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Abstract

Non-canonical DNA structures known as G-quadruplexes (GQs) and i-motifs can
form from G-rich and C-rich sequences within the genome, respectively, which are
prominent within telomeres and oncogene promoters. These non-canonical quadruplexes
likely play roles in regulating gene expression and in DN A replication and repair. However,
much remains to be understood about their structural features and diversity.

Inthis work, we investigate the interaction of a GQ-forming sequence with a water-
soluble porphyrin, N-methyl mesoporphyrin IX (NMM). Biophysical studies revealed an
impressively tight, thermodynamically favorable binding interaction. We then solved the
GQ-NMM crystal structure at 2.39 A, which showed that the DNA forms a dimer of
parallel GQs with NMM bound at both ends via end-stacking interactions.

Furthermore, we demonstrate that an unusually large, four-tetrad GQ adopts the
same structure in solution as it does in crystalline form, thereby validating the crystal
structure. We characterize its loop mutants to show that loop interactions fine tune GQ
stability, but do not affect GQ folding. Finally, we present ongoing work towards solving
the crystal structures of a different GQ-ligand complex and of a monomolecular i-motif.

The work in this thesis advances our understanding of quadruplex structural
diversity and ligand binding interactions by contributing to the limited number of solved
GQ-ligand crystal structures, as well as by characterizing an atypically large GQ. Non-
canonical quadruplexes likely function in vive as regulatory elements. Accordingly, our
improved understanding of their structural features informs the design and in silico
screening of novel drugs, which can selectively recognize these features and subsequently

modulate quadruplex stability for therapeutic purposes, particularly against cancer.
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Chapter 1: Introduction to non-canonical
DNA structures

Biological significance of non-canonical DNA structures

Genomic context

The most common DNA conformation in vivo is the double helix. This double-
stranded secondary structure forms from canonical Watson-Crick base pairing between
complementary, antiparallel strands of nucleotides. In addition to the hydrogen bonds
within base pairs, aromatic stacking interactions between adjacent bases also contribute to
the stability of the DNA double helix.

However, a number of biological processes require DNA to exist in the single-
stranded state, as depicted in Figure 1. During DNA replication and transcription, the two
strands of the double helix must be separated to allow the requisite proteins to bind to the
appropriate strand and synthesize new DNA or RNA in a complementary fashion.
Accordingly, these processes — vital for cellular function and division — necessarily involve
single-stranded DNA. At the same time, due to the end-replication problem, single-
stranded telomeric overhangs are always present at the ends of eukaryotic chromosomes.

While in its less stable, single-stranded state, DNA can adopt non-canonical
conformations.! These include quadruplexes, which are tetra-stranded secondary structures
that form from non-canonical base pairing interactions and are much bulkier than the
canonical double helix. Similarly to the double helix, quadruplexes are stabilized by
hydrogen bonding between bases and aromatic base stacking, but can be further stabilized

by interactions with specific cations or in particular pH environments. Since any cellular



process that inwolves DINA in its single-stranded formm provides an opportunity for

quadruplex formation, gquadropleszes rmay serve a vanety of hiological finctions,

particulady in reglation (Figure 15,2
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PTG
Telomeres

C

wnonna,  Replication «
= Translation

Figure 1. Sitcs of potential quadruplex formation. Quadrplex structares howe the
potental to form in DA (hlack) that 12 single-stranded, even if only imnsiently sa.
Accondingly, quadruplexes may form duning transcription, replication, and translation (1n
RMA, green), as well as in telomeres. Figure adapted from 2

The two types of non-canonical quadmplex structures that are the focus of this
thessare G-quadmiplexes (G0, which form from guanine-nch DA | and 14motifs, which
form from cytosine-nch DHA (Figure 2. Motably, these structures can form in
conrplamentary sequences, so although GOz have been more extensively studied, the
idertification ofa GO)-forming sequence implies thata potential 1-motif sequencemay exist

on the complementary DINA strand.



G-quadruplex

|

C:C* base pair

Figure 2. G-quadruplex and i-motif structures. They are shown alongside their
structural units, the G-tetrad and the C:C" base pair, respectively. Figure adapted from 3.

Prevalence of potential quadruplex-forming sequences in genomes

High-throughput sequencing studies have identified over 700,000 sequences in the
human genome that can form GQs.' These sequences are particularly enriched within
regions that are involved in regulation and implicated in disease, such as telomeres and
oncogene promoters.* Notably, 50% of human promoters and 90% of human DNA
replication origins contain at least one potential G-quadruplex-forming motif.> Meanwhile,
the human telomeric repeat, (TTAGGG),, 18 G-rich and contains a repeating G-tract that
allows for GQ formation.

Furthermore, certain sequences with quadruplex-forming potential are highly
conserved among species and localize to functional genomic regions,’ which indicates an
evolutionary pressure to conserve GQ structures. Therefore, not only are GQ sequences
prominent within important regulatory regions of the genome, but their conservation also

suggests that they have functional significance.



Potential roles of quadruplexes

As depicted in Figure 1, quadruplex structures may inhibit transcription and DNA
replication,? which are both vital to cellular function. More specifically, they may hinder
RNA and DNA polymerase function by preventing its binding to or procession along a
DNA strand,? likely due to their size and stability. These inhibitory roles can be both
beneficial and deleterious. Given that sequences with quadruplex-forming potential are
frequently found in oncogene promoters,® quadruplex-based transeriptional inhibition can
be a viable method to downregulate oncogene expression in cancers.” However, the
inhibitory role of quadruplexes in replication can cause replication fork stalling, which can
lead to genomic instability and potentially cancer.® Consequently, quadruplex-targeting
anticancer therapies must be selective among different types of quadruplexes to ensure that
deleterious off-target effects will not come along with any intended therapeutic effects.

Also shown in Figure 1 are telomeric quadruplexes. Telomerase, which is
upregulated in cancer and catalyzes telomere extension to enable cancer cell immortality,
binds single-stranded telomeric overhangs as its substrate. The formation of bulky GQs at
the telomere may therefore inhibit telomerase binding and activity.” Additionally,
telomeric GQs have been shown to serve as a rudimentary telomere cap when natural
protein capping is compromised.'® Notably, sequences from both oncogene promoters!! 14
and telomeres!! — often complementary to those that form GQs — have been shown to form
i-motifs.

The presence of GQ structures in vive was first demonstrated with antibodies
against telomeric GQ DNA that bound to the telomeres of Stviomychia lemnae

macronuelei.’® Recently, a GQ-binding protein was discovered in Tetrahymena



thermophila that binds parallel telomeric GQs,'® thereby providing compelling evidence
for the biological relevance of GQ structures iz vivo. Similarly, two i-motif binding
heterogeneous nuclear ribonucleoproteins were recently identified, suggesting that i-motifs
may serve as molecular switches that regulate gene expression.'> ' Furthermore, both
GQs!” and i-motifs® have been visualized in human cells using selective antibodies. These
examples are only a few from a growing body of evidence for the relevance of quadruplex
DNA structures in vivo.

Both GQ and i-motif structures have been shown to be important cis-acting
regulatory elements.'® In humans, genomic defects involving GQ-forming sequences are
implicated in diseases such as cancer, fragile X syndrome, Bloom syndrome, Werner
syndrome, and Fanconi anemia J.'” Studies of the connections between GQs and human
disease have firmly established GQ DNA as a viable therapeutic target for cancer as well
as a variety of other human diseases.® However, further understanding of the molecular
details of these quadruplex structures and their regulation is necessary to develop

quadruplex-targeting therapeutics.

