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Chapter 1: Introduction



1.1 Introduction to DNA and DNA Damage

DNA (deoxyribonucleic acid) was first discovered in 1869 by Swiss chemist Friedrich
Miescher, but it was not until 1953 that the double helical structure (Figure 1.1) was solved by
James Waston and Francis Crick." In a subsequent paper by Francis Crick , he wrote “DNA is such
an important molecule that is almost impossible to learn too much about it”.” Indeed, 60 years after
the discovery of its structure, there is continuing interest in understanding the chemistry and
biology of DNA. The DNA molecule stores genetic information in humans and almost all other

organisms and it is essential to maintain its integrity for life development.
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Figure 1.1 DNA double helix structure, base pair pattern and nomenclature

DNA is highly vulnerable to chemical modification and its integrity is endangered from
several possible ways from the DNA backbone to the nucleobases. First, it is inevasible that DNA
will undergo spontaneous hydrolysis but usually the half-lives are very long.” Hydrolysis of the
phosphodiester bonds on DNA backbone will cause single strand breaks; hydrolytic deamination

of exocyclic amines on nucleobases will generate several products, with the most well-known




cytosine to uracil deamination; hydrolysis of the glycosidic bonds connecting nucleobases and
sugars will generate abasic sites. Second, nucleobases in DNA will be modified by endogenous
oxidizing agents from cellular respiration and inflammatory response.* > Reactive oxygen species
(ROS) are a major component of the endogenous oxidizing agents, such as hydrogen peroxide
(H,0,), superoxide (03 ), hydroxyl radical (‘OH), singlet oxygen ('O,) and peroxynitrite
(ONOO ). Third, exogenous DNA oxidizing agents can also impair the integrity of DNA, and they
include chemical compounds and high-energy electromagnetic radiation such as X-rays, ultraviolet

light.*”

1.2 Guanine Oxidation

The one-electron reduction potentials of nucleosides in aqueous solution are Eg = 1.3, 1.4,
1.6 and 1.7 V vs. NHE for dG, dA, dC and dT respectively, making guanine the most susceptible
to oxidation among all four nucleobases.'’ The most well-studied guanine oxidative lesion is 8-
0x0-7,8-dihydroguanine (8-0xoG)'" '? which is found at steady-state levels of 0.3-4.2 per 10° dG
in vivo." 8-0x0G lesions form from the reaction of guanine with a variety of ROS and therefore
serves as a biomarker to indicate the oxidative stress.'* Despite the minor structural difference
compared to G (introduction of an oxo group to the C8 position and a hydrogen atom to the N7
position, atom highlighted in Figure 1.2), 8-0xoG has two different base pair patterns. 8-0xoG can
base pair with the correct C or it can rotate about the glycosidic bond by 180 ° to mimic T

1316 with the latter leads to G—T mutation during

functionally and form an 8-o0xoG:A base pair,
the following round of replication (Figure 1.1). 8-0x0G has a high miscoding frequency in vitro

but a low mutation frequency of ~10% in vivo, yielding less than 10% G—T mutations.'” '* This



reduced mutation in vivo is explained by the extensive repair pathways dedicated to 8-oxoG, which

will be discribed later in section 4.'°

YN . e "~
N—/ e 7\ _ \ /' N\ N
>ZS1 \2_<N HeeoN rotate about glycosidic N’ N—"H----N \

R 180° N:<N ] o/>—N\ bond by 180° N N\=N R
| R l:{/ 0
H
8-0x0G: C 8-0xo0G: A

Figure 1.2 Base pair of G to C and 8-0xoG to C or A

The reduction potential of 8-0x0G (Eo = 0.7 V vs. NHE) is significantly lower than dG,""
% 5o it is labile to further oxidation that results in several secondary oxidation products or
hyperoxidized products (Figure 1.2).%' The initial step is a one-electron oxidation event converting
8-0x0G to its radical cation, followed by subsequent addition of H,O and deprotonation. A second
one-electron oxidation and deprotonation leads to the product of 5-OH-8-0x0G. At pH > 7, 5-OH-
8-0x0G will undergo a 1,2-shift and form the diastereomers of spiroiminodihydantoin (Sp);** while
at pH <7, guanidinohydantoin (Gh) diastereomers will form as the hydrolysis and decarboxylation
products.”* * While the Sp can be separated as individual diastereomers, Gh diastereomers exist
as an equilibrium of the two species and cannot be isolated individually. While there has been

speculation about the biological relevance of these hyperoxidized products, Sp was recently

detected in genomic DNA from bacteria and mammalian cells. Hailer and co-workers detected the



Sp lesion in E. coli treated with chromate.”* More recently, Mangerich and co-workers identified
Sp in Helicobacter hepaticus-infected mice, which develop inflammation-mediated carcinogenesis

at levels of 1-5 per 10® nucleobases in genomic DNA.? Unlike the mild mutagenicity of 8-0xoG,

Sp has showed 100% mutagenesis both in vitro*® *’ and in vivo,”*>" causing G=T and G—C
mutations.
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Figure 1.3 Oxidation pathway of generating 8-0xoG and Sp from G




1.3 DNA Damage from Nucleotide Pool

When considering the possible ways to generate the oxidative DNA, it is very clear that
ROS can directly act on genomic DNA, and is the focus of many studies in the field. However, it
is also important to consider the contribution of oxidation of the building blocks used by DNA
polymerase, the nucleotide pool. Early studies showed that the nucleotides are more susceptible to
modification than the nucleobases located in the duplex form. Topal and Baker showed that when
cells are treated with a methylating agent, the nucleotide pool is 190-13,000 fold more susceptible
to modification than the DNA duplex.’' And more specifically for DNA oxidation, Kamiya and
Kasai showed that dATP and dGTP from the nucleotide pool are 67-fold and 9-fold more easily
oxidized respectively, compared with dA or dG in the duplex form.*” This modification preference
is because that nucleobases in duplex form are less accessible for modification while nucleobases
in nucleotides are lack of such protection. What makes the oxidation of the nucleotide pool more
biologically significant is that cells encode an enzyme MutT/MTH]1, a phosphatase that converts
8-0x0dGTP to 8-0xodGMP,> and prevents the oxidized nucleotide from being the substrate for
polymerase incorporation. The importance of removing 8-0xodGTP from the nucleotide pool is
underscored by the fact that E. coli lacking MutT has a 100- to 10000-fold higher mutation rate
compared with that of wild-type E. coli.** Indeed, it is known that 8-0xodGTP can be incorporated
into DNA by several bacterial and mammalian polymerases.”’ However, it remains unknown if
polymerase can utilize the hyperoxidized nucleotides, such as dSpTP as a building block during

DNA replication.



1.4 Repair of 8-0x0G and Sp Lesions

Although DNA is exposed to various oxidative damages to induce nucleobase
modifications, the existence of DNA repair enzymes can alleviate the deleterious consequences.
The MutT, MutM (also known as Fpg) and MutY enzymes in bacteria®® or the corresponding
human analogs® MTHI, OGG1 and MUTYH, are all responsible for repairing 8-oxoG. MTH1
hydrolyzes 8-0xodGTP to 8-0xodGMP and therefore prevents it from being incorporated into
DNA.* OGG1 initiates the base excision repair (BER) pathway by excising the 8-0x0G lesions
from DNA when they are paired with C and restore the canonical G:C base pair. Unlike OGG1
glycosylase, MUTYH can not remove 8-0x0G itself, but it selectively excises the A base in the
opposite strand from an 8-0x0G:A base pair.*” The relatively low mutation frequency of 8-0xoG
in both E. coli and mammalian cells indicates the efficient repair of the lesion. For the
hyperoxidized Sp lesion, unfortunately, MutT or other MutT-like enzymes cannot hydrolyze the
dSpTP distereomers. It is not known now whether there is any other enzyme that can perform this
specific function.*' In vivo studies have shown that Sp lesions are substrates for MutM, but the
removal efficiency is higher when Sp is base-paired with C compared with A or G; however, the
removal of Sp opposite of A is greater compared with the 8-0x0G opposite A.*** While human
OGG1 is responsible for the repair of 8-0xoG as MutM, it can not remove the Sp lesion, but the
lesion is a substrate for yeast yOGG1, yOGG2 (Ntgl).* Some other glycosylases, such as
endonuclease VIII (Nei) and its mammalian orthologues Nei-like (NEIL) family of enzymes
(NEIL1, NEIL2 and NEIL3) can also remove the Sp lesion with different base pair preferences.*
448 While most of the glycosylases discussed here showed activity towards the Sp lesion, they do
not act on or have minimal activity on the 8-0xoG lesion. Finally, mismatch repair protein MutY

cannot remove A from Sp:A base pairs.*” Therefore, the repair of lesions by various glycosylases



in BER depends on both the lesion type and the base pair pattern. Interestingly, despite the presence
of the extensive repair pathways in cells, mutations are still observed when these lesions are formed

in DNA,'" % suggesting incomplete repair of the lesions in vivo.

1.5 Chemical and Kinetic Mechanism of Polymerases

DNA replication involves multiple enzymes and processes in a cooperative and ordered
manner. The polymerase is the catalytic core that is responsible for the chemistry of nucleotide
addition. The polymerase incorporates four potential deoxynucleoside 5’-triphosphate (ANTP)
onto a nascent strand via phosphoryl transfer in a 5° to 3’ direction directed by the template with
a distinct base pair pattern (A:T and G:C). The generally accepted catalytic mechanism involves
two metal ions (Mg®") and several carboxylate residues from the active site of the polymerase. In
detail, one Mg”" activates the 3’-OH of the nascent strand to make it more nucleophilic, the
electron rich oxygen on the 3’ end then attacks the a-phosphate of the incoming nucleotide,
creating a trigonal-bipyramidal pentacoordination transition state stabilized by the second Mg*"
by chelating the leaving oxygens on the B- and y- phosphates,® ** followed by the leaving of
pyrophosphate group.

In order to define the mechanism of how polymerase incorporates the correct nucleotide,
it is important to understand the rates and equilibrium constants for all steps during the enzymatic
catalytic cycle. For most DNA polymerases, the kinetic mechanism is described as follows (Figure
1.3).°! The catalytic cycle starts with the polymerase binding to the DNA substrate to form an
enzyme/DNA complex (E*DNA,) (step 1). Then an incoming nucleotide binds to the
enzyme/DNA complex (E*DNA,*dNTP) (step 2), where binding of the correct nucleotide will

induce a conformational change (E’*DNA,*dNTP) (step 3). It is hypothesized that this



conformational change will align the incoming nucleotide into a precise geometrical conformation
allowing the following step to proceed. This step is also believed to be involved in the
discrimination of incorrect ANTP incorporation when the geometry in the active site is disrupted.
If the conformational change induces a close fit, chemistry step will occur, which is the phosphoryl
transfer (E’*DNA,+1°PP;) (step 4). Following chemistry, there is another conformational change
that relaxes the complex (E*DNA,;*PP;) (step 5). Then pyrophosphate is released from the
complex and one catalytic event is complete (EeDNA,;; + PP;) (step 6). Depending on the
processivity of the polymerase, it will remain bound to product DNA and translocate to the next
position to continue the synthesis (E*DNA,,;*dNTP) (step 7), or the polymerase will dissociate

from the product DNA (E + DNA,+) (step 7°) and continue the polymerization on another DNA

substrate .
2
E + DNA, E-DNA,+ dNTP =—= E*DNA,* dNTP ~—3—‘E'-DNAn- dNTP
W 4L
. E. 6 5 ,
E +DNAp.i === E*DNA,,y <=—=E‘'DNA, . *PPi=<=—E'"DNA,, *PP;

PP,

Figure 1.4 Kinetic scheme of polymerization

1.6 Techniques for Studying Nucleotide Incorporation Kinetics

Several kinetic methods have been developed to assess the polymerase activity of
nucleotide incorporation. In particular, the use of a single nucleotide simplifies the product
distribution but without considering the processivity of polymerase (Figure 1.4). Steady-state

measurement is a well-studied technique for characterizing the nucleotide incorporation, which




use a large excess of DNA substrate compared to enzyme and the experiments are performed on a
long time scale. Due to the large excess of DNA substrate compared to enzyme, many enzyme
turnovers are needed to fully convert the DNA substrate to product. Therefore, the rate measured
(keat) 1s limited by the slowest step of the reaction cycle, usually the product DNA released from
polymerase. Also, the K, measured from these kinetics is a complex mix of elementary rate
constants that does not provide any information of nucleotide binding to the DNA-pol complex.’!
Even though individual K;,, and k., are usually uninformative on their own, the ratio of kc,/Kn, 1s
used to measure the specificity of nucleotide selection. However, due to the limitation mentioned
above, it fails to provide accurate parameters.”> A more useful method to study single nucleotide
incorporation is the single turnover kinetics. The single turnover method becomes possible due to
the ability of large-scale enzyme purification and instrumentation to perform very short timescale
experiments. This technique requires large excess of enzyme compared to DNA, which is the
opposite of the multiple turnover technique. In single turnover experiments, all the DNA substrate
can bind to polymerase and convert to the DNA product in a single cycle, therefore eliminating
the contribution from the slow DNA product release step. The observed rate, ko1, reports the rate
of the slowest step up to and including the chemistry step. Additional experiments are required to
determine which of the pre-chemistry steps is rate-limiting. The observed rate of &, depends on
the nucleotide concentration and the hyperbolic dependence of k,, on dNTP concentration gives
the K4, which reflects the binding equilibrium that precedes the rate-limiting step. Evaluation of
Kq and kpo from single-turnover rapid quench methods has become a more prevailing technique
for estimating the DNA polymerase fidelity as the ratio of kpol/Kd.Sz’ 3 A variation of single
turnover kinetics is the pre steady state kinetics (or burst kinetics), where the concentration of

polymerase is slightly lower than that of the DNA.>* In this case, portions of the polymerase (or
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active enzyme) bind to DNA and generate DNA product at the single-turnover rate. Conversion of
the rest of the DNA needs the enzyme to dissociate from the product DNA product to recycle the
reaction, therefore limiting the rate with the slowest product release step, just as in multiple
turnover kinetics. If the single turnover and the multiple turnover rates are significantly different,
a biphasic product formation curve will be observed, where the slope of each phase corresponds

to kpol and ke, Based on the amplitude of the fast phase, the active enzyme concentration can be

calculated.
Steady-state Single turnover Pre-steady-state
1 1 1
([EVIDNA])(1-exp(-kyoit))
X Kcat ([EV[DNA])t +Keoi([EVIDNA]t
-.6 1'eXp(' kpolt)
=)
©
O :
o 7" active enzyme
0 0 0
0 100 200 O 0.1 02 O 0.5 1

Time (s) Time (s) Time (s)

Figure 1.5 Techniques used to study kinetic mechanism of polymerase
(Figures are modified from reference 52)

The above technique, combined with other methods, can be used to determine the rates
along the steps during nucleotide incorporation, and therefore elucidate the kinetic mechanism of
nucleotide incorporation by polymerases. Pre-steady state experiments show that E. coli DNA
polymerase I has a burst phase (kyo1) 50 s while the overall turnover rate ke is only ~ 0.1 s.%
Some other polymerases also showed at least 50-fold slower rates when comparing ke to kp01.5 6,57

These results suggest that incorporation of a nucleotide is fast, followed by a rate-limiting product

release step. In order to get more detailed information about the fast nucleotide incorporation step,
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one must consider that the incorporation involves the nucleotide binding, a conformational change
and phosphoryl transfer, early studies showed very little element effect when the oxygen on a-
phosphate is replaced by sulfur, suggesting a step prior to the chemistry is fast and limits the rate
of incorporation.” There is ongoing debate regarding whether the sulfur elemental effect can

provide accurate information®® >’

and that the rate-limiting step might change according to the
polymerase. For example, in a spectroscopic study of the nucleotide incorporation by polymerase
beta (pol B), the authors showed that the rate of phosphoryl transfer is the rate-limiting step rather

than any steps prior.%’ It is also possible that for a specific polymerase, the rate-limiting step will

change when incorporating the correct versus the incorrect nucleotide.®'

1.7 Introduction to Trinucleotide Repeat DNA

Regions of repetitive DNA, where a specific sequence motif repeats multiple times,
constitute around 30% of the human genome.®*** These regions are considered dynamic, often
hotspots for nucleotide insertion or deletion, and more than 40 neurodegenerative or
neuromuscular disorders have been linked to genomic instability of repetitive DNA.% ©
Trinucleotide repeats (TNR), one example of repetitive DNA, have taken on special significance
on the study in this field since the expansion of TNR underlies a large component of repeat-
associated disorders (Table 1.1), including Huntington’s disease (HD), myotonic dystrophy (DM1),

fragile X syndrome type A (FRAXA), Friedreich’s ataxia (FRDA), etc.®"?
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Table 1.1 Representative diseases caused by TNR expansion

‘ Gene Name Putative Normal Disease
Disorder ' Repeat ‘
(Protein) Function Length Length
Huntington’s HTT Signaling
. . CAG 5-35 >40
Disease (HD) (huntingtin) Transport
Myotonic Dystrophy DMPK '
CTG RNA-mediated 5-37 >50
(DM1) (DMPK)
Fragile X Syndrome FMRI1 Translational
CGG ' 6-60 >200
Type A (FRAXA) (FMRP) regulation
Friedreich’s Ataxia FRDA Mitochondrial
. GAA ‘ ‘ 6-32 >200
(FRDA) (frataxin) iron metabolism

Despite cells having developed systems to prevent the TNR tract length from changing
rapidly, once the TNR tract is longer than the crucial threshold length, an expanded TNR will be
expected in the next generation. For example, HD is caused by the expansion of a (CAG), repeat
tract in exon 1 of the hungtintin gene (HTT), located on the short arm of chromosome 4. Healthy
individuals have 5-35 repeats, while a pre-mutation allele contains 36-39 repeats, which has an
elevated chance to expand from one generation to another. Once the repeat tract is longer than 40
repeats, individuals will develop the symptoms of HD. Furthermore, HD is an autosomal dominant
disorder, and therefore any offspring of the HD patients will have a 50% chance to be affected.”
In addition, as the TNR becomes longer, the disease gets more severe and the age of onset is earlier
for each successive generation, a phenomenon known as genetic anticipation.®> ' The HTT
encodes the polyglutamine (polyQ) containing huntingtin protein with a molecular weight of 348
kDa. Huntingtin protein is expressed ubiquitously in human and rodent, with the highest level in

neurons of the central nervous system.”® The relatively large size of the huntingtin protein has
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prevented it from being crystalized and has complicated the mass spectrometry studies to elucidate
the structure. As for now, there is still no clear understanding of the functions for the protein, but
it is believed to be involved in embryonic development, clathrin-mediated endocytosis and
neuronal gene transcriptional regulation, it also facilitates vesicular transport in axons, organizes
the postsynaptic density and modulates the morphology of dendrites, last but not least, it is also an
anti-apoptotic protein.”*’ In HD, expansion of the CAG repeat tract leads to the expression of the
mutant huntingtin protein with expanded polyQ, which can mis-fold and aggregate. It is
hypothesized that the pathology of HD is due to the loss of normal huntingtin protein functions

and the incorrect interactions of the mutant huntingtin protein with other cellular components.”*"®

