize 8-oxo-G, the
second 5' phosphate group and the conserved Asithé3e interactions with 8-oxo-G result in
an opening of the pathway, creating a low-enerdiiay to further eversion. By removing the
key Asnl73 interaction, the exo-site becomes utestbdy 8-oxo-G as well as lowering the

energetic barrier for further extrusion.
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Chapter 2 Synthesis and molecular modeling of a nitrogen

mustard DNA interstrand crosslink

Abstract

HM
HzM M

OMADT, -

OA-O D=0

Over 60 years after nitrogen mustards (NMs) weesfitist agents used to treat tumors by
chemotherapy, we provide a method to generate thie DNA adduct formed by NMs and
validate them using molecular dynamics simulatisee figure above). We are able to provide
amounts that permit extensive structural and bioklgstudies. In our simulations we provide
direct evidence that the analogs created give ainaimounts of distortion as compared to the
naturally occurring NM crosslink and have similaiffefence when compared directly to

undamaged DNA.

31



Acknowledgments

The material presented in this chapter containectiexcerpts from the manuscript
Synthesis and Molecular Modeling of a Nitrogen Mustard DNA Interstrand Crosslink by Angelo
Guainazzi, Arthur J. Campbell, Todor Angelov, Carlsimmerling and Orlando D. Scharer,
published in "Chemistry A European Journal” in 20¥6lume 16, pages 12100-12103. The
manuscript was written by Angelo Guainazzi and Artld. Campbell with suggestions and
revisions from Professor Carlos Simmerling and @ttaScharer. Angelo Guainazzi and Todor
Angelov conducted the experimental studies. Arthu€ampbell performed the simulations and

analysis.

2.1 Introduction

DNA interstrand crosslinks (ICLs) are formed byubctional agents with the ability to
covalently link two strands of duplex DNA. ICLs aextremely cytotoxic, since they block
essential processes such as DNA replication amddrgtion. Based on these properties, agents
such as nitrogen mustards (NM) or cisplatin areelyidised in cancer chemotherdfyICLs
induce a number of biological responses that coactdghe therapeutic effects of crosslinking
agents. However, the elucidation of the mechanigwliich these responses cause resistance in
tumor cells has been hampered by the lack of efficmethods to generate ICLs formed by
antitumor agents. Current approaches toward théhegis of site-specific ICLs have yielded
mostly models of the clinically relevant lesionsl6Ls formed by endogenous agetfts** A

number of recent studies have shown that ICLs diiflerent structures are processed in distinct
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ways (see recent reviews 'y, emphasizing the need to generate substrateaicing the ICLs

formed by the clinically important drugs.

2.2 Methods
221 Parameterization details

For the nitrogen mustard)(and the analog2j systems new parameters were generated
for the crosslinked residues, in a manner previousidertaken in our laboratoty? The
parameterization was accomplished in two stepstap 1 the partial charges were generated by
RESP fitting and in step 2, analogous atom typermétion was assigned from similar atom
types in ff99SB with the parmbscO backbone additiand the GAFF forcefields to complete
any unknown atom types for residues Hfgnd @).”******'The partial charges and atom types on
the phosphates and sugars were kept consistentthgtiifQ9SB and parmbsO parameters for
DNA.™

In stage 1, we created two guanine nucleotidesauns&View 3.0, bridging the two bases
with the crosslink attached at the N7 position aleguanine. Fo2f the N7 was replaced with
a C7 for both residues (Figure 23J.Three conformations for each system were generated
where the dihedrals of NM an@)(were rotated 60 degrees about the C11-C12-N13-@dl4 a
C12-N13-N14-C15 dihedrals, respectively, to obthiree different structures for RESP fitting.
These structures were then optimized in Gaussiansd8y the HF/6-31G* basis sef. RESP
fitting was then used to combine the Gaussian r@siEtic surface potentials of each
conformation into single point charges for the Isamed crosslinks in the new systerhs-*8For

(2), single point charges on the bases and crosslark uniformly decreased after RESP fitting
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to make the net charge an integer (-2 ®)r (vhich includes the two phosphate groups, sugars,
bases and crosslink). Fdt) (an additional step was taken for generating Hréigd charges since
the molecule is symmetrical. After the single pouitarges were generated fat),(the
accompanying symmetrical atoms were then averagext the single point partial charges of
the @) were uniformly increased to bring the net chatgean integer +1 forl(), the two
crosslinked residues, this including the phosplgateips, sugars, bases and crosslink. In some
cases it was necessary to change the actual naateroftype while keeping the parameters to
address any overlap in atom type parameters (disdusirther below).

In the parameterization of the two crosslinks, ggdezare was given in the assignment of
atom types. When defining new bonds, angles, dédledmd improper dihedrals in the frcmod,
the parameters defined in the original forcefielwt the normal nucleotides used can be
overwritten**® To avoid this problem, several new atom types (CH, HL, NL and HM) were
defined to prevent the normal definitions from lgeaverwritten. The frcmod and prepin files for

(1) and @) are available from the authors upon request.

2.2.2 Simulation details

The Amber 9 suite of programs was used for all mdlr mechanics calculation®In
this work three systems were simulated: the conf@)| nitrogen mustardlj and analog
nitrogen mustard?). The ff99SB forcefield with the parmbscO DNA bhaoke parameters was
used for the majority of this work with addition@AFF parameters used on the crosslink to
supplement regions that were not defined in th@S® forcefield*° The initial coordinates of
each ICL system were generated in Nucgen usingidbatical sequence except for the
crosslinked residues 5 and 16 (Figure 2-1). Foh egtstem, run-1 was built as A-form DNA and

run-2 was built as B-form DNA to provide an indegent measure of sampling convergence.
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For the crosslinked systems, after the core seguesas built in Nucgen, the atom names of
residues 5 and 16 were then changed to refleatéiveparameter atom names of the crosslinked
residues?°’Any atoms that were in guanine but not in thedr (2) systems were deleted. These
structures were then loaded in Tleap and any ngsaioms were added. After the systems were
built the connectivity for the crosslink was veegdi through visual inspection in Xleap and
changed to accurately represent Figure'®The systems were then solvated with the TIP3P
explicit water model in a truncated octahedron quid box using an 8A buffer containing
~9,000 water moleculé§ After solvation the control was treated to a precésat involved
minimization, equilibration and then a productiemrThe two crosslinked systems were treated
to two consecutive rounds of minimization, equditbon, and then unrestrained dynamics. The
(1) and @) systems were simulated in two stages since thialisiructures may not have been
compatible with the crosslink. To address thisesthe () and @) systems were created with
incomplete crosslinks, where a single bond wasingssn the alkyl linker, thereby giving two
small separate lesions on residues 5 and 16 (geeeR2-1 for sequence numbering). For the first
stage of the two crosslinked systenisafd 2) the C12 to N13 bond on the crosslink was
purposefully omitted from the initial structuregving an incomplete crosslink. These structures
were minimized, equilibrated, and then simulateduimrestrained dynamics for 10ns. The
simulations of these incomplete structures wereessary to allow the duplex to accommodate
the crosslink without any initial major distortiof@ata not shown). For the second round of the
ICL system process the 10ns trajectory from round was analyzed and the C12 to N13
distance was measured. From this measurement, tametuse towards the end of the 10ns
unrestrained dynamics trajectory was extracted feaoh of the A/B form ICL system% and?2)

that had a low C12 to N13 distance (~3A). The sdlvess removed from these structures and
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the C12 to N13 bond was created. These structuees tlven resolvated, minimized, equilibrated,
and simulated in unrestrained dynamics for 50nghEudetails of these steps are given below.

The two control systems were minimized for 1,00@pstat constant volume with a
restraint force of 500 kcal/mol-A2, which was applito all atoms of the duplex. After
minimization, equilibration was performed under stamt pressure, with a timestep of 2fs and
with SHAKE employed to restrain the distances famds involving hydrogeff®*?* The
equilibration was executed in five stages, whem mbstraint force holding all atoms of the
duplex decreased incrementally. At the first stajeatoms of the duplex were held with a
restraint force of 10.0kcal/mol-A2 and the tempamatwas slowly raised to 330K over 100ps.
The temperature of 330K was chosen to reduce aengetic barriers in sampling. The next four
stages of equilibration were then simulated at @oridemperature with a restraint force of 5.0,
2.5, 1.0 and 0.5 kcal/mol A2 respectively at 10@@sements. After equilibration th€) system
was simulated for 50ns of unrestrained dynamicoastant pressure, with a timestep of 2fs and
SHAKE on'* Temperature was held constant with the weak cogpligorithm with a coupling
constant of 1 p¥2 A time step of 0.002 ps was used.

The nitrogen mustard systerh) @nd analog nitrogen mustard systéthwere simulated
in two stages. As mentioned above, the first stagegained an incomplete crosslink (missing the
C12 to N13 bond). The second stage contained timplede crosslink. In stage 1, the two system
was minimized and equilibrated in the same manséehat described above for the control with
the exception of the minimization which was minigdzin two parts. The first part was 1,000
steps with a restraint force of 500 kcal/mol A2 alh atoms of the duplex. The second
minimization was 1,000 steps with a restraint fas€&0 kcal/mol A2 on all atoms. After stage 1

equilibration, the system was simulated in unré@sth dynamics for 10ns at constant
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temperature (330K). For the 10ns simulation, th@ @1 N13 distances were measured and a
structure was extracted for each run. As menti@ieVe the structures that were extracted had a
low C12 to N13 distance (~3 A) and were extractednfa time point that was near the end of
the 10ns simulation in order to allow the systena¢ccommodate the incomplete lesion. Next,
the waters from these structures were removedra) ahd were reloaded into Xleap where we
created the final connectivity between the two admaking the C12 to N13 bond complete) to
make the complete crosslinks.In stage 2, after the crosslinks were completeshasvn in the

top of Figure 2-2 the systems were solvated, mimgahj equilibrated and ran a final production
simulation in the same manner as stage 1 but th@uption simulation was extended to 50ns.
The final 50ns of unrestrained dynamics generatad wsed for our final analysis in the text

(Figure 2-8) and supplemental (Figure 2-1 and Taklg.
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Figure 2-1 Correlation coefficient matrix plots of runs 1 ad(left and right columns,
respectively) of uncrosslinked contrdl)( ICL (2) and NM ICL (1) systems. The correlation
coefficients were calculated using ptraj in the A&mpackagé? In these plots the correlation

coefficient is the measure of each residue’'s movenedative to all others, as well as to itself.
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Each residue represents the heavy atoms of itsgras@. The positive and negative correlation
coefficients (n) are separated into two regionse Tipper left triangular region of each plot
represents the positive correlation coefficientsOjnand the lower right triangular regions
represent the negative coefficients (n<0) of edoh fphe bins on each plot represent the average
correlation coefficient across each 50ns simulafiwrihe two residues specified by the axes. For
clarity, the respective residue numbers of the eluglequence are shown at the bottom of the
Figure. The sequence region highlighted in cyamesgnts the three base pairs that are highly
involved in the crosslink, and the bases that avestinked in {) and @) are in blue font. From
the correlation plots it is apparent that the pesitcorrelation coefficient region where the
crosslink was introduced (highlighted in blue ie tequence chart on the bottom of the figure)
increases in correlation fot)(and @) when both are compared to the control. This observa
implies that the introduction of an interstrandssionk of the length and chemical makeup as
observed in Figure 2-3 directly increases the arhofitandem movement of the residues around

the crosslink.
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Figure 2-2 Atom names of X, top) and 2, bottom). The heavy atoms of the crosslink are

highlighted in red and their interconnecting boads in blue for clarity. These names match the

names in the library files, which are provided agmemental material.

Table 2-1. CURVES analysis measurement of the SOnslations for base pairs 5:18 and 7:16

of the 1, 2 and C systems?® Corresponding residue numbers in the duplex caseee at the

bottom of Figure 2-1. From this data the 7:16 hzaie buckling became more negative when a

crosslink was introduced, while there is a bucKle3db degrees for the control. For the analysis

of the 5:18 base pair it was found that the prepdiist of the two crosslinked systems deviated

most from the control rather than the buckling. Th&n conclusion that could be drawn from
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these measurements is that interstrand crossliake gome degree of local distortion but the
type of resulting distortion was dependent on ofhetors besides the crosslink introduced. We
speculate that the local distortions such as bogldnd propeller twist from the crosslinks in this
work (Figure 2-3) are sequence dependent, anddbigigning of a purine/pyrimidine between

the 1,3 ICL (at residue 6 or 17, see Figure 2-1y mave a significant effect on the amount of

distortion. The precision was calculated from tie separate simulations from each system.

CURVES analysis
System Base pair, Measuremen Uncertainty
Average (degrees) (degrees)
2 5:18 Buckle 1.9 +0.(
2 7:16 Buckle -21.8 0.6
2 5:18 Propeller twis -26.9 +0.8
2 7:16 Propeller twis -12.y +0.6
C 5:18 Buckle -1.1 0.1
C 7:16 Buckle -3.5 0.2
C 5:18 Propeller twis -13.2 +0./1
C 7:16 Propeller twis -8.3 +0.p
1 5:18 Buckle -2.5 0.3
1 7:16 Buckle -13.2 +0.1
1 5:18 Propeller twis -22.8 +0.2
1 7:16 Propeller twis -18.8 +0./1
2.3 Results and Discussion
231 Experimental work

Here we report the synthesis of a stable NM ICLstee 2) and use atomic detail
simulations to show that it recaptures the strattand dynamic properties of the native NM
ICL (1) (Figure 2-3.). To obtain the NM ICL isostere we dise strategy that we recently

developed for the synthesis of major groove I1€Ls.
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Figure 2-3. Structure of a NM ICLL) an the stable analog)(

This approach involves a double reductive aminatieaction of two acetaldehyde
functionalities ) linked to the 7-position of G residues on compeatary strands of dsDNA.
One dG residue was substituted with 7-dedzde®xyguanosine to counteract the inherent
lability of the glycosidic bond in N7-alkylated quiaes'** This approach allowed the generation
of a six-atom ICL by coupling two acetaldehyde growvith hydrazine. However, we were

unsuccessful in generating ICB)(with the five-atom bridge found in NM |CP&#>1%

(Figure
2-4), possibly because the reductive amination vathmonia was not powerful enough to
introduce the strain in the DNA caused by the A t&Fidge of the NV 27128

We reasoned that an ICL isosteric to those formeNM might be formed by reaction of

hydrazine with an acetaldehydB) (and a formyl aldehyde derivativel)(of deazaguanine,

exploiting the higher reactivity of hydrazine ov@nmonia (Figure 2-4).
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Figure 2-4. Formation of NM ICLs by reductive antioa was not successful using two
acetaldehyde precursos) @nd NH4CI, prompting us to explore the generatibisostere Z) by

linking precursors4) and &) with hydrazine.

We synthesized formyl aldehydd)(in an analogous fashion to the previously regbrte
synthesis of acetaldehydg),(masking the aldehyde as a protected diol dwsoigl-phase DNA
synthesis’*?*® The synthesis started with vinylation of a protect7-iodo-7-deazaguanine
derivative 6) using a Stille coupling reaction (Figure 2-5)diwe compound®). Oxidation of
the allyl group to the diolg), protection, and functionalization yielded phosgmidite 9). The
aldehyde precursors were incorporated into compitarg 20-mer oligonucleotides in &-5
d(GNC) sequence (the preferred sequence contetNbICL formatior?>*2>*?§ by solid-phase

synthesis, and the oligonucleotides were depralesnte annealed.
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Figure 2-5. Synthesis of the formyl aldehyde 4viayl-Sn(Bu)3, Pd[P(Ph)3]4, toluene, 90,
43 h, 70%; b) pyridine-2-carboxaldoxime, N,N/NI'-tetramethylguanidine, dioxane, DMF, RT,
42 h, 88%; c) NaOMe, THF, RT, 5 h, 9%; d) TBDMS-CI, imidazole, DMF, RT, 16 h, 938; e)
0s04, NMMO, THF, OC, 3.5 h, 63%6; f) Ac20, pyridine, RT, 1 h, 8%; g) TBAF, AcOH,
THF, RT, 20 h, 79; h) DMTr-CI, pyridine, RT, 1 h, 7%; i) iPr2NP(CI)OC2H4CN, DIEA,
CH2CI2, RT, 1 h, 726; j) oligonucleotide synthesis; k) 38 NH40OH, 50°C, 12 h; I) annealing;
m) NalO4, RT, 12h. TBDMS-Cl=tert-butyldimethyldily chloride; = NMMO=N-
methylmorpholine  oxide; = TBAF=tetra-n-butylammonium fluoride; DMTr-Cl=4,4-

dimethoxytrityl chloride; DIEA=N,N-diisopropylethgmine; ibu=isobtuyryl.
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Following oxidation of the diols using periodateettwo aldehydes were coupled by
double reductive amination with hydrazine and NaBN3’ The reaction along with

appropriate controls was analyzed by denaturing PAG

C G c g1 Y
NoH i NH(;I(_}#{_! NZHrﬁ NoH i NEH-'i
TICTH T —
P
3z 4 s

Figure 2-6. Analysis of ICL formation by denaturiR\GE with methylene blue staining. The
duplexes, amine used and position of single-strdmmddCL-containing DNA are indicated. The
sequences used were -BGTCACTGGTAXACAGCATTG) and 5
d(CAATGCTXTCTACCAGTGAC) where X represents the nfeeti G. The small amount of
bands running as duplexes in lanes 2 and 5 ary like to residual amount of duplex that was

not denatured during electrophoresis.

As already discuss@d ICL formation from two acetaldehyde precursorswaccessful
with hydrazine, but not with ammonium acetate (Fege-4, lanes 2 and 3). However, reaction of
a duplex containingt and5 with hydrazine led to formation of the desiredefiatom ICL2,
evidenced by a band with the same mobility as teeipusly analyzed crosslink (Figure 2-6,

lanes 3 and 4). Although the yield of the five-attfdh was lower than that of the six-atom ICL
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(~25% vs. ~73%), we were able to isolate the product by gelfmation and electroelution in
amounts exceeding 100 nmol. For simplicity of as@lyve also synthesized Iin an 11-mer
duplex and unambiguously identified it as the dakiproduct by ESI-MSn{/z calcd: 6741.23,
found: 6741.6, Figure 2-7 in the Supporting Infotio@). If either aldehyde precursor was
present only on one strand of the duplex, no dcamt amounts of the slower migrating species

were observed, further demonstrating the spegifefitCL formation (Figure 2-6, lanes 1 and 5).

6741.6
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Figure 2-7. Mass spectrum of the crosslinked oligbeotide 2). The structure and the

calculated mass are indicated.

Molecular modeling was used to validate 1) é&s a model for NM1) and to compare
the structural consequences of the two ICLs withuhcrosslinked controlC)) in identical 11-
mer sequences. We used the Amber simulation pack#éfeatomic detail and explicit water

(see Supporting Information) to validate th&) @ives similar amounts of distortion when
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compared to the NM ICL1j and consistent differences when both are compar(C).?” Two
independent simulations of 50 ns were run for eddhe 1), (2), and C) systems. The duple

was stable throughout all six simulatic

The N7 to N7 distances of the NM I((1) overlapped well with the C7 to Cdistances
of (2); both are restricted as compare(C), which samples a broader range (

Figure2-g, left).
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Figure 2-8.Data from MD simulations 02 (black), 1 (blue) andC (red). Left: Distanct
measurement marked in pink, C/N7 to C/N7 atoms éetwesidues 5 and 16. Right: Cente
mass angleneasurement, in which each point is defined byhbavy atoms of the base p
(highlighted in blue in inset picture): poinirepresents A and 19T, point 2 representsand

17 A and point 3 represents®8and 15T.""

The decreased distance between the two crosslivlses has a direct effect on the Ic
distortion around the ICL, and is also influencedthe sequenc(Figure 2-8right, and Table

2-1). One measure of distortion is to examine the bgkand propeller twi?® of the two
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crosslinked base pairs (Table 2-1 and Figure 2-sdquence). Since molecular mechanics force
fields have limited accuracy, it is more importaatnote the trends rather than the specific
values. It is well accepted that differences areemmeliable in simulations than absolute values,
due to cancellation of systematic error. The cmketl guanine 16 that neighbors the large
purine ring of adenine (residue 17) accommodatestbsslink by buckling of the 7:16 base pair
(C: =3.5+0.2°,1: -13.2+0.1°, an@®: —21.8+0.6°). The crosslinked guanine 5 that neaghk the
small pyrimidine ring of thymine 6 has more roomnt@ve and accommodates the ICL by an
increased propeller twist of the 5:18 base pair{13.2+0.1°1: —22.3+0.2°, an@: —26.9%0.8°).
The addition of a covalent bridge between botmsisaof DNA nearly doubles residue to residue
correlation in the central region of the duplexsidaes 5 and 16 have a correlation coefficient (
of 0.29+0.04, 0.62+0.01, and 0.58+0.02 f@),((1), and @) respectively (Figure 2-1). ICL4)
and @) have a substantial decrease in flexibility (Fegu2-8, left) when compared to the
uncrosslinked reference CNT, resulting in the fdramaof a slight kink in the duplex of both)(
and @) to accommodate the ICL (Figure 2-8, right).

To test for local duplex bending at the crossliite sve measured an angle that would
encompass the tightening of the 7- to 7-positiomesidues 5 and 16 (Figure 2-8, right). The
smaller angles sampled hi) @nd @) suggest that the analogue slightly bends theedumlitside
the crosslink in the same manner that the NM IGhusations do (Figure 2-8, left). The slight
bending of the central region of the ICL simulatonf (1) and @) compared to @) is
qualitatively similar to past experimental wdf&:*?

To measure the local differences between the thystems the glycodic torsion angle
and the sugar pucker were measured at each picab#ftmughout each 50ns simulation. From

this data we were able to measure the free enargistapes based on these populations of these
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two reaction coordinates (Figure 2-9, Figure 2-h@ &igure 2-11). It is evident by comparing

these three figures that the energetic landscdpbe @dnalog and Nitrogen mustard have similar
landscapes in residues 6, 16 and 17 while thesalifexent for the control system. These
differences are most likely caused from the intaddun of the crosslink in the duplex which

restricts local movements. The most populated &tras for run 1 of the entire 50ns for the
control, analog and nitrogen mustard were plottédure 2-12). These structures have few
differences since they are static structures aadrtre differences only surface when a figure is
represented by the whole trajectory.