Targeting an i-motif in the MAPK signaling pathway

A gene of great interest in cancer research is the human Ras (HRAS) oncogene,
which encodes a GTPase that serves as the first secondary messenger within the mitogen-
activated protein kinase (MAPK) signaling pathway.?® This pathway results in cell
proliferation and is constitutively activated in many cancers.’® The HRAS promoter
contains G-rich motifs that can fold into GQs,?! while the complementary C-rich sequence

(iHRAS) forms an i-motif.!* Although HRAS has been a prominent therapeutic target for



several decades, it has proven difficult to develop a small molecule inhibitor of the HRAS
protein because it lacks deep pockets for inhibitor binding.** Consequently, targeting
HRAS expression itself — such as via understanding the iHRAS 1-motif — has become an

attractive alternate strategy.>?

Quadruplex DNA structures

Guanine quadruplexes

GQs can form in guanine-rich regions of the genome. In particular, four guanines
can arrange into a square planar conformation, connected by cyclic Hoogsteen hydrogen
bonding (Figure 3), to form a G-quartet. Also referred to as a G-tetrad, this is the structural
unit of the GQ. Four nearby guanine tracts allow for multiple G-quartets to form and
assemble through 7-n stacking interactions, resulting in a 3D GQ structure (Figure 2).%*
GQs are further stabilized by a monovalent cation, notably K*, that binds in the center

between each pair of G-quartets.”> GQs readily form in vitro, with their thermodynamic

stability in physiological buffers often rivaling that of duplex DNA 2

Watson i)

'
N=H i Q

Ko £
& \2/
J %
A T
(anti) (anti)

Figure 3. Watson-Crick vs. Hoogsteen base pair. Chemical structure of this classic vs.
alternative base pairing geometry. Note that these mvolve different hydrogen bonding
patterns, and that Hoogsteen hydrogen bonding can occur with other nucleotide pairings
too. Adapted from 7.



The number of G-tetrads within a biological GQ typically varies between two and
four, with three being the most common and four being rare. The guanines can be arranged
in either syn or anti conformations with respect to the deoxyribose sugar (Figure 4). These
glycosidic conformations, along with the relative directionality of the four constituent
guanine tracts, determine the overall topology that a GQ adopts (Figure 4). In particular,
parallel GQs have all four G-tracts going in the same direction, whereas antiparallel GQs
consist of two G-tracts going in one direction and the other two G-tracts going in the other

direction in a [2+2] manner. Meanwhile, hybrid GQs have a [3+1] combination of G-tract

directionalities.
Mixed-type Antiparallel
Parallel hybrid

Antiparallel

HN
n,N*&N / 5 </"rluu
HO. N N/*NN,

e l - -
¥ A

Syn Anti

Figure 4. Example G-quadruplex topologies and guanosine glycosidic conformations.
Arrows indicate DNA directionality. Possible topologies include parallel, hybrid, and

antiparallel, while the possible guanosine conformations are syn and anti. Figure adapted

from 8.

In monomolecular GQs, which are the focus of this thesis, loops connect the G-
tracts to form a continuous DNA strand. Loops can connect the G-tracts in different ways,

be comprised of any nucleotide(s), vary in length, and may span different regions of the



guanine core. Accordingly, a wide variety of factors can contribute to GQ structural
diversity. In addition, quadruplex structures can form with other types of tetrads (such as
GCGC and ATAT tetrads),” contain bulges,*® and be connected to duplex DNA.* Small
molecule binders, which will be discussed shortly, recognize different structural elements

within these diverse quadruplexes.

i-motif DNA

Cytosine-rich sequences, which are complementary to guanine-rich sequences,
have the potential to form a non-canonical DNA structure known as the intercalated motif,
i-motif. I-motifs consist of a stack of intercalated, hemiprotonated C-C" base pairs that
together form a tetra-stranded structure (Figure 2).3*** I-motif formation is pH-dependent
due to the requirement for cytosine protonation. Under physiological temperature and ionic
strength, i-motifs are stable in vitro at pH <7.3? They were previously thought to be unstable
under both neutral and basic conditions, and consequently not frequently studied due to
their unclear role in physiological conditions.?? However, it has recently been shown that
some i-motifs are stable at physiological pIL** ¢ and there is evidence that i-motifs may
serve as molecular switches to regulate gene expression.!*'* Although GQs and i-motifs
can form from complementary DNA strands, the simultaneous formation of these

secondary structures may be mutually exclusive due to steric hindrance.®’

Small molecule ligands
Small molecule ligands that bind GQs can modulate GQ folding and stability*® and

thereby alter or enhance the effects of GQs. Stabilization of a telomeric GQ, for example,



may render it even more ditficult for telomerase to extend the telomere. A ligand may also
disrupt telomere architecture upon binding, such as by displacing telomere-binding
proteins, and thereby enable cancer cell death.>”**+* However, in general, the mechanism
underlying GQ ligand selectivity and function is poorly characterized.

Many GQ ligands have been developed* with varying affinity and selectivity for
GQ DNA. Small molecule ligands can bind GQs in a variety of ways by recognizing
different quadruplex structural elements, as depicted in Figure 5. The majority of these
ligands have affinity in the micromolar range or worse (K, < ~1 uM™, Ky> ~1 uM).* In
particular, many planar, aromatic, and positively charged ligands were synthesized with
the idea that these properties are most complementary to the aromatic, negatively charged
GQ DNA. However, since all nucleic acids are negatively charged, the majority of GQ
ligands that can bind GQ DNA tightly lack selectivity for GQ DNA over other DNA

structures.

Figure 5. GQ ligand binding modes. (A) End stacking, (B) edge recognition, (C) loop
interaction, and (D) simultaneous end stacking and loop groove interaction. The ligand is
depicted as a solid black oval while the interaction is depicted as dashed lines. Figure
adapted from 2.

A much more selective GQ ligand 1s N-methyl mesoporphyrin IX (NMM, Figure
6), a water-soluble porphyrin with a distinctive central methyl group. Our lab has
previously shown that NMM is not only highly selective for GQ DNA over other DNA

structures, but selective for the parallel GQ conformation specifically.*? The lab has also



demonstrated that NMM can serve as a fluorescent probe for GQ DNA in vitro. ™ Its
immpressive selectivity, along with its fluorescence properties, renders NMM a very
promising GQ ligand with a wide array of potential applications (which we recently
reviewed®). Another GQ ligand studied in this thesis is 3,11-difluoro-6,8,13-trimethyl-8H-
quino[4,3,2-klJacridinium methosulfate (RHPS4, Figure 6), which has shown promise in

targeting tumor cells.***” I-motif ligands, however are currently scarce.?’
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Figure 6. G-quadruplex ligands. (Left) NMM and (Right) RHPS4.
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Goals

A large portion of this thesis is dedicated toward elucidating the structures of non-
canonical DNA and characterizing their behavior inm vifro. Specifically, we study the
binding of a G-rich telomeric sequence (T1) from the ciliate Tetrahymena thermophila to
NMM, as well as a longer G-rich sequence (19wt) from the social amoeba Dictyostelium
discoideum. Both of these organisms are simple eukaryotes with genomes substantially
smaller than the human’s (104 and 34 Mb, respectively,*** compared to 2.85 Gb in
humans),*® which renders the task of understanding the biological functions of GQs more
tractable. We also aim to determine the structure of T1 in complex with RHPS4, as well as
the structure of an i-motif which could form near the human RAS promoter (iHRAS).

The work in this thesis mainly involves two approaches. First, we characterize GQ
folding and stability, as well as the stoichiometry, strength, and thermodynamic properties
of the ligand binding interaction if applicable, via biophysical methods. Second, we aim to
elucidate the atomic details of these non-canonical DNA structures wvia X-ray
crystallography. Through doing so, we hope to further our understanding of the structural
features and diversity of these DNA structures. Furthermore, this work provides
complementary biophysical data and atomic coordinates to inform GQ and i-motif

targeting anticancer drug design.