1.8 TNR Expansion Mechanisms

While there is currently no effective treatment for the repeat expansion associated diseases,
it is important to understand the molecular mechanism of the repeat expansion for the development
of potential therapeutics. Several models have been proposed to explain the expansion mechanism
and all of them lead to same conclusion that the TNR instability is the result of the formation of

non-canonical secondary structure,”’ "

such as hairpins, during DNA replication and repair
process, as well as DNA transcription and DNA recombination.®> ® "' On the other hand, repeats
that are not structure-prone are considerably more stable and do not show expansion. Single-
stranded (CNG), TNR tracts are known to form hairpin structures (Figure 1.5),” which contain
both well-matched Waston-Crick base pairs and mismatches. The stability of these (CNG),

hairpins decrease in the order of CGG>CTG>CAG=CCG in physiological conditions and this

difference is due to the energy contribution of the mismatch.®®
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Figure 1.6 Hairpin structure formed by (CNG), repeat

Many TNR loci are close to the replication origins, which suggests that TNR expansion

81-84 85, 86

might arise from the DNA replication.®® Numerous in vitro and in vivo studies have
demonstrated the propensity for TNR sequences to fold into hairpin structures. These hairpins
impede replication by stalling of various DNA polymerase, which eventually lead to replication
fork collapse (Figure 1.6).%* %% The stalling effect is also repeat length dependent and becomes
more prominent when approaching the threshold repeat number of the disease state number.®"
Due to the fact that the formation of hairpins triggers the expansion of TNR, it requires DNA
unwinding or even complete strand separation. This leads to the consideration of Okazaki fragment,
a portion of the lagging strand template, which remains transiently single-stranded and it is
therefore reasonable to suggest the TNR instability might come from the Okazaki region.®® The
replication-based expansion models also relies on the orientation and sequence of the DNA and
this dependence is attributed to the stability of the proposed hairpin structure. For example, the

study of the stability of (CTG),/(CAG), repeats in bacterial plasmids showed that when the more

stable or structure-prone CTG sequence were located in the lagging strand template, the repeat
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DNA tract usually contracts; on the contrary, when CTG repeats were located in the nascent

lagging strand, contraction was less frequent but expansion were observed.’* *?
Replication-Dependent Repair-Dependent
CDX
— random sequence
== 1NR sequence l APE1

O polymerase

:< l pol B
lpol stall & slippage O

not working

l TNR fold & DNA

synthesis continue

= =

i replication

|
h

expanded size

original size

Figure 1.7 Representative replication- and repair-dependent models for TNR expansion

While the replication-based models can explain the TNR expansion between generations
or in dividing cells, it is surprising that the largest expansions occur under non-dividing conditions,
such as in the meiotically arrested oocytes or the terminally differentiated neurons. Evidence
suggest that DNA repair machinery also contributes to the expansion of TNR, including DNA

mismatch repair (MMR) and base excision repair (BER). In MMR, the MSH2-MSH3 dimer repairs
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single-base insertions or small looped-out structures.”* However, in a HD transgenic mouse model,
where the MSH2 gene has been inactivated, the frequency of repeat expansion is significantly
suppressed, suggesting MSH2 or MSH3 plays a role in TNR expansion.”> °° One possible
explanation involves the structural properties of hairpins formed by CNG repeats. Mismatch repair
proteins MSH2-MSH3 can recognize and bind to the N*N mismatches, and it has been shown that
the binding affinity is stronger for longer CNG repeats containing more N*N mismatches.”’ The
strong binding of the repair proteins therefore stabilizes the hairpin structure and also significantly
reduces the ability of MSH2-MSH3 to hydrolyze ATP,”> °7 an essential function involved in
canonical MMS repair pathway. The incorporation of the hairpin is completed by a proposed a
nick filling mechanism to produce an expanded repeat tract.”'

TNR expansion has also been shown to depend on oxidative damage. A HD mouse model
showed an age-dependent TNR expansion in somatic cells with accumulated level of 8-0x0G.”
When the function of OGG1, a glycosylase initiates the BER pathway, was inactivated in the HD
mouse model, TNR expansion decreased. These results suggest that repair of oxidative damage in
the CAG repeats will also lead to the TNR expansion. In this model (Figure 1.6), OGG1 removes
the 8-0x0G base and APE1 creates a nick on the 5° side. Pol § performs multi-nucleotide synthesis
and generates a (CAG), flap, which can fold into a hairpin structure. The formation of hairpin
structure is refractory to cleavage by the downstream endonuclease, FEN1. As a result of FEN1's
inability to cleave the 5'-hairpin, extra TNR repeats is ligated into the sequence. Our lab has also
shown that the guanine in the hairpin loop is more accessible for further oxidation and this will
lead to an iterative long-patch BER induced TNR expansion.”

Other models have also been proposed to explain the repeat instability and TNR expansion,

including DNA recombination,nucleotide excision repair, and RNA transcription, and have been
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reviewed elsewhere 5> 6671 100

1.9 Nucleosome -- Basic Unit for DNA Packaging

Despite the complexity of eukaryotic chromatin, the high order structure is organized by
repeating the same unit called a nucleosome. A nucleosome consists of the nucleosome core
particle (NCP) and the linker region (linker DNA and linker histone). The NCP contains two copies
of each histone protein, H2A, H2B, H3 and H4. These histone proteins assemble into two copies
of an H2A-H2B dimer and one copy of an (H3-H4), tetramer. From the crystal structure of
nucleosome, one can see that the two H2A-H2B dimers are anchored to the (H3-H4), tetramer,
forming a histone octamer. The octamer is then wrapped around by 145-147 base pairs (bp) DNA

in about 1.6 turns of a left-handed superhelix to form the NCP (Figure 1.7).'°"- 1%

Figure 1.8 Crystal structure of nucleosome (Left: front view; Right: side view)
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NCPs are then connected and stabilized by linker DNA and a fifth linker histone H1.'"'
This organization allows the genomic DNA to fit into the nucleus and allows for the regulation of
various cellular processes, such as DNA replication, transcription and repair. Histone proteins are
highly alkaline proteins and will undergo various post-translational modifications, including
methylation, acetylation, phosphorylation, ubiquitination, SUMOylation and others.'” These
modifications can occur on both histone tail region (unstructured region of histone proteins that
usually point away from the center of the histone octamer) or in the histone core (structured region
of histone proteins). These distinct histone modifications, on one or multiple histones, act
sequentially or in combination to form a “histone code” that is read by other proteins to bring about
distinct downstream events, expanding the idea of the genetic code.'® One example is that the
acetylation of histone proteins'® will neutralize the charge on the lysine residue, therefore
reducing the interactions between the positively charged histones and the negatively charged DNA
backbone. By this mechanism, the condensed chromatin is converted into a more relaxed form for
gene transcription. This relaxation can be reversed by histone deacetylase (HDAC), which

removes the acetyl group from histones.

1.10 Introduction to Differential Scanning Calorimetry

The characterization of thermodynamic parameters of unfolding of biomolecules using
direct calorimetric methods dates back as early as the 1960s’. Technology advances has made it
commercially available as a routine technique for biophysical characterization.'”® Calorimetric
studies have been widely used in the characterization the lipids, proteins, nucleic acids, as well as
drug discovery development.'®” ' Differential scanning calorimetry (DSC) is a thermoanalytical

technique to analyze samples, typically on a milligram scale. A DSC instrument contains two cells,
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a reference cell and a sample cell, and a conventional forward-scanning (heating) mode that
monitors a small temperature difference between the reference cell that is filled with buffer and
the sample cell filled with biomolecules of interest in an identical buffer. During the forward-
scanning process at constant rate (typically 1 °C/min or less), the temperature increases and
thermally induced transition occurs in the sample cell, resulting in heat being absorbed. This
produces a temperature difference (AT) relative to the reference cell, and this difference is
compensated for by the power source to its initial value and recorded by a computer. This
compensated heat is proportional to the excess heat capacity of the thermally induced transition
(Figure 1.8). Usually a buffer/buffer scan is performed prior to the buffer/sample scan, and serves
as a background signal to account for the instrumental difference between the two cells. The
background signal determined can then be subtracted from the buffer/sample scan. Additionally,
the native and unfolded biomolecules usually exhibit different heat capacities, therefore creating
two baselines (either pre- to or post-transition) to account for it (Figure 1.9A). The difference of
heat capacity (AC,) at the transition is important to consider when analyzing the transition. After
baseline correction and concentration normalization, the area under the transition can be integrated

to give a direct measurement of enthalpy change (AH) and melting temperature (Ty,) (Figure 1.9B).

—

Sample
Cell

Heat Control|——| Computer

Reference
Cell

—_—

AT

Heat Compensation

Figure 1.9 Simplified working principal of DSC
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Figure 1.10 (A) A typical DSC thermogram obtained from unfolding biomolecules
(B) Determining the thermodynamic parameters from the DSC thermogram

A simplified model of equilibrium unfolding of biomolecules assumes that the molecule
only belongs in two thermodynamic states: the folded state (or native state) and the unfolded state.
This “all-or-none” model was first proposed by Tim Anson in 1945'” and is believed to hold true
for the unfolding of small molecules.''™ "' In reality, larger molecules may exhibit multiple
intermediate states during the unfolding process. A spectrometric method can be used to obtain
the enthalpy derived from equilibrium constants by means of the van’t Hoff equation under the
assumption of the two-state model; on the other hand, calorimetry is a direct measurement of heat
change associated with the unfolding process and therefore it is model-independent. As the results,
it is possible to determine whether an unfolding process follows the two-state model based on the
enthalpy values calculated from the spectroscopic (AHvy) and calorimetric (AHc,) experiments.
In detail, when AHyy/AHc, = 1, two-state model holds true during the unfolding process; when
AHvyu/AHca < 1, two-state model is no longer followed and intermediates may populate during the

unfolding process, which the spectrometric method can not capture. In this case, it is an advantage
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to utilize the DSC to acquire thermodynamic parameters associated with the unfolding process of

biomolecules.

1.11 Concluding Remarks and Gap in Knowledge

When considering the types of DNA mutations, the modification of nucleobases may
change their canonical base pair pattern and therefore introduce point mutations. Sp lesions have
been widely investigated for its mutation profile both in vitro and in vivo, and the results showed
that Sp is highly mutagenic with a mutation frequency of nearly 100%. While most of the studies
of Sp focus on the oxidation of nucleobases within a DNA sequence, it is still not clear whether
the generation of Sp from the nucleotide pool will contribute to the mutagenicity of Sp. Therefore,
it is important to know how polymerase utilizes the Sp from the nucleotide pool as a substrate
during DNA replication. This involves two aspects: one of which is whether there will be any
difference in base pair pattern when Sp lesion locates in DNA or as a nucleotide; the other is how
efficiently the polymerase can incorporate the Sp nucleotide. These questions need to be answered
in order to give a thorough understanding of the mutagenicity of Sp. The first part of this thesis
gives a detailed discussion about the Sp nucleotide as a substrate for polymerase incorporation
compared with its precursors dGTP and 8-0xodGTP.

From a different perspective of DNA mutation, the change of DNA sequence may not be
due to a single base, such as during the TNR expansion, discussed above. Although a non-
canonical base pair pattern is not involved, the length of the DNA is changed and sometimes is
changed significantly. Formation of hairpin structures are involved in various proposed models for
the expansion mechanism and the thermodynamic stability of these hairpins are thought to be

important to promote the expansion. In the second part of this thesis, we elucidate how (CTG),
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and (CAQG), repeat number affect the thermodynamic stability of the hairpins by differential

scanning calorimetry (DSC). In addition, the kinetic stability of complementary (CTG), and

(CAG), hairpins will also be evaluated when changing of the repeat number.

As a final consideration, one must consider the characterization of (CAG),/(CTG),

containing DNA in a more biologically relevant environment. We examined the thermodynamic

behaviors of DNA with various number of (CAG),/(CTG), repeat in the nucleosomal length, we

also reconstituted these DNA into nucleosomes to see how these expanded TNR affect the stability

of nucleosomes by DSC.
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2.1 Abstract

Defining the biological consequences of oxidative DNA damage remains an important and
ongoing area of investigation. At the foundation of understanding the repercussions of such
damage is a molecular-level description of the action of DNA-processing enzymes, such as
polymerases. In this work we focus on a secondary, or hyperoxidized, oxidative lesion of dG which
is formed by oxidation of the primary oxidative lesion 2'-deoxy-8-0x0-7,8-dihydroguanosine (8-
0x0odG). In particular, we examine incorporation into DNA of the diastereomers of the
hyperoxidized guanosine triphosphate lesion spiroiminodihydantoin-2’-deoxynucleoside-5'-
triphosphate (dSpTP). Using kinetic parameters we describe the ability of the Klenow fragment of
E. coli DNA polymerase I lacking 3'—5' exonuclease activity (KF ) to utilize (S)-dSpTP and (R)-
dSpTP as building blocks during replication. We find that both diastereomers act as covert lesions,
similar to a Trojan horse: KF incorporates the lesion dNTP opposite dC, which is a non-mutagenic
event, however, during the subsequent replication it is known that dSp is nearly 100% mutagenic.
Nevertheless, using kpoi/Kq to define the nucleotide incorporation specificity we find that the extent
of oxidation of the dGTP-derived lesion correlates with its ability to be incorporated into DNA.
KF has the highest specificity for incorporation of dGTP opposite dC. The selection factors for
incorporating 8-0xodGTP, (S)-dSpTP, and (R)-dSpTP are 1,700-, 64,000- and 850,000-fold lower
respectively. Thus, KF is rigorous in its discrimination against incorporation of the hyperoxidized
lesion and these results suggest that the specificity of cellular polymerases provides an effective

mechanism to avoid incorporating dSpTP lesions into DNA from the nucleotide pool.
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2.2 Introduction

Genomic DNA is exposed to a variety of endogenous and exogenous reactive oxygen
species (ROS)."? Due to its low redox potential,’ dG is the major target for ROS and a prototypic
and well-studied oxidation product of dG is 2'-deoxy-8-ox0-7,8-dihydroguanosine (8-oxodG)
(Figure 2.1).*® Indeed, in vivo 8-0x0dG is found at steady-state levels of 0.3-4.2 per 10° dG.’
Studies performed in vitro have shown that 8-oxodG has a high miscoding frequency because it
can base pair with both dC and dA, with the latter leading to G—T transversion mutations.® ’
Despite its high miscoding frequency in vitro, 8-0xodG has a low mutation frequency in vivo
yielding less than 10% G—T transversions.”'' This low mutagenicity in vivo derives from the
presence of an extensive repair system that counters the genetic effects of 8-oxodG.'?

In addition to the mutagenic potential of 8-oxodG, the lesion itself is chemically labile
towards further oxidation.”® Several hyperoxidized lesions have been identified, including 2'-

deoxy-spiroiminodihydantoin (dSp), which exists as a pair of diastereomers (Figure 2.1).'*°

| | NH
R R & H2
G 8-oxoG (S)-Sp (R)-Sp
Figure 2.1 Structures of dG, 8-oxodG, (S)-dSp, and (R)-dSp. The A and B rings of dSp are
indicated.
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Furthermore, the dSp lesion has been detected in genomic DNA from bacteria and mammalian
cells. Hailer and co-workers detected the dSp lesion in E. coli treated with chromate,”’ and more
recently, Mangerich and co-workers identified dSp in Helicobacter hepaticus-infected mice,
which develop inflammation-mediated carcinogenesis at levels of 1-5 per 10° nucleotides in

genomic DNA. Several DNA glycosylases have been found to excise the dSp lesion from DNA
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in vitro and initiate the base excision repair (BER) process. The bacterial glycosylases FPG, Nei,
and Nth remove dSp with differing preferences for the opposing base pair partner.”>** The dSp
lesion is not a substrate for the human enzyme OGG1 which is responsible for removing 8-oxodG,
but the lesion is a substrate for yeast OGG1 and OGG2.% Finally, eukaryotic?’ " and viral’' NEIL1
glycosylases can excise dSp from double-stranded DNA with some preference for the opposing
base pair partner, and can also remove dSp from single-stranded DNA, bubble, and bulge
structures. More recent results suggest that dSp can also be removed from DNA by nucleotide

excision repair.”> If dSp is not removed prior to replication, in contrast to the mildly mutagenic 8-

33, 34 35-37

oxodG, the hyperoxidized dSp lesion is nearly 100% mutagenic in vitro and in vivo,
causing both G—T and G—C transversions.

As the primary and secondary oxidation products of dG, the mutagenicity of both 8-oxodG
and dSp have been well-studied when the lesion is present in DNA. However, in order to
understand the full mutagenic potential of a lesion we must also understand the extent to which
polymerases utilize the oxidized lesions when they are part of the nucleotide pool. Notably, it has
been shown that a nucleobase is more susceptible to oxidation when it is part of a free nucleotide
than when incorporated in duplex DNA. For instance, dATP in the nucleotide pool is 67-fold more
casily oxidized than dA in duplex DNA.*® Although the preference is less pronounced for dGTP,
it is still 9-fold easier to oxidize in the nucleotide pool relative to dG in duplex DNA.*® Therefore,
it is important to consider the nucleotide pool as a source of oxidative damage. Indeed, it is known
that 8-0xodGTP can be incorporated into DNA by several bacterial and mammalian
polymerases.”* However, it remains unknown if polymerases can utilize dSpTP as a building

block during DNA replication.

Here we determine the extent to which each diastereomer of dSpTP is a substrate for the
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Klenow Fragment of E. coli DNA polymerase I lacking 3'—5' exonuclease activity (KF ). We
establish that KF can incorporate each lesion into DNA, with a preference for (S)-dSpTP over
(R)-dSpTP. We also define the kinetic parameters for incorporation of each lesion and discuss the
incorporation efficiency relative to canonical dGTP and the primary oxidation product 8-

oxodGTP.