Circular dichroism (CD) spectra were recorded tm gxperimental insight into to what
extent the NM ICLs containing oligonucleotid® @deviates from B-form DNA. The CD spectra
of (2) and an unmodified duplex of the same sequengaagisd the characteristic features of B-
form DNA (Figure 2-13 in the Supporting Informat)peonsistent with our molecular dynamics
simulations, indicating the NM ICL induces only anor bend in the DNA. It has been shown
that only more dramatic distortions, such as thesomduced by cisplatin ICL result in

significant changes in CD spectfa:**
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Figure 2-9. Control system energetic landscapaigéispucker (degrees) vs. glycosidic torsion
angle (degrees) for control system duplex. Theraktitree basepairs are plotted (residues 5-7

and 16-18). Energy is measured in kcal/mol.
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Figure 2-10. Nitrogen mustard system energetic deapge of sugar pucker (degrees) vs.
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Figure 2-11. Stable analog system energetic lapésof sugar pucker (degrees) vs. glycosidic
torsion angle (degrees) for stable analog duplée. @entral three basepairs are plotted (residues

5-7 and 16-18). Energy is measured in kcal/mol.
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Figure 2-12. The most populated structures forIwf the entire 50ns of the control (orange),

analog system (green) and nitrogen mustard (gnagflapped on their respective phosphorus’s.
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Figure 2-13. CD spectmaf normal undamaged DNA (solid line) and DNA v a 1,3 interstrand

crosslink analog (dashed line).

2.3.2 Experimental section on crosslink formation

A solution of the singlestrand oligonucleotides (25 nmol) in NaCl (425 10 mM) was
heated to 98C and alloeved to cool to room temperature over a period bftd allow for duple)
formation. After addition of sodium phosphate buffe5uL, 1 M, pH 5.4) and Naly (10uL, 50
mM) the reaction mixture was kept in the dark owgnhat <°C. Excess Nal@was removed by
centrifugation through Microcon columns with a Z#toff (Millipore). Then aqueous hydrazi
(10 uL, 5 mM) and NaCNBH (10 uL, 0.5M) were added and the reaction mixture was

overnight at room temperature in the dark. ICL fation was assessety electrophoresis on

54



denaturing 206 polyacrylamide gel. The band containing the dnolssd oligonucleotide was
excised from the gel and the DNA was extracted legteelution using D-Tube™ Dialyzer
(Novagen) or the Elutrap™ (Schleicher & Schuellyvide. Full experimental details and

computational methods are available in the metlsedson above.

2.4 Conclusions

In summary, we describe the synthesis of the sthlile ICL analogue %) by post-
synthetic double reductive amination. Although @& has three atoms substituted with respect
to the NM ICL @) (the two N at the 7-positions of dG by C and @by N in the hydrazine-
formed bridge), our molecular dynamics simulatisi®ow that the two ICLs affect DNA
structure and motion in equivalent ways. The abditg of stable, site-specific NM ICLs will
enable studies of the structural consequences amldgizal responses induced by NM
ICLs, 32 more than sixty years after NMs were the first rageto be used in cancer
chemotherapy®® Such studies will provide new insights into how am become resistant to

treatment by crosslinking agents.
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Chapter 3 An improved reaction coordinate for nucleic

acid base flipping studies

Abstract

Base flipping is a common strategy utilized by mamnzymes to gain access to the
functional groups of nucleic acid bases in dupleXADwhich are otherwise protected by the
DNA backbone and hydrogen bonding with their parto@ses. Several X-ray crystallography
studies have revealed flipped conformations of entadles bound to enzymes. However, little is
known about the base-flipping process itself, evess about the role of the enzymes.
Computational studies have used umbrella samptirgjitit the free energy profile of the base-
flipping process using a pseudodihedral angle poesent the reaction coordinate. In this study,
we have used an unrestrained trajectory in whittipped base spontaneously reinserted into the
helix in order to evaluate and improve the previpudefined pseudodihedral angle. Our
modified pseudodihedral angles use a new atomtg®ieto improve the numerical stability of
the restraints and also provide better correlatotie extent of flipping observed in simulations.
Furthermore, on the basis of the comparison ofngialeof mean force (PMF) generated using
different reaction coordinates, we observed thatdimape of a flipping PMF profile is strongly

dependent on the definition of the reaction coati#ineven for the same data set.
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3.1 Introduction

Base flipping (also known as base eversion) ispa ©f local DNA motion in which a
base group loses the hydrogen bonds with its basepprtner and is everted from the intra-
helical to extra-helical positioft? Base flipping was first observed in the
DNA/methyltransferase complex X-ray crystal struefii>**® Studies have shown that base
flipping is a common strategy for enzymes to read eéhemically modify base groups which are
otherwise protected by their base pair partnettheir own sugar and phosphate grotiisA
variety of these enzymes exist, such as methykeearses, glycosylases, and endonucleases. A
number of crystal structures with everted DNA bgsmips inside the active site of the enzyme
have been publishéd.%**"*%These structures reveal the conformations of treted base
groups, but they provide little insight into thenémrmational changes that occur during the
flipping process and, more importantly, the possiiohnsient role of enzyme functional groups
in the facilitation of base flipping. The rate dde flipping can be measured experimentally by
methods such as proton exchahjé** However, studies have shown that this method may
overestimate the flipping rate since proton excleam@y occur in structures with limited solvent
accessibility and thus not require complete bappifig*®

Several computational approaches have been appiiethis subject>**°%142 |t is
currently necessary to force eversion using redsain order to model the process during
computationally tractable simulations since ungakd base flipping occurs on the millisecond
time scalé”’® In one of the earliest studies, Keepers et ald asdistance restraint between the
N1(pyrimidine) and N3(purine) to force the baserpai break’*>®> However, the distance
restraint cannot specify which of the two basedlifp or distinguish between major or minor

groove flipping pathways. Inspired by the corre@atbetween the base opening angle and the
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dihedral angle seen in the crystal structure, GHeal. applied restraint forces on thangle and
glycosidic angles of the target nucleotide to fopase pair openint. This procedure assumes
that only two backbone dihedral angles of the tadjenucleotide are responsible for base
flipping, which may not be generally true. It haseh shown that using this method can generate
artificial conformation$? More promising approaches have employed more stpdied
reaction coordinates; these have been applied byerkaand co-workers using internal

,46,51,142

coordinate and MacKerell and co-workers using a center of anpseudodihedral

ang|e43,47,48,50

(the latter is hereafter referred to as the CPBlegnThe results from these two
approaches are in reasonable agreement. Due toathee of its definition using a standard
dihedral angle with points defined by center of sngeoups, MacKerell's pseudodihedral angle
method is relatively easier to implement in currerglecular dynamics simulation algorithms.
An excellent recent application of this method tgosine 5-methyltransferase from Hhal
suggests that the enzyme shifts the equilibriunth®flipped state by destabilizing the DNA
duplex and stabilizing the everted conformation.

In the present study, we first tested the CPD deafimto study base flipping using the
Amber simulation package and then improved the GRfnition?’ Our results show that
MacKerell’s highly valuable CPD definition can haseveral potential disadvantages in spite of
its multiple strengths. Using the traditional CPE&fidition, we find that there are large energy
fluctuations and occasional simulation instabnitlyen the base is everted. Another disadvantage
is that there is not a unique mapping between tR® @ngle and the extent of eversion; we
observed that significantly different structures ¢t@ve comparable CPD angles when using the

previous definition. On the basis of our molecudgnamics (MD) simulations of spontaneous

base pair formation in unrestrained simulation,identified several reasons for the weaknesses
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described above. We thus modified the CPD defimiti@ employ two separate definitions of
different groups of atoms to define the pseudodifleahgle (hereafter referred to as CPDa and
CPDb); we find that these better represent bappiflg. Simulations using the CPDa/b reaction
coordinates were able to give a more reliable sspration of the base-flipping pathway with
improved correlation between the reaction coordiretd the extent of eversion, along with
improved simulation stability. The two new CPDafigkes were applied to calculate the free
energy profile of base flipping for guanine in a AMWuplex. The free energy barrier of the base
flipping is comparable with that of previous studielhe relationship between the specific

definition of the reaction coordinate and the olleshhape of the resulting free energy profile is

discussed.
3.2 Methods
3.2.1 System preparation

The initial structure was standard B-form duplexAMbuilt using the NUCGEN program
in the Amber simulation packagéThe DNA sequence used is shown in Table 3-2 belhe.
targeted central base pair for flipping was C10:G24d G24 was the base group (hereafter

referred to as the target base group) for basgirfign
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Table 3-2. Sequence of the duplex DNA used in onulsitions

1 2 3 4 5 6 7 8 910 11 12 13 14 15 16
5 AG G T A G A T CCG G A C G C
c ¢ AT CTAGGT CT CTGTCG T 5%
32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17

a. The base pair C10:G24 is the targeted centra pas, and G24 is the target base for flipping.

The initial coordinate and parameter files weretgd using the LEAP module of Amber
on the basis of the structure generated by NUCGEBNated in truncated octahedron boxes with
a minimum 8 A buffer between the box edge and tbarest solute atom. The TIP3P water
modef® was used to explicitly represent water moleculBise DNA parameters employed
ff99,”91®with the parmB-SCO modified alpha/gamma torsideahs®’ These coordinates were

used for all simulations.

3.2.2 Molecular dynamics simulations

All molecular dynamics simulations were carried auth the SANDER module in
Amber?’ Following the procedure used in previous stuffiéd the solvated systems were
minimized and equilibrated in three steps: (i) 5 MD simulation** with DNA atoms
constrained and movement allowed only for watéyfiile 1000-step cycles of minimization, in
which the positional restraints on the DNA weredyialy decreased; (iii) four cycles of 5000-
step MD simulation with decreasing restraints an@iNA. A final 500 ps of MD was performed

without restraints. The resulting structures wesediin umbrella sampling simulations.
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SHAKE*! was used to constrain bonds involving hydrogematdrhe nonbonded cutoff
was 8 A. The particle mesh Ewald metf/dff was used to calculate long-range electrostatics.
Constant pressure (1 atm) and temperature (330dktly elevated to improve sampling) were
maintained by the weak coupling algorithm with aiing constant of 1 p§2 A 0.002 ps time

step was used.

3.2.3 Structural analysis

To obtain unbiased structural analyses on the thypes of reaction coordinates
presented in this work, we generated an unresttaih® simulation starting from a structure
containing an everted target base, which then speously reinserted into the duplex during the
simulation. In this simulation, the same sequerfd@NA duplex and the simulation conditions
described in the previous sections were used. dtiemean-square deviation (rmsd) of all heavy
atoms in the central three base pairs was calcylati¢h the reference structure of a standard B-
form duplex DNA. The glycosidic angle of the G24claotide was also measured, using the
dihedral angle O4C1-N9-C4. The distance between the central baseupés is represented

by the distance between N1 of G24 and N3 of C10.

3.24 The definition of the base-opening dihedral angle

Umbrella sampling 014

was used to calculate the potential of mean féirddF) as a
function of our new center of mass pseudodihedngjles CPDa/b. The definitions of two
proposed variations on this new flipping metric,B@Pand CPDb, are shown in Figure 3-1. The

Sander module of Amber9 was modified to supporseheestraints. The four points for each

dihedral form two triangular planes which share site defined between P2 and P3. The base
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opening angle is defined by the angle between ttvesglanes. Changes from the definition of
MacKerell at al. involve the use of both flankingsle pairs for the P1 center of mass (as opposed
to only one flanking pair) and using either theansgor phosphates flanking the flipping base as
points P2 and P3. Point P4 was defined using dyfive-member ring of the purine in order to
remove the influence of glycosidic rotation on ftipping angle, which occurs if the entire

purine base is included in COM point P4 (data hot).
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Figure 3-1. Definitions of various reaction cooates for base eversio) CPD: MacKerell et
al.’s original COM pseudodihedral angle definitioiB) CPDa: the modified COM
pseudodihedral (CPD) angle definition, in which ipldefined by the mass center of the two
flanking base pairs, p2 and p3 are defined by lHreking sugar groups, and p4 is defined by the
five-member ring of the flipping purine (or the rat six-membered ring for a flipping
pyrimidine). C) CPDb: a similar definition to that of CDPa, bsing the phosphate groups for

p2 and p3. The dotted lines show the two planeshvtiéfine the pseudodihedral angles.
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3.25 Umbrella sampling and potential of mean force calciations

The procedure for umbrella sampling was adapteu focevious studie®’ Starting from
the standard B-form conformation, the initial stcre of each window was generated by a 0.5 ps
simulation with a restraint force constant of 1@ 0¢al/(mol x radiaf) in a serial fashion,
which used the previous window'’s last structurghesstarting structure of the current window.
Each window was separated by 5° from the flankimgdews. After the initial structures were
generated, 500 ps simulations using the same tefinof restraint and a 1,000 kcal/(mol x
radiarf) restraint constant were carried out for the samgpiThe eversion angle and energy data
were recorded at each time step. The other parasneteghese simulations were the same as
those of the standard MD simulations. The resulBiMf~ was obtained by a WHAM analy¥is
96

of the data using a program provided by Alan Gielss (freely available at

http://membrane.urmc.rochester.edu/content/wham).

3.3 Results and Discussion
3.3.1 Simulation of spontaneous base pair formation

Umbrella sampling simulations provide the PMF aldhg chosen reaction coordinates
for a system. To generate an accurate free ene@ilepalong a conformational change of
interest, the reaction coordinate should be ablepoesent conformational change faithfully. To
evaluate the extent to which various reaction cioatés can represent the process of a base-
flipping event, we generated an unrestrained trajgcfor a duplex in explicit water where a
base pair spontaneously formed from the evertedi@ossince it is a faster event than base
opening. The starting structure was obtained frenmumbrella sampling simulation using the

CPD definition at —140°. A 10-ns unrestrained Mbhgiation was carried out. From the original
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everted position, the guanine spontaneously returtee the duplex and reformed the
Watson-Crick base pair with the cytosine in lesnth ns. Several snapshots taken from the
trajectory are shown in Figure 3-2. In the startgtgucture (0 ps), the everted base (G24) is
completely outside of the duplex. At ~1 ns, it mowsaser to the major groove, and the purine
ring adopted a conformation nearly perpendiculartite other, stacked base groups. This
conformation was stable until ~3 ns, during which purine ring attempted to reinsert into the
duplex but was unsuccessful since the G24 wadrstile syn conformation. It returned back to
its previous everted position at ~4 ns, adopted @n @nformation at ~4.2 ns, and then
successfully reinserted into the duplex at ~4.3The newly formed base pair was stable for the

remainder of the 10 ns simulation (only 5 ns isvglh@ Figure 3-2).
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Figure 3-2. Snapshots taken from the base pairméfg trajectory viewed from the major
groove. For clarity, water, hydrogen atoms, and DiNAside the central three base pairs are not
shown. The simulated structures are colored by aig®. The structure in gray indicates the

same duplex in a standard B-form conformation &benence. The time sequence is described in

the text.
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The observation of spontaneous base pair formatiomides an excellent data set for
evaluation of the various parameters in the basesen restraints that will be used for umbrella
sampling. In particular, any measure of base fligpshould reproduce the observation that the
first attempt at reinsertion by the base was uressfal, after which it moved back out of the
major groove and then successfully inserted. Weutated several properties of the DNA
duplex along this trajectory, such as the distdreteveen the forming base pair (represented by
the distance between N1 of G24 and N3 of C10)gthieosidic angle of the flipped G24 base,
and the rmsd value of the central three base pelasive to the standard B-form DNA. The

results are shown in Figure 3-3.
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Figure 3-3. Data from the unrestrained trajectoithvgpontaneous base pair formation. The
upper panel shows the heavy-atom-to-heavy-atomoggah-bonding distance between atom N1
of residue G24 and atom N3 of residue C10 betwkerbases in the new base pair. The middle

panel shows the glycosidic angle of the flipped @adleotide. The lower panel shows the rmsd

At the beginning of the simulation, the distancesaen the central two bases was ~15 A.
The flipped base G24 was in a syn conformationh whie glycosidic angle at ~55°. The rmsd
value of the central three base pairs was ~5 A comdp@ standard B-form DNA. The distance
decreased to about 3 A at ~4.3 ns ps; further aisatgmfirmed that this was accompanied by
the formation of all three Watson—Crick hydrogemt®. The reformed hydrogen bonds were

stable for the rest of the simulation. Also at #s3 the glycosidic angle changed to ~-90°,



falling within the anti range, and the rmsd valeerased to ~1.5 A, indicating that the structure

was highly similar to canonical B-form DNA.

3.3.2 Evaluation of alternate base flipping reaction coodinates

The unrestrained MD trajectory exhibited a pathwhgpontaneous base pair reforming,
which provides an excellent data set for evaluatibthe CPD reaction coordinate using COM
groups as defined by MacKerell et al. and comparisothe modified approach with different
selections for the COM groups (Figure 3-1). CPDales the base opening angle calculated
using MacKerell's et al.’s center of mass pseudediibl angle (Figure 3-1A). CPDa and CPDb
are the new center of mass pseudodihedral angiggréF3-1B,C). During the analysis, we have
found that, in the original CPD definition, the temof mass of the flipped base and the next two
centers of mass can become collinear (Figure 3rd¢ctare images shown in Figure 3-8 and
Figure 3-9). Therefore, we have also measured asmgéned by these three neighboring COM
positions for each CPD definition using the angdéried by points 2-3-4 shown in Figure 3-1A.

Instability in the dihedral calculation should beected if this angle approaches 0° or 180°.
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Figure 3-4. The evaluation of the reaction coortinalefined by MacKerell et al. and the new

definitions. The first panel is the distance betwé#ge two bases in the base pair being formed,

which is the heavy-atom-to-heavy-atom hydrogen-bundistance between residue G24 atom

N1 and residue C10 atom N3. The pseudodihedrakarage defined as the angles between two

planes (see Figure 3-1). CPD is the original diakdeaction coordinate. CPDa is the

pseudodihedral angle using sugar groups. CPDbeisatigle using phosphate groups. Angles

between points 2, 3, and 4 for CPD, CPDa, and C&Blshown as CA, SA (sugar angle), and
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PA (phosphate angle), respectively. Instabilitythe dihedral results when these angles adopt

values very near 0° or 180°.

From Figure 3-4, we can see that there are seypetaitial disadvantages using the
COM groups as originally defined by the originalCBngle. The first disadvantage is that the
reaction coordinate does not have a one-to-oneeletion between the measured and actual
extent of eversion. For example, CPD-dihedral anglees sampled for everted conformations
(between 2,100 and 3,100 ps) are comparable te ta®pled after the base pair has formed at
4,300 ps. This means two different points on theeleverting pathway will have the same value
of the reaction coordinate. This is caused by #fendion of the CPD angle; the last three points
in the CPD definition (P2, P3, and P4, see FigwkAB can become collinear in everted
conformations, resulting in numerical instabilitxccording to the original CPD definition,
negative values denote flipping along a major geopathway, and positive values indicate the
minor groove pathway. While the sign of a particdli@ping direction (major/minor) is arbitrary
and depends on whether the CPD is defined fron8'tloe 5 side of the flipping base, the data
should be consistent once a definition of CPD igselm. However, although the trajectory was
visually confirmed to sample only the major groqaahway, the CPD during the simulation
adopted both negative and positive values, suggesitiat the sign is not a reliable indicator of
the flipping directions.

By using the new definitions (CPDa and CPDb in Fég8-4), the reaction coordinate
values and the position of the base group havemgmoved correlation. The CPDa and CPDb
angles gradually reduced from ~180° (extrahelicatha beginning of the simulation to 50° at
2,300 ps. The flipped base was close to its intreddeposition at 2,300 ps, except that the base

was in its syn conformation, not in the anti confation required for proper Watson—-Crick
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pairing (see the chi24 in Figure 3-3). Steric hardre with the phosphodiester backbone prevents
rotation about the glycosidic bond in this posifitinus, the base once again moved out of the
major groove, with the CPDa and CPDb correctlyactthg this change, with values increasing
between 3,600 and 4,200 ps. The extra-helical bz rotated to an anti conformation and
subsequently reinserted, restoring the Watson—Qraik This is represented with the low (~0)
and steady values of the CPDa and CPDb flippindeanig Figure 3-4; we note that with the
CPDa and CPDb definitions the intrahelical valuesa¢ 0) were not seen for any of the everted
conformations. This is in contrast to the “intrabal’” CPD values observed at multiple points
prior to the actual reinsertion event.

The second disadvantage of the original pseudodhhéefinition is that one of the two
angles (CA in Figure 3-4) connecting the four cent& mass can adopt values close to 0° or
180° when the base is extrahelical. From Figure &elcan see that angle CA is very close to
180° before the base pair is reformed at aboutMp30(the distance in panel 1 of Figure 3-4 can
be used as an indicator of the base pair reformiAfer the base pair formed (the distance
becomes a steady line at about 3 A), the CA ardpgtad values near 90°. The dihedral angles
are defined by four points, where each set of tlo@esecutive points defines a plane. The
dihedral angle is the angle between these two plaMhen the last three consecutive points are
close to being linear (0° or 180°), a slight chan§éhe position of the fourth point can greatly
change the definition of the second plane, whichlts in large fluctuations in the dihedral angle
(the second panel in Figure 3-4) and resultingderdhis caused unpredictable instabilities in
simulations with everted bases (data not shown]) @Pedral angle differences of ~40° were

observed for nearly identical structures sampleathdushort time spans (Figure 3-8). In the new
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definitions, both angles (PA and SA in Figure 3h&d values well away from 0° and 180°
during the entire profile, resulting in improvedmerical stability of the dihedral angle.

The third disadvantage of the old definition isslexplicit. The definition of CPD is not
symmetric (Figure 3-1), and the choice of P1 andiif2dral points as being either theo8 5
side of the flipping base is arbitrary. Due to #symmetric structure of the DNA duplex, a free
energy profile calculated using the two points frim 3 side differs from that obtained with
restraints for the dihedral points defined on thside. By using the new definition, theand 3

sides are both included in a single calculationhwhe resulting PMF being less ambiguous.

3.3.3 The free energy profiles calculated using the newetinitions

The free energy profiles for base eversion usingtaww new CPDa/b dihedral angle
definitions in umbrella sampling have been cal@dafFigure 3-5). The upper panel shows the
PMF profile using the centers of mass of the debxge rings groups as dihedral points P2 and
P3 (CPDa, Figure 3-1B). The lower panel shows #sellts using the phosphates as P2 and P3
(CPDb, Figure 3-1C). To estimate the convergendbetalculation, we also calculated the free
energy profile using the second half of the datd generated error bars using the difference

between the two results.