11



Chapter 2: Materials and methods

DNA and buffers

Lyophilized oligonucleotides were purchased from Integrated DNA Technologies
(IDT; Coralville, IA) with standard desalting purification. DNA was hydrated in doubly-
distilled water to 1-2 mM and stored at -80 °C. Extinction coefTicients for all sequences
were obtained using IDT’s OligoAnalyzer 3.1 and DNA concentration was determined
from UV-vis spectra collected at 95 °C. The full list of DNA sequences used in this work,
along with their extinction coefficients and molecular weights, can be found in Table 1.
To induce GQ formation, DNA was diluted into the desired buffer, heated at 90-95 “C for
5-10 minutes, cooled slowly to room temperature over 4 hours, and equilibrated at 4 °C
overnight. NMM stock was prepared in doubly-distilled water and its concentration was
determined using an extinction coefficient of 1.45x10° Mem™ at 379 nm.5!

All biophysical experiments were performed in 5K buffer consisting of 10 mM
lithium cacodylate pH 7.2. 5 mM KCI, and 95 mM LiCl unless otherwise specified. The
Na' buffers consist of either 5 or 50 mM NaCl and 10 mM lithium cacodylate pH 7.2.
Crystallization trials were performed in 20K buffer consisting of 10 mM lithium cacodylate

pH 7.2 and 20 mM KCI.

12



Table 1. DNA sequences studied, extinction coefficients, and molecular weights.

Nucleotides added or mutated from the corresponding base sequence (T1 or 19wt) are
shown in bold. The 19wt family sequences are spaced for easier identification of loop

nucleotides.

Name DNA sequence g, mMlem! | MW, g/mol
T1 GEGTTEGEGTTGEGEGTTGGE 173.0 5713.7
T2 GGETTGGETTGEETTGEEET 191.6 6347.1
T3 GHGETTGEEETTGEETTGEEET 201.7 6676.3
T4 GGGGEETTGEGETTGEETTGGEET 211.8 7005.5
TS TGEGGGETTGGETTGEETTGGEET 2193 7309.7
T6 TGGHGETTHEETTGEETTGEEETT 2274 7613.9
T7 TGEETTGEETTGGETTGEET 189.0 6322.1
TS CEGETTGEETTGGETTGEEE 189.6 6322.1
TO GGGETTGEEETTGGETTGEGC 189.2 6322.1
19wt GGGG GA GGGG TACA GGGG TACA GGGG 270.9 8287.4
M1 GGG TA GGGG TACA GGGG TACA GGGG 270.3 8262.4
M2 GGGG TT GGGG TACA GGGG TACA GGGG 264.4 8253.4
M3 GGGG TT GGGG TACA GGGG TACT GGGG 259.1 8244.3
M4 GGGGE GA GGGG TACA GGGG TAARA GGGG 275.3 8311.4
MS GGG TA GGGG TACA GGGG TAAA GGGG 274.7 8286.4
Mé6 GGGG AA GGGG TACA GGGGE TAAA GGGG 2772 82954
M7 GGGG TA GGGG TACA GGGG TATA GGGG 272.8 8277.4
MS GGGG GA GGGG TAAA GGGG TACA GGGG 2753 8311.4

iHRAS CGCCCETGECCCTGCGCCCGCAACCLCGA N/A N/A

UV-vis spectroscopy

All UV-vis experiments were performed on a Varian Cary 300 UV-vis

spectrophotometer equipped with a Cary temperature controller (£ 0.3 °C error). Spectra

were collected from 220-349 nm for DNA and 352-480 nm for NMM at 0.5 nm intervals
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with a 0.1 s averaging time, 300 nm/min scan rate, 2 nm spectral bandwidth, and automatic

baseline correction.

UV-vis titration

DNA samples were prepared at 90-170 pM to target a final [DNA]/[ligand] ratio of
at least 1.5. NMM samples were prepared in 1 cm methyl methacrylate cuvettes to target
~0.5 absorbance(3-4 M NMM at 1000 pl.). To maintain constant NMM concentration
throughout the titration, an equivalent concentration of NMM was added to the annealed
DNA sample. In the titration, DNA was added to NMM in increasing increments, and the
resulting sample was equilibrated for 2 min before the UV-vis spectrum was collected. The
titration continued until no further changes were observed in at least three UV-vis spectra.
The volume of DNA added (30-100 pL total), Amax, and absorbance at Amax Were monitored
throughout the titration. Data was processed using singular value decomposition followed

by a direct fit as described below. Reported K, values represent the average of three trials.

Job plot

Job plot is a continuous variation analysis method that allows for model-
independent determination of binding stoichiometry.®” The method requires two titrations
involving equal concentrations of DNA and ligand (~2.50 uM). In the first titration,
cuvettes containing 1 mL of NMM were placed into the sample and reference cells in the
UV-vis. DNA was titrated into the sample cell while an identical volume of buffer was
titrated into the reference cell in increasing increments of 20 — 200 ul.. In the second

titration, a cuvette containing 1 ml. of DNA was placed in the sample cell while a cuvette
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containing 1 ml. of buffer was placed in the reference cell, and equivalent volumes of
NMM were titrated into both cuvettes in increasing increments of 50 — 200 ul.. Absorbance
differences measured at the wavelengths of minimum and maximum absorbance were
plotted against the mole fraction of NMM. The peak or trough in the Job plot indicates the
mole fraction of NMM bound to DNA and thereby reports on the stoichiometry of the

DNA-ligand complex. Three consistent trials were completed.

Thermal difference spectra (TDS)

TDS were obtained by subtracting UV -vis scans taken at 4 °C after 5 minutes of
equilibration from scans taken at 95 °C after 10 minutes of equilibration. In principle, the
low and high temperature limits are defined by the temperatures at which the DNA is
(mostly) folded and unfolded, respectively. GQs have a characteristic trough in their TDS

spectra around 295 nm.>* A script for processing TDS data can be found in the Appendix.

Fluorescence (FL) titration

Fluorescence experiments were conducted on a Photon Technology International
QuantaMaster 40 fluorometer at 20.0 °C. Data was collected at the emission range of 560
- 720 nm with 2 nm slit widths, 0.5 nm step size, and 0.5 s integration time. The isosbestic
point determined through UV-vis titrations (391 nm for the T1-NMM complex) was used
as the excitation wavelength. NMM in a methyl methacrylate fluorescence cuvette (~1.0
puM at 1500 pl.) was titrated with small increments of 130-190 uM DNA to target a final

[DNAJ/[NMM] ratio of at least 1.5. The total volume of DNA added (40-60 pL.), Amax, and
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intensity at Amax were monitored throughout the titration. Data were analyzed in the same

way as UV-vis titration data, and reported K, values represent the average of five trials.

Quantitative analysis of binding curves

Singular value decomposition (SVD)

SVD is a matrix-based method that allows for global processing of titration data at
all wavelengths, thereby providing a strong advantage when compared to traditional fitting
of data from only one (or several) wavelengths. First, we imported the data into MATLAB
as a matrix M consisting of the signal at each wavelength (columns) for every addition
(rows). This matrix was then decomposed into three matrices U, S, and V such that M =
USVT. Matrix U consists of basis columns that represent each component. Meanwhile, the
diagonal matrix § contains singular values that serve as weighing factors. Finally, }7T
contains amplitude column vectors that indicate how much of each component is present
at every addition. DNA concentration was plotted against a vector in V to generate a
binding curve. While each column in ¥ represents the same binding event, we used the
second column, »2, to fit UV-vis titration data and the first column, v1, to fit fluorescence
titration data because they generated curves that looked most representative of a binding

event.

Direct fit

Direct fit assumes a simple DNA + ligand — DNA-ligand complex binding model**
with 1:1 binding stoichiometry. This method can also be used for higher stoichiometries

by assuming equivalent, independent binding sites. However, it is important to keep in
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mind that such data treatment is likely an oversimplification. In such cases, the
concentration of DNA binding sites was set equal to the concentration of DNA multiplied
by the appropriate stoichiometric ratio. Direct fit was applied in GraphPad Prism 4 with
the concentration of binding sites at each addition as the independent variable and the
appropriate column vector from }” as the dependent variable. NMM concentration, as
experimentally determined via UV-vis, was either kept constant or allowed to float if it
provided a higher quality fit. A refined NMM concentration was accepted only if it deviated
less than 20% from the measured value. Direct fit of the data yields the most probable
binding stoichiometry and the binding constant, X, A variety of binding models (e.g. 1:1,
2:1, and 1:2) were tested. The best fit was the model with the lowest stoichiometry, < 20%
error in K, random residuals, and a fit curve closely matching the data upon visual

inspection.