2.3 Experimental Procedure

2.3.1 Materials

Klenow Fragment 3'—5' exo (KF ), calf intestinal alkaline phosphatase, and T4
polynucleotide kinase were purchased from New England Biolabs (Ipswich, MA). The canonical
dNTPs were from Thermo Scientific (Waltham, MA) and 8-0xodGTP was from TriLink

BioTechnologies (San Diego, CA).

2.3.2 Oligonucleotide Synthesis and Purification

Oligonucleotides were synthesized and purified according to methods published previously
by our laboratory.** Oligonucleotide concentrations were determined at 90 °C using molar
extinction coefficients as determined by nearest-neighbor theory for single-stranded DNA*** on
a Beckman Coulter DU800 UV-visible spectrophotometer equipped with a peltier thermoelectric

device. The identity of the oligonucleotides was confirmed by ESI-MS.

2.3.3 Synthesis, Purification, and Absolute Configuration of Spiroiminodihydantoin-2'-

deoxynucleoside-5'-triphosphate

The hyperoxidized nucleotide triphosphate dSpTP was synthesized according to literature
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procedures from dGTP.*” The resulting solution was dried in vacuo, resuspended in a small amount
of deionized water, and purified by ion-pairing HPLC on a Varian Microsorb C18 column (250 -
4.6 mm) (Agilent Technologies, Inc., Santa Clara, CA) using acetonitrile (mobile phase A) and 10
mM tetrabutylammonium hydroxide, 10 mM monopotassium phosphate, 0.25% methanol, pH =
7.0 (mobile phase B) as the mobile phases. As the gradient mobile phase A increased from 5 to
65% over 40 min at a flow rate of 1 mL/min. The dSpTP diastereomers were collected as a mixture
and dried in vacuo; Figure 2.2A demonstrates that the mixture of dSpTP diastereomers was
successfully separated from the dGTP starting material. The sample was resuspended in deionized
water and the diastereomers were separated on the same HPLC column as above using mobile
phase B (same as above) and mobile phase C (2.8 mM tetrabutylammonium hydroxide, 100 mM
monopotassium phosphate, 30% methanol, pH = 5.5); as the gradient mobile phase C was
increased from 50 to 70% over 40 min at flow rate 0.9 mL/min (Figure 2.2B). Removal of the ion-
pairing reagent from the separated diastereomers was achieved by multiple rounds of purification
on a Dionex DNAPac PA-100 anion exchange HPLC column (250 - 4.6 mm) (Thermo Scientific,
Waltham, MA) using mobile phase D (25 mM ammonium bicarbonate, pH=8.5) and mobile phase
E (800 mM ammonium bicarbonate, pH=8.5); as the gradient mobile phase E was increased from
0 to 50% over 15 min at a flow rate of 1 mL/min. Multiple rounds of anion exchange HPLC were
performed to the point that the experimentally determined rate of nucleotide incorporation did not
change. Notably, the diastereomers of dSpTP elute in the same order from the C18 and anion
exchange HPLC columns. The volatile ammonium bicarbonate was removed by repetitive
resuspension in deionized water and drying in vacuo. For all the HPLC analyses described above,
absorbance was monitored at both 225 nm and 260 nm. The purified dSpTP diastereomers were

characterized along with dGTP by anion exchange HPLC using mobile phase D (25 mM
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ammonium bicarbonate, pH=8.5) and mobile phase E (8§00 mM ammonium bicarbonate, pH=8.5);
as the gradient mobile phase E was increased from 0 to 50% over 60 min at a flow rate of 1 mL/min
(Figure 2.2C). The minor peak observed in panel C for dGTP, (S)-dSpTP, and (R)-dSpTP
corresponds to the dNDP hydrolysis product which occurs during freeze/thaw cycles of dNTPs.
Importantly, the dNDP version is not a substrate for polymerase and would not influence our
kinetic results.The concentration of each diastereomer of dSpTP was determined by UV
absorbance based on the extinction coefficient €30nm = 4,900 M em™."* The molecular weights

were verified by ESI-MS (Figure 2.3A, B).

2000 —— 225nm delP dSpTP mix  pose Bengal (A)
0 . 7 1
— 225mm (R)-dSpTP (B)
200 (S)-dSpTP
3 O I 1 I L I L I L
< 0 10 20 30 40 50
S —— dGTP 260 nm (C)|
= (S)-dSpTP 225 nm
S0F —— (R)-dSpTP 225 nm I\ \ N
0 Il l 1 ' Il = l Il
20 30 40 50 60
100 —— (S)-dSp 240 nm (D)
— (R)-dSp 240 nm /\
0 I I I I I II ¥I ' 1 l I
0 5 10 15 20 25 30

Retention Time (min)

Figure 2.2 HPLC purification and characterization demonstrating (A) the mixture of dSpTP
diastereomers was separated from dGTP by ion pairing C18 HPLC; (B) separation of (S)- from
(R)-dSpTP on an ion pairing C18 HPLC column; (C) anion exchange HPLC of dGTP (monitored
at 260 nm), (S)- and (R)-dSpTP (monitored at 225 nm), respectively (chromatogram at 225 nm
was baseline corrected due to the background signal of ammonium bicarbonate); (D)
characterization of the dSp nucleoside diastereomers by HyperCarb HPLC column.
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The absolute configuration of the diastereomers of dSpTP was then assigned based on

literature reports.*® * Each diastereomer of dSpTP (0.2 umol) was resuspended in 1X Cutsmart

buffer (20 mM Tris acetate, 50 mM potassium acetate, 10 mM magnesium acetate, 0.1 mg/mL

BSA, pH 7.9) (New England Biolabs, Ipswich, MA) and treated with 20 U calf intestinal alkaline

phosphatase at 37 °C for 40 h. The phosphatase was removed by passing the solution through a

3,000 MWCO centrifugal filter (Sartorius Corp., Bohemia, NY). The resulting dSp nucleosides

were then analyzed on a Thermo Scientific HyperCarb column (150 - 4.6 mm) (Thermo Scientific,

Waltham, MA) with an isocratic flow of deionized water containing 0.1 % acetic acid at 1 mL/min;

the absorbance was monitored at 240 nm (Figure 2.2D). The dSp nucleosides were then analyzed

by ESI-MS (Figure 2.3C, D).
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Figure 2.3 Negative ion mode ESI-MS analysis for nucleotide triphosphates (A) (S)-dSpTP and
(B) (R)-dSpTP. Positive ion mode ESI-MS analysis for nucleosides (C) (S)-dSp and (D) (R)-dSp.
The expected mass for neutral nucleotide, nucleoside and nucleobase are 539, 299, 183.
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Consistent with literature reports,*’ removal of the triphosphate group switches the order of elution
on the HyperCarb column relative to the C18 and anion exchange columns. Based on literature
precedent,”’ we assigned the absolute configurations of (S)-dSpTP (triphosphate elutes first from
C18 and anion exchange columns, nucleoside elutes second from HyperCarb column) and (R)-
dSpTP (triphosphate elutes second from C18 and anion exchange columns, nucleoside elutes first

from HyperCarb column).

2.3.4 Preparation of DNA Primer/Template Assemblies

The primer strand was radiolabeled at the 5’-end with **P using T4 polynucleotide kinase and
annealed to the template in a 1:1.5 ratio of primer:template in a buffer containing 10 mM Tris-
HCIl, 50 mM NaCl, 10 mM MgCl,, and 1 mM DTT, pH 7.9 by heating the solution at 90 °C for 5

min and allowing it to slowly return to room temperature over approximately 2.5 h.

2.3.5 Qualitative Single Nucleotide Triphosphate Incorporation Reactions

Primer/template DNA was incubated with KF for 5 min on ice where the final sample
contained 5 nM primer/template DNA, 25 nM KF , 10 mM Tris-HCI, 50 mM NaCl, 10 mM
MgCl,, 1 mM DTT and 0.04 mg/mL BSA, pH 7.9. The incorporation reaction was initiated by
addition of nucleotide triphosphate to yield a final concentration of 20 nM dGTP, 5 uM 8-
oxodGTP, 100 uM (§)-dSpTP, or 100 uM (R)-dSpTP and the samples were incubated for 15 min
at room temperature. The reactions were quenched by addition of gel loading buffer (80%
formamide, 1 mg/mL xylene cyanol, 1 mg/ml bromophenol blue, and 10 mM EDTA),

electrophoresed through a 16% denaturing PAGE gel, and imaged by phosphorimagery.
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2.3.6 Primer Extension after the Incorporation of Sp Nucleotide Triphosphate

To examine whether primer extension will continue after the incorporation of the dSpTP
nucleotide triphosphates, DNA with template X = C was used. In addition to 100 uM of dSpTP,
20 nM of both dATP and dCTP were added to the reaction while the rest of conditions are the

same as described above for the qualitative single nucleotide incorporation experiment.

2.3.7 Single-Turnover Kinetics Reactions

Reactions were performed at 25 °C using a Rapid Quench Flow apparatus (RQF-3) from
KinTek Corporation (Austin, TX). A solution consisting of 10 nM primer/template DNA, 50 nM
KF , 10 mM Tris-HCI, 50 mM NaCl, 10 mM MgCl,, 1| mM DTT, 0.08 mg/mL BSA, pH 7.9 was
incubated for 5 min on ice. The incorporation reaction was initiated by adding various
concentrations of each nucleotide triphosphate (listed in each figure legend) in buffer containing
10 mM Tris-HCI, 50 mM NaCl, 10 mM MgCl,, and 1 mM DTT, pH 7.9. For each reaction in the
RQF, 15 uL DNA-KF and 15 pL ANTP were loaded into the reaction loops, rapidly mixed and
incubated for the designated time before being quenched by 85 puL of 100 mM EDTA. The final
reaction concentrations were 5 nM primer/template DNA, 25 nM KF, dNTP (various
concentrations), 10 mM Tris-HCI, 50 mM NaCl, 10 mM MgCl,, 1 mM DTT, 0.04 mg/mL BSA,
pH 7.9. Gel loading buffer was added and the samples were analyzed by 16% denaturing PAGE

gel and imaged by phosphorimagery.

2.3.8 Data Analysis

KinTek Explorer software (KinTek Corporation, Austin, TX) was used to globally fit the

kinetic data.’™>' The data were iteratively fit until a best fit was obtained according to a specific
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enzyme model. Because binding of a canonical nucleotide triphosphate to a polymerase is
diffusion limited, k; was fixed at 150 uM'l s! for dGTP.” However, for the oxidized and
hyperoxidized nucleotide triphosphates 8-0xodGTP and dSpTP, k; was fixed at 10 pM™" s™" due to
their reduced binding.”' The lower and upper limits associated with each kinetic parameter were
defined using the FitSpace function of KinTek Explorer. The best fit curves and experimental data
were exported from KinTek Explorer and plotted in KaleidaGraph (Synergy software, Reading,

PA).

2.4 Results and Discussion

2.4.1 Qualitative Analysis of Incorporation of Spiroiminodihydantoin Nucleotide Triphosphate by

Klenow Fragment

(A) (C)
20mer - - 4+ = = dGTP
Primer: "5'-TGATAGCACTGATATACCGA - I I : i géﬁ;
Template: 3'-ACTATCGTGACTATATGGCTXTTGGGTACT-5' - - - 4+ - (S)-dSpTP
L >x-nc.corT ==y (R-aspTP
&&&& AL Bor . | — 27mer
(B) 52 8% dGTP 8-0x0dGTP (S)-dSpTP (R)-dSpTP
-
ey - - — 21mer
Primer | 4 - == -— e o soves -_— & |— 20mer

X= ACGT ACGT ACGT ACGT ACGT

Figure 2.4 (A) Sequence of primer and template strands. Primer was **P-radiolabeled at 5'-end as
indicated by the asterisk. (B) Primer extension on different template DNA (X = A, C, G or T) with
either dGTP, 8-0xodGTP, (S)-dSpTP, or (R)-dSpTP. The five lanes on the left in panel B are the
primer and the positive controls with correct nucleotide for each template DNA. (C) Primer
extension after the incorporation of dSpTP. See Experimental Procedures for reaction conditions.

In order to study incorporation of the hyperoxidized nucleotide triphosphate dSpTP into
DNA, templates were designed with either X = dA, dC, dG, or dT at the site of incorporation

(Figure 2.4A). The diastereomers of dSpTP were resolved and examined separately. Primer
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extension reactions were catalyzed by KF and were initiated by the addition of either dGTP, 8-

oxodGTP, (S)-dSpTP, or (R)-dSpTP. The results are shown in Figure 2.4B.

As expected, dGTP is incorporated exclusively opposite dC, and 8-oxodGTP is

incorporated opposite both dC and dA.* Both diastereomers of dSpTP are incorporated opposite

dC, with more incorporation observed for (S)-dSpTP relative to (R)-dSpTP. Notably, in order to

observe sufficient amounts of the extended primer product, the concentration of 8-oxodGTP was

250-fold greater than dGTP, and the concentration of the dSpTP diastereomers was 5,000-fold

greater than dGTP. The experiments were also performed with dSpTP that was prepared using a

different synthetic strategy (using 8-0xodGTP as the starting material*’ rather than dGTP), and the

same results were obtained (data not
shown). Obtaining the same results with
these different preparations of dSpTP
indicates  that  these  polymerase
incorporation results are not due to trace
contaminants of the dGTP starting
material that may remain after synthesis
and purification, but rather to dSpTP itself.
That the product observed in Figure 2.4B
corresponds to incorporation of (S)- and
(R)-dSpTP  rather than  potential
contaminating dGTP starting material is

further supported by the difference in the

[dGTP]

.
e T

1 2 3 4 5 6 7 8 9 10

Figure 2.5 Denaturing PAGE (22.5% acrylamide)
showing the migration difference of single
nucleotide incorporation product of adding either
dGTP or (S)-dSpTP. Lane 1: 20 mer primer; lane 2:
Single nucleotide incorporation product of adding
dGTP; Lane 3: Mixture of single nucleotide
incorporation products after incorporating either
dGTP or (S)-dSpTP; Lane 4: Single nucleotide
incorporation product of adding (S)-dSpTP; Lane 5-
9: Single nucleotide incorporation product of (S)-
dSpTP in the presence of increasing amount of
dGTP (the concentration of dGTP supplemented to
the (S)-dSpTP were 1.25 nM, 2.5 nM, 5 nM, 10 nM
and 20 nM, and the nucleotides were added as the
mixture to the pre-incubated DNA/KF complex);
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migration between the single nucleotide incorporation products when dGTP or our preparation of
dSpTP are added to the primer (Figure 2.5).

Having observed that both (S)-dSpTP and (R)-dSpTP can be incorporated into DNA from
the nucleotide pool, we next examined whether the polymerase can extend beyond dSpTP or if
incorporation of the hyperoxidized nucleotide would terminate replication. To avoid competition
between dSpTP and dGTP, the dGTP was excluded from the reactions. Both dATP and dCTP were
included and under these experimental conditions the full extension product would be a 27-mer.
As shown in Figure 2.4C, KF can extend past both diastereomers of dSpTP to yield the 27-mer
product, suggesting that if incorporated from the nucleotide pool the lesions are not absolute blocks
to replication. It is noteworthy that these qualitative experiments were performed using an excess
of polymerase, and that under conditions limiting in polymerase stalling at the lesion site could
occur.

In previous work, it was shown that when dSp is located in the template strand, KF
incorporates dATP and dGTP opposite the lesion both in vitro and in vivo.*” In fact, the correct
base dCTP is almost never incorporated opposite dSp, meaning that the lesion is nearly 100%
mutagenic if formed in genomic DNA. Based on these prior observations, we expected the dSpTP
diastereomers to be incorporated into templates that contain X = dA and dG. Consistent with this
logic, 8-0x0dG is paired with dA and dC regardless of whether the lesion is in the template or is
incorporated from the nucleotide pool. ** > *> Our observation that KF only incorporates the
dSpTP diastereomers opposite of dC in the template provides an intriguing example where a
polymerase exhibits a different preference based on whether the lesion is in the template or in the

nucleotide pool.
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It is of note that because the hyperoxidized lesion is a dG-derived lesion, the incorporation
of dSpTP opposite dC does not immediately represent a mutagenic event. However, in a
subsequent round of replication the hyperoxidized lesion will serve as the template and in this
context is known to be nearly 100% mutagenic. Thus, one could liken the NTP form of the
hyperoxidized lesion to a Trojan horse; the ANTP is incorporated into DNA by polymerase but
will not exhibit mutagenicity until a G — C or G — T mutation occurs in the next round of
replication.

It is possible to rationalize how a polymerase could use different base pairing for a lesion,
depending on whether the lesion serves as the template or is incorporated from the nucleotide pool.
Prior to making a covalent linkage between the primer and incoming nucleotide, a polymerase
probes the template nucleobase for favorable electrostatic interactions. It has been proposed that
for KF the electrostatic profile is a significant determinant in nucleotide selectivity.”
Interestingly, the B-ring of the lowest energy tautomer of the diastereomers of dSpTP* can form
two of the same hydrogen bonds as the Watson-Crick face of dGTP (using a lone pair on the
carbonyl and a hydrogen of the exocyclic amine) suggesting a means by which the hyperoxidized
lesion pairs with dC. Other tautomers of dSpTP (i.e., the imino tautomer or the amino unconjugated
tautomer™), although energetically less favorable, can form three hydrogen bonds with dC.
Furthermore, a nucleotide triphosphate in solution has more conformational freedom than a
nucleobase in a template strand because it is not confined by base stacking, base pairing, and
covalent attachment to the sugar-phosphate backbone. This conformational freedom could allow
incoming dSpTP to adopt the anti conformation and present the B-ring to base pair with dC in the
template. However, characterizations of dSp have shown that the A- and B-rings are perpendicular

to one another.”* Due to this structural constraint, when the lesion is located in the template, the
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A-ring of dSp could be presented for base pairing with an incoming nucleotide, which would
explain the lack of pairing with dCTP when the lesion is in the template. Indeed, a recent crystal
structure of (§)-dSp as the templating nucleobase in the active site of DNA polymerase 3 (pol )
reveals that the lesion is in the syn conformation and uses the A-ring as the base pairing face.”*
While the information is not yet available for Sp, crystal structures of primer/template-
polymerase-dNTP ternary complexes where dSp is either the templating base or dSpTP is the
incoming nucleotide would greatly inform our results. Previous ternary structures of pol § bound
to DNA containing 8-0xodG as the templating base or as the incoming 8-0xodGTP revealed the
molecular basis for different base pairing. When 8-oxodG served as the templating base, the lesion
was observed while base pairing with an incoming dCTP. Both 8-0xodG and dCTP were in the
anti conformation and Watson-Crick base pairing was observed.” In the ternary structure where
8-0x0dGTP was the incoming nucleotide the templating base was dA.>® While dA remained anti
the 8-0xodGTP was in the syn conformation. The syn conformation was stabilized by Hoogsteen
hydrogen-bonding with the templating dA. In other work with human DNA polymerase n, which
replicates a templating 8-oxodG in a nearly error-free manner, ternary complexes revealed that an
Arg residue from a finger domain prevents formation of the 8-oxodG:A mispair.”’ Similar
structural studies would reveal the molecular basis for why a templating dSp base pairs with dATP

and dGTP, whereas the nucleotide version dSpTP base pairs with a templating dC.