74



p— =] o]
Lh o ()]

PMF (kcal/mol)
=

— W]
7] o
|

PMF (kcal/mol)
o

5_

1 | |
-q 80 -120 -60 0 60 120 180

Base opening angle (degrees)

Figure 3-5. Free energy profiles using the two mesudodihedral eversion definitions. The
axis is the pseudodihedral angle. Panel A showseh@t using the center of mass of the sugar
rings as points P2 and P3 (CPDa). Panel B showsethdt using the center of mass of the
phosphates as dihedral points P2 and P3 (CPDbitiviedsegative values reflect flipping into
major/minor grooves, respectively. The solid limews the free energy profile calculated using
the last 400 ps of a total 500 ps per window. Timerébar shows the difference of the results

calculated using the last 400 ps data and th (ps data.
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From Figure 3-5, we can see that there are cesiailarities and differences between
the two energy profiles. Both profiles can be deddinto two regions: the “basin” and the
“plateau” regions. The basin region is near theg@neninimum and has a lower free energy and
steeper slope. The plateau region reflects evérdsds and is further from the minimum with a
high free energy value and less energetic deperdencthe angle. The basin region for the
profile using the phosphate groups (CPDb) was betwel5° and +45°. The basin using the
sugar group for the PMF reaction coordinate (CHBa)gnificantly broader, ranging from —-120°
to +120°. In both cases, the barriers of the PMiftei( the basin region ends) at the major groove
pathway were lower than those at the minor groosthway. The values for using the sugar
rings were about 13 kcal/mol for the major groowe 48 kcal/mol for the minor groove. The
values for using phosphate groups were about 12nkakfor the major groove and 15 kcal/mol
for the minor groove. These results agree reasgnalih calculations by Banavali and
MacKerell, showing that the energy barriers forligping are 18.7 and 21.3 kcal/mol for the
major and minor groove, respectivéfyThe positions of the minima and height of the gger
barriers of Benavali and MacKerell's and our stediee similar but do not exactly match. One
possible reason is that the sequence contextsiféeeedt between these two studies. However,
both experimental and theoretical studies have estgd that base opening rates have little
dependence on sequence cont&kt*® The differences may also be due to the influerfcine
reaction coordinate definition on the PMF detailsthe enforcement of periodicity in the free
energy calculation, or the difference between CHARMNA Amber force fields. The present
results are also comparable to the Amber resul®riyakumar and MacKereif, though that

study used an older version of the Amber DNA fdrekl than used here.
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Although the free energy barriers were similarhe two free energy profiles in Figure
3-5, the widths of the basin regions were signiftbadifferent. The basin is much wider for the
CPDa definition. To understand why the free engugyfiles are different, we calculated the
correlations between CPDa and CPDb definitionsstanctures sampled in the two umbrella
sampling runs, which are shown in Figure 3-6. Datan both simulations have a high
correlation between CPDa and CPDb values. Howdath correlation figures are not straight
lines. There is a flat phase near 0°, which coordp to the intrahelical conformation of the
base. In other words, the intrahelical space isewigsing CPDa as reaction coordinates than
using CPDDb, even for the same structure sets.i$lige to the difference in the geometry of the
two definitions in the intrahelical region. In Figu3-4, we can see that CPDa is has obtuse angle
SA, and the PA of CPDb is ~60° when the base idsinntrahelical conformation. Since it

corresponds to the intrahelical conformation, thsif region is wider in CPDa space.
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Figure 3-6. The correlation of the two CPDa/b débns. Panel A shows the structures sampled
using the CPDa restraint. Panel B shows the strestsampled using the CPDb restraint. Xhe
axis shows the postprocessing results using CPDbde wlata for CPDb are on the axis.
Regardless of the restraint used to generate thetstes, CPDa is more sensitive than CPDb to

changes in the region near 0°.
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We further analyzed the correlation between fligpangle and base pair distance to
investigate the properties of these two reacticordioate definitions (Figure 3-7). Figure 3-7A
shows the structures sampled in the umbrella sag@imulation using the CPDa restraints.
Figure 3-7B shows the structure sampled in the effgbrsampling simulation using CPDb
restraints. For all structures in each simulatwg, calculated the distance between the flipping
base and its partner, as well as flipping angleasmed using both dihedral definitions. As we
observed with the comparison of the two dihedrales in Figure 3-6, data from simulations
performed with either definition as the restraimé &onsistent. In both cases, the base pair
distance was about 3 A and stable for the regionrat a base opening angle of 0°. In both
simulations, the region of close contact betweenlihses covers a significantly larger range
when using CPDa as a reaction coordinate than whigery CPDb as a reaction coordinate, even
when they were applied to the same set of strugtdieis confirms that CPDb is more sensitive
to the true extent of base opening. We can alsotlsstethe structures sampled using CPDb
(Figure 3-7B) are more similar among windows thhe bnes sampled using CPDa (Figure
3-7A). The structures sampled using CPDa (FiguiBseem more poorly converged. The
reason CPDa and CPDb behave differently may betalube number of internal coordinates
encompassed in the two definitions. CPDb incluaes phosphate groups and one sugar ring
between P2 and P3, while CPDa includes two phosmraups and three sugar rings (see Figure
3-1). Since the CPDa definition has a more comptaxformation space, it is more sensitive to

structural fluctuations in the backbone.
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Figure 3-7. The correlation between the distanciheftwo bases (distance between atom N1 of
residue G24 and atom N3 of residue C10) and theadli’Base opening angles. The upper figure
shows the structures sampled in the umbrella sagpising CPDa as the reaction coordinate.
The lower figure shows the structures sampled & umbrella sampling using CPDb as the
reaction coordinate. For each simulation, the gaiavn in red are the postprocessing results
using the CPDa definition, and those in black heeresults using CPDb. Both plots indicate that
the CPDa definition has a broader range of valoesbése-paired structures as compared to
CPDDb, independent of which restraint was used teigee the flipping trajectory.
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Figure 3-8. Overlap of two highly similar structsresampled using a CPD dihedral angle
restraint at the 170° window. The four regions whaefine the CPD dihedral angle are circled,;
dihedral values for the 2 structures shown are H6it’ 78° due to the nearly collinear angle for

the rightmost 3 groups. This results in simulaiiestability.
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Figure 3-9. Additional view of an everted DNA stw@ in unrestrained simulation with 3
nearly collinear groups in the CPD dihedral deiomt(atoms in COM groups are shown as

colored spheres).

3.4 Conclusions

Base flipping is an important event, and compurtetictools have been shown to be
essential in studying processes such as an enzymwéei in flipping. Starting from a flipped
conformation, we have generated a fully unrestchiM® trajectory in which an everted guanine
base spontaneously returned to its intrahelicafaramation and reformed its Watson—Crick pair
with the cytosine partner. This trajectory was uded evaluate a previously proposed
pseudodihedral angle and how well it describes dknt of eversion. We found several
disadvantages in the definition, including the ptisd for numerical instability, and used the

data to propose two modified pseudodihedral défimg which can successfully avoid the
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observed disadvantages. The free energy profilékeobase flipping using the new definitions
have been calculated, and the results reasonaf®g agth previously published results. We also
compared the two modified definitions. The one gsihe center of mass of the phosphate
groups has a tighter correlation with the base mgerangle; therefore, it is a better
representation for base flipping. The reaction dowte using the center of mass of the sugar
groups has a larger conformation space and appéaree more difficult to use in generating
well-converged data. In closing, we remind the esathat using any restraint to impose a

reaction coordinate may introduce artifacts indhta as compared to fully unrestrained systems.
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Chapter 4 Active destabilization of damaged base pairs by

a DNA glycosylase wedge

Abstract

The BER glycosylases share structural traits wherognizing DNA damage. One
particular functionality that BER glycosylases h@ using aromatic or aliphatic residue to
probe the DNA and destabilize the base pair ofésteto facilitate eversiotf° This behavior is
seen with the bacterial glycosylase Fpg, in whigifhanylalanine (113) wedge is used to probe
for damage. In this work, we investigate the rdilattthis Phell3 wedge plays in destabilizing
the 8-0x0-G:C base pair to facilitate eversion.aboomplish this, computationally we mutated
the Phell3 wedge to an alanine to better understawdthe removing the intercalating wedge
affects the overall profile to eversion. To meastite energetic profiles to base eversion for 8-
0xo0-G and the 8-oxo-G.F113A, partial nudged eldstind method was coupled with umbrella
sampling® After obtaining the energetic profiles to eversine found that removing the wedge
stabilizes the intrahelical state. Through the wo$estructural analysis and pairwise energy
decomposition, we uncover the key interactions ttestult from the the presence of the

intercalating wedge.
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4.1 Introduction

DNA repair enzymes must efficiently discriminatevibeen normal and damaged DNA
elements, which are often very similar chemicaBprmamidopyrimidine-DNA glycosylase
(Fpg) is a repair enzyme that excises oxidativeljndged purines from DNA. Its main substrate
bases include two derivatives of guanine, 8-oxo+he (8-0xo-G) and 2,4-diamino-6-0xo-5-
formamidopyrimidine (Fapy-G), as well as the form@opyrimidine derivative of adenine. The
structural basis of DNA binding by Fpg enzymes freeveral bacterial species, including
Escherichia coli, Lactococcus lactis and Bacillus stearothermophilus, has been revealed by X-
ray crystallography’®©**"**%and molecular dynamics (MO}***> As with all other DNA
glycosylases investigated to date, the complexitysabstrate structure requires extensive
conformational changes in DNA after binding to @mzyme to achieve a catalytically competent

conformation. These changes include kinking of IiIMA duplex and eversion of the damaged
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deoxynucleoside from the body of the duplex int® légsion-binding pocket of the enzyme. The
enzyme molecule, in turn, also undergoes severafoomational transitions, among them
possible closing movement of the enzyme domairsgriion of several amino acid residues into
the void vacated by the everted damaged deoxymsidieoand isomerization of the active site
pocket. The time course of Fpg-catalyzed excisidn8@xo-G, studied by stopped-flow

method$>®*® reveals at least five conformational transitiomshe enzyme-substrate complex
likely preceding the chemical steps of the reactids a result of this multistage mutual

conformational adjustment of the enzyme and itsssate, Fpg discriminates very strongly in
favor of 8-o0x0-G and against undamaged G.

In a complex with damaged DNA after base excistooth Bst-Fpg® and Eco-Fpd®
wedge a Phe side chain (PhellOHeo-Fpg, Phell3 imBst-Fpg; Phell0/113) between a
damaged base pair and a paitobthe damaged base. In addition, two side chiet73/76 and
Argl108/111) are inserted into the void vacatedhieydverted damaged dN, and the axis of DNA
is severely kinked (66—75°). Two groups of Bet-Fpg structures represent pre-excision stages,
one of Fpg covalently cross-linked to undamaged DBAother of Fpg (an E2Q catalytically
inactive mutant) in complex with 8-oxo-G-containibtyA.”>**°In a complex with normal DNA,
Phell4 oBst-Fpg is wedged into the DNA duplex next to the undged G:C pair, which is
notably buckled, and the DNA is kinked, but no sw@n of the normal base is observed. In
contrast to these gross changes in DNA (and pgsgibtein) structure, a stopped-flow analysis
of binding ofEco-Fpg to undamaged DNA surprisingly reveals onlyngle binding stage in the
time course traces produced by fluorescence ofetiiyme’s native Trp residues or of 2-
aminopurine (2-aPu) reporter bases incorporated ihie substraté®**"®° In principle,

detection of conformational transitions at earBgsts of DNA binding could be hindered by lack
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of fluorescent groups appropriately placed at tieyme—DNA interface. On the other hand, it is
not clear whether the “insertion-before-eversiotttisturé* represents a true Fpg intermediate
or an experimental artifact due to a covalent §tation of the enzyme—DNA complex.
High-quality atomistic simulation, based on avdiakthree-dimensional structures, is
being increasingly used to theoretically analyzefaonational changes in enzymes during their
catalytic cycle'®™ On the other hand, transient enzyme kinetics smpgehted with site-directed
mutagenesis and substrate perturbation providesbl experimental information regarding a
potential role for dynamics, but usually does rilstvaatomic resolutiort®? Combining atomistic
simulation with kinetics experiments may provideiasight into the dynamic nature of substrate
recognition and processing by enzymes. We have siseltla combined approach to address the
mechanism of a critical step in substrate recogmiby Fpg, initial destabilization of the duplex
at the interrogation site. Crystallographic stroetu of Fpg have been reported for
B. stearothermophilus (Bst-Fpg), and were used as starting points for MD &tmns. The
complementary transient (stopped-flow) kinetic ekxpents were performed with the. coli
enzyme Eco-Fpg), which is better characterized biochemicalyd for which stopped-flow data

are already availabfg>*°"1%

4.2 Methods
4.2.1 Initial structure generation for 8-oxo-G.wt and 8-axo0-G.F113A

The Amber 9 and 10 suites of programs were usedafbbrmolecular mechanics
calculations in this work’® Several systems were simulated: wild type Fpg Hotm DNA
interrogating 8-oxo-G (8-oxo-G.wt), Fpg with a FALBwtation bound to DNA interrogating 8-

0x0-G (8-0x0-G.F113A), Fpg with a F113W mutatiorubd to DNA interrogating 8-oxo-G (8-
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0x0-G.F113W) and unbound duplex DNA containing basic site (DNA.AP). For all systems
in this work the ff99SB force field was used wittetparmbscO DNA backbone parameférs?
Initial structures for the intrahelical and extrited states were generated from two
crystal structures, pdb IDs 2F50 and 1R2Y (Fpgrioggmting an intrahelical and extrahelical
base respectivelyf:"* In the 2F50 crystal structure, Fpg is bound to D& is interrogating
an intrahelical normal Watson Crick G:C base phin the 1R2Y crystal structure, Fpg is bound
to DNA which contains an 8-oxo-G that is fully esttelical and in the active sit®Since there
are differences between the crystal structuresc(idbesl further below) both structures were
modified to be equivalent in their primary struetufhe DNA sequence of 2F50 was used as the
standard (Table 4-3). Any disordered base in thie2Bequence was built in using MoilView
from a standard duplex made in nucgen. Any badeatas not identical in 1R2Y to the sequence
in Table 4-3 was deleted, keeping the sugar and [PN@sphate. The correct atoms for Table
4-3 were then built using Amber’s tleap modtfidissing nucleotides were modeled into the
1R2Y structure using MoilViewl'he 2F50 crystal structure does not have an ordectde site
loop. This was modeled using the ordered activelsitp from the 1R2Y crystal structure. The
E3Q inactivating mutation in 1R2Y was reversedhe wildtype E3 sequence. Although the
experimental conditions included protein-DNA crods$s, these were not included in the
published coordinates. The simulations corresportddtie un-crosslinked species. Conversion

of G to 8-oxo0-G was performed using Amber’s tleapduorie.
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Table 4-3. DNA sequence and residue numbering ®Btoxo-G.wt, G.wt, 8-0x0-G.F113A, 8-

0x0-G.F113W systems used in this work.

274 | 275 | 276 | 277 | 278 | 279 | 280 | 281 | 282 | 283 | 284 | 285 | 286 | 287 | 288 | 289

A5' G G T A G A T C C G G A C G| C3

Cc3' C A T C T A G | 80G C C T G C G| TS5

305 | 304 | 303 | 302 | 301 | 300 | 299 | 298 | 297 | 296 | 295 | 294 | 293 | 292 | 291 | 290

4.2.2 Structure equilibration

After both intra- and extra-helical structures weneitated to chemically equivalent
systems, they were minimized, equilibrated andkesldurther in unrestrained dynamics.

Two sequential rounds of minimization were run 200 steps of steepest descent where
all heavy atoms of the systems were held in plaitle avrestraint force constant of 5.0 kcal/mol-
AZ. After minimization the systems were then solvatgth ~10,000 TIP3P explicit solvent
water molecules in a truncated octahedron peribdic with an 8A buffer. After the systems
were solvated they were further minimized over foansecutive 1,000 step rounds with the
steepest descent method where the restraint forcgtant was incrementally relaxed from 10.0,
5.0, 2.5, 1.0 and 0.0 kcal/moFAespectively on all atoms of the DNA and Fpg.

Five consecutive rounds of equilibration were emetb after minimization under
constant pressure at 1 atm with a timestep of 2israv all bonds involving hydrogen were
constrained using SHAKE. Temperature was contrdiiedising the weak-coupling algorithm.
In the first round of equilibration all atoms oketlDNA and enzyme were frozen while all water
molecules were allowed to relax for 50ps. Also dgrihe first step of equilibration the system
was slowly heated from 0 to 300K. In the seconddthnd fourth steps of equilibration the
temperature was held constant at 300K. In the skstap of equilibration all atoms on the DNA

and Fpg were restrained with a restraint force.6fk&al/mol-& for 50ps. In the third step the
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restraints on the DNA and Fpg were decreased t&chlmol-A for 50ps and in the fourth step

the restraints were completely removed and thereersystem was relaxed in unrestrained
dynamics for 50ps. In the fifth and last step thstam was slowly heated from 300K to 330K
over the course of 500ps since Fpg is a Thermamte 330K is the biologically relevant

temperature. After the last step of equilibratidre tsystem was simulated for ~20ns in
unrestrained dynamics. The system was coupledheranostat and barostat at 330K and latm,
respectively. After the intrahelical and extrahalicstructures were equilibrated the final

structures were used as starting structures foretimainder of the simulations.

4.2.3 Simulation details of abasic site

A B-form DNA was built in Nucgen and mutated a cahbase into an abasic site by
deleting the base and using tleap to build in aigsimg atom$! Next the system was solvated
with ~8,000 explicit solvent TIP3P water moleculesitruncated octahedron periodic box with
an 8A buffer. Two consecutive rounds of minimizatigere run. The first round of minimization
was run for 500 steps of steepest descent follolwed500 steps of conjugant gradient
minimization while restraining all atoms in the DN#&ith a restraint force constant of 500.0
kcal/mol-A2. In the second round of minimization all restrainvere removed and the
minimization was run for 1,000 steps of steepestelet followed by 1,500 steps of conjugant
gradient. The minimized structure was then rurhmough two round of equilibration. In the first
round of equilibration the system was then heate@30K over the course of 20ps while all
atoms on the DNA were restrained with a restraimcd constant of 10.0 kcal/mofd
temperature of 330K was chosen to increase the Isgmpf the system. All atoms involving
hydrogen were constrained using SHAKE and a tirap sf 2fs was used for the remainder of
these simulations. In the section round of equlion, all restraints were removed and the
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system was able to relax for 100ps. After equitibrathe system was simulated for 5ns at 330K

andlatm. The last structure of this simulation wsed in Figure 4-10 analysis.

4.2.4 Running PNEB

The protocol for simulated annealing used in thask was adopted from Mathews &
Case 2006% Six steps of heating, cooling and equilibratiomevesed. To sample major groove
eversion paths, midpoint beads were used to ghigleverting base in the proper direction. The
initial beads for 8-oxo-G.wt were generated frone tndpoint structures discussed in the
previous section, as well as midpoint structuregwkvere partially everted to guide the system
through the major groove(discussed further below).

Partially everted structures were required to skedversion path of 8-oxo-G.wt through
the major groove. To develop the midpoint beads8foxo-G.wt, a short restrained molecular
dynamics simulation was run where the 8-oxo-G waseld to evert out through the major
groove from the intrahelical position to an evemsamgle of ~195 degrees. This simulation was
run for 30ps with a timestep of 2fs. The tempemtwas maintained at 330K using the weak
coupling algorithm. The backbone atoms of the Fpgewestrained with a .10 kcal/mof-farce
constant. For the DNA, the entire strand oppositedverting base strand was restrained along
with residues 293-297 (Table 4-3) with a force ¢ansof .10 kcal/mol-A On the restrained
DNA residues, all heavy atoms of the sugar andptiesphorus atom were restrained. A force
constant of .0305 kcal/mol-degréesas used to evert the 8-0x0-G base (Table 4-Bjue297)
out of the duplex and in the positive Phi directidhe 30 frames from this trajectory along with
the intrahelical and extrahelical endpoint beadsnfthe previous section Il were used as the

initial 32 beads that were initially used for PNEB.
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In PNEB, the initial path must be optimized to fitlde minimum energy pathway.
Therefore, six consecutive rounds of annealing weréormed on the 32 initial beads described
above. Springs were used to keep images evenlyedmong the path and a decoupling by a
tangent based on neighbor bead positions or ersergioved the effect of the springs on the
optimization of each bead by the force field. ThBIEHB code in Amber's multisander
functionality allowed us to apply NEB forces to @abset of the system's atoAds” For all
systems discussed here, NEB forces were appliell b@avy atoms of the protein and DNA. All
bonds involving hydrogen were constrained using 8HAand volume was held constant. A
Langevin thermostat and a nonbonded cutoff of 8W8a& used in all six steps of annealing.

In the first round of annealing for PNEB, all 32akds were simulated for 80ps with a
timestep of 2fs. The spring constant was 10 kcalffo The system temperature was held at
330K with a collision frequency of 100.0bs

The spring constant was then increased from 10 tec&l/mol-# in the second round of
PNEB annealing. Each bead was simulated for 500fs avtimestep of 1fs at 330K with a
Langevin collision frequency of 75.0 pwhich was held constant for the remaining rounds of
annealing.

Next the spring constant was decreased from 5@ tiecal/mol-& for the third round of
annealing. In this stage the system was increnigritabted from 330K to 386K over the course
of 60ps with a timestep of 2fs.

In the next stage of PNEB the temperature of ttetesy was held constant at 386K for

220ps with a timestep of 1fs. The spring constarhis round was held at 25 kcal/mot-A
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In the fifth round of annealing the spring constams still kept at 25 kcal/molZwhile
the system was incrementally cooled from 386K t@K3ver the course of 100ps with a
timestep of 2fs.

In the final round of PNEB the system was equilibdaat 330K over the course of 500ps

with a timestep of 2fs and a spring constant atc8/mol-A2.

4.2.5 Umbrella Sampling

The Umbrella Sampling technique was employed tcaiobfree energy profiles of
eversion. After running the final round of PNEB, ialh developed low potential energy paths
going from the intrahelical to the extrahelical iios, the trajectories were decomposed into two
reaction coordinates, the eversion angle (Figu@ 4nd the glycosidic torsion angle. The
starting structures for Umbrella Sampling were takem this last step of PNEB, by extracting
the closet structures based on a predefined gadisg of 10 degrees with a limit of 10 degrees
from the structure to the closet grid point (figus8, top right) (=300 total windows) which
represents each starting structure for each sepbmabrella Sampling window. Each window
was restrained to its respective grid point coatiia with a restraint force constant of .0609
kcal/mol-degreé€s

The 8-o0xo0-G.wt system was simulated for 500ps aitimestep of 2fs. The temperature
of each window was held constant at 330K using gdaan thermostat with a Langevin
collision frequency of 75.0 gsand volume was held constant. An 8A nonbondedficutas
applied to all windows. All bonds involving hydragevere constrained using SHAKE.

A force constant of .0609 kcal/mol-degregave an optimal amount of overlap between
neighboring windows, (Figure 4-7, bottom right).eT@version and Gly angles were written for
each timestep.After the Umbrella Sampling simulaiovere complete the two dimensional
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Potential of Mean Force (PMF) profiles were extdcfrom the eversion and glycosidic data
written using 2D-WHAM analysis (Figure 4-7, bottoneft) (freely available at

http://membrane.urmc.rochester.edu/).

4.2.6 8-0x0-G.F113A mutation details

Since we were interested in the mutation alongdkatical low energy path sampled in
the 8-oxo-G.wt system from PNEB, the F113A mutaticas based on all ~300 initial starting
structures that were extracted from PNEB as ingialictures for 80G.wt. To execute these
mutations, all atoms on the Phe side chain weretekklwhile keeping the backbone atoms and
using Tleap to change the residue to an Ala.