Isothermal titration calorimetry (ITC)

ITC experiments were conducted on a Malvern MicroCal PEAQ-ITC. The
titrations were run in two directions: NMM into DNA (forward) and DNA into NMM
(reverse). Forward titrations were performed at 25 °C with 6 ucal/s reference power, high
feedback, 750 rpm stir speed, 60 s initial delay, and one 0.4 ul. injection followed by 18
injections of 2 ul. with 250 s spacing between each injection. The cell contained 11.4-25.0
uM DNA, while the syringe contained 67-180 pM NMM, both prepared in degassed 5K
buffer. The reverse experiments were run with the same parameters but with the reference
power was set to 10 ucal/s and low feedback. The cell contained 18-24 uM NMM while

the syringe contained 350-476 pM DNA. Heat release was monitored during the
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experiment, and the observed peaks were baseline corrected, integrated, and plotted against
the molar ratio of NMM/DNA to generate a binding curve. Fitting of the data using the
instrument software yielded the number of binding sites and dissociation constant, as well
as the enthalpy (AI), entropy (AS), and free energy (AGa2sg) associated with the binding

event. At least three consistent trials were completed for each direction of the ITC titration.

Circular dichroism (CD) spectroscopy

All CD experiments were conducted on an Aviv 435 circular dichroism
spectrophotometer equipped with a Peltier thermal controller (+ 0.3 °C error) in 1 cm quartz
cuvettes. DNA samples were annealed at ~5 pM alone and with 2 eq. of NMM if applicable
in 5K buffer. CD scans were taken at 20 °C from 220 - 330 nm with a 1 s averaging time,
2 nm bandwidth, and 1 nm step. Three scans were collected first for buffer and then for
each sample in the corresponding cuvettes. CD data were processed as described in our
earlier work,>* and scripts for data processing can be found in the Appendix. CD scans
allow for determination of GQ conformation (e.g. parallel, mixed-hybrid, or antiparallel).**

CD melting experiments were conducted from 25-95 °C with a 1 °C step, 1 °C/min
temperature rate, 15 s averaging time, and 5 s equilibration time. CD signal at the
wavelength corresponding to maximum signal in CD scans, was monitored as a function
of temperature. A macro for running CD scan-melt-scan experiments can be found in the
Appendix. Melting temperatures, 7Tm, were determined via two methods. The first method
involves taking the first derivative of the smoothed CD signal (using a 13-point Savitzky-
Golay quadratic function) and finding the temperature at the trough through visual

inspection (associated with = 0.5°C error). The second method assumes a two-state model
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for DNA unfolding with constant AH and should be used for fully reversible melting
transitions, i.e. when melting and cooling curves are (nearly) superimposable.>® Hysteresis
was determined as the difference between 7 from the melting and cooling curves. Since
the hysteresis never exceeded 3.3 °C, all systems were considered (nearly) reversible and
the reported thermodynamic data were obtained using the two-state model. Reported

results represent the average of 2-3 trials.

Native polyacrylamide gel electrophoresis (PAGE)

PAGE samples contained 40-30 uM DNA in 5K buffer and were weighted down
with 7% w/v sucrose prior to loading. Twenty percent native polyacrylamide gels were
made with 5 mM KCI and 1xTris-Borate-EDTA. Gels were pre-migrated at 150 V for 30
min, loaded with 6-10 pl. sample, and run for 120-150 min at 150 V at room temperature.
A tracking dye was used to monitor gel progress and an oligothymidylate ladder consisting
of dT1s, dTa4, dTz0, and dTs7 was used as a length marker. DNA bands were visualized

using Stains-All and the resulting gel was captured with a scanner.

X-ray crystallography
Crystallization via hanging drop vapor diffusion

Crystallization was achieved at room temperature using the hanging-drop vapor
dilTusion method. The T1-NMM sample was prepared by annealing HPL.C-purilied DNA
with 1 eq. of NMM at 0.65 mM in 20K buffer. Drops were set manually at 2 uL. DNA
sample and 1 uL erystallization condition. The original crystal grew in condition 1-31 from

the HELIX screen (Molecular Dimensions), which contains 1.0 M sodium formate, 20%
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PEG 20000, and 0.05 M Bis-Tris pH 7.0. This condition was then optimized to 0.85 M
sodium formate, 17.5% PEG 20000, and 0.05 M Bis-Tris pH 7.0, yielding large hexagonal
crystals that grew within 3 weeks to 300 um in the largest dimension. Crystals were
harvested from the growth condition and flash frozen in liquid nitrogen.

The T7-NMM sample was prepared by annealing DNA with 1 eq. of NMM at 0.65
mM in 20K buffer. Drops were set by the TTP Labtech Mosquito Crystal equipped with a
humidity chamber at 0.1 ul. DNA sample and 0.1 ul. of the crystallization condition. Small
hexagonal crystals grew within three weeks to 80 pum in the largest dimension from
condition C5 of the Natrix screen (Hampton Research), which contains 4.0 M LiCl, 0.01
M MgCly, and 0.05 M HEPES sodium pH 7.0. Crystals were cryoprotected in the base
condition supplemented with 15% ethylene glycol before being flash frozen in liquid

nitrogen.

Data collection and structure solution

Datasets were collected at the Advanced Photon Source 24 ID-E synchrotron
facility to a maximum resolution of 2.39 A for T1-NMM and 2.34 A for T7-NMM. Raw
diffraction data was processed using XDS.*" The structures were solved by molecular
replacement (MR) using PHENIX.*® Three types of 3-quartet parallel GQ models were
tested in MR: entire GQs; GQs with only thymine(s) in the loops (with other loop
nucleotides removed);, and GQ cores consisting of only G-tetrads, with loops and
overhangs removed. All models had K" ions included. In addition, we tried MR with a

single G-tetrad.
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The T7-NMM structure was solved via MR using the GQ core of human telomeric
DNA in complex with NMM (Protein Data Bank, PDB ID: 4FXM).>® The initial MR
solution was improved using PHENIX AutoBuild, and NMM was placed into the structure
with PHENIX LigandFit. Extensive manual model building cycles were performed in
Coot® followed by PHENIX Refine.

The T1-NMM structure was solved via MR using the individual DNA chaing and
associated K ions from the T7-NMM structure, followed by AutoBuild, LigandFit., and
manual model building, along with continuous refinement cycles. Data collection and

refinement statistics for both structures are presented in Table 2.

Table 2. Crystallographic statistics for the T1-NMM and T7-NMM complexes.

T1-NMM T7-NMM

Resolution range (A) 64.78 - 2.388 51.34 - 2.339
Space group R32 P 63
Unit cell dimensions

a, b, c (L) 60.93, 60.93, 194.342 | 59.28, 59.28, 63.33

a, p,v(©) 90, 90, 120 90, 90, 120
Unique reflections 5748 (492) 5377 (498)
Redundancy 19.0 (19.0) 9.5(6.1)
Completeness (%) 97.48 (86.90) 98.84 (92.39)
I/ 21.4 14.9
R-merge (%) 6.7 7.8
Rwork / Riree (%) 23.52/24.91 20.01/22.43
Number of atoms 822 862

DNA 701 T78

Ligand 115 75

Solvent 0 4

Potassium 6 5
Copies in asymmetric unit 2 2
Overall B-factor (A?) 115.44 97.15
RMS deviations

Bond lengths (A) 0.008 0.01

Bond angles (°) 0.83 1.2
PDB ID 6PNK 6P45
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Model building

The asymmetric units of both the T1-NMM and T7-NMM crystals contain two
DNA chains (A and B), each of which is bound to one NMM molecule. The DNA chains
form a dimer in the case of T7, whereas they form dimers with symmetry-related molecules
in the case of T1. Accordingly, for T7-NMM the dimers are of A-B nature, while for T1-
NMM the dimers are of A-A and B-B nature. Both structures include two K ions within
each GQ monomer, as well as a K™ ion at the dimer interface. In the T1-NMM structure,
the latter K™ is at a special position, so it was modeled at 0.5 occupancy for each monomer.
Due to a lack of clear electron density, the propionate groups of NMM were not built.