2.4.2 Kinetic Analyses of Nucleotide Triphosphate Incorporation
To evaluate the biological relevance of incorporation of dSpTP into DNA from the
nucleotide pool, we performed experiments to compare the kinetic parameters k,o and K4 of the

hyperoxidized nucleotide to dGTP and 8-0xodGTP. To avoid the complications that arise from
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multiple turnovers of a processive polymerase, i.¢e., the rate being dominated by dissociation of the
DNA-KF complex, the incorporation assays were performed under single-turnover conditions in
which [KF [>>[DNA]. Because single-turnover experiments using DNA polymerases occur
rapidly and are too fast to be mixed and quenched manually, we used a rapid quench flow (RQF)
apparatus for these experiments. Furthermore, because dGTP, 8-0xodGTP, (S)-dSpTP, and (R)-
dSpTP share the ability to be incorporated opposite C, the kinetic analyses were performed using
the template where X = dC.

Single nucleotide incorporation assays were performed using varying concentrations of
dNTP in order to examine the concentration dependence of the rate of incorporation and amplitude
of product formation. Under these conditions, the concentration dependence of the rate of
incorporation reports kyo and Kq kyor 1S the rate of the slowest step up to and including the
phosphoryl transfer step in which the nucleotide is covalently attached to the primer, and Ky is the
ground state nucleotide dissociation constant K4. The DNA and KF were pre-incubated prior to
initiating the reaction by addition of dNTP. In this manner, the measured Ky is for nucleotide
binding to the KF ‘DNA complex rather than binding of KF to the DNA. In this report, we use

kpol/K4 to define the nucleotide incorporation speciﬁcity.5 8

2.4.3 Single-Turnover Kinetic Analysis of dGTP and 8-oxodGTP Incorporation

As the canonical nucleotide to incorporate opposite dC, dGTP was employed as a control for
the incorporation experiments. A time course was performed at several dGTP concentrations and
the data were fit globally to the model shown in Figure 2.6A. In this model Ky is defined by &.,/k,
ky 1s kyol, and k3 1s release of pyrophosphate. For KF incorporating a canonical dNTP, it is

generally accepted that k,, includes a rate limiting conformational change™ that controls
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nucleotide specificity,” followed by phosphoryl transfer; however, other results suggest that the
phosphoryl transfer step might limit the rate.®' It is also known that for incorporation of canonical
nucleotides k3 is faster than k2.62 In our analysis, a Kq0f 0.8 pM and ko 0f 41 s define a specificity
constant kp.1/Kq (or k»/Kg) of 51 uM™ s for the incorporation of dGTP opposite dC (Table 2.1). It
is notable that the final amplitude of 21-mer product is the same at each concentration of dGTP

and the slope of the rise converge with increasing concentration (Figure 2.6C).
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Figure 2.6 Kinetic analysis of dGTP and 8-0xodGTP incorporation by KF . Enzyme model used
for (A) dGTP and (B) 8-0xodGTP. (C) Global fitting of incorporation of dGTP opposite of
template dC. The concentrations of dGTP are 0.5 uM (®), 1 uM (0), 10 uM (m), 50 uM (o), and

100 uM (N). (D) Global fitting of incorporation of 8-0xodGTP opposite of template dC. The

concentrations of 8-0xodGTP are 1 uM (e), 2 uM (0), 5 uM (m), 10 uM (o), and 50 uM (). The
curves superimposed with the experimental data were generated by KinTek Explorer fitting.
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These observations show that k;, is fast and there are no slower steps after incorporation to cause
incorporation to be reversible. Both of these conditions are accounted for in the model in Figure
2.6A.

In the case of 8-0xodGTP incorporation opposite of dC, the single-turnover plots at each
nucleotide concentration are noticeably biphasic (Figure 2.6D). Additionally, the amplitude is
dependent on nucleotide concentration suggesting that after incorporation there is a slow step that
allows phosphoryl transfer to be reversible. Indeed, similar results were obtained for the
incorporation of 8-0xodGTP opposite dC by the human mitochondrial DNA polymerase.* In
accordance with Hanes and co-workers,42 we accounted for the differences observed for
incorporation of 8-0xodGTP relative to dGTP by fitting the data to the model shown in Figure
2.6B, which allows for reversibility of the phosphoryl transfer. A K4 of 15.2 uM describes
nucleotide binding while the incorporation step has a forward rate (k2) of 0.45 s and a reverse rate
(k2) of 0.08 s™'. In contrast to canonical nucleotides, for modified nucleotides it is not known
whether &, is limited by the conformational change, but it has been shown that when KF
incorporates a mismatched nucleotide, the rate of phosphoryl transfer is not limited by the
preceding conformational change.®® Pyrophosphate release is indeed slower than incorporation and
occurs at a rate of 0.09 s'l, which allows k; to be reversible. Therefore, unlike for dGTP, kyo1 # ko.
When taking into account the slow pyrophosphate release, the k,0/Kq value (0.016 uM'l s, where
kpot = kaks/(k k) is slightly smaller than the k»/Ky (0.03 uM™ s™") for 8-0xodGTP. Interestingly,
it has been proposed that slow pyrophosphate release is an additional factor that limits
incorporation of 8-0xodGTP by mitochondrial polymerase.*

A 3-D confidence contours were provided for both dGTP and 8-0xodGTP kinetic analyses

by KinTek software, and the results showed the parameters are well-constrained for both
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nucleotides (Figure 2.7). This indicates that the experiments are well set up and the kinetic models

accurately represent how polymerase incorporates nucleotides.
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Figure 2.7. 3-D confidence contours for the rate constants determined by KinTek Global Explorer
for (A) dGTP and (B) 8-0xodGTP. For each case the search was carried out up to a sum of squares
error (SSE) that is 2-fold higher than the minimum SSE. The upper and lower limits of each
parameter were determined using an SSE threshold of 1.2. A red oval shape indicates the pairs of
parameters are well constrained. These well-constrained parameters can be compared to those for
the diastereomers of dSpTP shown in Figure 2.8D, E.

2.4.4 Single-Turnover Kinetic Analysis of dSpTP Incorporation

Compared to dGTP and 8-0xodGTP, experiments using the diastereomers of dSpTP required
significantly higher nucleotide triphosphate concentrations and extended incubation times to
observe a sufficient amount of product for analysis (Figure 2.8B, C). We also observed differences
in incorporation between the two dSpTP diastereomers. Specifically, the amount of product
accumulated after a particular reaction time for (S)-dSpTP is significantly greater than for (R)-

dSpTP at the same nucleotide concentration, consistent with the results of the
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qualitativeincorporation presented in Figure 2.4B. Global fitting of the data to the models in Figure
2.6A and 2.6B reveal that the data are described better by a model (Figure 2.8A) that allows
reversibility of the incorporation step (data not shown), similar to the results observed for 8-
oxodGTP. However, unlike what we observed for incorporation of dGTP or 8-0xodGTP, for the
diastereomers of dSpTP the parameters in the kinetic scheme were not well constrained (Figure
2.8D, E and Figure 2.7). As a consequence, we could not obtain individual quantitative values for
Kqand kp,. Because ko 1s limited by the amount of available DNA-KF ‘dNTP complex, poor
binding of the hyperoxidized nucleotide triphosphate to the DNA-KF complex likely causes the
lack of parameter constraint. Importantly, these data indicate that the K4 for both diastereomers of
dSpTP is greater than the nucleotide concentrations used here and these values are at least on the
millimolar scale. Even though 4., and k;, are not constrained and can vary across a wide range for
both diastereomers of dSpTP, analysis by KinTek Explorer FitSpace reveals there is a linear
correlation between &, and k., (Figure 2.8D, E). Since k, was fixed at 10 uM™" s™' during the fitting
(see Experimental Procedures), there is also a linear correlation between k; and Ky (Kq = k.1/k; =
k.1/10). Therefore we use k»/K4 to compare the incorporation specificities of the dNTPs used in
this study, rather than k,,1/K4. From the slope of FitSpace analysis k»/k.; (or k2/(10:Ky)), we defined
the incorporation specificity k»/Kq for (S)-dSpTP and (R)-dSpTP as 8:10* uM™ s and 6:10™ uM™

s, respectively.
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Figure 2.8 Kinetic analysis of ($)-dSpTP and (R)-dSpTP incorporation by KF . (A) Enzyme model
used for global fitting. (B) Global fitting of incorporation of (S)-dSpTP opposite of template dC.

(S)-dSpTP concentrations are 10 uM (@), 20 uM (o), 50 uM (m), 100 uM (), and 200 pM ().
(C) Global fitting of incorporation of (R)-dSpTP opposite of template dC. (R)-dSpTP
concentrations are 50 pM (), 100 uM (o), 200 uM (m), 400 uM (o), and 600 uM (N). The curves

superimposed with the experimental data were generated by KinTek Explorer fitting. FitSpace
analysis by KinTek Explorer showing the results of the initial excursions to map the boundaries of
a good fit for (D) (S)-dSpTP and (E) (R)-dSpTP.
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Our kinetic results demonstrate that KF exhibits a stereochemical preference and more
readily incorporates (S)-dSpTP over (R)-dSpTP. A general stereochemical preference for the (S)
diastereomer has been reported previously for several other DNA-processing enzymes. The
Burrows laboratory showed that KF was more efficient at inserting dATP opposite dSp1 relative
to dSp2, where the diastereomers were first described based on their order of elution from an anion
exchange HPLC column.** Subsequent studies revealed that dSp1 and dSp2 are (S)-dSp and (R)-
dSp, respectively.* * The Essigmann laboratory similarly showed that pol II and pol IV more
efficiently bypass dSp1 in vivo® and that the relative amount of G — C and G — T transversions
can vary for dSpl and dSp2 depending on the sequence context.”>>’ Furthermore, nuclease P1%°
and the BER glycosylase human NEIL1?* 3% *? also have a preference for the dSp1 configuration.
Molecular dynamics simulations showed that hNEIL1 makes better contacts with (S)-dSp in its

binding pocket, justifying the stereochemical preference of the enzyme.*®

2.4.5 Comparing the Kinetic Parameters for dGTP, 8-oxodGTP, (S)-dSpTP, and (R)-dSpTP

Our results show that the extent of oxidation of the dGTP-derived lesion is correlated with
its ability to be incorporated into DNA. The specificity of incorporation is highest for dGTP
opposite dC by KF . Compared to dGTP, the selection factors for incorporating 8-oxodGTP, (S)-
dSpTP, and (R)-dSpTP are 1,700-, 64,000- and 850,000-fold lower respectively (Table 2.1).
Notably, since pyrophosphate release is slow for 8-0xodGTP, (§)-dSpTP, and (R)-dSpTP, k,o/Kq

must be smaller than k»/K4, so these selection factors are lower limits for specificity.
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Table 2.1 Kinetic Parameters for the Incorporation of dNTPs Opposite Template dC.

Nucleotide Ky (uM) ky (s k,/K; (uM™'s")  selection factor”
dGTP 0.8 41 51 1
8-0xodGTP 152 0.45 0.030 1,700
(S)-dSpTP 1,700 1.4° 810" 64,000
(R)-dSpTP 7,000 0.45" 6:107 850,000

“Selection factor is the ratio of the specificity of incorporation (k,/K,) of dGTP relative to the AINTP
of interest.
Values are the lower bound provided by KinTek Explorer global fitting.

In order to provide a graphical
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guanine lesions we also analyzed our kinetic N 600
017 ]
data using traditional Michaelis-Menten
methods, in which the observed rate (kops) 18 Or . 1

0 200 400 600
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concentration (Figure 2.9). The slope of the | Figure 2.9 Analysis of dGTP (A), 8-0xodGTP (e),

(S)-dSpTP (o), and (R)-dSpTP (m) kinetic results

rise can be used to define incorporation | ysing Michaelis-Menten techniques where the

observed rates are plotted against nucleotide

specificity kpo/Ka. In fact, the kpo/Ka from | concentrations. Insert shows the difference between
dGTP and other three oxidized nucleotides.

plotted against nucleotide triphosphate

this Michaelis-Menten analysis (data not

shown) is comparable to the k,/K, obtained by global fitting. Clearly, the incorporation kinetics for
dGTP are significantly different from those of oxidized nucleotides (Figure 2.9 inset, open
triangles). For the lesion dNTPs, a rise in ko as a function of ANTP concentrations is observed for
8-0xodGTP and (S)-dSpTP, with 8-0xodGTP more steep than (S)-dSpTP. However, for (R)-
dSpTP, kops was extremely slow across the entire concentration range, and there was no obvious

dependence of the rate on nucleotide concentration. These results are entirely consistent with the
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quantitative parameters obtained by global fitting.

2.4.6 Biological Considerations

In addition to the kinetic parameters describing incorporation of lesion dNTPs, one must also
consider the action of enzymes responsible for cleansing the nucleotide pool. The importance of
removing 8-0xodGTP from the nucleotide pool is underscored by the fact that E. coli lacking
MutT, a phosphatase that converts 8-0xodGTP to 8-0xodGMP,* have a 100- to 10,000-fold higher
mutation rate compared to wild type E. coli.’” This dramatic increase in mutation rate in the
absence of MutT indicates that the nucleotide pool represents a biologically significant source of
8-0x0dGTP.** ® However, it has been demonstrated that the diastereomers of dSpTP are not good
substrates for MutT or other known MutT-type nucleotide pool sanitization enzymes in E. coli.”’
Therefore, preventing the incorporation of dSpTP into DNA may depend solely on the ability of a
polymerase to discriminate the hyperoxidized nucleotide triphosphate from dGTP. Indeed,
consistent with our kinetic results, in vivo studies demonstrate that introduction of dSpTP1 or
dSpTP2 into E. coli cells does not significantly increase the mutation frequency.”® This result is in
contrast to the high mutagenicity observed in E. coli when the Sp lesions are in the DNA
template.>" ** Our results suggest that the lack of mutagenicity of dSpTP is because the E. coli
cellular polymerases effectively discriminate the hyperoxidized nucleotides and do not use them
as building blocks during replication. It is notable, however, that although it is difficult to force
dSpTP into DNA from the nucleotide pool, if incorporation occurs, the lesion is a powerful source
of mutations. Indeed, the “Trojan horse” quality of dSpTP makes it an intriguing player in the field
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of lethal mutagenesis where a miscoding nucleotide is used as an antiviral agent to accelerate

viral mutation rates and drive a viral population to extinction. In order to be effective in this
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manner, however, the incorporation efficiency of dSpTP would likely need to be higher than that

observed for KF .

2.5 Conclusion

In this work, we used KF as a model polymerase. Similar incorporation efficiencies have
been observed for KF and some mammalian replicative polymerases incorporating 8-oxodGTP
into DNA,” although mammalian polymerases have a higher preference to incorporate 8-
0xodGTP opposite the correct dC instead of the mismatched dA template.” Therefore, we expect
the selection factor for mammalian polymerases incorporating the hyperoxidized dNTP to be even
more rigorous than KF and to prevent incorporation of dSpTP from the nucleotide pool.

As a final consideration the in vivo concentrations of (S)-dSpTP and (R)-dSpTP will also
influence the extent to which the hyperoxidized lesion can be incorporated into DNA. These values
remain to be determined but are most certainly well below the millimolar K4 values suggested by
our experiments. Thus, we conclude that while dSpTP can be described as a Trojan horse, the
specificity of cellular polymerase provides an effective defense against using the hyperoxidized
nucleotide as a building block during DNA replication, and that the dSp lesion is a much more

potent mutagen when it is formed in genomic DNA.
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3.1 Abstract

Expansion of a trinucleotide repeat (TNR) sequence is the molecular signature of several
neurological disorders. Formation of non-canonical structures by the TNR sequence is proposed
to contribute to the expansion mechanism. Furthermore, it is known that the propensity for
expansion increases with repeat length. In this work we use calorimetry to describe the
thermodynamic parameters (AH, TAS, and AG) of the non-canonical stem-loop hairpins formed
by the TNR sequences (CAG), and (CTG),, and also the canonical (CAG),/(CTG), duplexes, for
n = 6-14. Using a thermodynamic cycle, we calculated the same thermodynamic parameters
describing the process of converting from non-canonical stem-loop hairpins to canonical duplex.
In addition to these thermodynamic analyses, we used spectroscopic techniques to determine the
rate at which the non-canonical structures convert to duplex, and the activation enthalpy AH*
describing this process. We report that the thermodynamic parameters of unfolding the stem-loop
(CTG), and (CAG), hairpins, along with the thermodynamic and kinetic properties of hairpin to
duplex conversion, do not proportionally corresponding to the increase of length, but rather show

a unique pattern that depends on whether the sequence has an even or odd number of repeats.
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3.2 Introduction

Trinucleotide repeat (TNR) expansion has been identified as the molecular basis for
numerous neurodegenerative disorders including Friedrich’s ataxia, Myotonic dystrophy,
Spinocerebellar ataxias, Fragile X syndrome, Kennedy’s disease, and Huntington’s disease (HD)."”
* For example, HD is caused by the expansion of a (CAG),/(CTG), TNR sequence in exon 1 of the
huntingtin gene. Healthy individuals have fewer than 35 repeats; 36-39 repeats is a pre-mutation
range which can expand further upon transmission to offspring; and the disease state is
characterized by 40 or more repeats.’

Although the mechanism(s) of TNR expansion are still not fully understood, DNA
replication- and DNA repair-dependent mechanisms have been proposed.’ In both instances,
formation of non-canonical secondary structures, such as stem-loop hairpins, is proposed to
contribute to the expansion mechanism. In a replication-dependent expansion, stem-loop hairpin

1°7 or a replication-restart model.*’ In a

formation is proposed in a polymerase-slippage mode
repair-dependent event, such as repair of the oxidative DNA lesion 8-0x0-7,8-dihydroguanine (8-
0x0G),'""" stem-loop hairpins are formed and can be ligated into DNA, which leads to the
expansion.'” In either replication- or repair-dependent expansion, the thermodynamic and kinetic
stabilities of the TNR stem-loop hairpins are crucial factors. Expansion is expected when these
stem-loop hairpins are stable and persist on a biologically-relevant timescale. In contrast, if the
stem-loop hairpins convert to canonical duplex with the complementary DNA, expansion is not
expected to occur.