Each window was equilibrated for 25 ps with a tilepsof 2 fs. All heavy atoms of the
DNA and Fpg were restrained with a restraint faroastant of 10 kcal/mol except residue 113
which was allowed to relax along with the explgiivent. In this stage the temperature was held
constant at 330K using a Langevan thermostat witlolision frequency of 75.0 fs After
equilibration the same protocol was used that iHimmd above for 8-oxo-G.wt Umbrella
Sampling to obtain PMF profiles.

To calculate the Potential of Mean Force (PMF) ipesffor 8-oxo-G.wt and 80G.F113A
two Dimensional Weighted Histogram Analysis (2D-WMAwas employed. The basic raw data
input for 2D-WHAM in this work was the eversion agljycosidic torsion angles at each time
step for each Umbrella Sampling window along with riespective restraint force constant
holding each window to its assigned grid point dhd temperature the Umbrella Sampling
calculations were simulated at (330K).

The PMF profiles of Figure 4-11 (top and middle)revegenerated using Origin 8.0

edition where the extrahelical position was setz&yo to compare the relative stability
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differences between 8-oxo-G.wt and 8-oxo-G.F113Afdrther clarify the differences between
8-oxo0-G.wt and 8-o0x0-G.F113A we subtracted 8-oxeAGninus 8-oxo-G.F113A (Figure 2,
bottom), any positive region signifies that thex®-@.F113A system is more stable.

The data for Figure 4-3 and Figure 4-4 were binimethe same manner. Each eversion
angle, glycosidic torsion angle and variable daimtpwas analyzed for each picosecond of all
the umbrella sampling data. Each bin was the agevagable data point for a 5 by 5 degree bin.

The initial data for Figure 4-11 and Figure 4-15revéinned separately in the same
manner as above for 8-oxo-G.wt and 8-oxo-G.F113&taen subtracted (8-oxo-G.wt minus 8-

0x0-G.F113A) to show the relative stabilities.

4.2.7 8-0x0-G.F113W mutation details

Several of our FRET experiments included the F1l®Wtation. To validate that the
tryptophan is a reasonable intercalating analogmedeled in the F113W mutation in the 8-oxo-
G.wt system. After the last step of equilibratidntioe intrahelical 8-oxo-G bound to Fpg we
mutated F113W. The backbone and part of the F118 keat to maintain the planity in the
mutation. After the mutation we minimized the sture for 1,000 steps of steepest descent
followed by 20ns of unrestrained dynamics undersidm@e conditions outlined above for 8-oxo-

G.wit.

4.2.8 Energy decomposition

To measure the energy decomposition MMGBSA was eyepl, using the recently
implemented version of sander where idecomp wawszbr 4. The internal energy (idecomp=2)
of residue 297 (Figure 4-16-A) was measured whitotludes the internal (bonds, angles,

dihedrals) energies as well as the 1-4 electrastaind van der Waals interactions. The pair wise

95



per-residue energy was measured for residue 2298and residue 297 to 283 and residue 297
to 76 (Figure 4-16 B to D), this includes the alestatic and van deer Waals nonbonded

interaction terms.

4.2.9 Parameters

The parameters used in this work for 8-oxo-G wexsed on the parameters developed
by Miller et al’®* The alpha and gamma backbone parameters weredlterinclude the
parmbs0 parameters for DNA.

The parameters used in this work for the abas& witre created in the Simmerling
laboratory. The parameters for the abasic site gemerated in two parts; the first part was the
charge fitting and the second was atom type assghm

The charges for the abasic site were generated thoee alternate conformations and fit
using RESP fitting methotd! All other parameters we chosen through analogg. atom types

were assigned through analogy.
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Figure 4-1. RMSD vs. time for unrestrained intrated|8-oxo-G.wt and 8-0x0-G.F113W with F

o -

and W wedges respectively. The reference strudturdoth trajectories is the first structure.
Black and red represents the RMSD of 8-oxo-G WT &wko-G.F113W heavy atoms on the

DNA. Blue and purple represents the RMSD of 8-ox@#/& and 8-0xo-G.F113W backbone

atoms of the protein.
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Figure 4-2. Eversion angle as a function of timedoplex DNA containing an abasic site. The

initial intrahelical form undergoes a spontaneowndition through the major groove to an

averted position with eversion angle phi of ~200rdeg. The eversion angle was measured in a

similar manner as shown in Figure 4-6 with the exiom of point 4 which includes only the

O1B atom.
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Figure 4-4. Distances corresponding to the threex@®@G:C Watson Crick hydrogen bonds

during eversion. The left column shows data for WG, and the right shows F110/113A wedge
deletion mutant data. In each case, the hydrogendsbare seen to break at lower extent of
eversion (at lower eversion angles). Atom namesespond to Figure 4-5. A/D corresponds to
the O6 to N4 distance, B/E corresponds to the Nd3alistance and C/F corresponds to the N2

to O2 distance between 8-o0xo0-G and C respectively.
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Figure 4-5. Atom names used for 8-o0x0-G (left) &ntight)
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v,

Figure 4-6. Angle of base eversion. The eversiaglears separated into four points: point 1 is
the center of mass (COM) of the heavy atoms otwleeflanking base pairs to the everting base,
point 2 is the COM of the 3' phosphate to the é@wgrbase, point 3 is the COM of the 5'
phosphate group to the everting base and point thesCOM of the heavy atoms of the 5

member ring of the everting base.
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Figure 4-7 Worl;fiow (;iiagra;m for -oxo-Gwt through the majo=r“hgroc;/=e. All four figures
based on the two re@on coordinates; eversion anlycosidic torsion angle -axis and y-axis
respectively). Last equilibration step of PNEB d@tg left). Structures were extracted (top ri¢
from the final step of PNEB data (top left) basedpoedefined grid pointstop right). Each gric
point (top right) represents the starting strucforeour Umbrella Sampling simttions (bottom
right). From the umbrellaasnpling simulations we were able to extract the tlumensiona

PMF profiles using 2DAHAM (bottom left)
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Eco- Fpg PELPEVETSRRG EPHLVGATI LHA- VWRNGRLRWPVSEEI Y- - RLSDQPVLSVQRRAKY 57

Bst - Fpg PELPEVETI RRTLLPLI VGKTI EDVRI FWPNI | RHPRDSEAFAARM GQTVRGLERRGKF 60
Eco- Fpg LLLELPEGW | | HLGVBGSLR! L PEELPPEKHDHVDLVIVBNGKVLRYTDPRREG- AW 116
Bst - Fpg LKFLLDRDALI SH_RVEGRYAVASAL EPLEPHTHVVFCFTDGSEL RYRDVRKEGTVHVYA 120
Eco- Fpg KELEGHN- VL THL GPEPL SDDFNGEYL HQKCAKKKTAI KPW.MDNKLVWGVGNI YASESL 175
Bst - Fpg KEEADRRPPL AEL GPEPL SPAFSPAVLAERAVKTKRSVKAL LLDQTVWAGFGNI YVDESL 180
Eco- Fpg FAAG HPDRLASSLSLAECELLARVI KAVLLRSI EQGGTTLKDFLQSDGKPGYFAQELQV 235
Bst - Fpg FRAG LPGRPAASL SSKEI ERLHEEMVATI GEAVNKGGSTVRTYVNTQGEAGTFQHHLYV 240
Eco- Fpg YGRKGEPCRVCGTPI VATKHAQRATFYCRQCQK 268
Bst - Fpg YGRQGNPCKRCGTPI EKTVWAGRGTHYCPRCQR 273

Figure 4-8. Alignment oEco-Fpg andBst-Fpg. Met73/76 and F110/113 are marked in bold and

underlined. The alignment was performed using @IMg2.

5-CTCTCXCCTTCC-3
3'-GAGAGCGGAAGG-5’

Figure 4-9. Oligonucleotide duplexes used in thiskwX = 8-0x0-G or natural AP site.

4.3 Results and discussion
43.1 Fluorescence tracking of wedge insertion

To address whether wedge insertion indeed occuts umdamaged DNA and the
sequence of events preceding and following thertiose we have suggested that an F113W
mutant of Eco-Fpg, in which the fluorescent Trp residue substdufor the wedge non-
fluorescent Phe residue, may provide a suitablerdélscent reporter at the Fpg—DNA interface.
To analyze possible effects of F113W mutation am s$tructure of the Fpg—DNA recognition
complex, we first built a model for intrahelicalo&o-G using the structure of Fpg bound to

intrahelical undamaged DNA (see methods sectiorg. tién introduced am silico F113W
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wedge mutation in the corresponding position of BseFpg—DNA complex and performed 20
ns MD simulation for these complexes with nativee Rnd non-native Trp wedge. As shown in
Figure 4-10, the replacement of the wild-type Phernyl wedge with the Trp indole has little
effect on the DNA structure at the interrogatiote swith the Trp wedge being inserted slightly
deeper than that of Phe. Structural analyses warducted on the simulated trajectories of the
two systems (Figure 4-1). Relative to the crystalcdure of Fpg cross-linked to undamaged
DNA (PDB ID 2F50), the RMSD of the DNA fluctuateckar ~2 A while that of the protein
backbone remained near 1.2 A. The similaritieshin data between Fpg with either Phe or Trp

wedge suggests that the mutation has little impad¢he overall structure of the complex.
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E)

Scheme I: THF-ligand

leHF,Trp k THF,Trp k THF,Trp THF,Trp
E + L ‘:D ELlTHF,TI’p Q: ELZTHF'Trp Q: EL3THF,Trp ‘:D EL4THF,TTP
THF,T THF,T THF,T THF, T
ki ® ko, ™ ® ks ™ ® ks ®

Scheme Il: AP-substrate

k AP, Trp k AP, Trp k AP, Trp k4AP ,Trp k5AP ,Trp KPTrp
E+SSESIP ™S ESH TP S ESSAP TP 5 ESAPT™ = (EPyp S E + R
k_ AP, Trp k_ AP, Trp k_ AP, Trp K4AP ,Trp

Scheme llI: 8-oxo-G-substrate

k OG,Trp k OG,Trp k OG,Trp k40G ,Trp k OG,Trp kGOG ,Trp KPTrp
E + S5 ESIPeTP s ESé’G e ES?G TP 5 ESACTP 5 ESHS T, (EPgap_. E + Puy)
k_ OG,Trp k_ OG,Trp k_ OG,Trp k_ oG Trp k_ OG,T!

Scheme IV: G- I|gand (Fpg FllOW onIy)

k G,Trp k k
E+LSELI®™S ELZG TP o EL3G T‘P
k_GTrp k_GTrp k_GTrp

Figure 4-10.A.) Overlap of structures from simulation B$t-Fpg—DNA complex with a wild-
type Phell3 wedge (pink) and a mutant Trpl113 wédgered by atom). Structure is shown
only for the wedge and base pairs at the inserita B.) Experimental (jagged traces) and fit
(smooth curves) time courses of Trp fluorescenangbs during cleavage of the 8-o0xo-G:C
substrate byEco-Fpg-F113W.C.) Experimental (jagged traces) and fit (smoothvesy time
courses of Trp fluorescence changes during bindfrigco-Fpg-F110W and wild-typ&co-Fpg

to undamaged DNA. A.u., arbitrary unit®.) Kinetic simulation of accumulation and
disappearance of various enzyme—substrate comptiexasy the interaction dtco-Fpg-F113W
with undamaged (G-ligand) and damaged (8-oxo-Gtratie3 DNA.E.) Kinetic schemes dEco-
Fpg andEco-Fpg-F113W interactions with the G-ligand, THF-lgia AP-substrate and 8-o0xo0-G
substrate as detected by Trp fluorescence. E, ezymuncleavable ligand; S, substrate;
ELI*™ or ES*™™, various fluorescently discernible complexes ofsxibstrate or ligand) with
Fpo; Rap gapped double-stranded oligonucleotide reactioodyxt; Rk, the Rap product

dissociated into three separate strands.
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Having determined that placing Trp instead of Rite the Fpg—DNA complex should
not have an adverse effect on its structure, we lcanstructed and purified the respectioe-
Fpg mutant and investigated the steady-state amgpet-flow kinetics of its reaction with
undamaged DNA, as well as with DNA containing acleavable abasic tetrahydrofuran moiety
(THF), natural abasic site (AP) or 8-0x0-G oppositeC. Steady-statky, andkg,; of Eco-Fpg-
F113W cleaving the 8-oxo-G-substrate were simdahbse ofeco-Fpg (Table 4-5), supporting
the results of the modeling. When rate constanéscated with pre-catalytic conformational
adjustment and catalysis were measured by stoppedkinetics using the THF-ligand, AP-, or
8-ox0-G-substrate (Figure 4-10B), the absolute eslior different steps varied (Table 4-4) but
the minimal reaction schemes remained the samerawifd-type Eco-Fpg (Schemes I-lll,
Figure 4-10E). Notably, the most pronounced chaingése rate constants occurred at the stages
presumed to involve substrate destabilization, weidgertion and base eversion, the processes
which are likely to be kinetically affected by tR&13W mutation; the steps of primary binding
(rate constantk; andk_;), active site isomerizatiorkd, k_s) and catalysisks) were influenced to
a much less extent, as expected for stages presunmahinvolving wedge movement. The most
drastic change was observed with the G-ligand,ibgdf which to wild-typeEco-Fpg could be
described by a fast single-step equilibrium proc@dgracteristic timel; ~5 ms), but the
association oftEco-Fpg-F113W with this ligand could be separated itiicee fluorescently
discernible stages, two of which clearly followedk tfast binding [ ~ 50 ms, 13~ 10 S)
(Scheme 1V, Fig. Figure 4-10E, Table 4-4). Thesanges in fluorescence most likely reflect
conformational changes not observed in wild-typeo-Fpg due to lack of an appropriate

fluorescent reporter at the DNA-binding interface.
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Table 4-4. Pre-steadstate parameters Eco-Fpg WT and mutants; Trp fluoresce

Eco-Fpg-WT Eco-Fpc-F110W pc-F1134
G THF® AP? oxoG G THF AP? oxoG oxoG
k. | (230:40) [50+20)x1€ | (800+30)| (320+15)| (260+10)| (140+6)| (230+8)| (340+10) | (100+14)
Ms? x10° x10° x10P x10° x10P x10P x10° x10°
kst 2700 27¢C 250 890 1100 920 300 700 990
+200 +15 +20 +25 +90 +30 +40 +25 +250
ko, ST 6.0 36 250 50.6 119 13.1 27.7 54
+0.7 +3 +18 +4.8 +1.3 $1.1 +1.4 +13
Ko st 0.0Z 65 2.4 1.8 316 39.4 63 40
+0.00F +8 0.4 +0.4 +1.8 +5.2 +2 +3
ks, ST 10.C 10.0 6.7 0.24 7.1 34 22
+0.6 +0.5 +0.8 +0.05 0.5 +0.1 +1
Ks ST 0.€ 40 46 0.09 1.71 1.74 28
+0.1 +4 +0.6 +0.01 +0.16 +0.08 +1
Ky, ST 0.04 11.0 9.1 0.26 0.52 45
+0.007 +0.8 +0.6 +0.08 +0.01 +0.1
ks st 0.01 1.0 2.4 0.22 0.03 1.9
+0.001 +0.1 +0.2 +0.04 +0.01 +0.1
ks, ST 0.20 0.20
+0.01 +0.01
ks, s? 0.03 0.02
+0.007 +0.002
ke, ST 0.20+0.01 0.04 0.30+0.04 0.021
+0.006 +0.004
Ke, M 8+0.3)x1(% [0+0.3)x1(® 5+0.1)x1(® [6+0.6)x1(°
Estimate + standard error of the estirr
a,
From $REF.
b .
This work.
‘Scheme I:
} THF, Trp ,THF, Trp ,THF, Trp J, THF, Trp
E+L 1:, Er,1THF Trp 2:) EI,9THF, Trp 3:) EI,3THF, Trp 42 FI,4THF, Trp
kEIHF,Trp k’f;—lF’I‘rp k’f{i—[F.’I\‘p kE;HF'Trp
dg . )
cheme II:
kiAP,Trp k?P,TYp ké\P.T[p kquyp JAPTip K;‘l'p
E+S = ESIAPTP "= EGAPTe "= EG3APTe " pogAPT™_, (EP,, = EPy)
RAPTrp LAP.Trp AP Trp RAPTp
—1 -2 -3 —4
eS .
cheme Il
kaoG,’IYp . kgxoG.Trp kgxoG,’I\'p . ijoG.Trp k?xoG,Trp . oG Tip K;’rp
E + S = Esloxo(xﬁTrp = ESQOXOG,TI‘}) = ESSoxu(x,Trp = ES4uxoG,Trp = Es5uxoG,Tx'p 6 (Epgap = EPmiX)
kri);oG,'I\'p ki);u(},Trp kri):;oG,'I\'p kﬁuG.Trp ki}éo(},’n'p
g .
cheme IV:
G Lrp 1GoIrp G Irp
L G,Trp 2 G,Trp > G,Tr
E4+L = EL1™'™ = EL2™'" = EL3™'™®
k.ill,Trp kSZ,Trp I‘EéTrp
9Scheme V:
k(;xoG,Trp kgxoG,Trp
E> + S = E’S]_OXOG’TU) = E7s2oxo(},Trp
k(i)ioG,'l‘rp k(z);oG,Trp

In all Sctemes: E, enzyme; E’, inactive enzyme; L, uncleavdigand; S, substrate; i*™™ or

ES™™, various fluorescently discernible complexes ofsXibstrate or ligand) with FpYgap
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gapped doubletranded oligonucleotide reaction producnmix IS Ryap dissociated into thre

separate strands.

Table 4-5. Pre-steadstate parameters Eco-Fpg-WT andeco-Fpg-F113\; aPu fluorescent

Eco-Fpg-WT? | Eco-Fpg-F113\°
ky, Mxst| (9.7 £0.4)x16 (3.6 £0.5)x1C
ki, s* 1.7 +0.1 2.6 +0.€
ko, S™ 0.87 £ 0.07 0.50 +0.0¢
Ko, M| (4.4+0.6)x10°| (3.3 +0.6)x10°

Estimate + standard error of the estinr

4Scheme VI:
k:ellPu b kgpu K?)Pu
E+S = B2 (EP,, = EP )
kobu

The species in the Scheme are named in ime way as in Table 4-4.

A comparison of the appearance and disappearardiéferent species during binding
the G-ligand and 8-oxo-Gubstrate by Ff-F113W (Figure 4-10D) suggestsaththe ES1 specic
in both Schemes 1l and IV are the same and cheriaetthe primary enzyr—DNA binding.
ES2 in Scheme IV apparently corresponds to ES2S# i Scheme Ill, the steps that refl
DNA destabilization, Phe intercalation, and possB-oxo-G eversion. Finally, the ES3 spec
in Scheme IV may either correspond to ES4 or ESé&cisp in Scheme lllI, or reflect
conformational change step absent in the produsctidstrate encounter. In any case, samj
of the normal G base bi¥co-Fpg-F113V seems to be complicated and involve se\
conformational changes, most likely not stoppingerafnsertion of Phe:3 inferred from the
structure ofBst-Fpg complexecwith undamaged DNA! As the reaction schemes for otl

substrates and ligands processed by -type Eco-Fpg andEco-Fpg-F113V are similar, on
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may expect that wild-typ&co-Fpg also deeply samples the G base. Structurdiestwvith two
other repair enzymes, human 8-oxo-Guanine-DNA glylase hOGGY*% and uracil-DNA
glycosylas&®’ suggest that sampling of normal bases, goingdorsiderable depth but not all
the way to the Michaelis complex, may be a comnimmie in discrimination of normal bases
from damaged ones. Effects of wedge mutations beroglycosylases have been studied by
steady-state kinetit&*’® however, only for uracil-DNA glycosylase it wakosvn that the

mutation affects a defined conformational transitio a multistep reaction coordindte.

4.3.2 Computational analysis of the role of the wedge itesion processing

These observations suggests that the wedge insdxyid-pg could be a critical step in
initiating the eversion of both undamaged and dadadeoxynucleoside (no pre-eversion
structure is available for the latter), and thailehment of this residue should make the eversion
unfavorable. In the series of crystal structuresimiamaged DNA bound to Fpg, the aromatic
wedge causes significant buckling at the interaatasite, potentially probing the stability of the
interrogated base pdit.In order to understand the effect of the wedgdesion processing, we
performed free energy calculations for 80G eversmmWT Fpg as well as for the F113W
mutant. We used nudged elastic band (NEB) calaunatio map out the pathway of eversion for
80G through the major groove and into the enzyntigeasite. The free energy profile along this
pathway was calculated using umbrella sampling Eitimns on a grid surrounding the region
sampled by the NEB pathway. Two progress variable® selected as coordinates for the free
energy change: the eversion angle of the base lendotation of the glycosidic angle of the
everting base (which changes framti to syn in the intrahelical and extrahelical crystallograp

structures). The resulting free energy profilessdr@wn in Figure 4-11.
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Eversion of 8-o0x0-G in the WT enzyme is a predomilyadownhill process in the
simulations, encountering barriers of only a fewalkool. In contrast, the barrier to breaking the
8-0x0-G:C base pair during initial eversion (apptdag 60°) is nearly 15 kcal/mol, much higher
than for the WT Fpg. Since single molecule fluoesse experiments estimate the energetic
barrier to 1D diffusion of Fpg along DNA at only K2al/mol, it seems unlikely that the
residence time of the enzyme at a particular iagation site would be sufficient to overcome an

eversion barrier that is more than 10 kcal/mol arghan that of translocation.
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Figure 4-11. Comparison of free energy profiles lemion eversion in the Fpg—DNA complex
with Phe (vedge present and Ala (vedge absentin the wedge position. The intrahelical
position is on the left, and extrahelical (activte)sis on the right. The major difference between
the profiles is that the intrahelical state is #igantly stabilized in the F113A mutant, as
demonstrated indffference), which shows the difference (WT-mutant) in theefrenergy

surfaces.
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4.3.3 Wedge deletion mutant lacks glycosylase function lhuetains AP-lyase

activity

Therefore, based on the results of our computdtior@leling, an Fpg wedge mutant
should be less competent at the stage of lesiorsieme We constructed theco-Fpg-F113A
mutant and analyzed its activity on 8-0xo-G- andsABstrates using steady-state and stopped-
flow kinetics. Under steady-state conditions, th&ant enzyme was unable to process 8-0xo-G-
substrates but maintained some residual activityABasubstrates (Table 4-5), in line with
observations that many mutations of critical reeglin Fpg/Nei enzymes fully abolish their
DNA glycosylase but not AP lyase activit{f:*"#*"*In order to understand the residual activity
for the AP-substrate, we performed a simulationsatution for duplex DNA of the same
sequence as used for the complex, but with an f&Pragplacing the 8-oxo-G. We observed that
the AP substrate preferred the extrahelical positewen in the absence of Fpg, due to
rearrangement of the backbone to minimize the gaplting from the absence of a base (Figure
4-12A). The eversion angle for the AP-substrate stable near 200° (Figure 4-12); thus the

model indicates that no wedge would be requireddiitate eversion of the AP-substrate.
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2-Aminopurine fluorescence, a.u.