In the T1-NMM structure, the base for Ts and T4 in both chains and for T4 and T}
in chain B was not built due to disorder in the loop regions. Similarly, the sugar for Ts in
chain B was not built. We modeled NMM in chain B in two different orientations each at
0.5 occupancy with the N-Me group residing on different pyrrole nitrogens. We also built
a sodium formate molecule near Gig of chain B (the crystallization condition contained
0.85 M sodium formate).

In the T7-NMM structure, the base for Tis in chain A and Ti¢ in chain B was not
built due to loop disorder. In addition, disorder at the 5” and 3’ overhangs of both chains
resulted in poor electron density for the phosphate and base for T1 and T20, which were not

built. Structure figures were prepared in PyMOL®! and Coot.

Structure analysis
To calculate the helical twist within a GQ) structure, [ wrote a script (Appendix)

following methodology described by Chung et al.®* that extracts the coordinates of all
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atoms from the PDB file and represents every guanine base as a vector from C8 to the
midpoint between N1 and C2 (Figure 7A). The angle between the vectors corresponding
to every pair of stacked guanines was then calculated. We verified the script using a
structure for which helical twist is reported and was calculated using the same theoretical

strategy. 62

Base

Figure 7. Guanine vector for helical twist calculations and DNA torsional angles. (A)
Representation of guanine as a vector (green) from C8 to the midpoint of N1 and C2, which
was then used to calculate helical twist between stacked guanines. (B) Schematic of DNA
torsional angles. The backbone dihedral angles o, 3, v, 8, €, and & describe the torsion of
the DNA backbone, while the glycosidic torsion angle y refers to the syn or anti
conformation of the nitrogenous base.

We used principal component analysis to find the centroid of each G-quartet and of
NMM (using the atomic coordinates of the 24 central atoms comprising the porphyrin ring,
excluding the methyl group). Using this information, we calculated G-quartet (and triad)
planarity, as well distances between adjacent G-quartets and between the outermost G-
quartet and NMM.> We also calculated DNA torsional angles (Figure 7B) using 3DNA®

and visualized their distribution as a wheel plot. The torsional angle plot and the planarity
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and distance calculations were all performed using modified versions of MATLAB scripts
by Barrett Powell “18.

Finally, root mean square deviation (RMSD) was calculated by aligning all the
atoms in each pairing of DNA chains from the T1I-NMM and T7-NMM structures in
PyMOL (with no outlier rejection). Groove widths were measured in PyMOL as P-P
distances, while B-factors were calculated using the Average b PyMOL script (PyMOL

Wiki).
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Chapter 3: Binding of N-methyl
mesoporphyrin IX to the (GGGTT);GGG
G-quadruplex

In this project, we set out to determine crystal structure of the 5’-(GGGTT):GGG-
3" sequence (T1) alone and in complex with NMM. To increase our chances for successtul
crystallization, we designed a variety of constructs based on its genomic context. We used
BLAST® to align T1 with a number of genomes. The T1 sequence is found at position
168,273 on the Tetrahymena thermophila genome in the telomeric region. Note that it does
not represent the consensus telomeric motif, (GGGGTT), (studies are underway in the lab).

The T1 sequence also occurs 11 times in the human genome, in seven distinct
regions across six chromosomes (Table S1). In particular, it may be involved in regulating
[-secretase 2 (BACE2), a gene implicated in Alzheimer’s disease. Furthermore, the
sequence is found in the bacteria Neisseria meningitidis, Neisseria gonorrhoeae, the bird
pathogen Escherichia coli strain APEC O78, and repetitively in Paenibacillus.%*%

The native constructs (designated T2 — T6) contain the full T1 sequence expanded
by 1-3 nucleotides (nt) in the 5°, 3°, or both directions. In addition, we designed a construct
(T7)to prevent the dimerization observed for T1 by adding 5° and 3’ thymine tails. Finally,
we designed two constructs (T8 and T9) to promote efficient crystal packing via the
formation of intermolecular Watson-Crick base pairs by adding cytosine and guanine at
the 5” and 3” ends. We choose the C-G base pair for its increased hydrogen bonding in

comparison to an A-T base pair. All construct sequences are listed in Table 1. We

successfully crystallized both T1 and T7 in complex with NMM.
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Biophysical characterization of constructs

Prior to crystallization, we determined the TDS and CD signatures of the T1 —T9
constructs to assess their similarity to the target T1 sequence. All constructs have TDS
spectra with peaks at 240 and 275 nm and the characteristic trough at 296 nm (Figure 8A),
indicating that they all fold into GQs. Furthermore, a peak at 262 nm and trough at 241 nm
15 observed in all CD scans (Figure 8B), suggesting a parallel GQ topology. The similarity
of the observed signatures (TDS and CID) for the sequences mdicates that they fold nto

similar secondary structures.
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Figure 8. Biophysical characterization of the T1 — T9 constructs. (A) TDS and (B) CD
scans collected at 25 °C. (C) Twenty percent native PAGE gels for DNA alone (left) and
with 2 eq. of NMM (right). (D) Ty, for the constructs. All DNA samples were prepared in
5K buffer at ~5 pM except for the gel samples, which were prepared at 40-50 pM.
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We then investigated the homogeneity and oligomerization state of all the
constructs via PAGE (Figure 8C). PAGE reveals that both T1 and T2 predominantly form
dimers, although the streakiness of their bands likely suggests the presence of multiple
species. The rest of the constructs form monomers, with T3, T4, and T9 also having some
amount of dimer. Finally, T3 — T6 also contain a small amount of higher order oligomeric
species. Dimer formation in T1 — T4 and T9 can be explained by the presence of a 5° G,
which often leads to dimerization.®” ® In contrast, when a nucleotide other than guanine is
found at the 5” end, no dimer formation is observed, as 1s the case for T5 — TS.

Next, we assessed the stability of all the constructs via CD melting studies (Figure
8D). In all cases, the melting transitions were nearly reversible (the hysteresis did not
exceed 3.3 °C), thereby allowing us to extract thermodynamic parameters (Table 3). T1
melts at 57.7 £ 0.3 °C in the presence of 5 mM K. Extension of the T1 sequence only has
amild effect on its stability, with the largest changes in Ty being +3.6 and -3.8 °C. Notably,
the T2 — T6 constructs, which are all extended native sequences, have slightly enhanced
thermal stability relative to T1 (Table 3), likely due to non-essential, stabilizing capping
interactions. Meanwhile, addition of non-native nucleotides (in T7 — T9) destabilizes the
structure, likely either due to an increase in entropy (if the added nucleotides do not

participate in stabilizing interactions) or a lack of dimer formation (Figure 8C).

Table 3. Stability and oligomerization states of constructs. Melting temperature,
enthalpy, and hysteresis were determined via CD melting experiments, while
oligomerization states were determined via PAGE (M —monomer, D — dimer). *relative to
T1.
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DNA Tm, °C ATm, °C* | AH, keal/mol | Hysteresis, °C | Oligomerization

T1 57.7+£03 - 77+ 2 33 D

T2 61.3+04 3.6 83+3 3.2 D, smeary

T3 584+03 0.7 519+ 09 2.5 M-+D

T4 60.14+0.3 2.3 50.6 + 0.8 2.2 M+D

TS 58.8+03 1.1 50.8+0.8 2.8 M

Té6 579+ 04 0.2 53.0+04 2.9 M

T7 520+03 -5.8 486+ 0.1 2.2 M

T8 56.4+0.3 -1.3 46+ 3 2.9 M

T9 529+03 -5.0 38.14+0.5 3.1 M+D

It is interesting to compare T8 and T9, which have identical compositions but
swapped C/G overhangs. T8 (with a 5° C) appears to be mostly monomeric with a Ty of
56.4 + 0.3 °C, while T9 (with a 5° 3) has a small amount of dimer and a lower Ty, of 52.9
+ 0.3 °C. Thus, even the addition of seemingly unimportant overhang nucleotides affects
both the oligomerization state and the stability of the resulting GQ), indicating that every
nucleotide warrants consideration during construct design. The stability of T1 and T7 under
similar conditions was investigated by Largy et al. and yielded similar Ty, values.”