Previous spectroscopic and calorimetric studies of TNR stem-loop hairpins revealed that

the thermodynamic stability of these structures depends on both the TNR sequence and the number

of repeats.” " Notably, a common procedure in these prior studies was to examine DNA substrates
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in which the number of TNR repeats was incrementally increased by 5 or 10. While this
methodology allows for a large range in the number of TNR repeats, these studies lack the
resolution to observe differences that might occur with smaller changes in repeat number.

For this reason, we previously examined the stability of a series of (CTG), stem-loop
hairpins in which the size of the hairpin was varied in increments of one repeat (within the range
n = 6-14)."° Using spectroscopic techniques and van’t Hoff analysis, we observed a pattern
whereby the enthalpic stability (AH) of the (CTG), stem-loop hairpins generally increases with
repeat number; however, instead of increasing linearly with the number of repeats, an apparent
stepping is observed. Indeed, AH is comparable for the pairs of stem-loop hairpins when n = even
and n = odd (throughout this manuscript “odd” is defined as “even + 1”°). Notably, a plateau in AH
was observed with greater than 10 repeats due to the failure of the melting transition to follow a
two-state model.'® Instead of melting directly from stem-loop hairpin to an unstructured form, the
DNA exists as a population of structural intermediates throughout the melting transition. Indeed,
a limitation of van’t Hoff analysis is the required assumption that the melting transition follows a
two-state model. In addition to determining AH, our previous structural and biophysical studies
showed that when n = odd one repeat overhangs the end of the stem.'® The presence of this
overhang shortens the lifetime of the non-canonical structure and facilitates conversion to the
canonical CAG/CTG duplex.

To circumvent the limitation of the model-dependent van’t Hoff analysis used in our
previous study, in this work we used differential scanning calorimetry (DSC) to characterize the
thermodynamic properties of (CTG), stem-loop hairpins (n = 6-14). In addition, we also studied
the complementary (CAG), stem-loop hairpins (n = 6-14). DSC allows for direct measurement of

the heat supplied to or released from a system during a melting transition and provides a model-
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independent measure of the thermodynamic properties of the stem-loop hairpins.'”'® Furthermore,
in this work we also define the thermodynamic properties of the canonical (CAG),/(CTG), duplex
and the conversion from non-canonical stem-loop hairpins to canonical duplex. In addition to these
thermodynamic analyses, we performed kinetic studies to determine the rates at which
complementary (CAG), and (CTG), stem-loop hairpins convert to canonical (CAG),/(CTG),
duplexes, as well as the activation enthalpies (AH*). We find that the rate of conversion to
canonical duplex is significantly faster when n is odd due to a lower AH*. Taken together, our data
provide a thermodynamic and kinetic description of the non-canonical hairpin structures involved
in the proposed expansion mechanisms. Furthermore, our data can be related to the clinically
observed phenomenon that the propensity for expansion to occur increases with repeat length, and
suggest that the TNR expansion caused by formation of non-canonical structures is driven by

kinetic factors rather than thermodynamics.

3.3 Experimental Procedure

3.3.1 Oligonucleotide Synthesis and Purification

All oligonucleotides were synthesized using standard phosphoramidite chemistry with a
BioAutomation MerMade 4 DNA/RNA synthesizer. Oligonucleotides were purified using a
Dynamax Microsorb C18 reverse phase HPLC column (10 x 250 mm) according to published
procedures.'” Oligonucleotide concentrations were determined at 90 °C using the molar extinction
coefficient estimated for single-stranded DNA® using a Beckman Coulter DU800 UV-visible
spectrophotometer equipped with a Peltier thermoelectric device. The identity of the

oligonucleotides was confirmed by electrospray ionization mass spectrometry.
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3.3.2 Differential Scanning Calorimetry (DSC) Analysis

Calorimetric experiments were performed using a TA Instruments Nano DSC III. The
(CTG), sequences were at concentrations of 50 uM and the (CAG), sequences were at

concentrations of 100 uM. All oligonucleotides were suspended in 20 mM sodium phosphate, 100
mM NaCl, pH 7.0. Both the oligonucleotide samples and reference buffer sample were degassed
in vacuo for 15 min at 25 °C before analysis. All data were recorded with TA Instrument Nano
DSCRun software version 4.2.6. Data were obtained by continuously monitoring the excess power
required to maintain both sample cell and reference cell at the same temperature. The samples were
heated from 0 °C to 105 °C followed by cooling from 105 °C to 0 °C, both at 1.0 °C/min. The
sample equilibrated for 10 min at 0 and 105 °C between each cooling and heating cycle,
respectively. The resulting thermograms display excess heat capacity as a function of temperature.
A total of 12 thermograms were obtained for each DNA sequence. A buffer reference was analyzed
using the same procedure described above and the thermograms were corrected using this
background. Further analyses were performed on TA NanoAnalyze software version 3.5.1 and
thermodynamic parameters were obtained from the forward scans. The thermograms were
normalized for concentration and a baseline correction was performed using a 5" order polynomial
baseline (Figure 3.1). The AH was obtained by integrating the area under the thermogram curve.
The melting temperature was determined as the T,,, of each transition. In cases where there is

overlap between the lower and higher temperature transitions, the data were deconvoluted using

Origin software to determine AH for the transition of interest (Figure 3.2).
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Figure 3.1 Representative example (CTG)y of creating 5 order polynomial baseline for
overlapped transitions. (A) Three points were placed either prior or post the transitions on the
concentration normalized thermogram after buffer scan subtraction. (B) The obtained thermogram

after baseline correction.
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Deconvolution Method peak-1 AH  peak-2 AH peak-3 AH Total AH

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
2-peak deconvolution (A) 11.9 46.2 / 58.1
3-peak deconvolution (B) 5.3 7.2 44.2 56.7

Figure 3.2 Example for (CTG)y of deconvolution of overlapped transitions. (A) Experimental data
was deconvoluted into two peaks. (B) Experimental data was deconvoluted into 3 peaks. (C)
Summary of AH using either 2 or 3 peaks in deconvolution. Analysis was carried out assuming the
low transition is homoduplex to hairpin transition described in Results and Discussion.
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A flash-cooling experiment was also performed for (CTG),. The sample was heated to 90
°C for 5 min and immediately place in an ice/water bath for at least 30 min before loading into the

DSC sample cell, which was pre-equilibrated at 4 °C.

3.3.3 Native Polyacrylamide Gel Electrophoresis

Following analysis by DSC, the samples were retrieved and 15 pL of each sample was
added to 30,000 cpm of the corresponding dried radiolabeled oligonucleotide. In all cases, the
amount of radiolabeled DNA is less than 5 pmol and the change in concentration is neglible. The
samples were heated at 105 °C for 15 min and then the temperature was decreased at a rate of 1
°C/min to the final temperature of 10 °C. Fifteen pL of native loading dye (15 % Ficoll, 0.25 %
bromophenol blue and 0.25 % xylene cyanol) were added and 3,000 cpm of each sample was
resolved by 12 % native polyacrylamide gel electrophoresis (PAGE), where the gel was pre-run at
100 V at 4 °C for at least 1 h, and the gel was run at 35 V at 4 °C for 12 h and visualized by

Phosphorimagery.

3.3.4 Kinetics of Hairpin to Duplex Conversion

The (CTG), and (CAG), oligonucleotides (2 uM each) were separately incubated at 37 °C
for 20 min followed by mixing of 162 pL of each oligonucleotide. Using a Beckman Coulter
DU800 UV-visible spectrophotometer the absorbance at 260 nm was monitored as a function of
time while the sample temperature was maintained at 37 °C. Data were collected until the
absorbance remained constant for at least 10 min. The absorbance values were normalized such
that the Y-axis represents the fraction of hairpin remaining.”' The data were fit with KaleidaGraph

software to a second-order equation® that describes the rate of duplex formation from two
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equimolar complementary hairpins with a 15 s time correction® to account for the time lag between

mixing the two oligonucleotides and beginning to monitor the absorbance.

I = IO gduplex + (1 _ gduplex )( I()
€ere tEcac Ecro tEcag 1+ 1 (Ecrg +Ecag k(1 —15)

) ey

where I is the absorbance at any time point, /; is the absorbance at the start of the reaction, &,,,.,
Ecrc and &, are the €, for the CAG/CTG duplex, CTG and CAG hairpins, respectively, & is the
rate constant, and ¢ is the reaction time in seconds. At least 5 replicate experiments were performed
for each hairpin to duplex conversion and a representative graph of hairpin fraction remaining
versus time is provided.

The activation enthalpy (AH*) describing hairpin to duplex conversion can be determined
by performing the same experiment described above at multiple temperatures, where all of the
temperatures are below the melting temperature of the hairpin. For these experiments the (CTG),
and (CAQG), oligonucleotides were diluted to the same concentration such that after mixing of the
complementary sequences, the final UV-visible absorbance was ~0.3-0.4 (~1-2 uM). The resulting
data were fit using the Eyring equation to determine AH* ***

i ¥
k__AH" |1, kg AS® 2)
T R T h R

where k is the rate constant, 7 is the absolute temperature, R is the gas constant, & is the Boltzmann
constant, / is Planck’s constant, and AH* and AS* are the activation enthalpy and activation entropy,

respectively.

3.4 Results and Discussion

In this work we used a series of (CAQG), and (CTG), DNA oligonucleotides where n = 6-

14 to provide a comprehensive calorimetric and thermodynamic analysis of: (1) the stability of
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non-canonical stem-loop hairpins formed by the single-stranded oligonucleotides, (2) the stability
of canonical (CAG),/(CTG), duplexes, and (3) the factors affecting the conversion of the non-
canonical structures to canonical duplex. In addition, we performed a spectroscopy-based kinetic
analysis of the rates at which the non-canonical stem-loop hairpins convert to canonical duplexes

and report AH* for this process.

3.4.1 DSC Characterization of (CAG), and (CTG), Stem-Loop Hairpins

Using DSC we obtained thermograms characterizing the melting of the (CTG), and
(CAG), samples under physiologically relevant salt conditions (Figure 3.3). In the thermograms
excess heat capacity is plotted as a function of temperature. As seen for the (CTG), sequences
(Figure 3.3A), when n = 6-14, a transition centered at ~65 °C is observed in each thermogram,;
furthermore, whenn=6, 7, 8,9, 11, or 13, a second transition is observed and is centered at 25-
45 °C. In contrast, when n = 10, 12, or 14 this lower temperature transition is not observed. Similar
behavior is observed for the (CAG), sequence when n = 6-14 (Figure 3.3B). When n = 6-14, all
thermograms for (CAQG), display a transition centered at ~65 °C, and only whenn =29, 11, or 13,
a lower temperature transition is observed and is centered at 15-25 °C. Although previous studies
only reported single transition for (CTG), or (CAG), hairpins of similar length," these work did
not include repeat number of n = 7 and 9, where the lower temperature transitions are most

prevalent in our study.
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Figure 3.3 DSC thermograms for (A) (CTG), and (B) (CAG), sequences where n = 6-14.
Conditions are 50 uM (CTG), or 100 pM (CAG), in 20 mM sodium phosphate, 100 mM NaCl,
pH 7.0.

3.4.2 Electrophoretic Mobility of (CAG), and (CTG), by Native PAGE

To determine whether the two transitions observed by DSC are due to the melting of two
different structures, we performed native PAGE analysis for both (CAG), and (CTG), (Figure 3.4).
For (CTG), two distinct species (labeled species A and B) are observed when n is odd and the
relative intensity of the two species varies depending on n (Figure 3.4A). While species B is
prevalent when n is odd, it is much less prevalent when n is even. Similar results were reported
previously for (CTG), when n = 2-10.%° For (CAG), we observe only one species by native PAGE,

except n = 13 when two species are observed (Figure 3.4B).
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Figure 3.4 Native PAGE gel for (A) (CTG), sequences (n = 6-14) at 50 uM; (B) (CAG), sequences
(n =6-14) at 100 uM. In all cases DNA was in 20 mM sodium phosphate, 100 mM NaCl, pH 7.0.

Using (CTG); as a representative sample, the electrophoretic mobility of species A and B
were compared to authentic standards. Native PAGE reveals that species A of (CTG); co-migrates
with a (CTG); stem-loop hairpin control while species B co-migrates with a (CTG)7/(CAG);
heteroduplex control (Figure 3.5). As described previously by Lam, we assign species B as
(CTG)7/(CTG)7 homoduplex due to its slower electrophoretic mobility relative to (CTG); stem-
loop hairpin.?® Further analysis showed that the amount of homoduplex increases as a function of
both oligonucleotide and salt concentration (Figure 3.5). It is noteworthy that using a flash-cooling
annealing procedure prior to native PAGE or DSC, a process which is expected to trap any
kinetically favored species, did not influence the amount of stem-loop hairpin or homoduplex (data

not shown). Consistent with this result, previous studies using the dimerization initiation site of
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HIV-1 genomic RNA showed that concentration of the RNA, rather than the annealing procedure,

is the major parameter dictating stem-loop hairpin formation.”’

buffer condition
20 mM potassium phosphate, pH 7.2
C1 C2 + 0 mM KCI +100 mM KCI

- —_ W e W W W homoduplex

- ‘ ' ' ' ' ' - " . hairpin

1 15 30 50 100 1 15 30 50 100

oligonucleotide concentration (uM)
Figure 3.5 Native PAGE characterization of (CTG); under various oligonucleotide concentration
and buffer conditions. C1: (CTG)7 hairpin control; C2: (CTG)7/(CAG); duplex control. (CTG); at
various concentrations (1, 15, 30, 50 and 100 uM) were annealed in 20 mM potassium phosphate
buffer, pH 7.2 with either no additional KCI or with 100 mM KCI .

Previous work from our'® and other laboratories'*'>?' has shown that (CTG), and (CAG),
stem-loop hairpins show very little change in melting temperature (T,,) as a function of length. A
lack of dependence on length is also seen for the higher temperature transitions in DSC; this
observation suggests that the transitions centered at ~65 °C are due to the melting of the stem-loop
hairpins. Thus, the length-dependent transitions at lower temperature are ascribed to melting of
homoduplexes. Shown in Table 3.1 are the T, values obtained by DSC for the homoduplexes and
stem-loop hairpins. For the (CTG), sequences the T, values of the stem-loop hairpins vary from
62.8-69.2 °C. The T}, values for the homoduplexes increase with n over a range of ~26-45 °C. For
the (CAG), sequences there is very little variation in the T, of the stem-loop hairpins when n = 6-
14; the average Ty, is 64.3 °C. The T, for (CAG), homoduplexes increase as a function of length

over a range of ~16-25 °C.
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Table 3.1 DSC-Derived Melting Temperatures and Thermodynamic Parameters for
(CTG), and (CAG), Stem-Loop Hairpins."*

Sequence T, Hairpin T, Homoduplex AH TAS”’ AG’
°O) O (kcal mol")  (kcal mol") (kcal mol™)
(CTG), 654 27.8 224 +£0.7 204 +0.6 19+0.2
(CTG), 66.1 32.0 24923 228 £2.1 2102
(CTG), 67.3 - 48114 437 +1.2 43+0.1
(CTG), 67.7 38.7 45010 409+09 4.1+£0.1
(CTQG),, 68.2 - 67.7+1.8 61416 62+0.1
(CTG),, 68.5 420 64.7+12 58609 6.0+0.1
(CTG),, 68.8 - 86425 784 +£22 8002
(CTQG),5 70.1 45.1 82.1+£1.0 74109 79x0.1
(CTG),, 70.0 - 108 £ 1 97306 104 £0.1
(CAQG), 64.3 - 142 +0.6 13105 1.1£0.1
(CAQG), 64.1 - 151+1.1 13910 12+0.1
(CAQG), 63.9 - 25606 23506 2.1x0.1
(CAQG), 65.2 16.4 25027 229+24 2103
(CAQG),, 64.1 - 374 £ 1.1 344+09 3.0+0.1
(CAG), 64.3 21.6 38.6+3.0 35328 3203
(CAG), 64.0 - 50113 459+1.2 40=x0.1
(CAQG); 65.0 24.5 49815 456 +1.2 42 +0.1
(CAG),, 64.1 - 62614 57.7+12 5.1x0.1

"In 20 mM sodium phosphate, 100 mM NaCl, pH 7.0.
* Errors represent standard deviation from the analysis of three scans of a single sample

preparation.

* Values at 37 °C.

3.4.3 Determining the Nature of Homoduplex Melting

Here we are particularly interested in the thermodynamic parameters describing melting of
the stem-loop hairpins, which are the transitions centered at ~65 °C. While the thermodynamic
parameters of the homoduplex are not our focus per se, the nature of homoduplex melting could
affect our analysis of the transition centered at ~65 °C. In order to determine thermodynamic
parameters from a DSC thermogram, the concentration of the species undergoing the melting
transition must be known. We envision two possible scenarios to describe homoduplex melting:
(1) the homoduplex melts and each strand forms a stem-loop hairpin; the stem-loop hairpins

subsequently melt to unstructured single-stranded DNA at the transition centered at ~65 °C, or (2)
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the homoduplex melts directly to unstructured single-stranded DNA. If scenario 1 is followed, the
transition at ~65 °C would correspond to melting of the entire or majority population of DNA in
the sample (depending on the extent of overlapping between the two transitions). In contrast, if
scenario 2 is followed and the homoduplex melts directly to unstructured single-stranded DNA,
the transition at ~65 °C would not involve the entire population but rather the hairpin fraction of

the entire DNA population as determined by native gel electrophoresis.

A (CTG)g (CTG)q B
C1  C2 25uM 142uM 28uM 44uM 151uM (CTG), prep-1 prep-2  prep-3
» - " 9 Total Conc. (uM) 28 44 151
P— Homoduplex %" 32 37 52
» - » ® Hairpin % ' 68 63 48
C
Scenario-1 Scenario-2
(CTG), Total Conc. (uM) 28 44 151 28 44 151
- 2 19 28 72
(CTG)y hairpin Conc. (uM) 28 44 151 (28x68%) (44x63%) (151x48%)
AH (kcal/mol) ° 45 45 49 66 74 104

Figure 3.6 (A) Native PAGE analysis of (CTG)s and (CTG)y at different concentrations with
(CTG)sg hairpin control (C1) and (CAG)s/(CTG)s heteroduplex control (C2) and (B) Quantitation
of homoduplex and hairpin in (CTG), at different concentrations. (C) Analysis of AH based on the
two scenarios provided below.