D.
Scheme V:
klZ-aPu k22-aPu KPZ-aPu
E+ S‘:’Eg-apu_’ (EPgap: E + Fmix)
k.1~

Figure 4-12. A, Structure of duplex DNA in solution containing -substrate that he
spontaneously everted. Only heavy atoms of the Ri&AshownB, C, Experimental (jagge
traces) and fit (smooth curves) time cses of TrpB) or 2-aPu C) fluorescence changes duri
cleavage of the 8-oxo-G:@B{( C) or AP substratesC) by wild-type Eco-Fpg andEco-Fpg-
F113A. A.u., arbitrary unitsD, kinetic schemes cEco-Fpg andEco-Fpg+11:A interactions
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with the AP- and 8-oxo-G-substrates as detected®-aPu fluorescence. ES"Y Fpg—DNA

complex; other designations are the same as inr¢#plOE.

When analyzed by the stopped-flow technique, theraction ofEco-Fpg-F113A with
the 8-oxo-G-substrate could be described by twgestavith kinetic parameters similar to the
two initial steps observed for wild-tydeco-Fpg (Table 4-5), and the reaction did not proceed
any further, as could be followed until the Trpdaking made the detection impossible at >500 s
(Figure 4-12B and data not shown). Interestinglipew a fluorescent 2-aminopurine (2-aPu)
reporter was incorporated 5’ or 3’ to the 8-oxo&Sidue, wild-typdeco-Fpg showed at least two
conformational transitions preceding the catalgtiep, whileEco-Fpg-F113A did not produce
any change (Figure 4-12C). As changes in 2-aPurdhaence reflect changes in the
hydrophobicity of its environment’™, it can be inferred that no appreciable conforometi
transitions occur in DNA in the vicinity of the daged base wheBco-Fpg-F113A binds its
substrate. Consistent with the computational madelve conclude thdtco-Fpg-F113A forms
a normal primary encounter complex with the 8-oxstBstrate but failure to insert a bulky
wedge next to the damaged base precludes furthetior steps. Reaction &co-Fpg-F113A
with the AP-substrate could also be followed by Tigmrescence but a low amplitude of the
absolute changes in fluorescence intensity madsigmal-to-noise ratio low and quantification
unreliable (not shown); hence, we have analyzeddhetion coordinate by 2-aPu fluorescence
and obtained the values for rate constants of iddal conformational transitions that were
similar for wild-typeEco-Fpg andEco-Fpg-F113A (Figure 4-12C, Table 4-5). In this cabe,
changes in 2-aPu fluorescence are likely due &rgatation of other plugging residues (Met76

and Argll1l). The stopped-flow results agree with skeady-state activity of Eco-Fpg-F110A
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and with the modeling that indicated relaxed regmients for wedge insertion for AP site
cleavage.

To analyze the effect of the wedge mutation orathiéty of Fpg to bend substrate DNA,
we have followed the efficiency of Forster resoreaanergy transfer (FRET) in the stopped-flow
mode. The 8-oxo-G-substrate was modified at theosipp 5'-termini with either a pair of
fluorescence dyes (Cy3 and Cy5), in which caseethession from Cy5 after photon transfer
from Cy3 was monitored, or with a dye—quencher ffalorescein and Dabcyl, respectively) to
observe quenching of fluorescein emission. WhenGh&/Cy5 8-oxo-G-substrate was cleaved
by wild-type Eco-Fpg, the Cy5 fluorescence initially slightly inased and then started to decay
in several discernible steps (

Figure 4-13A,B); the fluorescein emission from threscein/Dabcyl 8-oxo-G-substrate
almost exactly inversely mirrored the Cy5 emisgion

Figure 4-13A). The data were found to be optimétlypoy SchemeVI, and the obtained
kinetic constants are presented in Table 4-6. Itapdy, the reaction scheme shows that the
bending angle of substrate DNA changes both duthegy pre-catalytic adjustment of the
enzyme—substrate conformation and during the dataiep. The enzyme essentially over-bends
DNA during primary binding and then relaxes it imot steps. However, with thEco-Fpg-
F113A mutant, the first phase of the Cy5 fluoreseethecay was significantly prolonged (

Figure 4-13B), suggesting that both forms of theyeme quickly bend DNA buEco-
Fpg-F113A is much slower to proceed further. It G@nseen thaEco-Fpg-F113A ultimately
cleaves the substrate at >1,000 s but, after thdibg step, the rate constants for this enzyme

form are ~1-2 orders of magnitude lower than foriid-type enzyme.
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Table 4-6. Pre-steadstate parameters Eco-Fpg-WT andeco-Fpg+110A; Cy3/Cy5 FRE

Eco-Fpg-WT Eco-Fpg-F110A
ki, M7 xs™ (0.59 + 0.14)x10 (0.3 + 0.05)x18
kq, €1 0.83 +0.08 0.4 +0.06
ko, €' 0.15 + 0.04 0.0018 + 0.0002
ko, < 0.0020 + 0.0004 3.5E-4 + 2.7E-4
ks, €° 0.046 + 0.008 0.0075 + 0.0034
Kp, M (0.23+0.11)x10 (0.029 + 0.006)x1°
Estimate + standard error of thetimate.
&Scheme VII:
£SY kY Cy KSY
! Cy 2 Cyki” 5
E + S = ES1YY = ES2V % (EP,.p = EPpix)
ESY kY

-1 —2
The species in the Scheme are named in the samasnaylabl 1.

4.3.4 How does the wedge destabilize the interrogated bapair?

Since the experimental data confirmed the role hef wedge as suggested by
calculated free energyrgfiles for lesion eversion, we performed furtheralyses on th
computational data in order to gain insight inte thechanism of lesion destabilization by
wedge. As discussed above, the interrogated basshmavs significant buckling in the cryl
structure of Fpg interrogating an intrahelical Gur@imulations reproduce this buckle for \
Fpg interrogating 8-ox&, but the buckle is absent with the 3A Fpg Figure4-14). In order
to understand the brdar effect of buckle during lesion eversion, we suead the averag
buckle angle for structures in each bin on the 2D gorresponding to the eversion free ene
profile (Figure 4-3. The data confirm that ttwedge presence significantly increas-oxo-G:C

buckle across the entire range of structures poitreaking of the base p:
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Figure 4-14. Structure overlap for the interrogatste with F113A mutant (colored by atom)

and with WT Phe wedge (pink).

What is the energetic consequence of increaseddfudke measured the length of each
of the three 8-ox0-G:C Watson-Crick hydrogen boader the entire eversion profile (Figure
4-4) and observed that all 3 hydrogen bonds breéaknaearlier extent of eversion when the
wedge is present. Analogously, at a given extemvefsion, the hydrogen bonds are longer with
the wedge present, and thus presumably weaker. Wéngje-induced weakening of hydrogen
bonds may explain the increased difficulty of F1liBArocessing the 8-oxo-G lesion.

In order to confirm this impact on base pair sttbngnd investigate other possible
sources of the differences in eversion free en@rgyiles seen in Figure 2C, we performed a
pair-wise decomposition of the total potential gyefor structures sampled on the energy
landscape. For each bin on the 2D grid, we caledl#ihe average interaction energy between
each pair of residues as well as the internal grfergeach residue. Examination of the resulting
data revealed that 4 key interactions significadtffer with the wedge present or absent (Figure
4-15). These 4 main effects of the wedge includakering the 8-o0xo-G:C base pair (as
expected from the hydrogen bond analysis), redutieg stacking of the buckled 8-oxo-G

against the 3' G (Figure 4-15), reduction of théeinal strain in the 8-oxo-G base, and an
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additional interaction with Met76 discussed beld®lots for the 4 individual interactions are

shown in Figure 4-16.
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Figure 4-15. Color-coded difference in interactemergies due to the wedge, mapped onto the
initial stages of the 2D eversion profile in Figutel1C. The figure shows the sum of four
important interactions described in the text. Pasivalues reflect more favorable interactions in

the mutant that increase the energy required &oteeversion.
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Glycosidic torsion (degre

Figure 4-16.A.) Energy decomposition differences f8-oxo0-G:C base paitB.) 8-oxo-G
stacking against the 3’ G.) internal strain in th8-oxo-GD.) and the interaction betwe-

oxo-G and Met76. Values are shown Bst-Fpg-WT minusBst-Fpg+113A, thus positivi

sion (degrees)

Glycositlic to

Eversion angle (degrees)

")

Eversion angle (degrees)

numbers reflect increased stability in the mutamhplex
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While 3 of the 4 key effects of the wedge ariseectly from the 8-o0xo-G buckling, the
last involves Met76, a completely conserved residuepg. In the intrahelical state, Met76 is at
the end of a strained loop region that undergoesorgormational change upon eversion,
resulting in motion of Met76 into the minor grooaead filling of the gap left by the everted
lesion. In the absence of the bulky wedge in F1Ep4, the intrahelical state undergoes steric
repacking that allows the loop to relax prior teesion, with the Met76 side chain filling the
space left by the missing wedgeand forming a faMerateraction with 8-oxo-G (Figure 4-17).
The additional space also results in less effedae filling by Met76 in the F113A extrahelical
state. The overall effect is a significant stalailian of the intrahelical 8-oxo-G (Figure 4-16D),

contributing to the inability of F113A Fpg to evartd process the lesion.

Figure 4-17. Comparison of structures at the irgliahl interrogation site for F113A (colored by
atom) and WT (pink). Loss of the phenyl ring weddjews Met76 to relax prior to eversion, in

contrast to WT Fpg where relaxation results innglthe gap left by the everted lesion.

123



4.4 Conclusions

Therefore, we have combined high-quality molecdlaramics and stopped-flow kinetics
with fluorescence detection to analyze a criticaiformational change in the reaction catalyzed
by formamidopyrimidine-DNA glycosylase. Our resuisggest that, during lesion search, Fpg
likely samples undamaged bases by wedge insertidrsaveral conformational changes in the
enzyme—DNA complex. A similar scheme was recentlyppsed for uracil-DNA glycosylase
based on structural dat¥. The strained conformation of kinked DNA after Fpigding may
provide a source of energy for catalysis; howetres, productive reaction must be triggered by
wedge insertion, which therefore represents acatistep in the lesion recognition process. The
wedge actively destabilizes the lesion through ekling process that weakens the Watson-Crick
hydrogen bonds, reduces 3’ stacking, and increasesal strain in the lesion. This mechanism
could be common for many DNA glycosylases that esssan aromatic intercalating

Wedge]..73,l76-178
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Chapter 5 Exo-site lesion discrimination in the Fpg

glycosylase

Abstract

Fpg/MutM is a bacterial DNA glycosylase known taise the oxidative product 8-oxo-
guanine (oxoG) when it is extra-helical in the @etsite suggesting that the nucleobase must first
evert out from the intra-helical stafe’* It is currently unclear whether base eversion ofor
guanine (G) and if it does to what extent. Littte known about the mechanism by which
Fpg/MutM discriminates between G and oxoG and wdrethis function is conserved in other
glycosylases. It is also unclear during base everaihether the everting nucleobase leaves the
intra-helical state through the minor or major greoWe hypothesize that Fpg/MutM facilitates
Watson-Crick base pair opening of G:C and oxoG:eraivhich the enzyme can distinguish
between G and oxoG and promote complete eversimx@® into the active site for excision
while inhibiting further eversion of G. To measwbether eversion occurs for both nucleobases
when bound to Fpg/MutM, a series of time courserfiscence experiments were used and show
that both of these nucleobases adopt several siatsgle the intra-helical when complexed to
Fpg/MutM suggesting that base eversion occurs @bn.bTo understand whether base eversion
occurs through either the minor or major grooveesal computational techniques were used to
obtain energetic profiles to eversion of G and oxb@ugh both groove¥:**® From these
energetic profiles, the major groove direction i@snd to be the more energetically favorable

pathway for both G and oxoG. Upon initial base p@ening, it was found that Arg 263 and Lys
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257 aid in discriminating the two nucleobases bgpositioning of the Zinc finger. The resulting
major groove energy profiles along with the flu@essce data suggest a transiently stable exo-
site for both systems. We hypothesize that spe@aue to residue interactions were occurring
which contributed to the initial breaking of the fan-Crick hydrogen bonds and the
stabilization of each nucleobase in the exo-site. uhderstand these specific interactions,
structural analysis and pair-wise energy decomjposiwwere employed. Specific interactions that
discriminate between the two nucleobases at thesk@owere discovered. Two specific
interactions stabilize oxoG at the exo-site: th@ldsphate group two nucleobases adjacent to
0x0G, and the conserved Asn173. The interactioasdbcur with oxoG result in a lowering of
the energetic pathway to eversion. In this workimwestigate how the events in initial base pair
opening coupled with the discrimination that occatrshe exo-site, help distinguish between a G

and oxoG in Fpg/MutM.
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5.1 Introduction

Elaborate cellular repair processes have evolvednabat various types of DNA damage,
one of which is the base excision repair pathwagRJB' In human cells, BER glycosylases
usually process lesions that form between 100 t60lesions/day.**® The repair processes
of BER are performed with high fidelity and littte no energetic consumption. Fewer than a
dozen human BER glycosylases have been deterntiaeavork to excise these lesions dafly.
These glycosylases along with their bacterial cenpatrts share similar structural features: an
intercalating aromatic/aliphatic wedge that enténsough the minor groove, an overall
bending/kinking of the DNA resulting from bindingnd a base eversion process that flips the
damaged nucleobase out of the duplex and into tiveasite for excisiort®**® One of these
glycosylases is human 8-hydroxyguanine DNA-glycasgl (hOGG1). The functional bacterial
analog of hOGGL1 is formamidopyrimidine DNA-glycaoase (Fpg/MutM), which excises the 8-
oxo-guanine (0xoG) lesioned nucleobase as well agy®s, Fapy-A and 5-OH-&71%8
Fpg/MutM is an ideal model system to study glycasgk in general, as a wide range of

experimental and computational information is atag for this system (Figure

66,70,139,189,190
5-1).
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Figure 5-1 Equilibrated Fpg/DNA structurin which 8-oxo6 is intrahelical. Fpg is coled

silver,the DNA backbone is bli, and the DNA bases are green.

Oxidative DNAdamage is one of the most common types of damaperkito affect the
genomé- ! The main source of oxidative DNA damage is fromefradicals of oxygen. It |
paradoxical that oxygen, an essential element mekaeellular survival, couldotentially be so
harmful. Normal cellular activities, such as aecolbnetabolism, can form reactive oxyc
species (ROS), as can externectors, such as exposure to UV radiati®hOne common
product of ROS of particular interestoxoG, which is formed from the oxidation of a norn

guanine base, as shownfigure5-2.1%3
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Figure 5-2 Atom names of Guanine (top left) an-oxo-Guanine (top right). The chemic
differences beveen the two nucleobases can be compared by ¢hestrostatic difference:
bottom left (G) and bottom right -oxo-G). The colors for the electrostatics representatice
red, white and blue for electronegative, neutradd alectropositive, respectly. Deeper
variations of red and blue signify a greater extehtelectronegativity or electropositivi
Arrows on the electrostatic potential figures iradecthe local dipole direction (pointing towa

the negative direction) where the damaged silocated.

Eukaryotic cells contain between 0.07 and 14foxoG lesions per 1° nucleotides,
which must be efficiently located and excised tointen genomic integrit'®® If the oxoG
lesioned nucleobase remains uncorrectemay lead to a G:C to T:A transversion mutati
which have been shown to be associated with c¢*°

The oxoGlesion is structurally similar to a normal guan{@ nucleobaseFigure 5-2).

The main difference is in two atoms on the majaroge face irB-form duplex DNA. Wherea
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oxoG has an O8 and an H7 on thce, G has an H8 and a lone pair on Niis difference o
two atoms alters the electrostatics oxoG compared to G (Figure 5-bottom) These
electrostatic differences on the major groove fi@seilt in oxo( preferentiallyfavoring the syn
conformation resulting in the formation specific hydrogen bonds with an adenine nucleo
in a Hoogsteen base pair manner upon a single rotingplication, thus making a transvers

mutation possible, (Figure 5-5¥;

Figure 5-3. A.)WatsonCrick hydrogen bond formation between oxoG aml cytosinewhere
both nucleobases are in the anti glycosidic con&tion B.) Hoogsteen base pair formati
between an oxoGand an adenii. oxoG and adenine are in a syn and anit glyco

conformation respectively.

The BER DNA glycosylases that tar(oxoG as one of their substrateseukaryotic and
bacterial cells are hOGG1 and Fpg/MutM respectiviThese glycosylases are functio
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analogs that only excise the oxoG lesion when appascytosine in duplex DNA (Figure 5-3A).
Although hOGG1 and Fpg/MutM have different tertisstructures, they contain analogous
features that perform similar functions. Both enegnmhave aromatic intercalating wedges
(Tyr203 and Phell3 for hOGG1 and Fpg/MutM, respebt) that enter through the minor
groove at the site of damage'® They also share a feature by which specific angisi(154/204
for hOGGL1 and 112 for Fpg/MutM) enter through th@an groove and recognize the hydrogen
bond acceptor atoms N3 and O2 of the orphan cygospposite 0xoG®*%° The hydrogen
bonds that form between the arginine residue(s¢awh enzyme and the orphan cytosine is
specific only for a cytosine and would not be acomdated by any other nucleobase.

In addition to similar probing mechanisms, hOGG# &pg/MutM also share common
methods for removing damage. Upon binding DNA, bathzymes force the damaged
nucleobase to evert out of the duplex and into etivea site for excision. The catalytic
mechanisms of oxoG excision by hOGG1 and Fpg/MutVaveh been well
characterized’®18419%-19qth enzymes carry out nucleophilic attack on @i atom of the
deoxyribose sugar of oxoG followed Byands elimination®®*3* A crystallographic structure of
the catalytically inactive E2Q mutant of Fpg/MutMtlvoxoG trapped in the active site loop just
before excision was first shown by the Verdine g@lin this structure, oxoG is held in the
active site by forming several hydrogen bonds betwide active site loop and the O6 atom of
the extra-helical nucleoba$e.

As mentioned, both enzymes have intercalating wedgel accompanying residues that
make specific hydrogen bonds to the orphan cytosimeh come through the minor groove. In
the 2F50 crystallographic structure, Fpg/MutM isngdexed to DNA and interrogating an intra-

helical G opposite its Watson Crick partner C; mg/MutM residues contact the major groove
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face of G. This structure suggests that if an oxaee intra-helical and opposite C in a Watson
Crick hydrogen bonding fashion, no Fpg/MutM resslugould contact the damaged side
therefore Fpg must recognize the damage by indwsonge change in the enzyme, DNA or both.
This hypothesis was confirmed by the recent criggiedphic structures of Fpg/MutM in which
the active site loop was either mutated or deletbth destabilizes the extra-helical state and
stabilizes the intra-helical. These intra-helicaistallographic structures confirm that an indirect
readout mechanism must be employed by this enzgmecognize damagé?*%°

Two recent articles have been published on Fpg/Msiilygesting that eversion proceeds
through the minor groove pathw&y’3 Although both works were highly insightful theyddiot
explore other possible routes. One work revealedyatallographic structure of Fpg/MutM
complexed to DNA with a partially everted G in timénor groove. The enzyme in this structure
was covalently bound to the DNA using crosslinkieghnology where a N173C mutation was
made and a crosslink was formed between residueafh@3the DNA backbon®€. This work
assumes that N173 does not play a significantirob&ase eversion nor does it take into account
that an N173C crosslink may sterically block thgangroove pathway. The other work gives
energetic profiles for eversion through the minoyaye with an overall barrier of ~13 kcal/mol
for everting oxoG? This is a high barrier to overcome for an enzynfictv only uses thermal
energy to facilitate eversidA.Therefore, more rigorous work is needed to ingesé in which
direction eversion occurs for Fpg/MutM, and to elate the mechanism by which
discrimination occurs.

It has been hypothesized that hOGG1 everts oxoGobtiie duplex through a major
groove pathway and has a stable exo-site thabigtit to distinguish between a G and an oxoG,

thus allowing oxoG to continue everting while ptiting G from further extrusioff> We
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hypothesize that Fpg/MutM shares a similar mechmans hOGG1 where base eversion occurs
through the major groove and a stable exo-site seduto discriminate between the two
nucleobases. In this work, Fpg's discriminatoryawedr between G and oxoG will be discussed

through the use of experimental and computatioaiss.

52 Methods

5.2.1 Initial structure generation for 8-oxo-G.wt and G.wt

The Amber 9 and 10 suites of programs were usedlf@alculations in this work’ For
all systems the ff99SB force field was used witd garmbscO DNA backbone paramet&fg.
The alpha and gamma backbone parameters weredatteneclude the parmbs0O parameters for
DNA.?! The parameters used in this work for oxoG werethas the parameters developed by
Miller et al*®* Four initial structures were generated based ansystems: wild type Fpg bound
to DNA interrogating oxoG (oxoG.wt) and wild typed-bound to DNA interrogating G (G.wt).

Initial structures for the intra-helical and extralical states were generated from two
crystallographic structures, pdb IDs 2F50 and 1RENg/MutM interrogating an intra-helical
and extra-helical nucleobase respectivély}.In the 2F50 crystallographic structure, Fpg/MutM
is bound to DNA and is interrogating an intra-haligvatson Crick G:C base pair. In the 1R2Y
crystallographic structure, Fpg/MutM is bound to AMWhich contains an oxoG that is fully
extra-helical and in the active site loop. Sinceer¢h are differences between the two
crystallographic structures (described further Wwldooth structures were modified to be
equivalent in their primary structure. The DNA sence of 2F50 was used as the standard

(Table 5-7). Any disordered nucleobases in the 2BBQuence were built in with MoilView
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using the coordinates from a standard duplex madguicger.” Any nucleobase that was not
identical in 1R2Y to the sequence in Table 5-7 deketed, keeping the sugar, phosphate and
part of the base. The correct atoms for Table Serewthen built using Amber’s tleap module.
Any missing nucleobases in the 1R2Y structure weogleled in using MoilView based on a
standard duplex made in Nucgen. The 2F50 crystajigc structure does not have an ordered
active site loop, using MoilView this was modelesing the coordinates from the ordered active
site loop from the 1R2Y crystal structdfe! The E3Q inactivating mutation in 1R2Y was
reversed to the wildtype E3 sequence. Althoughetkigerimental conditions included protein-
DNA crosslinks, these were not included in the midd coordinates. These simulations
correspond to the un-crosslinked species. The badhktions where G was mutated to an oxoG
and oxoG was mutated to a G was executed by dglétm orginal nucleobases H8 or O8/H7
atoms for G and oxoG respectively and then usingbém tleap module to build in the

mutation?’

Table 5-7. DNA sequence and residue numberingl gfyatems used in this work.