Dimeric T1 and T2 display significantly higher enthalpy values (~80 kcal/mol) than
other constructs (AH of ~50 kcal/mol) with the exception being T9, which has a low AH of
38 kJ/mol). The higher enthalpies for dimeric GQs indicate that the dimers are maintained
by a multitude of bonding interactions, which is consistent with our crystallographic results

(presented below).

Biophysical characterization of NMM binding to T1/T7

Effect of NMM via PAGE
Previous work in the lab demonstrated that the selective GQ ligand NMM stabilizes

T1 by an impressive 23 + 2 °C at 2 eq.** However, neither the binding strength nor the
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binding mode were previously established. To assess the effect of NMM on T1 — T9, we
performed PAGE on DNA annealed in the presence of 2 eq. of NMM (Figure 8C). As
seen through the disappearance of higher order bands when compared to the gel of DNA
alone, NMM increases the amount of monomeric GQ at the expense of dimers and higher
ordered species.

As T7 and T8 form fully homogeneous complexes with NMM (Figure 8C), they
were good candidates for crystallographic studies, so we proceeded to characterize these
complexes via TDS, CD scans, and CD melting studies. Their TDS signatures, while not
similar to that of classical GQ DNA, still retains a small trough at 293 nm, indicative of a
GQ fold, and displays a strong trough at 263 nm (Figure S1A). This somewhat unusual
TDS signature may result from interference by NMM’s absorbance. Meanwhile, CD scans
demonstrate that NMM causes a small change in CD signal intensity (an increase for T7
and decrease for T1 and T8) and a small red shift of ~2 nm (Figure S1B-D). The general
CD signature, which is indicative of a parallel GQ, is maintained in the presence of NMM.
Finally, CD melting studies demonstrate that NMM greatly stabilizes T1 by 20. + 1 °C
(consistent with earlier work'), T7 by 19.9 + 0.4 °C, and T8 by 17.0 + 0.5 °C at 2 eq.
(Table S2). The degree of stabilization is similar among the constructs and is the highest
reported in the literature for GQ-NMM complexes. NMM had little effect on AH.

To further examine the effect of NMM on the constructs, we used UV-vis and
fluorescence spectroscopy, along with ITC, to determine the binding constants and
thermodynamic parameters of the binding interaction of NMM with T1 and T7. We also

performed Job plots to confirm their binding stoichiometries.
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Binding studies via UV-vis and fluorescence titrations

The UV-vis spectrum of NMM displays a 179 + 04 nm red shift, low
hypochromicity of 1 + 4 %, and an isosbestic point at 391 nm upon addition of T1 (Figure
9A). This data is consistent with values reported for UV-vis titrations of NMM with a
variety of parallel GQs.*® Titration data are best fit to the 1:1 binding model and yield a K,
of 30 + 20 uM! for T1 (Figure 9B), signifying an impressively tight binding interaction.

NMM displays the ‘light-switch® effect in the presence of GQ DNA,*™ as its
fluorescence becomes dramatically enhanced. We made use of this property to corroborate
the K, determined via UV-vis titrations. Fluorescence titration data yield a 1:1 binding
stoichiometry and a K, of 50 = 20 uM™! for T1-NMM (Figure 9C-D). NMM fluorescence
enhancement upon binding T1 was found to be 49 + 2, which is consistent with the

fluorescence enhancement of 40-70 reported for a variety of parallel GQs (Figure S2).*
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Figure 9. Determination of K, for T1-NMM via UV-vis and fluorescence titrations. (A)
Representative UV-vis titration of 3.4 uM NMM with 170 uM T1 to final [T1]/[NMM] of
49. (B and D) SVD fit of titration data (solid squares) to the 1:1 binding model with
floating [NMM]. The 95% confidence interval is shown as dashed lines. (C) Representative
FL titration of 1.0 uM NMM with 150 uM T1 to final [T1]/[NMM] of 6.1 at 20 °C.

Binding studies via ITC

We performed ITC studies to vernify the results from UV-vis and FL titrations and
to complement the binding data with thermodynamic parameters. ITC data (Figure 10)
suggest that one NMM molecule binds two T1 GQs (i.e. one NMM binds to one T1 GQ
dimer), which is not in line with the 1:1 binding model obtained via UV-vis and FL
titrations. The K, was determined to be 70 + 20 pM', which is somewhat higher, but
consistent overall with values obtained from UV-vis and FL titrations. Binding of T1 to
NMM is a spontaneous, enthalpically-driven process with the following thermodynamic
parameters: AG of -10 + 3 keal/mol, AH of -17 & 3 kcal/mol, and -TAS of 7 + 2 kecal/mol

(Figure 10C).

&
=

A 0,00 5 B 4 C -
Tﬂ 10 g Forward
s © 77 Reverse
£ a0l : oL AG AH i
3 10 s —TAS
-0.20 4 ~15 1 i
-104 AV 1
0.251 -204 A
-154
0 5 10 15 20 25 30 35 40 00 02 04 06 08 10 12

Time {min) Molar ratio (NMM:T1) =20+

s
b
AH (keal/mol)

DP {peal/s)

kealimol
"

Figure 10. Thermodynamic characterization of T1-NMM binding via ITC. (A)
Representative raw ITC data for titration of 90.5 pM NMM into 12.4 uM of prefolded T1
in 5K buffer at 25 °C with baseline subtraction. (B) Integrated raw heats with a fit generated
using the one-site binding model. {C) Gibbs free energy deconvoluted into enthalpic (AH)
and entropic (AS) contributions for both the forward and reverse titrations.
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We hypothesized that the inconsistency in binding stoichiometry between the three
methods (1:1 in UV-vis and FL titrations vs. 2:1 in I'TC) could be due to the experimental
setup. In both UV -vis and FL titrations, NMM samples were titrated with DNA. This setup
was reversed for ITC, in which the macromolecule is conventionally placed in the sampls
cell and titrated with ligand. It is possible that at the beginning of the ITC titration, under
conditions of excess DNA, two T1 GQs (oneT1 dimer) bind one NMM, resulting in the
observed 2:1 stoichiometry. Upon further increase in NMM concentration, the
stoichiometry could change to 1:1. To test this hypothesis, we performed the reverse ITC
experiment: we placed NMM in the sample cell and loaded T1 into a syringe. However,
contrary to our hypothesis, the results did not change and once again yielded a 2:1
T1/NMM stoichiometry, along with a K, of 23 £ 6 uM™, AG of -10.1 £ 0.1 kcal/mol, AH
of -14 &+ 3 kecal/mol, and -TAS of 4 & 3 kcal/mol (Figure 10 and Figure S3).

Finally, we also assessed the binding of T7 to NMM via [TC (Table 4 and Figure
S4). Compared to T1-NMM, the binding is weaker. The thermodynamic parameters for
T7-NMM binding are: K, of 2.5 0.6 uM™, AG of -8.7 + 0.4 kcal/mol, AH of -8.7 = 0.1
kcal/mol, and -TAS of 0.0 = 0.6 kcal/mol. The binding stoichiometry is nearly 1:1, as the
number of binding sites (n) is 0.86 + 0.06. A summary of results from all titration

experiments is presented in Table 4.