! Percentage calculated based on the native gel in Figure 3.6A

? Concentration corresponds to the amount of hairpin melt in higher temperature transition.

3 The AH of stem-loop hairpin melting calculated based on two scenarios for (CTG)o

To determine the nature of homoduplex melting we performed DSC and native PAGE
experiments as a function of concentration for (CTG)y (Figure 3.6). Native PAGE was used to
obtain the percentage of stem-loop hairpin and homoduplex present at each concentration (Figure
3.6B). Since both the percentages of stem-loop hairpin and homoduplex are concentration-

dependent, based on the amount of stem-loop hairpin and homoduplex, we obtained values for AH
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corresponding to stem-loop hairpin melting using the DSC thermograms and assuming either
scenario 1 (Figure 3.6C) or scenario 2 (Figure 3.6D). It is known that AH for stem-loop hairpin
melting would be independent of concentration,”® which is the data we obtain using scenario 1 is
followed; thus, we conclude that scenario 1 is followed and the homoduplex melts and each strand
forms a stem-loop hairpin. Therefore, the remaining DSC thermograms were analyzed assuming
that the transition at ~65 °C corresponds to melting of a stem-loop hairpin for the entire population

of DNA.

3.4.4 Analysis of DSC Thermograms for (CAG), and (CTG), Stem-Loop Hairpins

The assignment of the two thermal transitions in DSC allows us to further analyze the
thermodynamic parameters for unfolding of (CAG), and (CTG), stem-loop hairpins. It is
straightforward to analyze thermodynamic parameters for samples with only a single transition or
with two well-separated transitions. For samples with overlapped transitions in the thermograms,
it is best to deconvolute the experimental data into three transitions (Figure 3.2). Notably, AH for
the hairpin to unstructured transition remains the same regardless of the number of transitions used
during the deconvolution (Figure 3.2). Based on the deconvolution results, it is clear that for
samples with overlapped transitions, all of the homoduplex has been converted to hairpin before
the Ty, of the hairpin itself, so the higher temperature transition contains the entire concentration
of DNA and simplifies the analysis of thermodynamic parameters. The thermodynamic parameters
describing the transition from stem-loop hairpin to unstructured single strand are summarized in
Table 3.1. Notably, the reported values describe the process of melting from stem-loop hairpin to
unstructured single strand and AH, TAS, and AG are all positive values. We observe that when n

is the same, the (CTG), stem-loop hairpins are enthalpically (AH) stabilized and entropically (TAS)
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destabilized relative to the (CAG), stem-loop hairpins, as the values for AH and TAS are greater
for the (CTG), stem-loop hairpins. It can also be seen that (CTG), stem-loop hairpins with n =
even have similar thermodynamic parameters, as when n = odd [i.e., (CTG)s and (CTG); have
similar thermodynamic parameters, as do (CTG)s and (CTG)y, (CTG);9 and (CTG);;, and (CTG),
and (CTQG);3] (Figure 3.7). The same pattern is observed for the (CAG), stem-loop hairpins (Figure
3). Finally, while n = even and n = odd hairpins have similar thermodynamic parameters, there is

an overall increase in AH, AS, and AG as a function of repeat length across the series n = 6-14.

—e— (CTG),/(CAG), duplex
300 —& (CTG), hairpin i
—&— (CAG),, hairpin
3
£ 200 7
®
o
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Repeat Number (n)

Figure 3.7 Enthalpy change (AH) for stem-loop hairpin (CTG), or (CAG), and duplex
(CTG),/(CAG), (n = 6-14) to unstructured single-stranded DNA transition.

In order to confirm the validity of our analysis of the thermograms containing overlapping
transitions, we also looked for experimental conditions where no homoduplex was observed. It is
known that at low concentrations, (CAG), and (CTG), will form intramolecular stem-loop hairpins
exclusively, as confirmed by the hairpin control in our native gel (Figure 3.3). We also found that
the homoduplex population was decreased in low salt buffer conditions. Therefore, we repeated
the calorimetry experiments for (CAG), and (CTG), under conditions where no significant amount

of homoduplex is detected by native gel electrophoresis (20 mM potassium phosphate, pH 7.2)
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(Figure 3.8). As expected, we only observed a single transition for all samples, while the even/odd
pattern remains as indicated by the almost superimposed thermograms for the even and odd
number of hairpins (Figure 3.9, 3.10). Due to the reduced salt concentration, both the T, and AH
values derived from the stem-loop hairpin to unstructured transitions decrease compared to

previous analyses (Table 3.2).

A (CTG), B (CAG),
n=6 7 8 9 10 11 12 13 14 n=6 7 8 9 10 11 12 13 14
— - - ---
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Figure 3.8 Native PAGE characterization of (A) (CTG), and (B) (CAG), (n = 6-14). The
concentrations for (CTG), are 15 uM and 30 uM for (CAG),. Buffer conditions are: 20 mM
potassium phosphate, pH 7.2
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Figure 3.9 DSC thermograms of (CTG), (n = 6-14) hairpin after buffer scan subtraction (A) and
after both buffer scan subtraction and baseline correction (B). All oligonucleotide concentrations

are 15 uM. Buffer conditions are: 20 mM potassium phosphate, pH 7.2
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Figure 3.10 DSC thermograms of (CAG), (n = 6-14) hairpin after buffer scan subtraction (A) and
after both buffer scan subtraction and baseline correction (B). All oligonucleotide concentrations
are 30 uM. Buffer conditions are: 20 mM potassium phosphate, pH 7.2.

Table 3.2 DSC-Derived Melting Temperatures and Thermodynamic Parameters for
(CTG), and (CAG), Stem-Loop Hairpins under low salt conditions."*
Sequence Ty, Hairpin (°C) A H (kcalmol) TAS? (kcal mol™)

A G * (kcal mol™)

(CTG)s 56.1 18.5+0.8 17.5+0.7 1.1£0.1
(CTG), 53.9 200+ 1.2 19.0+1.1 1.0+0.1
(CTG)s 58.7 351+ 1.9 32.8+1.8 23+0.1
(CTG)o 58.3 37.0+3.3 34.6+3.0 2.4+0.3
(CTG)1o 59.2 50.6 +3.3 472+3.1 34402
(CTG)y 59.8 52.1+3.0 48.5+2.8 34402
(CTG), 60.6 68.6+2.3 63.7+2.1 49402
(CTG)1 60.4 69.1+4.3 64.2+3.9 49403
(CTG)14 60.6 853+1.7 793+ 1.5 6.1+0.2
(CAG)s 59.0 76+1.0 71409 0.5+0.1
(CAG), 56.6 56+0.3 52404 03+0.1
(CAG)s 55.7 152+ 0.4 143+0.5 0.9+0.1
(CAG)s 55.3 12.6+1.0 11.9+1.0 0.7+0.1
(CAG)1o 54.2 22.3+0.4 211403 1240.1
(CAG);; 54.2 21.5+02 20.4+0.1 1.1+0.1
(CAG), 54.1 341413 324412 1.8+0.1
(CAG)13 543 36.8+ 1.5 349413 2.0+0.1
(CAG) 14 54.8 42.6+1.5 403+ 13 23402

"In 20 mM potassium phosphate, pH 7.2.

? Errors represent standard deviation from the analysis of three scans of a single sample preparation.
3 Values at 37 °C.
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Both sets of the calorimetry results suggest that the change in AH for hairpin melting is not
only proportional to the number of CAG or CTG repeats, but also depends on whether the number
is even or odd. Although the low salt conditions used in this experiment are less biologically
relevant compared to the experiments described above, the results provide support for our analysis
of thermograms with overlapping transitions.

Our results show that (CTG), stem-loop hairpins are enthalpically and thermodynamically
more stable than the (CAG), stem-loop hairpins with the same number of repeats. The notable
difference between these stem-loop hairpins is the presence of T*T or A®A mismatches in the stem.
Mitas has shown that the T*T mismatches in (CTG), stem-loop hairpins are well stacked and can
form two hydrogen bonds, while the A®A mismatches in (CAG), are less well stacked, and no
hydrogen bonds are formed in the mismatch.”” Furthermore, Arnold and co-workers showed by
'H-NMR that in canonical duplex, the adenines in an A®A mismatch are tilted and pushed apart to
avoid overlap of the exocyclic amino groups.” In contrast, the T*T mismatch results in little
distortion of the bases or sugar-phosphate backbone. Both of these observations are consistent with

the increased stability of (CTG), stem-loop hairpins relative to the corresponding (CAG), hairpins.

3.4.5 Thermodynamics of Stem-Loop Hairpin to Duplex Conversion

In addition to the thermodynamic characterization of the (CAG), and (CTG), stem-loop
hairpins, we are interested in the thermodynamic parameters describing conversion of the non-
canonical stem-loop hairpins to canonical duplex when the two complementary hairpins are
combined. However, the DSC experiments do not allow us to monitor the process directly; a
significant amount of the stem-loop hairpins convert to duplex during the dead time of the

experiment. Instead, thermodynamic parameters for the stem-loop hairpin to duplex conversion
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process were calculated using a thermodynamic cycle, a procedure which was validated previously
by Breslauer and co-workers for Q-DNA structures.’’ In order to utilize this cycle, the
thermodynamic parameters for melting of (CAG),/(CTG), duplexes are required, and these values
were determined by DSC. The thermograms for (CAG),/(CTG), duplexes all show a single
transition where the Ty, and AH increase as a function of length (Figure 3.7) as compared to the
stepwise increase of (CTG), and (CAG), hairpins. Indeed, a linear increase with repeat length is
observed for all the thermodynamic parameters (AH, TAS, and AG) as expected for duplexes of

increasing length (Figure 3.11, Table 3.3).
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Temperature (°C) (CTG),/(CAG),
Figure 3.11 DSC thermograms of (A) (CTG),/(CAG), (n = 6-14) duplex after both buffer scan
subtraction and baseline correction. (B) Thermodynamic parameters obtained from duplex to

unstructured single-stranded DNA transitions. Sample concentrations are 12.5 uM in duplex form.
Buffer conditions are: 20 mM sodium phosphate, 100 mM NaCl, pH 7.0.
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Table 3.3 DSC-Derived Melting Temperatures and Thermodynamic Parameters for
(CAG),/(CTG), Duplexes."?

n Tm (°C) AH (kcalmol) TAS? (kcalmol) AG? (kcal mol™)
6 77.8 96.0 + 3.1 84.7+2.7 11.2+03
7 81.1 126 + 1 110+ 1 15.8+0.2
8 83.8 154 +2 131 +£2 20.3+0.2
9 85.6 183 +£2 158 +2 24.9+0.4
10 86.7 221+5 190 + 3 31.0+1.5
11 88.2 239+ 1 204 + 1 35.1+22
12 90.1 274+ 6 234+5 402+ 1
13 90.3 295+5 252+4 43.4+0.7
14 91.0 324 +8 276 +7 482 +1.2

"In 20 mM sodium phosphate, 100 mM NaCl, pH 7.0.
? Errors represent standard deviation from the analysis of three scans of a single sample preparation.

3 Values at 37 °C.

A thermodynamic cycle was used to calculate the thermodynamic parameters describing
the stem-loop hairpin to duplex conversion (Table 3.4, Figure 3.12). It is noteworthy that the values
for AH, TAS, and AG are all negative, indicating the process is enthalpically and
thermodynamically favored but entropically disfavored. Importantly, both AH and TAS display an
oscillating pattern across the range of sequence lengths; when n = odd the values are more negative
than when n = even. This observation can be rationalized by structural differences in the stem-loop
hairpins. When n = odd, one repeat overhangs the end of the stem, and this overhang provides
three additional base pairs and additional base stacking when duplex is formed. However, this
enthalpic stabilization is not expected for stem-loop hairpins when n = even; in the latter case, the
stem has a blunt end with no overhang. Nevertheless, for all values of n, the AH term is always
more negative than TAS. Thus, the process of stem-loop hairpin to duplex conversion is
enthalpically driven. Converting the mismatches in the stem and the unpaired bases in the loop to
well-matched base pairs in duplex provides the enthalpic driving force. The values for AG also

show an oscillating pattern depending on whether n = even or n = odd, although the difference is
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much less pronounced than for AH and TAS. Importantly, as n increases, the duplex is increasingly

more thermodynamically stable than the stem-loop hairpins.

Table 3.4 Thermodynamic Parameters for

Conversion of (CAG), and (CTG), Stem-Loop

Hairpins to (CAG),/(CTG), Duplex."*

AH TAS? AG?
! (kcal mol™")  (kcal mol')  (kcal mol™)
6 -594+32 -512+28 -82+04
7 -860+£28 -73.6x25 -124+03
8 -80.7+23 -667x2.1 -139+02
9 -113+4 945+32 -187x05
10 -116 £5 940+39 -218=x15
11 -135+3 -109 +3 259+22
12 -138 +7 -109 £ 6 28.1+1.0
13 -163£5 -132+£5 -313+0.7
14 -154 £ 8 -121+7 327+1.2

" In 20 mM sodium phosphate, 100 mM NaCl, pH 7.0.
? Errors represent standard deviation from the analysis

of three scans of a single sample preparation.
* Values at 37 °C.
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Figure 3.12 Thermodynamic parameters for
conversion of stem-loop hairpins to duplex
calculated via a thermodynamic cycle. Entropy
(TAS) and free energy (AG) were determined at
37 °C.

In light of our observation that the canonical duplex is increasingly thermodynamically

favored over stem-loop hairpins as the repeat length increases, the question arises whether this

conversion will proceed within a biologically-relevant time scale. Therefore, we also characterized

the kinetic parameters describing the stem-loop hairpin to duplex conversion.

3.4.6 Kinetic Analysis of Stem-Loop Hairpin to Duplex Conversion

In order to determine how repeat number influences the rate at which non-canonical stem-

loop hairpins convert to duplex, we performed a spectroscopy-based kinetic analysis. In these

experiments, complementary (CAG), and (CTG), stem-loop hairpins were combined at 37 °C and
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the absorbance at 260 nm was monitored as a function of time. The data were fit to a second-order
equation to obtain the rate of stem-loop hairpin to duplex conversion (Table 3.5).?? Importantly, at
the DNA concentrations used for these kinetic analyses, no homoduplex was observed by native
PAGE, and the starting species were exclusively stem-loop hairpins (data not shown). Over the
range of n = 6-14 we observe that when n is odd, the stem-loop hairpins convert to duplex faster
than when n is even (Figure 3.13). Furthermore, when n = even there is a statistically significant
decrease from n = 6 to n = &, but with continued increase in n, the rate remains the same (Figure
3.13A), when n = odd the rate of conversion to duplex decreases with n (Figure 3.13B). To
determine whether the rates of hairpin to duplex conversion reach a lower limit with increasing
repeats, especially when n = even, we measured the rate at which (CAG),s and (CTG),s, and also
(CAG)3pand (CTG)sp, stem-loop hairpins convert to duplexes. When n = 25, a significant decrease
in rate for hairpin to duplex conversion is observed relative ton =7, 9, 11, 13; however when n=
30, only a small decrease in rate was observed relative to when n = §, 10, 12, or 14 (Table 3.5,
Figure 3.13).

Table 3.5 Rate and Activation Enthalpy for Stem-Loop Hairpin to Duplex Conversion at 37 °C.'

n kyoc > M s /x 10° AH*? (kcal mol ™)
6 152+20 291+32
7 444 + 2.7 6.76 +0.57
8 62+0.06 -

9 402 +1.6 -

10 5704 35.8+4.1
11 314+23 214+36
12 51+09 -

13 268 +1.7 -

14 63+08 410+5.1
25 11.0+0.5 -

30 46+0.2 -

"In 20 mM sodium phosphate, 100 mM NaCl, pH 7.0.
% Errors represent standard deviation from a minimum of three experiments.
® Errors represent the uncertainty derived from fitting the rate constants at four different temperatures to the Eyring

equation.
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Figure 3.13 Kinetic characterization of stem-loop hairpin (CTG), and (CAG), to duplex
(CTG),/(CAG), (n = 6-14, 25, 30) conversion for (A) n = even (B) n = odd at 37 °C. Insets show
results in longer time scale. Reaction was monitored by UV absorbance at 260 nm. Each single
strand was present at 2 uM in 20 mM sodium phosphate, 100 mM NaCl, pH 7.0.