274 | 275 | 276| 277 278 279 280 281 282 283 284 285 p&B7 | 288 | 289

A5 | G G T A G A T c C G G A C G cg3

c3 | C A T C T A G 80(G) | C C T G C G TS5

297 2P6 295 POP3 P 292 | 291 | 290

[¢3)

305 | 304 | 303| 302 301 30 29 29

5.2.2 Structure equilibration
After both intra- and extra-helical structures weneitated to chemically equivalent
systems for oxoG.wt and G.wt, they were minimizeduilibrated and relaxed further in

unrestrained dynamics.
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Two sequential rounds of minimization were run 200 steps of steepest descent where
all heavy atoms of the systems were held in plate avrestraint force constant of 5.0 kcal/mol-
AZ. After minimization the systems were then solvatgth ~10,000 TIP3P explicit solvent
water molecules in a truncated octahedron peribdic with an 8A buffer. After the systems
were solvated they were further minimized over foansecutive 1,000 step rounds with the
steepest descent method where the restraint forcgtant was incrementally relaxed from 10.0,
5.0, 2.5, 1.0 and 0.0 kcal/moRAespectively on all heavy atoms of the DNA and.Fpg

Five consecutive rounds of equilibration were emetb after minimization under
constant pressure at 1 atm with a timestep of 2fsrev all bonds involving hydrogen were
constrained using SHAKE! Temperature was controlled by using the weak-dongpl
algorithm??? In the first round of equilibration all atoms dfet DNA and enzyme were frozen
while all water molecules were allowed to relax fo@ps. Also during the first step of
equilibration the systems were slowly heated froro BOOK. In the second, third and fourth
steps of equilibration the temperature was heldstaon at 300K. In the second step of
equilibration all atoms on the DNA and Fpg/MutM weestrained with a restraint force of 5.0
kcal/mol-A2 for 50ps. In the third step the restraints on tiNADand Fpg/MutM were decreased
to 1.0 kcal/mol-&for 50ps and in the fourth step the restraints veerapletely removed and the
entire systems was relaxed in unrestrained dynafic&0ps. In the fifth and last step the
systems was slowly heated from 300K to 330K overdburse of 500ps since Fpg/MutM is a
thermophile and 330K is the biologically relevammperaturé® After the last step of
equilibration the systems were simulated for ~2@nsnrestrained dynamics. The systems were

coupled to a thermostat and barostat at 330K amtm, I@spectively?® After the intra-helical
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and extra-helical structures were equilibratedfiih@ structures were used as starting structures

for the remainder of the simulations.

5.2.3 Running partial nudged elastic band (PNEB)

To develop a low potential energy pathway betwéenrtra-helical and the extra-helical
states for Fpg/MutM bound to DNA when interrogatiagG or oxoG, nudged elastic band
method was employed.

To sample major groove eversion pathway, midpoeads were used to guide the
everting base in the proper direction. The inibekds for oxoG.wt and G.wt were generated
from the endpoint structures discussed in the previsection, as well as midpoint structures
which were patrtially everted to guide the systemough the major groove. Partially everted
structures were required to seed the eversiongiathwt and oxoG.wt through the major groove
since without seeding the path NEB would take tlestrdirect path (the minor groove direction)
regardless if it is energetically less favorabl®. develop the midpoint beads for G.wt and
oxoG.wt, a short restrained molecular dynamics kEtman was run where G and oxoG were
separately forced to evert out through the majaroge from the intra-helical position by
applying an harmonic restraint set to an eversiayleaof ~195 degrees. This simulation was run
for 30ps with a timestep of 2fs. The temperatures waaintained at 330K using the weak
coupling algorithm. To avoid creating any distontim the enzyme, the backbone atoms of the
Fpg/MutM were restrained with a .10 kcal/mdl-force constant. To avoid circumvent any
artificial distortion in the DNA caused by evertiggsingle nucleotide out of the duplex, the

entire strand opposite the everting base strandegsained along with residues 293-297 (Table
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5-7) with a force constant of .10 kcal/mof-fOn the restrained DNA residues, all heavy atoms
of the sugar and the phosphorus atom were restkaiigng a force constant of .0305 kcal/mol-
degree$on the eversion angle was found to create thé &meunt of artificial distortion when
everting the G and oxoG nucleobases (Table 5-Tdues297) out of the duplex and in the
positive Phi direction (out through the major grepv

To seed the NEB pathway for oxoG through the mgjoove 32 beads were found to
give enough resolution of the eversino pathwaystarctural anlayis. The last structure from the
short restrained molecular dynamics simulation wssd as the central 30 beads to keep the
0xoG in the major groove pathway. The intra-heleradl extra-helical structures generated from
the previous structure equilibration section weseduas the endpoints beads for the oxoG major
groove direction. For the G major groove pathwaly,b@ads were needed to obtain a major
groove pathway in NEB that gave the lowest posgibkential energy path. A structure from the
short restrained molecular dynamics simulation alassen where the Watson Crick hydrogen
bonds were broken and this was used as a cenadldleng with 15 intra-helical and 15 extra-
helical endpoint bead structures generated in ¢odileration section above, comprising of the
31 beads in total for the G.wt system that wergailty used for NEB. The total number of beads
chosen for G.wt was found to give enough resolutibthe major groove pathway for structural
analysis.

Since the minor groove pathway was the most doéthe two pathways (minor/major)
no seeding was required. To sample the minor grddivB pathway for oxoG.wt and G.wt, 9
intra-helical and 19 extra-helical beads were usdich were from the previous structure

equilibration section comprising of 38 beads imatdbr each minor groove system. The total
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number of beads used in the minor groove pathway f@and to give enough resolution for
structural analysis.

The protocol for simulated annealing used in th&kwvas adopted from Mathews &
Case protocot®® All bonds involving hydrogen were constrained gsBHAKE and volume was
held constant?* A Langevin thermostat and a nonbonded cutoff 6f 8.was used in all six
steps of annealinf® Six steps of heating, cooling and equilibrationreveised. In NEB, the
initial path must be optimized to find the minimwenergy pathway. Therefore, six consecutive
rounds of annealing were performed on the 31/33dingroove) or 38 (minor groove) initial
beads described above. Springs were applied betneighboring beads to keep them evenly
spaced along the pathway of interest. A decoupbgga tangent based on neighbor bead
positions or energies removed the effect of thengprduring the optimization of each bead by
the force field. The NEB code in Amber's multisanfisnctionality allowed the NEB forces to
be applied to a subset of the system's afdmig-or all systems discussed here, NEB forces were
applied to all heavy atoms of the protein and DNA.

In the first round of annealing for NEB, all 31/82ajor groove) or 38 (minor groove)
beads were simulated for 80ps with a timestep @f Pfie spring constant was set to 10 kcal/mol-
AZ. The system temperature was held at 330K withlsiom frequency of 100.0 p's

The spring constant was then increased from 10 tec&l/mol-# in the second round of
NEB annealing to force the beads to sample thengatlof interest. Each bead was simulated for
500ps with a timestep of 1fs at 330K with a Langesallision frequency of 75.0 Psvhich was
held constant for the remaining rounds of annedfiig

Next the spring constant was decreased from 5@ tiecal/mol-& for the third round of

annealing and the temperature was increased ta lihweeenergetic barriers to sample multiple
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conformations. In this stage the system was incnéallg heated from 330K to 386K over the
course of 60ps with a timestep of 2fs.

In the next stage of NEB the temperature of theesyswvas held constant at 386K for
220ps with a timestep of 1fs. The spring constarthis round was held at 25 kcal/motf-f
allow the system to sample multiple conformations.

In the fifth round of annealing the spring constams still kept at 25 kcal/molZwhile
the system was incrementally cooled from 386K t@K3ver the course of 100ps with a
timestep of 2fs to bring the system temperaturd bathe biologically relevant state.

In the final round of NEB, the system was equilibth allowing the system to relax, at

330K over the course of 500ps with a timestep sfa2fd a spring constant at 25 kcal/mél-A

5.24 Umbrella Sampling
Umbrella sampling was employed to obtain free epngogpfiles of eversion. After

running the final round of NEB, which developed Ipotential energy paths going from the
intra-helical to the extra-helical position, thestlestage of annealing for the four systems:
oxoG.wt (major/minor) and G.wt (major/minor) wererted based on two reaction coordinates
(Figure 5-4, top left), using a measure of eversind the glycosidic torsion angle (Figure 5-5).
The starting structures for each of the four systéon umbrella sampling were taken from this
last stage of NEB, by extracting the closest stngést based on a predefined grid spacing of 10
degrees with a limit of 10 degrees from the stmecto the closet grid point (Figure 5-4, top right)
(296, 349, 201 and 218 total windows were usea*@G.wt major groove, G.wt major groove,

oxoG.wt minor groove and G.wt minor groove respetyi) which represents each starting
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structure for each separate umbrella sampling wind6ach window was restrained to
respective grid point coordina with a restraint force constant of .0609 kcal/-degreeSwhich
was found to give the ideal amount of overlap basedhe predefined grid points which
essential for 2D-WHAM, Eigure5-4, bottom right).

The Gwt (major/minor) and oxo.wt (major/minor) systems were each simulated
500ps with a timestep of 2fs. The temperature cheaindow was held constant at 330K ¢
volume was held constant. An 8A nonbonded cutof§ wpplied to alsimulatiors. All bonds

involving hydrogen were constrained using SHA™
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Figure 5-4 Workflow diagram for -oxo-G.wt through the major groove. All four figures
based on the two reaction coordinates eversiongiywbsidic torsion angle -axis and y-axis
respectively). Last equilibration step of PNEB d@tgp left). Structures ere extracted from tr

final step of PNEB data (top left) based on predfigrid points (top right). Each grid point
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right) represents the starting structure for ourbretla sampling simulations (bottom right).
From the umbrella sampling simulations we were dblextract the two dimensional PMF

profiles using 2D-WHAM (bottom left).

Figure 5-5. Angle of base eversion, top. Glycostdision angle, bottom The eversion angle is
separated into four points: point 1 is the cenfemass (COM) of the heavy atoms of the two
flanking base pairs to the everting nucleobasentpdiis the COM of the 3' phosphate to the
everting nucleobase, point 3 is the COM of thehogphate group to the everting nucleobase and

point 4 is the COM of the heavy atoms of the 5 menming of the everting nucleobase.
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5.2.5 Generating and simulating the F113A mutation

The F113A mutation was made for the G.wt and oxda@major groove systems, (named
G.F113A and oxoG.F113A respectively). To sampleidieatical major groove pathways for the
G.wt and oxoG.wt systems sampled from NEB, the trarta were based on all initial starting
structures that were extracted from NEB as instalictures for the G.wt and oxoG.wt major
groove pathways respectively. To execute thesetionta all atoms of the sidechain of F113
were removed and the correct atoms for alanine Weitein using Amber's tleap moduléThe
same protocol was then used that is outlined abmvexoG.wt and G.wt umbrella sampling to
obtain PMF profiles for G.F113A and oxoG.F113A.

Each window for oxoG.F113A and G.F113A was equalied for 100 ps with a timestep
of 2fs to allow the mutated system to relax. Alakly atoms of the DNA and Fpg were
restrained with a restraint force constant of 18l/kaol and the explicit solvent was allowed to
move since we removed the bulky aromatic wedgeirigaa cavity which water may enter. In
this stage the temperature was held constant aK 38Ihg a Langevan thermostat. After
equilibration the same protocol was used that tinmd above for oxoG.wt and G.wt umbrella

sampling to obtain PMF profiles.

5.2.6 Removing the NH2 charges on N173

We were interested in measuring the effects of kengothe N173 interactions in the
major groove pathway. To accomplish this the charge the amino group of N173 for the
oxoG.wt and G.wt major groove systems were remoyedmed oxoG.N173" and G.N173'
respectively). Since we were interested in samplggidentical major groove pathways for the

oxoG.wt and G.wt systems sampled from NEB, the trarta were based on all ~300 initial
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starting structures that were extracted from NEBn#®l structures for the oxoG.wt and G.wt
major groove pathways respectively. To executeetihestations, the charges on ND2, HD21 and
HD22 atoms for oxoG.N173' and G.N173' were seteim 2n their respective topologies. The
same protocol was then used that is outlined abmvexoG.wt and G.wt umbrella sampling to

obtain PMF profiles for oxoG.N173" and G.N173".

5.2.7 Generating PMF profiles

The eversion and glycosidic angles were written dach timestep of each Umbrella
Sampling simulation, (Figure 5-4, bottom right).téf the umbrella sampling simulations were
complete the two dimensional Potential of Mean EdiRMF) profiles were extracted from the
eversion and glycosidic data written using two Dmsienal Weighted Histogram Analysis (2D-
WHAM) analysis (Figure 5-4, bottom left) (freely  alable at
http://membrane.urmc.rochester.edu/).

To calculate the PMF profiles for oxoG.wt (majomimi pathways), G.wt (major/minor
pathways), oxoG.N173' and G.N173', 2D-WHAM was ewptl. The input for 2D-WHAM in
this work was the eversion and glycosidic torsioglas written at each time step for each
umbrella sampling window along with the respectigstraint force constant (.0609 kcal/mol-
degree§ holding each window to the assigned grid poind &ne temperature the umbrella
sampling calculations were simulated at (330K).

All PMF profiles were all generated using OrigirD &dition where the intra-helical
position was set to zero to compare the relatiabikty differences among the systems as

eversion proceeds.
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5.2.8 0x0G.F113W mutation details

Several of our FRET experiments included the F11®Wation. To validate that the
tryptophan is a reasonable intercalating analogmedeled in the F113W mutation in the intra-
helical oxoG.wt system. After the last step of éfration of the intra-helical oxoG bound to
Fpg we mutated F113W. The backbone and part oFti8 (atoms HD2, CD2, CE2, HE2, CZ
and CD1) were kept to maintain the same plane asnild type F113 in the mutation. The
sidechain atoms that were kept were then renam&d (D1, NE1, HE1, CE2 and CD2) for
the mutant. The F113W mutation was then performgdguAmber's tleap modufé.After the
mutation we minimized the structure for 1,000 stepsteepest descent followed by 20ns of

unrestrained dynamics under the same conditiorimedtabove for oxoG.wt.

5.2.9 Energy decomposition
To measure the residue to residue interactions gntloe simulations the nonbonded
interactions were separately calculated. The nodddnrnteractions calculated consists of the

electrostatic and van deer Waals interaction terms.

5.2.10 Binning

The raw data for all contour figures (except theFPMofiles) were plotted in the same
manner. For each system, the eversion angle, gtiica®rsion angle and variable data point
was analyzed for each picosecond from their resmectmbrella sampling simulations. The
average variable data point was calculated forye@doy 5 degree bin in the measurement. All

measurements were then plotted in Origin 8.0.
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5.3 Results and discussions
5.3.1 Energetic barriers to eversion of 8-oxo-G and G ifrpg

In this work we are interested in computationalhyd eexperimentally comparing the
eversion process of an undamaged guanine (G) rhadedto the eversion of a damaged oxoG
nucleobase in duplex DNA when bound by Fpg, (Figeh® and Figure 5-2). As mentioned,
Fpg/MutM may share a similar mechanism to evera®hOGG1 where base eversion is thought
to occur through the major groove and discrimimatimccurs extra-helically. To test this
hypothesis, first the free energy of the transipbthe nucleobase from the intra-helical to extra-
helical state is needed then any interactionsdbedir during this process can be measured to see
what is contributing to any energetic differend@svious crystallographic work has been able to
provide snapshots along the eversion prot®&s®® Of particular interest are two
crystallographic structures of Fpg/MutM bound to Athat define two states: one state in which
the nucleobase is intra-helical (PDB 2F50and another in which it is extra-helical (PDB
1R2Y)™°. Although these two structures are useful for ust@ding two biologically relevant
states, they give an incomplete picture of how Hpgriminates against G and for an oxoG
during eversion since they are only two snapshotsgaa dynamic process where discrimination
must occur. This work will shed light on what happén the low-populated higher-energy states
which occur between these two snapshots when egeatiG and an oxoG when complexed to
Fpg/MutM to understand how discrimination occurs. dccomplish this nudged elastic band
method coupled with umbrella sampling will be useexplore the eversion pathways for both
nucleobases to understand Fpg/MutMs mechanismidorighination.

Uncatalyzed base eversion in naked DNA has beearexentally found to occur on the

millisecond timescafé®, which is currently outside the computational skngpcapabilities of
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unrestrained Molecular Dynamics (MD) therefore erdeal sampling techniques are needed to
study this process. Previous work investigatingebagersion in Fpg/MutM have used steered
molecular dynamics (SMD) along with targeted molacdynamics (TMD) to investigate base
eversion through the minor grooffe.

Since our interests lie in understanding the ernmgef the system during eversion and
the interactions that occur in the transition frtime intra-helical to extra-helical positions for
both the minor and major groove directions, one matational technique that can be used is the
nudged elastic band (NEB) method, coupled with divoensional umbrella sampling (US) (see
Methods section}**®® NEB is a reaction-coordinate-independent methoedu® find the
minimum potential energy path between two welltedi states of a system, in this case the
intra-helical (PDB 2F50} and extra-helical (PDB 1R2%) positions of Fpg bound to duplex
DNA when separately probing a G or oxoG.

One advantage to using NEB as opposed to SMD or Ti¢bhat the initial starting
structures can be seeded to investigate multiglenzgys of interest such as the minor and major
groove pathways. Umbrella sampling can then be useobtain the free energy of the low
potential energy path generated in NEB (see Metkedson).

In this work the US is done two-dimensionally usargeversion angle and the glycosidic
torsion angle of the everting nucleobase as thereaotion coordinates along which the free
energy path of the system is determined, (Figufg.5Fhese two reaction coordinates were
chosen because the eversion angle was previouslynsim our laboratory to be a reliable
measure of eversion capable of measuring through the minor or major groovés, and the
glycosidic torsion was chosen because the intrizdlehucleobase is in the syn position (PDB

2F50)Y! and the extra-helical nucleobase is in the ansitpm (PDB 1R2Y), therefore a
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transition must occur somewhere along the evensath. By using the two reaction coordinates
chosen for US, specific energy minima and maxima ba linked to specific structural
interactions that occur during eversion.

Since we were interested in testing our hypothigis the mechanism for base eversion
through the major groove is conserved between hO&@E1Fpg/MutM, the energetic barriers to
eversion of G and oxoG in duplex DNA when complet@épg/MutM were measured through
the major and minor grooves to understand in whlicbction eversion occurs.(Figure 5-6 and
Figure 5-7) The minor groove PMF's (having an olNdrarrier to eversion of ~8 and ~11
kcal/mol for G and oxoG respectively) were foundot consistent with previous work by the
Verdine/Karplus groups (having an overall barreeeversion of ~12 and ~13 kcal/mol for G and
oxoG respectively). The major groove pathway wamébto be the lower energetic pathway
(~3-4 kcal/mol) for the eversion of oxoG, which ansistent with the mechanism of the enzyme,
which does not consume energy to accomplish evemsiexcisionf? When sampled through the
major groove path, the energetic barrier to evarfoo G and oxoG was found to be ~7 and ~3-
4kcal/mol repectively, which is significantly lowéan the minor groove path for oxoG and
consistent with an enzyme that relies solely omntfa¢ motions and binding energy to facilitate
eversion of oxoG>* Since the major groove pathway in our work wasntbuo be more

favorable for both nucleobases, this pathway véltiie focus of this work.
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Figure 5-6. PMF profiles of 8xc-G (top) and Gbottom). The intrahelical region represented
by an eversion angle of less than ~20 degrees ghatasidic torsion angle of-60 degrees. The
extrahelical region is represented by a Phi anfyte260 degrees and a glycosidic angle abc-

50 degrees. The legend is in kcal/mol and eontour represents 1kcal/mol.
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Figure 5-7. PMF profiles for-8xo-G (top) and G (bottom) through the minor groove w

complexed to Fpg. The legend is in kcal/r

The overall equilibrium for G anoxoG found in theenergetic landscag of both
pathways is also consistent with the two crystalipbic structures 2Ft* and 1R2Y?, in
which G favors the intraelical state (2F50) and oxoG favors the e-helical state (1R2Y)
(Figure 5-6). The equilibriundifference found for oxoG in Verdine/Karplus's cartgiional

work is not consistent with the crystallographiasture 1R2Y since the energy landscape ir
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computational work favors the intra-helical statel dhe crystallographic structure favors the
extra-helical state in the active site loop.

When comparing the major groove energetic proble& and oxoG, the intra-helical and
extra-helical states were found to be substantaiffgrent relative to one another. G favors the
intra-helical position by ~-10kcal/mol with respdct its extra-helical state (Figure 5-6). For
oxoG, the extra-helical position is favored by -edlkmol with respect to its intra-helical
position. This is consistent with experimental datach indicates that excision only occurs for
oxoG as compared to that of &’ Not only do the endpoints differ in the energéticdscapes
in the major groove pathways but other regionsediéis well which will be discussed in this

work.

5.3.1 Base pair opening requires little energy for both ocleobases

To better understand the interactions that makeréggons stable for each system,
structures from the US simulations of both systewese inspected based on the two reaction
coordinates, the eversion angle and the glycosilgion angle so they can be directly compared
to their subsequent energy landscapes (Figurerig 3-gure 5-6).

We were interested in understanding where alongptieesion process the Watson Crick
(WC) hydrogen bonds break and if there is an eniergéference to breaking nondamaged vs.
damaged basepairs. For the major groove eversithwpg of G.wt and oxoG.wt, the WC
hydrogen bonds were found to break at an eversigieaof ~20 degrees while the G.wt
hydrogen bonds break slightly later on the evergiathway, Figure 5-8. Therefore the intra-
helical region for the major groove pathway in thisrk is generally considered anything less

than an eversion angle of 20 degrees.
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Figure 5-8. Distances corresponding to the thrae)®:C Watson Crick hydrogen bonds during
eversion shown to an eversion angle of 50 degrébs. left column shows the oxoG WC
measure and the right column shows the G WC measuie corresponds to the O6 to N4
distance, B/E corresponds to the N1 to N3 distamceC/F corresponds to the N2 to O2 distance
between (0x0)G and C respectively. Atom names spard to top right figure. Legend is in

Angstroms, each contour represents .25 A.

To investigate if the slight differences in the W@drogen bond separation was a result

of differences in the base pair buckling of G:C axeG:C, the buckling was measured using
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CURVES analysis, Figure 528 It was found that there is little difference inetlextent of

buckling in the intra-helical region of both systerfigure 5-9.
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Figure 5-9. oxoG(G):C buckling during the initiahges of eversion (eversion angle up to 80° is

shown) for oxoG.wt (left) and G.wt (right) Fpg. 8ificant increases in buckling are observed in
the presence of the Phe wedge in the intra-healegabn which is an eversion angle less than 20

degrees.