1:1 stoichiometry via Job plot
In order to resolve the discrepancy in T1-NMM binding stoichiometry, we used the
model-independent Job plot method. Job plot data (Figure 5) clearly and unambiguously

suggest 1:1 binding, consistent with UV -vis and FL titration data.
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Table 4. Summary of binding data. All experiments were performed at 20-25 °C.

Thermodynamic parameters,

. ; 1
Experiment Model, DNA:NMM | K, pM feentioiel
T1-NMM
UV-vis 1:1 30+ 20 -
Fluorescence 1:1 50 £ 20 -
A —-17+3
ITC Forward* n=056+0.06 70 + 20 -TAS=7+2
AGrg =-104+3
AH= -14+3
ITC Reverse* n=05£0.1 23+6 -TAS =443
AGrog =-10.1+ 0.1
T7-NMM
AH=-87+04
ITC Forward?* n=086+0.06 2.5+006 -TAS=0.0+06
AGpeg =-8.7+ 0.1
0.03
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Figure 5. Determination of stoichiometry for the T1-NMM complex via Job plot.
Representative Job plot at 20 °C. T1 and NMM were both prepared at 4.0 pM in 5K buffer,
and the Job plot was built by plotting absorbance difference at imax. Data at other

wavelengths are consistent with the data presented here.

In summary, the extensive binding studies for T1 with NMM demonstrate that

NMM binds T1 with 1:1 stoichiometry and an extremely tight binding constant, K, of 30

+ 20 uM™! (K4 = 20 nM). This binding interaction is thermodynamically favorable and

enthalpically-driven. T7, which has two additional terminal thymines, binds more weakly

to NMM, also in a 1:1 ratio.
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Characterization of the GQ-NMM complexes via X-ray
crystallography

Biophysical characterization of T1 — T9 indicated that all the constructs form GQ
structures with similar fold and stability to T1. However, as only TS5 — T8 produced
homogeneous samples alone and/or in complex with NMM (Figure 8C), we conducted
crystallographic studies on T1 and T5 — T8. We succeeded in producing diffraction quality
crystals of T1, T7, and T8 all with NMM, and solved the structure of the T1-NMM and

T7-NMM complexes.

Buffer selection for crystallization

Bufter choice is critical for crystallization. The buffer should provide optimal
stability for the DNA or DNA-ligand complex, and should have simple composition with
low ionic concentration to avoid interfering with the crystallization process and
overshadowing the components of the crystallization mixture. We investigated the fold and
stability of T1 in 10 mM lithium cacodylate pH 7.2 supplemented with 5-100 mM KCl. An
increase in K' concentration led to a minor increase in CD signal intensity at 262 nm,
higher thermal stability, and higher enthalpy of unfolding (Figure §3). Melting of T1 is
accompanied by a small hysteresis, which decreases from 3.3 °C at 5 mM KClto 1.2 °C at
100 mM KCI. Guided by this data, we chose 10 mM lithium cacodylate pH 7.2 and 20 mM
KCI as the buffer for erystallographic studies, as it strikes the balance between assuring
high thermal stability for T1 (7T of 65.5 £ 0.9 °C and AH of 60 * 3 kcal/mol) and

maintaining a low overall ion concentration.
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To determine the effect of ionic strength on T1 stability, we measured the Ty of T1
in 5 mM K" buffer in the presence of 0 and 95 mM LiCl. T1 stability is not affected by the
presence of LiCl (T = 56.2 and 57.7 °C in 0 and 95 mM LiCl, respectively), but the
enthalpy of T1 unfolding increases significantly from 47 + 1 to 77 = 2 kecal/mol upon
addition of LiCl. The data suggest that increased ionic strength facilitates stronger bonding
within each monomer and between the monomers that comprise the dimer, which otherwise
repel each other due to the negatively charged DNA backbone. Additionally, the high
negative charge density in GQ structures can facilitate interactions with Li" that contribute

to the increased enthalpy of unfolding,

Atomic details of the TI-NMM and T7-NMM crystal structures

Both T1-NMM and T7-NMM produced large hexagonal crystals (Figure 11A).
The T1-NMM crystal structure was solved in the R 3 2 space group to 2.39 A, while the
T7-NMM structure was solved in the P 63 space group to 2.34 A and has overall higher
quality. In both cases, the asymmetric unit contains two DNA chains, each of which binds
one NMM molecule. The DNA form a parallel GQ structure, for which the overall
architecture is shown in Figure 11C.

The RMSD between the two chains is 0.919 A for T1-NMM and 1.212 A for T7-
NMM (Table S3), suggesting that the monomers within the asymmetric units are nearly
identical to each other. Furthermore, the GQ structures in T1-NMM and T7-NMM are
nearly identical, with an average RMSD among each pairing of DNA chains of 1.3 £ 0.4
A. Meanwhile, RMSD for the GQ core only (consisting of 12 guanines and excluding any

thymines) is 0.64 + 0.2 A, suggesting that the TT loops (particularly loops 1 and 3, which
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are quite flexible in the crystal structures) are the main source of differences between the

structures.
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Figure 11. Crystal structure of the T7-NMM complex. (A) Representative crystal
morphologies: half-hexagonal and hexagonal. (B) Electron density shown at 1.0 [/o around
the T7-NMM dimer. Note, electron density for the N-methyl group of NMM is not clear at
this resolution. (C) Schematic representation of the structure. (D) Graphical representation
of the asymmetric unit: a 5°-5" dimer capped at the 3° ends by NMM. Chain A is colored
in teal, chain B is blue, the sugar-phosphate backbone is vellow, and NMM 1is pink.
Potassium ions are depicted as spheres.

The B-factors for these structures are unusually high at 115.44 and 97.15 A? for
T1-NMM and T7-NMM, respectively (Table S4). Loop flexibility and disorder drives up
these B-factors, as the B-factor for loop regions is 148.13 A% for T1 and 128.85 A? for 17.
In addition, the 5" and 3’ thymine overhangs in T7 (these nucleotides are absent in T1) are

highly disordered, with a B-factor of 151.63 A% The flexibility of these terminal thymines
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can explain the observed destabilization of T7 with respect to T1 by -5.8 °C, the greatest
destabilization among all the constructs (Table 3).

In the crystalline state, T1 and T7 form parallel GQs consistent with solution CD
data (Figure 8D). The GQs dimerize via their 5° G-tetrads, and this dimer is capped on
both 3" ends by NMM. This arrangement is consistent with the 1:1 stoichiometry observed
in UV-visg, FL, and Job plot experiments. A similar overall arrangement of GQs and NMM
is observed in the crystal structure of human telomeric DNA, Tel22, with NMM (PDB ID:
4FXM).* The GQ dimers are stabilized by five K™ ions, all in square antiprismatic
coordination of the carbonyl oxygen from the eight guanines in the two adjacent G-tetrads.
Four K" ions are found between G-tetrads within GQ monomers, while one K" is found at
the dimer interface.

The dimer in T7-NMM is further stabilized by base stacking between Ts and T'1s
of chain B (where the prime (") notation signifies a symmetry-related molecule). There may
be interactions between T's of chain A and either T2o of chain B or 1715 of chain A. However,
the density for these two nucleotides is poor and neither nucleotide was fully built.
Meanwhile, in T1-NMM, there may be stacking between T4 in chain A and Tis in chain B,
but the electron density for T4 is poor so its base was not built.

All guanines in the structures adopt the anti glycosidic bond conformation, as
expected for the parallel GQ topology. The G-quartets are spaced by 3.4 A, allowing for
optimal n—x base stacking interactions (Table S3). The average intramolecular helical twist
between G-quartets within each GQ monomer is 29 + 4° for T1-NMM and 28 £ 1° for T7-
NMM (Table S6A), consistent with the helical twist reported for GQs with a parallel

topology > and for the Tel22-NMM structure (29 + 1°).°? The two monomers are twisted
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with respect to each other by 116 = 1°, 117 £ 2° (Table S6B), and 120 £ 3°, for T1-NMM,
T7-NMM and Tel22-NMM, respectively. The DNA backbone torsional angles are plotted

in Figure 86 and are consistent with those reported for other parallel GQ structures.”