The conversion from stem-loop hairpins to duplex is proposed to involve two possible
mechanisms: interaction of the complementary stem-loop hairpins by either the loop regions or the
stem termini.”’”* We previously showed that both mechanisms are utilized when (CAG),, and
(CTG),, stem-loop hairpins convert to duplex.” We also previously reported that the rate of
formation of (CAG),,/(CTG),, duplex is 4-fold faster than formation of the (CAG),/(CTG),,
duplex.'® We postulated that the unpaired nucleobases of the overhanging repeat of the (CTG),,
stem-loop hairpin facilitated interactions at the termini of the stems and this additional triplet
overhang is responsible for the faster conversion to duplex. In the current work, we show that when
both stem-loop hairpins have n = odd, the rate of conversion to duplex is faster than when n = even.
We propose that this faster rate of duplex formation is aided by the presence of the overhangs on

the stem-loop hairpins.
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By conducting similar kinetics
6 T T T
experiments as a function of temperature, ——6
7
we determined the activation enthalpy o 1? .
—~ 4 r —— 14 ' ) ) T
(AH*), which is used to characterize the =
X
transition state during the process of = i .
converting from the non-canonical stem- 2r 1
loop hairpins to canonical duplex (Figure 5 1
3.14). The error associated with this . ' ' '
0.0031 0.0032 0.0033 0.0034

experiment is large; thus, AH* are not 1T (KT

Figure 3.14 Determining the A H* by Eyring
reported for all values of n, but rather for equation for (CTG), and (CAG), stem-loop hairpin

to (CAG),/(CTG), duplex conversion for n= 6, 7,
n=06,7 10, 11 and 14 (Table 3.5). For | 10, 11, 14. Each data point represents an average of

at least three experiments performed at a given
both n = even and n = odd, the values of | temperature. Lines represent the least square linear

fits. Temperatures were chosen below the melting

is consistent with the rates of stem-loop hairpin to duplex conversion obtained at 37 °C where the
rates decrease as a function of n both when n = even and n = odd. Indeed, this increase in AH*
provides a potential rationale for the propensity of longer TNR sequences to expand — the non-
canonical stem-loop hairpins persist rather than convert to canonical duplex. Besides, the AH*
determined for each hairpin-to-duplex conversion is less than the total enthalpy required for
melting the (CTG), and (CAG), stem-loop hairpins. This observation confirms our previous
proposal that the conversion from stem-loop hairpins to canonical duplex does not require the

31,33

stem-loop hairpins to be denatured globally;” -~ rather, the structured stem-loop hairpins interact

via the loop and/or stem regions to convert to duplex.
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3.5 Conclusion

In summary, our results reveal differences for both (CAG), and (CTG), stem-loop hairpins
depending on whether n = even or n = odd; differences in the thermodynamic stability of the non-
canonical stem-loop hairpins, rate of conversion to canonical duplex, and AH* were observed

(Figure 3.15A). The conversion of hairpin to duplex is thermodynamically and kinetically more
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Figure 3.15 Length dependence of AH for the conversion of stem-loop hairpins to canonical
duplex. (A) Comparison between even and odd hairpins and (B) comparison among even or odd
series.

favorable for n = odd, as indicated by the more stabilized duplex AHy and lower activation
enthalpy AH* when compared to n = even (Figure 3.15A). As a result of the even/odd pattern,
changing the length of hairpins does not linearly influence the biophysical properties of either
stem-loop hairpin unfolding or the hairpin-to-duplex conversion. However, within the even (n =
6,8,10,12,14)orodd (n=7, 9, 11, 13) series, in other words, by increasing the repeat number n
by 2, the hairpin-to-duplex conversion is thermodynamically more favorable but kinetically

unfavorable as evidenced by the more stabilized duplex AH,, but higher AH* (Figure 3.15B).
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Taken together, our analyses of length dependence of (CTG), and (CAG), hairpin related

thermodynamic and kinetic properties may contribute to the understanding of the role of non-

canonical structures in TNR expansion and should be considered when evaluating proposed

mechanisms for expansion.
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Chapter 4: Differential Scanning Calorimetry Study of

A Nucleosome and its Subunits
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4.1 Abstract

DNA in eukaryotic cells is packaged around histone proteins and forms the basic repeating
unit of chromatin as nucleosome. In this work, we use differential scanning calorimetry (DSC) to
to characterize the thermodynamics of the nucleosome and its subunits (DNA and histone core).
The results from free nucleosomal DNA analysis show that the melting of the DNA is highly
sequence-dependent and that multiple transitions may occur from unfolding different domains of
the DNA. The melting of nucleosomal DNA is also ion strength-dependent: 0.1 M salt is required
for proper stabilization of the DNA. Results from analyzing the histone protein components show
that H2A/H2B dimer is more stable than (H3-H4), tetramer, with only H2A/H2B exhibiting
reversible thermal unfolding under low ion strength conditions. Unfolding of histone octamer is
consistent with the results from its dimer and tetramer, with (H3-H4), tetramer unfolding at lower
temperature than the H2A/H2B dimer. In addition, unfolding of tetramer is accompanied by its
dissociation from the two H2A/H2B dimers. DSC analysis of nucleosomes suggests that the
nucleosomal DNA unwraps from the histone core at around 72 °C and that the DNA sequence
effect is minimal. This result is consistent with the thermal analysis of higher order DNA structure
in nuclei or whole cells, and provides insight regarding the long-running controversy in assigning
the DNA conformational change during the thermal denaturation process. The study will also
provide information about nucleosome stability and the contributing factors, which influence DNA

replication, transcription, repair and recombination.
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4.2 Introduction

The nucleosome is the fundamental repeating unit of chromatin in eukaryotic cells. It is
composed of around 146 bp of nucleosomal DNA wrapped in 1.7 left-handed superhelical turns
around a histone core consisting of two copies of four histone proteins, H2A, H2B, H3 and H4."?
Nucleosomes are connected by linker DNA (typically 10-80 bp)® and linker histone H1 to form
the high order structures (Figure 4.1)." Wrapped nucleosomal DNA is potentially much less
accessible to cellular processes involving DNA as the substrate for several possible reasons. For
example, nucleosomal DNA is sterically occluded due to its close interaction with the histone
protein core and also the other superhelical turns of DNA within the same nucleosome. It is
therefore likely that during the process of DNA replication, transcription, recombination and DNA
repair, DNA is transiently relaxed from the histone core to allow various proteins to access the
DNA within the nucleosome.” Since most DNA exists as the form of nucleosomes, it is of great
interest to understand the stability of the nucleosome and how different components affect the

unfolding process of nucleosomes.

Linker DNA

Nucleosome
Nucleosome

— DNA H H2A B H4 M Linker H1

Figure 4.1 Nucleosomes with linker DNA and linker histone H1
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Traditional measurement of DNA thermal stability by UV-vis follows the hyperchromic
change that occur as DNA melts, and requires clear solution.® Chromatin is soluble only in low
salt conditions but will aggregate at physiological salt range, which makes it impossible to analyze
by spectrometric-based methods due to scatter from the aggregated particles. For this reason,
differential scanning calorimetry (DSC) has been widely used for the thermal characterization of
chromatin DNA and more complicated biological systems under physiologically relevant
conditions. In the early 1980s, isolated chromatin, intact nuclei, or even the whole cells, have been
characterized by DSC to probe the DNA structural changes induced by temperature. In these
studies, the roles of ionic strength, pH, and also the presence of the H1 histone were investigated.®
1> DSC has also been employed to monitor structural changes in chromatin during the cell aging
process or when treated by various chemotherapeutic agents.'* '> Although these DSC studies
provided a broad perspective of DNA thermal stabilities, it is quite challenging to assign individual
transitions to the corresponding chromatin DNA unfolding process. In fact, contradictory results
have been reported from different research groups even though the thermal denaturation profiles
are consistent.* ° Furthermore, the coupling of post-translational modification of histone proteins
and DNA sequence heterogeneity makes it difficult to provide detailed information about the
factors that contribute to the stability of DNA in chromatin when samples are prepared from
biological sources.> '® Therefore, the study of a simple control system, such as the nucleosome and
its subunits, has become a focus in recent years. Several studies have examined the stabilities of
the histone H2A/H2B dimer and the (H3-H4), tetramer by spectroscopic- or DSC-based
analysis.'”"” Besides the histone protein components, DNA sequences have also been investigated

for their effects on the nucleosome stability. Several natural or artificial nucleosomal DNA

106



sequences have been discovered that show strong affinity towards histone protein core and only
adopt a single translational position relative to the histone octamer.?*

In this study, we constructed a model nucleosome system using a bottom-up approach with
recombinant histone proteins. The thermal stabilities of histone H2A/H2B dimer, (H3-H4),
tetramer and octamer were examined under various salt conditions by DSC. We also employed
two model nucleosome positioning DNA sequences (S1 and 601 DNA), which only adopt a single
translational position relative to the histone core, to evaluate the sequence effect on nucleosome
stability by DSC. In particular, as discussed in Chapter 3, we want to explore the thermodynamic
consequences of by trinucleotide (TNR) DNA expansion in Huntington’s disease (HD). Clinical
data from HD patients showed a narrow range of CAG/CTG repeat number variation from healthy
(5-35) to diseased state (>40).” Besides, an earlier onset of disease and severe symptoms are
anticipated when patients have a larger tract of CAG/CTG repeats. > It is therefore interesting to
know how the variation of CAG/CTG repeat number contributes to the propensity of TNR
expansion in the nucleosome level. Hence, the S1 sequence with 10, 20 and 30 of CAG repeats
were prepared, representing the progression of DNA expansion in HD, and the effect of repeat
number on the nucleosome stability is evaluated by DSC. Results from these analyses provide

insight into the understanding of DNA stability in chromatin and potential mechanistic details of

the repeat length-dependent TNR expansion.

4.3 Experimental Procedure

4.3.1 Preparation of Nucleosomal DNA
All nucleosomal DNA template (601, S1, S1-10CAG, S1-20CAG, S1-30CAG) sequences

were synthesized and purified according to methods published previously in our laboratory** and
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Table 4.1 DNA sequences used in this study

DNA Sequence (all sequences are shown from 5’ to 3 direction)

S1° ATCAATTAATAGTTGAAGTTGTAGTAAATGTTAATGTAGGTCTGTTGTTCCGAT
ATTACCAAAACCTTCACCTAATAGCGCTAGTACACAGGAGAAGGACATGAACA
TGAACCTAATGAACACAACAAATAATGTAAGTGCCCGAT

S1-10CAG"  ATCAATTAATAGTTGAAGTTGTAGTAAATGTTAATGTAGGTCTGTTGTTCCGAT
ATTACCACAGCAGCAGCAGCAGCAGCAGCAGCAGCAGGAGAAGGACATGAAC
ATGAACCTAATGAACACAACAAATAATGTAAGTGCCCGAT

S1-20CAG"  ATCAATTAATAGTTGAAGTTGTAGTAAATGTTAATGTAGGTCTGTTCAGCAGCA
GCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGGAGCAGCAGCAGCAG
CAGAACCTAATGAACACAACAAATAATGTAAGTGCCCGAT

S1-30CAG"  ATCAATTAATAGTTGAAGTTGTAGTAAATGTCAGCAGCAGCAGCAGCAGCAGC
AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA
GCAGCAGCAGCAGCAGACAACAAATAATGTAAGTGCCCGAT

601 ATCGATGTATATATCTGACACGTGCTTGGAGACTAGGGAGTAATCCCCTTGGCG
GTTAAAACGCGGGGGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTC
TACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

S1 primers Forward: TGACTAGAATTCTGACTAGCTAGCTGATATCAATTAATAGTTGAAGTT
GTAG
Reverse: TAGTCATCTAGATAATTAGATATCGGGCACTTACATTAT

601 primers  Forward::TGACTAGAATTCTGACTAGCTAGCTGATATCGATGTATATATCTGACA
CGTGCTTGGAGACTAG
Reverse: TAGTCATCTAGATAATTAGATATCAGAATCCCGGTGCCGAG

" Sequence is only shown for one strand of the nucleosomal DNA

the actual template sequences are listed in Table 4.1. In order to generate large scale of
nucleosomal DNA, the above DNA templates were cloned into pUCI19 plasmid according to
published strategies to generate plasmids contain multiple repeats of give nucleosomal DNA
sequences.”?’ In general, template DNA was PCR amplified with forward and reverse primers to
introduce one EcoRI, one Xbal, one Nhel and two EcoRV restriction sites. The PCR product DNA
were double digested with EcoRI and Xbal, the fragment containing DNA of interest was purified
and ligated into the pUC19 EcoRI and Xbal sites, followed by transformation and amplification in
DH5a cells. Small amount of the obtained plasmids were double digested by EcoRI and Nhel to
generate the plasmid backbone for next round ligation, the rest of the plasmids were double
digested by EcoRI and Xbal to generate the insert and was ligated into the EcoRI and Nhel sites
prepared above. The process is continued until the plasmid contains 16 repeats of sequence of

interest. The prepared plasmids were then amplified in large scale in 2 L of cell culture and
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plasmids were purified according to protocol.”” The obtained plasmids were then digested with
EcoRV to retrieve the nucleosomal DNA. After ethanol precipitation, the nucleosomal DNA were
further purified by HPLC on a DEAE column () to remove the small fragment between the two

tandem repeats. The DNA collected from HPLC were concentrated and store at -20 °C.

4.3.2 Histone Expression and Purification

Individual full length histone proteins from Xenopus laevis were expressed and purified
according to published protocol”® with several modifications. In short, BL21(DE3) cells that
expressed histone proteins were lysed in 50 mM Tris-HCI, 100 mM NaCl, 1 mM EDTA, 1 mM
benzamidine, 5 mM 2-mercaptoethanol, pH 7.5 buffer by several rounds of “freeze-and-thaw
cycle”, followed by homogenization on ice to reduce the viscosity. Inclusion bodies were collected
by centrifugation and purified with four washing steps with lysis buffer that supplemented with 1%
Triton X-100 (v/v) or 2 M NaCl in the first three washes. Histones were then extracted from
inclusion bodies with DMSO and unfolding buffer (7 M guanidinium-HCI, 20 mM Tris-HCI, 10
mM DTT, pH 7.5). The extracted histones were loaded into Sephacryl S-200 high resolution size
exclusion column (2.5 cm ID x 75 cm height) to remove the sheared E. coli genomic DNA under
unfolding conditions (7 M urea (batch deionized), 20 mM sodium acetate, | M NaCl, | mM EDTA,
5 mM 2-mercaptoethanol, pH 5.2). The collected fractions were then dialyzed against H,O with 2
mM 2-mercaptoethanol and dried by lyophilization. The obtained histones were then purified by
both anion- and cation-exchang chromatography with salt gradient (200 mM to 1 M NaCl) under
denatured conditions. After the gradient, columns were regenerated with unfolding buffer (the

majority of H3 histone will elute in this regeneration step while all other three histones elute within
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the salt gradient). The purified histones were dialysis against H;O with 2 mM 2-mercaptoethanol

and dried in aliquots by lyophilization.

4.3.3 Histone H2A/H2B Dimer, (H3-H4), Tetramer and Histone Octamer Assembly

Histone H2A/H2B dimer, (H3-H4), tetramer and histone octamer were assembled
according to Luger and coworkers.”® Lyophilized histone proteins (~6-8 mg each) were
resuspended in unfolding buffer and the concentrations were determined by UV-vis at 276 nm.
Equal molars of each histone were mixed together and diluted with unfolding buffer to 1 mg/mL.
The mixture was then dialyzed against refolding buffer (2 M NaCl, 10 mM Tris-HCI, 1 mM EDTA,
5 mM 2-mercaptoethanol, pH 7.5) overnight at 4 °C with three changes of buffer. The obtained
solution was concentrated to ~1 mL and loaded into a Superdex 200 size exclusion column (1.5
cm ID X 70 cm height). Fractions were collected and monitored by UV-vis at 276 nm, all fractions
absorbed at 276 nm were characterized by SDS-PAGE. Fractions contain all four histone proteins

were combined and concentrated, adjusted with glycerol and store at -20 °C.

4.3.4 Nnucleosome Reconstitution and Purification

Histone octamer was first dialyzed against refolding buffer overnight to remove glycerol
and quantitated with UV-vis afterwards. Nucleosomal DNA was adjusted with 4 M KCI to make
the final salt concentration 2 M and add DTT to a final concentration of 10 mM. DNA was then

incubated at 4 °C for 30 min. Histone octamer was then added to DNA with a molar ratio 1:1.1

with slightly excess of DNA. The mixture was then dialyzed against 2 M KCI with continuous
reducing salt concentration overnight described in the published protocol.”® After the salt gradient

is finished, the reconstituted nucleosome was dialyzed in 10 mM Tris-HCI, 100 mM KCI, 1 mM
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DTT, 1 mM EDTA, pH 7.5 for 3 hours. For nucleosomes reconstituted with S1 series DNA, the
obtained solutions were incubated at 55 °C for 1 hour, while this step is not necessary for
nucleosome reconstituted with 601 DNA. Nucleosomes were then purified by HPLC with the

DEAE column at 10 °C and the same salt gradient mentioned above.

4.3.5 DSC Characterization of Nucleosomes

After the HPLC purification, nucleosomes were immediately buffer exchanged to DSC
buffer (20 mM KP1i, 100 mM KCI pH 7.2) using the 3 K MWCO concentrators. The concentrations
were determined by UV-vis at 260 nm. nucleosome solutions were prepared for DSC experiments
by diluting the stock purified nucleosomes in DSC buffer to desired concentration. 10 uL of the
degassed nucleosome solution was analyzed by DEAE column on HPLC to characterize the
sample loaded into the DSC.

Calorimetric experiments were performed using a TA Instruments Nano DSC III. The S1

series nucleosomes were at concentrations of 100 uM and the 601 nucleosome was at

concentrations of 50 uM. All nucleosomes were suspended in 20 mM potassium phosphate, 100
mM KCI, pH 7.2. Both the oligonucleotide samples and reference buffer sample were degassed in
vacuo for 15 min at 25 °C before analysis. All data were recorded with TA Instrument Nano
DSCRun software version 4.2.6. Data were obtained by continuously monitoring the excess power
required to maintain both sample cell and reference cell at the same temperature. The samples were
heated from 4 °C to 100 °C followed by cooling from 100 °C to 4 °C, both at 1.0 °C/min. The
sample equilibrated for 10 min at 4 and 100 °C between each cooling and heating cycle,
respectively. The resulting thermograms display excess heat capacity as a function of temperature.

A buffer reference was analyzed using the same procedure described above and the thermograms
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were corrected using this background. Further analyses were performed on TA NanoAnalyze

software version 3.5.1. The melting temperature (T,,) was determined as the T, of each transition.

4.4 Results and Discussion

4 4.1 Preparation of Nucleosomal DNA

In order to evaluate the sequence effect on the thermal stability of nucleosome, two
nucleosome positioning sequences, S1 and 601 DNA, were prepared in this study. 601 DNA is by
far the strongest nucleosome positioning sequence screened by SELEX while S1 DNA is a
moderately strong positioning sequence, which has been used previously in our lab for nucleosome
reconstitutions.”"****** Both sequences adopt a single translational position relative to the histone
octamer core to obtain homogeneous nucleosome. Additionally, in order to systematically evaluate
how the number of CAG repeats affects nucleosome incorporation and nucleosome stability, the
central region of the S1 sequence was replaced by either 10, 20, or 30 CAG repeats (defined as
S1-10CAG, S1-20CAG, S1-30CAG) while maintaining the flanking sequences on both sides . In

this way, any observed changes will be contributed from the variation int the CAG repeat number

(Figure 4.2A).

A B s1 S1-10CAG _S1-10CAG _S1-10CAG

Hhal Msll -+ - -+ - -+ - - + - Hhal

VV Ladder - - + - - + - - + - - + Msl
S1 i .
s de e B8B...
S$1-20CAG - -
S1-30CAG
== (CAG),
| 601 DNA |
Figure 4.2 (A) S1 series DNA and 601 DNA. Incorporation of 10, 20 and 30 CAG repeats into
S1 DNA results in the gradual loss of Hhal and MslI restriction sites. (B) Restriction enzyme
digestion of S1 series DNA by Hhal and MslI.
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The generation of each sequence in the S1 series DNA involves the same primers, and the
PCR reactions become increasingly difficult when the template DNA includes more CAG repeats.
Therefore, it is very important that there is no cross-contamination between DNA templates. Our
results show that for any CAG repreat-containing template DNA, even trace amount of S1 template
contamination will dominate the PCR product. This result is consistent with previous reports that
polymerase stalls at TNR sites during replication.’"** For 601 and S1 DNA, the sequence identities
are confirmed by Maxam-Gilbert DNA sequencing. The successful incorporation of 10, 20 and 30
CAG repeats in S1 DNA is confirmed by both restriction enzyme digestion as a result of gradual

loss of restriction sites (Figure 4.2B) and by the shift in Ty, during DSC analysis.