When comparing the WC base pair separation of lidtvt and oxoG.wt to their
respective energy landscapes before and after arsiem angle of ~20 degrees, little or no
energy is required to initially break the WC bordsboth systems, Figure 5-6 and Figure 5-8.
This low energy barrier is a direct result of theckling caused by Fpg/MutM's aromatic
intercalating Phe 113 wedge. This was confirmedniytating the aromatic wedge in both
systems to an alanine (F113A), which resulted idiract increase in energy upon the WC
hydrogen bonds breaking suggesting that the las&brtion caused from the wedge destabilizes

both base pairs indiscriminately, Figure 5-10 (dssed further in chapter 4).
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Figure 5-10 PMF profiles of oxoG.F113A (top) and G.F113A toat). The intr-helical region
is represented by an eversion ie of less than ~20 degrees. The legend is in kohlamd eacl

contour represents 1lkcal/mol.

After both nucleobases leave the i-helical region and begin the base eversion prc
in the major groove pathway, they first come intmtact with Arg 263 n the Zinc finger o

Fpg/MutM. When G is everting, Arg 263 forms a wernbonded interaction (electrostatic ¢
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van der Waals) of -1 to -2 kcal/mol until it reashen eversion angle of ~80 degrees where it
forms a more favorable cation-pi interaction, dssad further below (Figure 5-11). A result of
the weak interaction between Arg 263 and G is ttmatZinc finger can be drawn in closer to the
DNA backbone to make a more favorable interactiotin Wwys 257 (Figure 5-12 and Figure

5-13).
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Figure 5-11 Interaction energy between the everinucledase (base only) and Arg263 dig
the eversion process. To confirm that there isvar&ble interaction between Arg263 and tl-
0x0-G nuclebase we measured the distances between Ci-oxo-G/G to the NH2 atom c

Arg263, oxo6 (top) and G (bottom). The legend is in kcal/
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Glycosidic torsion (degraes)

Figure 5-12 Distance measurement between ttZ of eachLysine 257 and the P atom of t

second 5' phosphate for ox@t®p) and G (bottom The legend is in Angstrom
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(3lycusidic torsion (tlegraes)

Figure 5-13. Interaction enerdpetween theLysine 257 and the second 5' phosphrom oxoG

(top) and G (bottom). The legend is in kcal/, each contour represents 5 kcal/.

When oxoG contacts Arg 263 between an eversioneandl 2(-100 derees, an
energetically favorable interacticoccurs, Figure 5-11. The favorahhgeraction between Ar

263 and oxoG is caused by the amino group of ARjinteracting with the O8 of oxo(Figure
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5-14. A direct result of the energetically favorabléeraction betieen Arg 263 to oxoG is th
the Zinc finger distance to the DNA backbone isntaned similar to the int-helical 2F50
structure (Figure 5-)5prohibitin¢c Lys 257 from forming a hydrogen bond to the secéh

phosphate, discussed further be
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Figure 5-14 Distance measurement betwethe C8 of the everting nucleobase the NH2
atom of Arginine 263 foioxoC (top) and G (bottom). The legend is in Angstromsd aack

contour represents .125 A.
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Figure 5-15 Distance measurement between ttZ of eachLysine 257 and the P im of the

second 5' phosphate for ox@t®p) and G (bottom The legend is in Angstrom

Through sequence conservation it was found that28®)is largely conserved across

bacterial glycosylase phyla, giving further evideraf the important role 1 Arg 263 in Fpg’s
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mechanism of base eversion (Figure 5-16). The othigr residue that has been found to replace
Arg 263 is a Lysine which is also positively chadgand would be able to make the same
interactions with the O8 of oxoG but not with G.eTpositively charged Lys 257 was also found

to be conserved although in some phyla the funaticesidue is located 1 or 2 residues from the

257 position and/or replaced with another hydrogemd donor.
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Figure 5-16. Sequence conservation of Arg263 angR@&ll region in Fpg, top. Sequence

conservation in the region around Asn173, bottom.

5.3.2 Discrimination at the exo-site

Recognizing G in the exo-site
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When inspecting the overall energetic pathwaysrtdletween the two systems, there is a
stable region (exo-site) at an eversion angle of)~d&yrees for G and oxoG, Figure 5-6. For G
to enter into this exo-site it would need to oveneoan energetic barrier of ~7kcal/mol while
0xoG would need to overcome a barrier of ~3kcal/rRplg/MutM makes direct contacts with
both G and oxoG in the exo-site, but these conta&different, (Figure 5-17). As mentioned,
Lys 257 forms a hydrogen bond with the second &5phate group, therefore drawing the Zinc
finger closer to the DNA backbone and the evert{ag Figure 5-15. The early Lys 257
interaction with the phosphate prohibits G fronemacting with the phosphate as a result of the
close Zinc finger since Lys257 is already formingt@ng interaction with it. When G enters the
exo-site it forms two key interactions: one catprstacking interaction with Arg 263, and also a
discriminatory hydrogen bond between the backbonef Kbly 264 and the N7 atom on the
imidazole ring of G (Figure 5-17, B). Both Arg 268d Gly 264 are located on the tip of the
Zinc finger of Fpg. The stacking interaction betwe&rg 263 and G are similar to the
extrahelical stacking interaction between oxoG Bhé 319 in the active site of hOGG1 (PDB
1EBM).*®** In both stacking interactions the nucleobase isntamed by cation-pi or pi-pi
stacking respectively. oxoG has a hydrogen on ttedogous N7 atom of the imidazole ring,
therefore precluding the possibility that a hydmd®nd would be able to form to Gly264

(Figure 5-2).
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To ascertain how these specific interactions cpoed to the free energies of evers

specificdistances, along with their p-wise interaction

measured for G and oxoG kigure5-6,
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energies, were measured. The distances and interactergies were then plotted with respect to
the two reaction coordinates used in US, the emerangle and the glycosidic angle (Figure 5-5).
The cation-pi interaction was measured as the riistdoetween the Arg 263 sidechain atoms
(atoms CZ, NE, NH1 and NH2) and the heavy atomth@fpurine ring of G and oxoG, (Figure
5-18. The cation-pi stacking that occurs betweeg 263 and G in the exo-site region (~120
degrees) does not occur for oxoG due to the Zmgefi being at a larger distance from the DNA
backbone, Figure 5-15. To confirm that this intéacis an energetically favorable interaction
for G in the exo-site, the pairwise interaction rggyewas separately measured between Arg 263
and each everting nucleobase (Figure 5-11). Inettesite (~120° eversion angle) there is an
energetically stabilizing interaction between G &g 263 which is not found to occur for
oxoG confirming that this cation-pi interactionstabilizing G in the exo-site (Figure 5-11). As
mentioned earlier, a stabilizing interaction doesus between oxoG and Arg 263, but this
happens before the exo-site is reached betweewneasi@n angle of ~20 and ~80 degrees, due to
Arg 263 interacting with the major groove face &bG (O8) as mentioned earlier and results in

the blocking of Lys 257 from interacting with thecend 5' phosphate group.
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Figure 5-18. Catior®i stacking measurement. Distance surement between the cyclic he¢
atoms of the two rings on the purine ring and thavly atoms of the side chain Arg263 (NI

NH1, NE, CZ). The legend is in kcal/mr

We hypothesized thdahe backbone oGly 264 may be playing a role in discriminati
between G and oxo®Gased orFigure 5-17. Interestinglit has been shown hOGG1, Fpg's

human functional analoghat the backbone a glycine (Gly 42)is also use as a failsafe
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mechanism to discriminate between oxoG and G irathiee site’®* To address this hypothesis,
the distances between the backbone H atom of Gly &6l the N7 of G and oxoG were
calculated, (Figure 5-2 and Figure 5-19). The distés confirm that at the exo-site a
discriminatory hydrogen bond occurs between thef &lg 264 and the N7 of G, but does not
occur for oxoG. To measure whether this discrinunahydrogen bond affects the energy of the
system, the interaction energy between Gly 264 eaxch everting nucleobase was measured
(Figure 5-20). The interaction energy shows tharehis no substantial energetic difference
between Gly 264 to G and oxoG at the exo-site sstgge that Gly264 is playing a role in
recognition but not in the lowering of the free &ebarrier to eversion for G. The sequence
conservation analysis of Gly 264 across all baategiycosylase phyla did not show strict
conservation (Figure 5-16). However, since the 24 backbone H forms the hydrogen bond,
any other residue, with the exception of prolin@yrsubstitute the glycine and still successfully
hydrogen bond. Proline has not been reported abstitite at position 264, which supports our

structural analysis.
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Figure 5-19 Distance measurement betwehe N7 of each flipping nuclbéase and Gly26

backbone H for 8-ox@& (top) and G (bottom). The legend is in kcal/i
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Figure 5-20 Energetic interaction between the flippnucledase and Gly264 for-oxo-G (top)

and G (bottom). The legend is in kcal/n
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Recognizing oxoG in the exo-site

Since oxoG does not form the hydrogen bond to Gl, 2xo0G is free to rotate away
from Arg 263 and can contact the second 5' phosplaatly from oxoG (Figure 5-17A). This
interaction is able to occur since Lys 257 is mmttacting the second 5' phosphate group as in
G.wt. Two hydrogen bonds are made between the \W#&Isck face of oxoG and the second 5'
phosphate group in the Fpg/MutM exo-site: one betwte H21 of oxoG and the O2P of the
phosphate group, and the other between H1 of oxwl3tfee O1P of the same phosphate group
(Figure 5-17, A). OxoG is also able to form anotlesion-specific hydrogen bond between its
08 and the amino group of Asn 173 (Figure 5-17, A).

To understand if the phosphate interactions onlgupodor oxoG in the exo-site, two
distance measurements were made for the seconldoSplpate contact: the O1P atom of the
phosphate to the N1 atom on the everting nucleglzambthe O2P atom of the phosphate to the
N2 atom on the everting nucleobase (Figure 5-21 Rigdire 5-22 respectively). The two
hydrogen bonds that form for oxoG in the exo-saendt form for G in the exo-site. To confirm
that these interactions contributed favorably feo® as opposed to G in the exo-site, pairwise
energy decomposition was measured (Figure 5-233. imteraction energies for oxoG and G
confirmed that oxoG is stabilized in the exo-siieibteracting with the second 5' phosphate
group, while G does not thus lowering the enerdadicier to eversion for oxoG (Figure 5-6). G
cannot benefit from interacting with the secongibsphate group during eversion since Lys
257 is making a favorable contact with it, FigurdZSand Figure 5-13. Since oxoG can form
hydrogen bonds to the second 5’ phosphate, the sttie of the nucleobase can interact with

Asn 173 in a favorable lesion-specific interaction.
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Figure 5-22 Distance measurements between O2P atom of tlhed&t phosphate group aw
from the everting nucldmse to N2 atom of the evertinucleobase for 8-ox& and G (tofand
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03" and O5'). The legend is in kcal/n
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To better understand if oxoG makes a contact ireteesite with Asn 173, the distance
of C8 of the everting nucleobase was measuredatdND2 of Asn 173 (Figure 5-24Based on
this distance measurement, it appeared that baie @nd G come into close contact with the
ND2 of Asn 173. Upon further structural inspectibwas revealed that Asn 173 rotates below G
in the exo-site to avoid contacting the electrojposi H8 and does not appear to make a
hydrogen bond, Figure 5-17. Therefore, the speéifin 173/o0xoG hydrogen bond may help to
stabilize oxoG in the exo-site based on the intevacenergy. To confirm this hypothesis, the
interaction energy between the everting nucleolaase Asn 173 was measured (Figure 5-25).
The interaction energies of G and oxoG confirmext #hsn 173 is stabilizing oxoG at the exo-
site while giving no significant contribution to & the exo-site. Sequence conservation was
examined to confirm that Asn 173, a residue thatanes hypothesizing plays a pivotal role in
discrimination, is conserved (Figure 5-16). Asntiggs contact the DNA backbone in both the

1R2Y and 2F50 crystal structures.
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Since Asn 173 appears to play a significant roldigtinguishing between G and oxoG
the exosite, we hypothesized that roving the specific interactions between the amiraupg of
Asn 173 and the everting nucleobase would changebrall free energy barrier to eversior

the exosite region of oxoG. To accomplish this, the amgroup charges on Asn 173 we
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removed and umbrella sampling was rerun to obtemw RMF profiles (Figure 5-26). It was
found that the exo-site for oxoG had significantreases as compared to the original PMF
profiles (Figure 5-6 and Figure 5-26). This incee@s energy was attributed to the loss of the
key interaction between Asn 173 and oxoG. The snefgthe extra-helical position also
increased due to the loss of contact of Asn 178 wie 3' phosphate group, which appears to

help stabilize oxoG when in the active site.
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5.3.3 Validating that eversion occurs fornucleobaseghrough fluorescence
To better understand tlconformational transitions occurring for both G amebG wher

complexed to Fpg as suggested by our energy maFigure 5-§, we designed a series of -
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steady-state kinetic studies using time course flugrescence experiments on tkeo-Fpg-
F113W system. We have shown through unrestraindéamlar dynamics simulations (20ns)
that the Fpg F113W mutation does not significaaffgct wedge insertion (Figure 5-27, Jop
This fluorescence sensitive mutation of the inttoag wedge F113W at the interrogation site
will be sensitive to conformational changes, sushlifferent extents of eversion, entrance into a
transient stable exo-site, and entrance into theeasite. A series of conformational changes for
both systems was found to occur (Figure 5f8ifldle and bottom). AfteEco-Fpg-F113W binds

to G, several conformational changes occur afiiainvedge insertion, everting the undamaged
nucleobase considerably but not completely intcattteve site for excision (Figure 5-27, middle).
0xoG, undergoes similar conformational changesses in the region from O to 0.1 sec of
Figure 5-27, but these changes continue well gesiOtl sec mark until excision is complete.
Our experimental data is consistent with our entergeodel, suggesting that both systems may
enter our proposed exo-site but only oxoG contirexesting. This data is also consistent with

previous pre-steady-state kinetic studies.
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Tryptophane fluorescence, a.u.
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Figure 5-27. Top.) Overlap of structures from siatian of Bst-Fpg-DNA complex with a wild-
type Phell3 wedge (pink) and a mutant Trp 113 wédglered by atom). Structure is shown
only for the wedge and base pairs at the insesiten Middle.) Experimental (jagged traces) and
fit (smooth curves) time courses of Trp fluoreseenbanges during cleavage of the 8-oxo-G:C
substrate byEco-Fpg-F113W. Bottom.) Experimental (jagged tracas) &t (smooth curves)
time courses of Trp fluorescence changes durinditgnof Eco-Fpg-F113W and wild-typ&co-

Fpg to undamaged DNA. A.u., arbitrary units.
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5.34 Leaving the exo-site and entering the active site

When leaving the exo-site both nucleobases intevitbt Fpg/MutM differently. For G
the Lys257 interaction with the second 5 phosphgiteup breaks and the nucleobase can
interact with the second 5’ phosphate group, Fidg#le and Figure 5-23. This late interaction
between G and the phosphate group occurs tooddtertefit from any significant lowering of
the energy barrier as seen in oxoG as in the dro\sihen oxoG leaves the exo-site (eversion
angle of ~180 degrees) it loses the two hydrogermbdetween the second 5’ phosphate group
which contributes to a slight energetic barriertba energy landscape but makes an additional

hydrogen bond to the phosphate group maintainiada¥ barrier, Figure 5-6.

54 Conclusions

In conclusion, Fpg/MutM facilitates base pair opgniof both G and oxoG at no
significant energetic cost through the major gropathway. Early interactions with Arg263
specifically recognize the damaged side of oxoG waodld accommodate other Fpg/MutM
substrates such as FaPy-A and FaPy-G since théydooitain the O8 atom in the identical
position. The proposed exo-site mechanism wheré&arteracts with the second 5’ phosphate
group as well as Asn173 contributes to the loweadhthe overall energetic barrier to eversion
for oxoG and would also accommodate the other talyFsubstrates. Our proposed Fpg/MutM
mechanism for discrimination through the major gedraws several parallels to hOGG1 since
base eversion it thought to occur through the mgjoove pathway and discrimination has been

hypothesized to occur at the exo-site. Our minaoge energy profiles are consistent with
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previous work done on the Fpg/MutM system but ttgomgroove pathway appears to be the
dominant one where base eversion occurs. It remairise seen if other glycosylases have

similar mechanisms to eversion and discrimination.
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Chapter 6 Future plans and concluding remarks

In Chapter 2, a combination of experimental and patational techniques were used to
show that the nitrogen mustard structural analap@sed to study interstrand crosslink repair
was in fact an accurate analog of nitrogen mustardm our computations, we were able to
show that the naturally occurring 1,3 interstranosslink formed from nitrogen mustard gave
similar amounts of distortion as compared to thfathe analog. In the near future, two major
steps can be taken to improve this type of analysist, running simulations longer than 50 ns
may help give better statistics on the damage. fidsslt, however, is highly dependent on the
forcefield parameters of DNA that other researcbugs are currently working to improfe.
Another step towards improved modeling of 1,3 istteind crosslinks can be taken by
parameterizing and simulating longer and shortessiimks to see if varying the length and
charge has a significant effect on distortion.hHére is a relationship between distortion and
linker length, then it would be beneficial to havevay to predict distortion computationally and
be able to measure the effects of larger or smadlerounts of distortion through
experiment:*32%3

A metric to quantify base eversion was discusselkragth in Chapter 3. Two similar
ways to measure base eversion were proposed, Wieeonly variation was in points 2 and 3 on
the dihedral angle (either the flanking sugarstaygphate groups). The proposed eversion angle
was then used in Chapters 4 and 5 to help quatitdyfree energy required for eversion in
various environments when bound to Fpg. What waglisgussed was in what circumstances it
is beneficial to choose one measure over the @tleer flanking sugars or the phosphate groups)
as points 2 and 3 of the PHI dihedral. When trytmgvert a nucleobase in a complex system

where steric clashes will occur during the eversmacess, we found it best to select the
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phosphate groups for the eversion measuremeng s will give a more drawn out eversion
angle, thus giving more of an opportunity to sefemdifferent events. Because the eversion
process takes longer when the phosphates are exklegker the sugars due to the greater
sensitivity of the angle of rotation, this allowgjeeater resolution of the process. If one were to
measure eversion in duplex DNA, we have found #the select the sugar groups for the
measurement, as everting a nucleobase in naked @Nges some local distortion and selecting
the sugars over the phosphate groups is stabitigede wider points 2 and 3. Another important
point to consider is whether the sugars or phogshate playing some role in the process of
interest. If so, then careful attention should Benot to create an unintentional biasing.

In several chapters | have discussed couplinggbartidged elastic band method with
umbrella sampling to obtain free energy pathwaysviersion. One caveat that was not discussed
in these chapters was the simulation length fomtimelows in umbrella sampling. Allowing the
windows to equilibrate is important, but it is alsgportant not to simulate the windows for too
long, thus creating artificial distortion. When tramts are applied to all windows in umbrella
sampling, these restraints will invariably be apglto some regions that are of higher energy;
thus, in those regions, the system will begin tét dway from the high energy regions even if
the reaction coordinate(s) do not show this eff€bts drifting is caused by the system adjusting
to the reaction coordinate being restrained togioreof high energy and it not being able to
escape it. In many cases in our lab, we use stegtihat were extracted from partial nudged
elastic band method for umbrella sampling. Thesdretta sampling simulations need to be
representative simulations of the PNEB pathway amygl drifting that occurs due to extremely
long window length can create artificial results.one example, we found that the RMSD of the

first half and second half of the umbrella samploafa were substantially different. In this
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example, there were many high-energy regions inpttaway. When we ran separate WHAM
analysis we found the PMFs to be different as well.

Chapter Four discusses the consequences of remtngreyomatic Phe 113 wedge from
Fpg. It is discussed in this Chapter in great detsmt removing the wedge stabilizes the
intrahelical position for the F113A mutant whileelggng the wedge destabilizes the intrahelical
region thus facilitating the eversion process. Thiepter also discusses how eversion naturally
occurs for abasic sites through the major grooveluplex DNA. It would be interesting to
simulate Fpg bound to DNA containing an abasictsiteee whether eversion occurs through the
major or minor groove and if so, what interactians formed when this happens.

In Chapter 5, we focus on comparing the structdrdierences of G and 8-oxo-G as
eversion occurs when bound by Fpg. Fpg is also knimncorrect other less common oxidative
lesions such as Fapy-G, Fapy-A and 5-OFC®8 It would be interesting to computationally
study and compare 8-oxo-G/abasic sites/Fapy-G/Pajpynd 5-OH-C in a similar manner as
done in Chapter "% The Fapy lesions are open purine rings and onddatberfore expect
that these flexible lesions (Fapy-G and Fapy-A) Mlobe more promiscuous with their
interactions along the eversion path.

Several chapters have covered the function of gredghycosylase. These chapters did not
address the directions in which our modeling effait Fpg are headed. In general, the biological
community has great interest in damage recogndiwh how discrimination occurs in the BER
glycosylases. In this work, we have explored tlepstthat occur after damage recognition, but
did not address the issue of actual recognitionef@é group members are currently exploring
this issue by measuring translocation of Fpg aldagaged and undamaged DNA in a similar

approach as discussed in Chapter 5, where PNESes to uncover the pathway while umbrella
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sampling is used to obtain the free energy aloegptiocess. This work will be very valuable to
the computational and experimental community. ltuldoalso be interesting to couple
translocation and the eversion process of Fpg taimkatomic resolution of these processes

together.
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Appendix 1- Z-matrix Coordinates and Charges for Aralog

Nitrogen Mustard (AN1)

0 0 2

This is a remark line

molecule.res

AN1 INT O

CORRECT OMIT DU BEG

-1.22187

1 DuMM DU M 0 -1 -2 0.000 .0 .0 .00000
2DUMM DU M 1 0 -1 1.449 .0 .0 .00000
3DuMM DU M 2 1 0 1522 1111 .0 .00000
4 01P 02 M 3 2 1 1540 111.2080.000 -0.77610
5P P M 4 3 2 1549 106.18®.458 1.16590
7 02P 02 E 5

805 OS M 5
9

3 1.760 109.5@K.533 -0.77610
3 1.761 109.4985.493 -0.49540
4 1.429 109.3080.124 -0.00690
1.070 109.5(80.455 0.07540
11 H52 H1 E 1.071 109.4280.535 0.07540
12 C4 CT M 1.541 109.6159.472 0.16290
13 H4 H1 E 13 10 9 1.070 108.8378.793 0.11760
14 C3' CT 3 13 10 9 1.541 113.538.210 0.07130
15 C2 CT B 15 13 10 1.484 100.9988.039 -0.08540
16 H21 HC E 16 15 13 1.070 112.8d&/.468 0.07180
17 H22 HC E 16 15 13 1.070 114.1689.656 0.07180
18 H3'" H1 E 15 13 10 1.070 113.7&¥.716 0.09850
19 03" OS S 15 13 10 1.429 109.8889.280 -0.52320
21 04 OS M 13 10 9 1.473 106.745.964 -0.36910
M
E

C5 CT M 9
10 H51 H1 E 1
1

1

ocoo
(6)]

©owo B

SRGRS

22 C1' CT 23 13 10 1.447 104.2438.005 0.03580
23 H1' H2 24 23 13 1.071 110.958.399 0.17460
24 N9 N* M 24 23 13 1.470 112.4780.211 -0.07266
25 C4 CB S 26 24 23 1.340 126.6621.505 0.28181
26 C5 CB S 27 26 24 1.341 109.08$9.921 -0.13112
27 C6 C B 28 27 26 1.379 120.5379.914 0.49587
28 O6 O E 29 28 27 1.258 122.1999.851 -0.55588
29 N1 NA B 29 28 27 1.467 115.560.161 -0.44878

30 HL H E 31 29 28 1.000 120.2999.878 0.31997
31 C2 CA B 31 29 28 1.357 119.416.115 0.67750
32 N2 N2 B 33 31 29 1.337 119.1849.837 -0.91284
33 H21 H E 34 33 31 1.000 119.9749.954 0.39030
34 H22 H E 34 33 31 1.000 120.068.076 0.39030
35 N3 NC E 33 31 29 1.315 121.520.157 -0.60485

36 C8 CK M 26 24 23 1.467 126.2728.419 -0.26430
37 H8 H5 E 38 26 24 1.070 126.588.004 0.20144

38 C7 C* M 38 26 24 1.352 106.7479.954 0.09219
39 C15 CL M 40 38 26 1.539 126.3299.960 0.07419
40 H15 HL E 41 40 38 1.069 109.57149.289 0.06480
41 H25 HL E 41 40 38 1.070 109.52%.601 0.06480
42 N14 NL M 41 40 38 1.470 109.21R9.199 -0.33188
43 H14 HM E 44 41 40 1.001 109.4560.223 0.23560
44 N13 NL M 44 41 40 1.400 109.79(0/9.843 -0.60474
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45 H13 HM E 46 44 41 0.999

LOOP

crcz
C4 C5
C4 N9

IMPROPER
C8 C4 N9 CrI
C5 N1 C6 06
C6 C2 N1 H1
C2 H21 N2 H22
C7 N9 C8 HS8
N1 N3 C2 N2
C5 C8 C7 Ci5

DONE
STOP

109.56a0.813 0.32761
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Appendix 2- Z-matrix Coordinates and

Nitrogen Mustard (AN2)

0 0 2

This is a remark line

molecule.res
AN2 INT O

CORRECT OMIT DU BEG

-0.77815

1DuMM DU M O
2 buvM DU M 1
3 buMM DU M 2

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
76
77
78
79
80

C12
H12
H32
Cl1
H11
H31
c7

Cc8

CL
HL
HL
CL
HL
HL
C*
CK
H8 H5
C5 CB
Ccé C

o6 O

N1 NA
H1 H

C2 CA
N2 N2
H21 H
H22 H
N3 NC
C4 CB
N9 N*
C1 CT
H1'" H2
c2' CT
H2'1 HC
H2'2 HC
C3 CT
H3' H1
03 0OS
04" 0OS
C4 CT
H4' H1
C5 CT
H51 H1
81 H52 H1
82 O5' OS
83 P P

85
86

46 44 42
46 44 42
46 44 42
49 46 44
49 46 44
49 46 44
52 49 46
53 52 49
M 52 49 46
M 55 52 49

Mu<mmzmmz

0000 .0 .0
1449 0 .0 .00000
1522 111.1 .0 .00000
1.469 109.2159.064 0.19529
1.070 109.4480.273 0.00447
1.071 109.5879.773 0.00447
1.538 109.4459.687 0.00639
1.070 109.5350.382 0.03174
1.070 109.4589.615 0.03174
1.539 109.4259.522 0.09219
1.353 126.4%0.681 -0.26430
1.070 126.678.212 0.20144
1.402 126.603.379 -0.13112
1.379 129.15P.207 0.49587

.00000

E 56 55 52 1.259 122.23@.011 -0.55588

M 56 55 52

1.467 115.4@39.995 -0.44878

E 58 56 55 1.000 120.27199.989 0.31997

M 58 56 55
B 60 58 56
E 61 60 58
E 61 60 58
M 60 58 56
M 64 60 58
M 65 64 60
M 66 65 64
E 67 66 65
3 67 66 65
E 69 67 66
E 69 67 66
B 69 67 66
E 72 69 67
S 72 69 67
M 67 66 65
M 76 67 66
E 77 76 67
M 77 76 67
E 79 77 76
E 79 77 76
M 79 77 76

1.356 119.429.009 0.67750
1.338 119.14039.995 -0.91284
1.000 120.0%89.968 0.39030
1.000 119.906.049 0.39030

1.316 121.526.023 -0.60485
1.341 120.148.017 0.28181
1.341 128.089/9.948 -0.07266
1.470 126.719.147 0.03580

1.070 108.8D.460 0.17460

1.523 113.40380.540 -0.08540
1.071 111.98%8.756 0.07180
1.069 114.1688.786 0.07180
1.501 96.8869.778 0.07130
1.070 114.9194.467 0.09850
1.430 111.083.251 -0.52320

1.471 113.0Z0.169 -0.36910
1.469 103.9821.824 0.16290
1.070 112.8141.359 0.11760
1.540 108.5728.101 -0.00690
1.069 109.538.512 0.07540
1.070 109.4496.471 0.07540
1.429 109.585.415 -0.49540

M 82 79 77 1.760 109.349.968 1.16590
O1P 02 E 83 82 79 1.760 109.4989.978 -0.77610
O2P 02 M 83 82 79 1.549 109.5BB.969 -0.77610
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LOOP

C4 N3
C4 N9
Cc3'Cc4'

IMPROPER

C8 C4 N9
C5 N1 Cé6
C6 C2 N1
C2 H21 N2
C7 N9 C8
N1 N3 C2
C5 C8 C7

DONE
STOP

cr
06
H1
H22
H8
N2
Cl11
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Appendix 3- Force field parameters for Analog Nitrggen Mustard

remark goes here

MASS

CL 12.010 0.878 GAFF c3

HL 1.008 0.135 GAFF hl

NL 14.010 0.530 GAFF n3

HM 1.008 0.161 GAFF hn

BOND

C*-CK 546.0 1.352 C*-CW TRP CG-CD1
C*-CL 337.3 1.499 GAFF cc-CL or cd-CL
CL-HL 335.9 1.093 GAFF c¢3-h1

CL-CL 303.1 1.535 GAFF ¢3-c3

NL-HM 394.1 1.018 GAFF hn-n3
NL-NL 383.6 1.454 GAFF n3-n3

CL-NL 320.6 1.470 GAFF ¢3-n3

ANGLE
CB-C*CL 70.0
CK-C*CL 70.0
C*-CL-HL 50.0
C*-CL-CL 64.7
HL-CL-HL 39.2
HL-CL-CL 46.4
CL-CL-NL 66.2
CL-NL-HM 47.1
CL-NL-NL 66.8
HM-NL-NL 50.2
CL-C*CK 70.0
CB-C*-CK 63.0
C*-CB-C 63.0
C*-CB-CB 63.0
C*-CK-H5 50.0

128.60 CB-C*-CT AA trp froffe9SB
125.00 CT-C*-CW TRP CB-CG-@D
109.50 AAtrp
108.10 GAFF CL-CL-cc

109.55 GAFF h1-c3-h1

110.07 GAFF h1-c3-c3

110.38 GAFF ¢3-¢3-n3

109.92 GAFF c3-n3-hn

108.15 GAFF ¢3-n3-n3

103.98 GAFF hn-n3-n3

125.00 CT-C*-CW TRP CB-CG-QD
106.40 CB-C*-CW TRP CD2-C@C
132.00 CA-CB-C* TRP CE3-CIO% then -2.9
108.80 C*-CB-CN TRP CG-CDEZ
120.00 C*-CW-H4 TRP CG-CDIH

C*CK-N* 70.0 113.20 C*-CW-NA TRP CG-CD1E\ then +4.5

HL-CL-NL 49.4  109.92 GAFF h1-c3-n3

C*CL-NL 66.5 111.47 GAFF c2-c3-n3

DIHE

X-C*-CK-X 4 26.100 180.0 .2 X-C*CW-X TRP X-CG-CD1-X
X-C*CL-X 6 0.000 0.000 .0B0  GAFF X-cd-CL-X and ff99SB X-C*-CT-X
X-CL-CL-X 9 1.400 0.000 .080 GAFF X-c3-c3-X

X-CL-NL-X 6 1.800 0.000 .080 GAFF X-c3-n3-X

X-NL-NL-X 4 9.000 0.000 .0  GAFF X-n3-n3-X
IMPROPER

CB-CK-C*CL 1.1 180. 2. CW-CB-C*-CT TRP

NONBON

CL 1.9080 0.1094 GAFF c3

HL 1.3870 0.0157 GAFF hi

NL 1.8240 0.1700 GAFF n3

HM 0.6000 0.0157 GAFF hn
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Appendix 4- Z-matrix Coordinates and Charges for

Mustard (NX1)

0O 0 2
This is a remark line
NX1.res
NX1 INT O
CORRECT OMITDU BEG

0.67322

1 DUMM DU M 0 -1 -2 0.000 .0 .0 .00000
2 DbDUuUMM DU M 1 0 -1 1.449 .0 .0 .00000
3IDbuMM DU M 2 1 0 1522 1111 .0 .00000
4 01P 02 M 3 2 1 1540 118.2280.000 -0.77610
5 PP M 4 3 2 1.759 68389.111 1.16590
7 02P 02 E 5 4 3 1760 1089.426.164 -0.77610
805 OS M 5 4 3 1.760 108.4793.835 -0.49540
9C5 CIl M 8 5 4 1417 1095961.498 -0.00690

10 H51 H1 E
11 H52 H1 E

9 1.084 108.885.825 0.07540
9

12C4 CT M 9
2

5
5 1.085 11@.8833.752 0.07540
5 1514 1084954.224 0.16290
13 H4' H1 E 1 8 1.080 109.2273.565 0.11760

14 C3 CT 3 12 8 1.535 118.6%2.362 0.07130

15C2 CT B 14 12 9 1.530 103.0895.409 -0.08540

16 H21 HC E 15 14 12 1.082 118.483.639 0.07180
17 H22 HC E 15 14 12 1.081 113.7/853.524 0.07180
18 H3' H1 E 14 12 9 1.083 112.045.608 0.09850

19 03" OS S 14 12 9 1.396 108.2B47.952 -0.52320
21 04 OS M 12 9 8 1.433 108.7456.183 -0.36910

22 C1' CT M 21 12 9 1.377 110.7319.926 0.03580
23 H1I' H2 E 22 21 12 1.078 119.8008.378 0.17460
24 N9 N* M 22 21 12 1.494 1036€137.790 0.03702
25 C4 CB S 24 22 21 1.372 129.2843.658 0.27346
26 C5 CB S 2524 22 1.369 108.7475.976 -0.11250
27 C6 C B 26 25 24 1.417 119.3177.079 0.58299

28 06 O E 27 26 25 1.215 128.3475.892 -0.53978
29 N1 NA B 27 26 25 1.383 11@95-3.368 -0.51506
30 HL H E 29 27 26 1.001 114.8278.733 0.40801

© © 0 o o

31 C2 CA B 29 27 26 1.373 12%562.206 0.89752
32 N2 N2 B 31 29 27 1.320 1171.7@79.705 -0.90523
33 H21 H E 32 31 29 0.995 123.781.150 0.45823
34 H22 H E 32 31 29 0.999 118.2379.950 0.45823
35 N3 NC E 31 29 27 1.310 123.310.078 -0.62683

36 C8 CK M 24 22 21 1325 124.4132.114 0.01844
37 H8 H5 E 36 24 22 1.072 129.645.706 0.25853
38 N7 N* M 36 24 22 1.315 111029175.828 -0.07929

39 C15 CT M 38 36 24 1.463 126.6973.809 0.14249
40 H15 HC E 39 38 36 1.081 108.2917.225 0.11624
41 H25 HC E 39 38 36 1.079 106.412.250 0.11624
42 C14 CH M 39 38 36 1542 118.3418.075 0.01675
43 H14 HP E 42 39 38 1.080 109.7934.381 0.11627
44 H24 HP E 42 39 38 1.080 1171.224.221 0.11627
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45 N13 N3 M 42 39 38 1.493 11B8.9006.891 -0.38564
46 H13 H E 45 42 39 1.021 108.75%2.867 0.36603
47 H23 H E 45 42 39 1.022 107.2&%4.897 0.36603

LOOP

c1 Cc2
C4 C5
C4 N9

IMPROPER

C8 C4 N9 Cr
C5 N1 C6 O6
C6 C2 N1 H1
C2 H21 N2 H22
N7 N9 C8 H8
N1 N3 C2 N2
C5 C8 N7 Ci15

DONE
STOP
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Appendix 5- Z-matrix Coordinates and Charges for Nirogen

Mustard (NX2)

0 0 2

This is a remark line

NX2.res

NX2 INT O

CORRECT OMIT DU BEG
0.3268

1 DUMM DU M -1 -2 0.000 .0 .0 .00000

0

2buMM DU M 1 0-1 1449 0 .0 .00000
3buMMmDbU M 2 1 0 1522 1111 .0 .00000
48 C12 CH M 45 42 39 1.492 114.0876.648 0.01675
49 H12 HP E 48 45 42 1.080 108.162.888 0.11627
50 H32 HP E 48 45 42 1.080 108.1%3.780 0.11627
51 C11 CT M 48 45 42 1.542 117.9876.698 0.14249
52 H11 HC E 51 48 45 1.082 114.2216.065 0.11624
53 H31 HC E 51 48 45 1.079 108.0134.120 0.11624

54 N7 N* M 51 48 45 1.464 11437106.898 -0.07929
55 C8 CK S 54 51 48 1.314 124.7418.062 0.01844
56 H8 H5 E 5554 51 1.072 126.114.491 0.25853
57 C5 CB M 54 51 48 1403 128.1770.152 -0.11250
58 C6 C M 57 54 51 1.416 138.4410.244 0.58299
59 06 O E 58 57 54 1.215 128.390.186 -0.53978
60 N1 NA M 58 57 54 1.383 11@9179.491 -0.51506
61 HL H E 60 58 57 1.001 118.7/478.826 0.40801
62 C2 CA M 60 58 57 1.373 125532.270 0.89752
63 N2 N2 B 62 60 58 1.320 11D.7379.696 -0.90523
64 H21 H E 63 62 60 0.996 123.831.412 0.45823
65 H22 H E 63 62 60 0.998 118.2279.954 0.45823
66 N3 NC M 62 60 58 1.309 123.350.003 -0.62683
67 C4 CB M 66 62 60 1.323 118.051.079 0.27346
68 N9 N* M 67 66 62 1.371 1235879.485 0.03702
69 C1' CT M 68 67 66 1.495 127.333.789 0.03580
70 H1I' H2 E 69 68 67 1.079 108.0425.426 0.17460
71 C2' CT 3 69 68 67 1.526 113.418.902 -0.08540
72 H2'L HC E 71 69 68 1.083 110.4@0.817 0.07180
73 H22 HC E 71 69 68 1.081 110.6291.864 0.07180
74 C3' CT B 71 69 68 1.530 108.8147.622 0.07130
75 H3' H1 E 74 71 69 1.082 113.3154.092 0.09850
76 O3 OS S 74 71 69 1397 119.880.065 -0.52320
78 04 OS M 69 68 67 1.376 108.6843.829 -0.36910
79 C4 CT M 78 69 68 1.432 1187437.876 0.16290
80 H4' H1 E 79 78 69 1.080 109.8421.826 0.11760
81 C5 CI M 79 78 69 1514 1087219.930 -0.00690
82 H51 H1 E 81 79 78 1.085 109.2864.200 0.07540
83 H52 H1 E 81 79 78 1.083 100.}¥177.704 0.07540
84 O5' OS M 81 79 78 1.417 109.466.102 -0.49540
85 P P M 848179 1.760 100.5754.230 1.16590
87 O2P 02 E 85 84 81 1.760 10B.481.427 -0.77610
88 O1P 02 M 85 84 81 1.760 109.4961.449 -0.77610
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LOOP
C4 N3
C4 N9
C3'C4

IMPROPER

C8 C4 N9
C5 N1 C6
C6 C2 N1
C2 H21 N2
N7 N9 C8
N1 N3 C2
C5 C8 N7

DONE
STOP

cr
06
H1
H22
H8
N2
Cc11
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Appendix 6- Force field parameters for Nitrogen

remark goes here

MASS

CH 12.010 0.878 same as CT
BOND

CH-HP 337.30 1.092 same as ¢3-hc
CH-N3 293.60 1.499 same as c3-n4
CH-CT 303.10 1.535 same as ¢3-c3
ANGLE

N3-CH-CT 66.0 108.93 same as c343-
CH-N3-CT 62.8 110.64 same as c3B4-

CH-CT-HC 46.4 110.05 same as chc3-
HP-CH-CT 46.4 110.05 same as cBc3-
HP-CH-HP 39.4 108.35 same as hboa3-
HP-CH-N3 49.0 107.90 same as ho43-

CH-N3-H 46.2 110.11 same as c3wn4-

CH-CT-N* 50.0 109.50 same as CTHET-

CH-N3-CH 50.0 109.50 same as CTEN3-

N*-CK-N* 70.0 116.80 calculated #ngforce from N*-CK-NB)
N*-CB-C 70.0 134.60 calculated lendorce from C-CB-NB)
HC-CT-N* 50.0 109.50 same as samE&®-CT-N*

DIHE

X-CH-CT-X 9 1.400 0.000 080 same as X -c3-c3-X
X-N3-CH-X 9 1.400 0.000 080 same as X -¢3-n4-X

IMPROPER

NONBON
CH 1.9080 0.1094 same as CT
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Appendix 7- Z-matrix Coordinates and Charges for Eheno-

deoxyguanine (EdG)

0 0 2

This is a remark line
molecule.res

EDG INT O

CORRECT OMIT DU BEG
-0.9992

1 DuMM DU M 0 -1 -2 0.000 .0 .0 .00000
2DUMM DU M 1 0 -1 1.449 .0 .0 .00000
SbDuMM DU M 2 1 0 1522 1111 .0 .00000
4 01P O2 M 3 2 1 1.540 118.2080.000 -0.77610
5P P M 4 3 2 1.760 108.4877.363 1.16590
6 O2P 02 E 5 4 3 1.760 109.4%9.993 -0.77610
705 OS M 5 4 3 1.040 1098.48380.000 -0.49540
8C5' Cl M 7 5 4 1430 18M00612.637 -0.00690
9

H51 H1 E 8 7 5 1.089 108.6390.000 0.07540
10 H52 H1 E 8 7 5 1.090 109.0851.097 0.07540
11 C4 CT M 8 7 5 1533 1121931.282 0.16290
12 H4' H1 E 11 8 7 1.089 108.9666.203 0.11760
13 C3 CT 3 11 8 7 1541 110.788.504 0.07130
14 C2 CT B 13 11 8 1.533 108.3222.278 -0.08540
15 H21 HC E 14 13 11 1.090 109.0®4.325 0.07180
16 H22 HC E 14 13 11 1.090 110.97144.483 0.07180
17 H3" H1 E 13 11 8 1.090 110.142.274 0.09850

18 O3' OS E 13 11 8 1435 119.1119.002 -0.52320
19 04" OS M 11 8 7 1.448 11R.9672.237 -0.36910
20C1 CT M 19 11 8 1.440 108.9346.151 0.03580
21 H1I' H2 E 20 19 11 1.090 11Z.0079.154 0.17460
22 N9 N* M 20 19 11 1.489 11120€163.856 -0.04770
23C4 CB M 22 20 19 1.375 122.8%66.403 0.28530
24 N3 NC M 23 22 20 1.351 1247210.563 -0.58680
25 C2 CB M 24 23 22 1.356 110.8479.974 0.28940
26 N2 NN M 25 24 23 1.353 1180179.979 -0.17190
27 H21 H E 26 25 24 1.090 128.500.102 0.31200
28 C10 CW M 26 25 24 1.374 108.1:379.958 -0.25370
29 H1I0 H4 E 28 26 25 1.091 123.6179.908 0.24020
30 C11 CV M 28 26 25 1.376 113800.053 -0.18910
31 H11 H4 E 30 28 26 1.091 126.3279.959 0.22120
32 N1 N* M 30 28 26 1.373 106890-0.107 0.06350
33C6 C M 323028 1.424 132.1:279.987 0.44920
34 06 O E 33 32 30 1.248 123.950.013 -0.52580
35C5 CB M 333230 1425 11@.2379.848 0.07880
36 N7 NB M 35 33 32 1.387 129.12479.981 -0.49600
37 C8 CK M 36 3533 1.303 10484180.000 0.08170
38 H8 H5 E 37 36 35 1.089 126.0079.253 0.16170

IMPROPER
C8 C4 N9 CI'

214



C5 N1 C6 O6
C6 C2 N1 C11
C2 H21 N2 C10
N7 N9 C8 H8
N1 N3 C2 N2
C11 N2 C10 H10
N1 C10 C11 H11
LOOP CLOSING EXPLICIT
C1 Cc2

C4 C5

C4 N9

C10 Ci11

DONE

STOP
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Appendix 8- Force field parameters for Etheno-deoxguanine (EdG)

remark goes here
MASS
NN 14.010 0.530 same as NA

BOND

CV-N* 410.00 1.394 same as CV-NB
CB-NN 436.00 1.374 same as CB-N*
NN-CW 427.00 1.381 same as NA-CW
CV-CW 546.00 1.352 same as C*-CW
NN-H 434.00 1.010 same as NA-H

ANGLE

CB-CB-C 70.0 119.60 CALCULATED
CB-C-N* 70.0 110.30 CALCULATED
C-N*~-CB 70.0 12490 CALCULATED
CB-NC-CB 70.0 111.40 CALCULATED
NC-CB-CB 70.0 127.60 CALCULATED
CB-N*-CV 70.0 103.20 CALCULATED
N*-CV-CW 70.0 106.90 CALCULATED
CV-CW-NN 70.0 114.60 CALCULATED
CW-NN-CB 70.0 99.10 CALCULATED
NN-CB-N* 70.0 116.20 CALCULATED
C-N*~CV 70.0 131.80 CALCULATED
N*-CV-H4 50.0 126.90 CALCULATED
H4-CV-CW 50.0 126.20 CALCULATED
CV-CW-H4 50.0 12540 CALCULATED
CW-NN-H 50.0 131.90 CALCULATED
CB-NN-H 50.0 129.00 CALCULATED
NN-CB-NC 70.0 117.60 CALCULATED
NN-CW-H4 50.0 120.00 CALCULATED

DIHE

X-N*-CV-X 4 6.800 180.000 0PO0 same as X -N*-CK-X
X-CV-CW-X 4 20.600 180.000 0@0 same as X -CC-CV-X
X-CW-NN-X 4 6.000 180.000 0Qao0 same as X -CW-NA-X
X-NN-CB-X 4 6.000 180.000 0Q0 same as X -CW-NA-X

IMPROPER

C-CB-N*-CV 1.1 180.0 2.0
CB-H-NN-CW 1.1 180.0 2.0

NONBON
NN 1.8240 0.1700 same as N
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