4.4.2 DSC Characterization of Nucleosomal DNA

When characterized by DSC under physiologically relevant salt condition, both ST and 601
DNA show a single transition centered around 82 or 90 °C (Figure 4.3A), with an enthalpy change
(AH) of around 1050 or 1400 kcal mol™, respectively. Changing the DNA concentration does not
affect the Ty, of the S1 DNA, although the intensity of the overall signal increases (Figure 4.3B).
The 601 DNA is thermally and enthalpically more stable than the S1 DNA. This result is consistent
with the base composition of each sequence. 601 DNA has a 54.5% GC content, which is almost
20% higher than the S1 DNA (35.6%); the higher GC content contributes to the higher T,, and
larger enthalpy change. Besides the difference of thermal and thermodynamic stability, the two
sequences also exhibit small differencse in the shapes of their melting profiles. The melting curve
of 601 DNA is more Gaussian in shape, while S1 DNA has a minor shoulder transition prior to the
major transition. This difference is also reflected when we fit our data to a two-state model: the

601 DNA signal can be modeled by a single unfolding transition (Figure 4.3D), while the S1 DNA
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signal is best modeled by two unfolding transitions (Figure 4.3C). These results suggest that

melting of 601 DNA is a more cooperative process and that S1 DNA is comprised of two distinct

domains that melt at slightly different temperatures. It is generally thought that DNA unfolding
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Figure 4.3 (A) DSC thermograms for S1 and 601 DNA. (B) DNA concentration effect on
thermograms. (C) Deconvolution of S1 thermogram with two two-state unfolding model. (D)
Deconvolution of 601 with one two-state unfolding model.

fails to follow the two-state unfolding model when the length is approaching a threshold.*® In our

case, S1 and 601 are almost identical in length. It is therefore possible to argue that the melting of

DNA does not solely depends on the length of DNA, but also on whether the base composition is

distributed evenly throughout the sequence. In order to support our argument, a 5 k bp plasmid

114




was prepared with 16 tandem S1 DNA repeats (2.5 k bp) inserted into the 2.5 k bp pUC19
backbone. The pUC19 plasmid itself, either circular or linear, showed multiple transitions from
88-95 °C (Figure 4.4). When the 16 tandem S1 DNA repeats (2.5 k bp) were inserted into the
pUC19 plasmid, the pUC19 portion showed the same transitions as the unmodified pUC19 plasmid,
although of much weaker intensity (Figure 4.4); however, a strong signal is also observed at around
82 °C, which is similar to the S1 DNA T, (Figure 4.4). It is obvious that this transition corresponds
to the melting of the 16 tandem S1 DNA repeats and that the synergic effect of all 16 SI DNA
domains contributes to the intense signal. The analyses of the plasmid DNA support our
assumption that sequence distribution also affects the melting of DNA.

When replacing the central region of S1 DNA with 10, 20 and 30 of CAG repeats, the DNA
becomes increasingly more stable overall compared with non-repeat S1 DNA, as indicated by the
shift of Ty, to higher temperatures (Figure 4.5). S1-10CAG DNA shows a major transition at 84 °C

with a minor transition around 81 °C, which is the T, of S1 DNA. S1-20CAG DNA showed a
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Figure 4.4 DSC characterization of Figure 4.5 DSC thermograms of S1, S1-
length effect of S1 DNA on the 10CAG, S1-20CAG and S1-30CAG DNA
unfolding progress. in 20 mM potassium phosphate, 100 mM
KCl, pH 7.2.
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major transition at 90 °C with several minor transitions from 80-88 °C, which correspond to the
the predominant transitions of S1 and S1-10CAG DNA. S1-30CAG shows a major transition
centered at 92 °C. Surprisingly, the minor transitions are less prominent for the S1-30CAG DNA
than for the S1-20CAG DNA. Differences in base distribution may also explain this observation.
S1 DNA has an overall low GC content (35.6%). When replacing the central region with the high
GC content CAG repeat (66.7%), it will introduce different sequence domains with Ty, variations,
and therefore several minor transitions occur in the S1 DNA containing different numbers of CAG
repeats.

The multi-domain melting of DNA is also affected by the salt concentration. SI DNA
shows a well-defined melting curve and a corresponding T,, shift when increasing the salt
concentration (Figure 4.6). A subsequent heating scan (2™ heating scan) following annealing can
reproduce an identical melting curve under high salt conditions but not under low salt conditions.
The existence of a shoulder peak in the 2™ heating scan under low salt conditions suggests that the
S1 DNA has different sequence domains that melt at different T,,. The existence of multiple
domains is probably due to an insufficient number of counter ions to fully stabilize duplex DNA,
as suggested by the shape recovery at high salt conditions. The melting of 601 DNA also shows
different shapes depending on salt concentration, but these shapes are not affected by the annealing
process (Figure 4.6B). Two transitions are observed under low salt conditions, with a minor
transition consistent at 90 °C and a major transition shift to higher T,, when increasing the salt.
Starting from 100 mM KCI, the two transitions merge and only a single transition is observed
(Figure 4.6B). We think that in the case of 601 DNA, the counter ions might selectively stabilize
some sequence regions more than others, and divergence occurs. The above observation suggests

that low salt conditions will result in less well-defined peak shape or even large peak splitting
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depending on the DNA sequence. 100 mM salt seems to be the threshold to offer enough counter
ion stabilization to DNA to restore the DNA melting curve to a single well-defined transition. As
discussed previously forS1 containing different numbers of CAG repeats, we postulate that the
existence of multiple transitions at low salt is due to the lack of counter ions. Increasing the salt
concentration from 100 mM to 200 mM KCI in the S1 series does not merge the transitions into
one, but every single transition moves towards higher temperature (Figure 4.6C). Therefore, the
multiple transition observed in S1-10CAG, S1-20CAG and S1-30CAG are reflect sequence region

heterogeneity rather than counter ion stabilization.
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Figure 4.6 The effect of salt concentration on the thermal denaturation of (A) S1 DNA, (B) 601
DNA and (C) S1-10CAG and S1-20CAG DNA.
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4.4.3 DSC Characterization of Histone H2A/H2B Dimer, (H3-H4), Tetramer and Octamer

The histone octamer is composed of two copies of the H2A/H2B dimer and one copy of
the (H3-H4), tetramer. We therefore examined these two subunits. In 100 mM KCI, H2A/H2B
shows a transition centered at around 56 °C. Subsequent scans demonstrate that unfolding of the
H2A/H2B dimer is partially reversible, as indicated by the gradual loss of signal (Figure 4.7A).

Increasing the salt concentration to 1 M KCI significantly enhances the thermal stability of the
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Figure 4.7 The effect of salt concentration on the thermal denaturation of (A) H2A/H2B dimer
and (B) (H3-H4), tetramer.

H2A/H2B dimer, increasing the Ty, to 68 °C. The increased salt prevents the H2ZA/H2B dimer from
folding back to its native structure as indicated by the significant loss of signal during the second
round heating scan. On the other hand, (H3-H4), tetramer melts at much lower temperature
compared with H2A/H2B dimer at the same buffer conditions. For example, in 1 M KCI buffer,
(H3-H4), tetramer has a T, of 47 °C, more than 20 °C lower than the H2A/H2B dimer (Figure
4.7B). This result is consistent with previous reports that (H3-H4), tetramer is thermally and
thermodynamically less stable compared with the H2A/H2B dimer."”** Increasing the salt to 2 M

KCl shifts the T,,, to 52 °C and gives a better defined transition. The thermal denaturation of (H3-
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H4), tetramer does not show any reversibility as subsequent heating scans do not generate any heat
capacity change. The stabilities of the histone H2A/H2B dimer and the (H3-H4), tetramer, isolated
either from biological source or assembled from the purified recombinant histones, have been
examined by several techniques, including spectrometric or DSC methods. Karantza and
coworkers have characterized the pH and ion strength dependence of the thermodynamic stability
of the H2A/H2B dimer by DSC,** and showed that the unfolding process is thermally reversible
under low salt conditions within the neutral pH region. They also later investigated the (H3-H4),
tetramer and showed that the unfolding process is irreversible at any salt concentration, while its
dimer form, H3/H4, is only reversible at low ionic strength and pH 4.5. Gloss and Placek were
able to assemble the H2A/H2B dimer from recombinant proteins and showed that the H2A/H2B
dimer also undergoes reversible unfolding when treated with urea.'” They concluded that the
stability of the H2A/H2B dimer arises from screening the electrostatic repulsion of the highly

charged histone tails.
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When the H2A/H2B dimer and the (H3-H4), tetramer are assembled into the histone
octamer, it is only stable under high salt conditions, and dissociates under low salt conditions.
Therefore, we performed DSC on the histone octamer at 1 M and 2 M KCI (Figure 4.8A). For both
salt conditions, we observed two transitions at 48 and 65 °C at 1 M KCl and 52 and 74 °C at 2 M
KCIl. These transitions are consistent with the results derived from the denaturation profiles of the
individual subunits. The existence of two transitions suggests that histone octamer melts in
stepwise fashion, with (H3-H4), tetramer unfolding first and H2A/H2B dimer unfolding later. In
order to confirm the stepwise melting mode, we performed a controlled-temperature DSC
experiment on the histone octamer (Figure 4.8B). In this experiment, the scanning temperature
was reversed immediately after the first transition (52 or 57 °C for 1 M or 2 M KCI condition),
presumably the unfolding temperature of the (H3-H4), tetramer. When the scan was repeated in
the same temperature range, no signal was detected, suggesting that unfolding is irreversible.
However, when the scan was performed across the whole temperature range (up to 90 °C), an
additional transition appeard at 66 or 76 °C at 1 M or 2 M KCIl, corresponding to H2A/H2B
unfolding. Notably, the intensity of the unfolding transition of the (H3-H4), tetramer is
significantly larger that the unfolding transition of the H2A/H2B dimer. This difference in intensity
is inconsistent with the results that the (H3-H4), tetramer is thermodynamically less stable than
the H2A/H2B dimer when these subunits are characterized individually.'** We think that the low
temperature transitions observed during the histone octamer unfolding process do not only include
the unfolding of the (H3-H4), tetramer itself, but also the dissociation of the tetramer from the two
H2/H2B dimers. However, we cannot tell whether it is the unfolding of the tetramer that promotes
the dissociation from the two dimers, or whether the tetramer and dimers dissociate first, followed

by tetramer unfolding.
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4.4.4 DSC Characterization of Nucleosome

With the prepared five different DNA sequences, we were able to reconstitute five different
nucleosomes using the same procedure. HPLC with a DEAE column was used to separate the
nucleosome from the unincorporated free DNA (Figure 4.9A). Immediately after reconstitution,
some S1 series nucleosomes showed more than one population, with different translational
positions as indicated by peak broadening or peak splitting in the HPLC chromatograms at 14 min
(Figure 4.9B). After heat treatment at 55 °C for 1 hour, the S1 series nucleosomes converted to a
homogeneous system as indicated by the sharp peak in HPLC (Figure 4.8C, 14 min). On the
contrary, nucleosomes prepared with 601 DNA showed a single translational position, as indicated
by the sharp peak in HPLC (Figure 4.9E, 14 min) without the heat treatment. With necessary heat
treatment, homogenous nucleosomes with different DNA sequences were prepared for the DSC
analysis (Figure 4.9E-I).

The DSC profile of the nucleosome with S1 DNA showed two transitions, with the minor
transition centered at 72 °C and the major transition at 83 °C (Figure 4.10). With the identification
of the major transition as the melting of S1 DNA compared with the free S1 DNA, we propose
that the minor transition corresponds to the S1 DNA unwrapping from the histone core. In order
to confirm our assignment, we also performed temperature-dependent HPLC analysis on the S1
nucleosome. S1 nucleosome was incubated at two temperatures either pre- or post- the assumed
nucleosome unfolding transition for various times and then analyzed by HPLC (Figure 4.9C,D).
At a temperature lower than the proposed nucleosome unfolding temperature, a single peak was
observed that corresponds to the retention time of nucleosome (14 min); at temperature slightly
above the proposed nucleosome unfolding temperature, the peaks disappeared at the nucleosome

retention time (14 min), but another peak shows up that
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Figure 4.9 HPLC analysis of DNA and nucleosome (NCP) (A) S1 DNA (B) S1 nucleosome direct
after reconstitution (C) S1 nucleosome incubated at 55 °C for 1 hour (D) S1 nucleosome incubated
at 78 °C for 10 min (E-F) Purified 601, S1, S1-10CAG, S1-20CAG, S1-30CAG nucleosomes.
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to melting of free S1 DNA (21 min). The HPLC analysis confirms our assignment for the minor
transition. Nucleosomes reconstituted with the strong positioning 601 DNA also show two
transitions at 76 and 91 °C, respectively, which are 4 and 8 °C higher than the S1 nucleosome
(Figure 4.10). Additionally, the unfolding of 601 DNA from the histone core has a better defined

transition compared to the S1 nucleosome.
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Figure 4.11 (A) DSC characterization of S1 series nucleosome (NCP) with 0, 10, 20 and 30 CAG
repeat. (B) Zoom in the region from 60 to 80 °C.

For nucleosome reconstituted with S1 series DNA with different numbers of CAG repeats,
the results are slightly different from the 601 nucleosome but similar within the series (Figure
4.11). A weak lower temperature transition was observed at around 72 °C, followed by a strong
characteristic DNA transitions similar to the free DNA with varying Ty, depending on the CAG
repeat number. Increasing the CAG repeat number within the S1 DNA does not seem to affect the
unfolding of nucleosomes, since the 72 °C transition is similar in both Ty, and intensity throughout
the series (Figure 4.11B). Earlier studies on chromosome unfolding in cell nuclei or in whole cells
by DSC showed conflicting results between different research groups, despite consistency in the

number of thermal transitions and their corresponding Ty, values.* ° It is possible that the
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assignment of individual thermal transitions to chromatin conformational changes is challenging
due to the complex nature of these systems. In summary, four transitions were observed in the
thermal denaturation profile of nuclei or whole cell at 58-66 °C (transition I), 73-76 °C (transition
I1), 85-92 °C (transition IIT) and 105-107 °C (transition IV) under physiological salt conditions.*
810.14.36.37 Eligio and coworkers assigned transition I as the unfolding of scaffolding structure and
proteins associated with heterogeneous nuclear RNA, transition II as the unfolding linker DNA
region within the chromatin, transition III and IV as the unfolding of the nucleosome core particle

%10 their results

placed within an expanded loop and the 30 nm fiber of chromatin, respectively,
included the extrapolation of previously published thermal denaturation data of nucleosomes or
digested chromatin in low salt conditions (<5 mM monovalent cations). Such analyses are possibly
inaccurate due to the fact the DNA will exhibit very different thermal unfolding behavior with the
protein components under low ionic conditions.”®*® On the contrary, various studies from Cole
group gave a much more convincing explanation for assignment of these transitions. A
combination of proteinase K, DNase I, linker histone, salt effects, and different cell types have
been thoroughly examined to make the conclusion that transition II corresponds to the unfolding
of the nucleosome, while transitions III and IV correspond to the melting of relaxed and
supercoiled DNA.% 8 11 12 14.15.36.37 Oy regults from the characterization of single nucleosomes,
the basic unit of chromatin, support the assignment from Cole group. Although our system did not
include linker histone H1, which is necessary for the higher order chromatin structure organization,
it has been previously shown that the linker histone H1 does not contribute to the thermal stability

of chromatin. When the H1 proteins are removed, there is no significant shifts of individual

transitions.' It is surprising that our simple nucleosome system reflects the results of the isolated
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chromatin, nuclei or the whole cells, considering that the biological samples are highly
heterogeneous in terms of DNA sequence and histone protein post-modifications.

The DNA sequence-dependence of nucleosome formation has been examined extensively
over the past decades.”” ?"* *'* Interactions between DNA and the histone octamer includes the
electrostatic interactions of the negative DNA phosphate backbone and the positively charged
histone octamer core. The strength of the interaction depends on how closely these two
components fit with each other, and therefore DNA sequences with the flexibility to bend are
optimal for nucleosome formation. It is generally considered that there are two major sequence
determinants affecting the bending property.” The bendable TA or AT dinucleotides, when
occuring in a 10 bp periodic pattern, are in closer contact with the histones, allowing the DNA to
fit closer to the histone core. While other stiff sequences, such as polyG/C or polyA/T, are often
found in nucleosome depletion regions, which are important for promoter accessibility and
transcriptional activity. Crystal structures and mechanistic studies on 601 nucleosomes reveal that
the sequence preference and their bendable features facilitate DNA incorporation.*®*’ Although
crystal structures are not available for our S1 series nucleosomes to give detailed structure
preference of DNA incorporation, other methods have been developed to estimate the overall DNA
sequence preference for nucleosome formation. Previous competitive nucleosome incorporation
results from our lab showed that S1 DNA with more CAG repeats will facilitate the incorporation
of DNA, with SI-30CAG showing the highest incorporation ratio.”* The CAG repeat sequence is
one of the naturally occurring sequences with high affinity towards the histone octamer, with a
slight preference over the well-studied nucleosome positioning sequence L. variegatus 5SS RNA
gene.”! Therefore, we expect to see increased stability when more CAG repeats are introduced in

the S1 sequence. Although we observed that the melting of DNA increases with increasing
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numbers of CAG repeats, unfolding of the nucleosome does not seem to be affected by the number
of CAG repeats. Competitive nucleosome incorporation studies on different nucleosomal DNA
sequences showed that CAG repeat-containing DNA only exhibits a slight preference over the 5S
RNA gene, with a free energy difference of around 0.53 kcal mol™ more stable. In contrast, the
601 nucleosomal sequence showed a much larger free energy difference when compared with 5S
RNA, with a increase in stability of 2.89 kcal mol™. This is almost 1000-fold more favorable
compared with the 5S RNA gene. It is probable that the DSC measurement is not sensitive enough,
or that the DNA affinity to histone core needs to be significantly different, in order to observe a

shift in the DSC thermogram for unfolding of the nucleosome.

4.5 Conclusion

In conclusion, we characterized the unfolding of histone H2A/H2B dimer, (H3-H4),
tetramer, histone octamer, nucleosomal DNA with different sequences and also their
corresponding nucleosomes under various conditions by DSC. Understanding the unfolding
process of the nucleosome and its subunits is the first step to understand the DNA dynamics in
chromatin. It will also be interesting to see how other factors, such as histone post-translational
modification or the presence of chromatin remodeling proteins, affect the stability of DNA in the

nucleosome. Such experiments will provide a full analysis of nucleosome stability.
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