Loop arrangement in the T1-NMM and T7-NMM structures

The T1 and T7 sequences have three propeller TT loops. In any loops with clear
enough electron density to fully build both thymines, one thymine is tucked into the groove,
while the other points out toward the solvent. The structures are type VIII GQs, which have
a parallel conformation with four medium grooves.”® Specifically, in the T7 structure, these
grooves have widths of 16.2 £ 0.5, 16.0 £ 0.4, 16.2 £ 0.6, and 16.0 = 0.6 A (Table S7).
Interestingly, the 5° G-quartet — located at the dimer interface — has narrower grooves than
the 3’ and middle G-quartets (15.5 + 0.2 A as opposed to 16.2 £ 0.2 and 16.6 £ 0.3 A,
respectively).

Another structure in the PDB with a TT loop is that of (TTGGGG)4 in Na' (PDB
ID: 186D).” As in our case, the propeller TT loop spans the medium groove (11.8 A width).
One of the thymines is tucked into the groove, interacting with two guanines, while the
other is oriented into the solvent. One other parallel GQ structure has a TT loop (PDB ID:
SDWW).” In this structure, both thymines in the loop point into the solvent, and one forms

intermolecular contacts with one of the T loops.

Atomic details of the interaction between T7 and NMM

For both structures, the central N-Me group of NMM is not well resolved, although

there is electron density visible for it. The propionic acid side chains are not visible and
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were not modeled. However, the macrocycle of NMM is well defined. NMM binds to the
3" terminal G-quartet at a distance of 3.6 A in both the T1- and T7-NMM structures (Table
S5), as well as in the Tel22-NMM complex.>® This distance is only slightly longer than the
optimal n-7 stacking distance of 3.4 A. This longer calculated distance may be partially
due to the non-planarity of the bound NMM, as distortions in the porphyrin ring may skew
its centroid, which was used to calculate distances. Nearly planar GQ ligands are typically
located 3.2-3.6 A from the terminal G-tetrad. Examples include (PDB IDs in parentheses)
berberine (3R6R), acridines (3NZ777, 1L1H', and 3EM2"), daunomycin (3TVB3"),
salphen metal complexes (3QSC and 3QSTF®), a ruthenium polypyridyl complex (51.88%%),
a dicarbene gold complex (53CCW?*?), and naphthalene diimides (3SC8 and 3T5E®).

The G-quartets become increasingly non-planar when moving away from the 5°-5
dimer interface. In this order, the out-of-plane deviations for the G-quartets in T7 are 0.39
+ 0.06, 0.97 = 0.02, and 2.06 + 0.06 A, which are similar to those observed in the Tel22-
NMM structure (Table 5). NMM itself is also non-planar in these structures, which may
allow it to bind more tightly and selectively to these GQs than a nonplanar GQ ligand.

Table 5. Out-of-plane deviations (A) for G-quartets. Calculated for the TI-NMM, T7-
NMM, and Tel22-NMM structures.

Quartet | T1I-NMM T7-NMM | Tel22-NMM
= 0.40+0.04 | 0.39+0.06 0.49
Middle 0.5+0.2 0.97 £ 0.02 1.08
3 1.72+ 0.09 | 2.06£0.06 1.85

On its other face, NMM interacts with Tjo from an adjacent DNA chain (Figure
12A-B). This interaction leads to an interesting intermolecular assembly of T7-NMM
complexes (Figure 12C) that can explain the resulting P 63 space group and the hexagonal

shape of the T7-NMM crystals (Figure 11A). However, it is likely that this NMM-thymine
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interaction, observed for both T1-NMM and T7-NMM, is a result of crystal packing forces.
The intermolecular assembly for T1-NMM is similar and can be found, along with its

asymmetric unit, in Figure S7.

Figure 12. Intermolecular interactions in the T7-NMM crystal structure. (A) NMM
(magenta) binds a GQ monomer (blue) via - stacking on one side and stacking with Tio
from another GQ monomer (red) on the other side. (B) Same as in (A) but rotated by 90°.
(C) Intermolecular interactions among T7 and NMM molecules. T7 chains are depicted in
teal and blue.

Comparison of samples used for crystallization with those prepared for
biophysical studies

To verify that the crystal structures are biologically relevant and that the high
sample concentrations used for crystallization did not affect DNA-ligand complex folding,
we compared the CD signatures of samples prepared for crystallographic studies with those
prepared for biophysical studies. The similarity of these CD signatures (Figure S8A)
indicates that the crystal structures are good representations of the GQ-NMM complexes
found in solution. According to PAGE (Figure S8B), T1 exists as a mix of monomer and
dimer even in the crystallization sample, consistent with that observed at lower

concentrations. Meanwhile, T7 is a monomer alone as well as in complex with NMM at
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both high and low concentrations. This data suggests that the T1 dimer observed in the
crystal structure could exist under physiological conditions. However, the T7
crystallographic dimer is likely an artifact of crystal packing, wherein the thymine
overhangs — normally freely moving in solution and preventing dimerization — are tucked

into the grooves, thereby opening the 5° G-tetrad to dimerization.

Discussion

We conducted biophysical and crystallographic studies on the interaction of two G-
rich DNA sequences, (GGGTT):GGG (T1) and T(GGGTT);GGGT (T7), with a highly
selective porphyrin ligand, N-methyl mesoporphyrin IX (NMM). T1 and T7 fold into
parallel GQs in solution both alone and in complex with NMM, as well as when bound to
NMM in the crystal structures. This observed fold is consistent with a previous study that
examined the fold of a variety of DNA with the general sequence G3ThG3ThGaTaGs, where
n = 1-5.% Short loops with 1-2 Ts, as in our case, lead to the parallel GQ conformation.
Meanwhile, loops with 3 Ts result in a hybrid GQ and those with 4-5 Ts lead to an
antiparallel GQ fold.

In solution, T1 exists mostly as a dimer of parallel GQs. Addition of thymines at
the 5” and 3° ends of T1 (as in T7) fully breaks the dimer, but maintains the parallel GQ
fold. Meanwhile, addition of 2 eq. of NMM partially breaks the dimer according to PAGE
(Figure 8C). We also examined other extended native constructs of T1, T2 — T6. The
consistency of their CD and TDS signatures, as well as stabilities, to that of T1 suggest that
our findings for the TI-NMM and T7-NMM complexes are applicable to longer DNA

sequences with greater biological significance. Meanwhile, extending T1 with non-native
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nucleotides (as in T7 — T9) leads to some decrease in stability but preserves the overall GQ
fold. The addition of 5 and 3” overhangs fine-tunes GQ stability without significantly
affecting the structure. We arrived at a similar conclusion when examining the crystal
structure of the 19wt GQ from Dictvostelium discoideum.

NMM binding to both T1 and T7 is an enthalpically-driven, thermodynamically
favorable process with AH of -17 and -8.7 kcal/mol and AG of -10. and -8.7 kcal/mol,
respectively. The difference in enthalpy between the two GQ-NMM complexes may be
compensated by the entropic contribution from the flexible thymine tails of T7 to vield
similar AG values. Their binding affinity is high, and the K, of ~50 pM™ (X4 of ~20 nM)
for TI-NMM is the highest reported for any GQ-NMM complex.*’ The weaker binding of
NMM to T7 as compared to T1 can be explained by the presence of terminal thymines that
obstruct the binding surface at the 3° terminal G-tetrad. The lab has determined the binding
constants NMM to a variety of GQs using UV-vis, FL, and CD titrations,"**%" and we
recently reviewed others’ work with GQ-NMM binding as well.** Compared to all known
GQ-NMM interactions thus far, the binding of NMM to T1 is unprecedentedly tight.

This impressively tight binding is especially intriguing given that NMM does not
display the characteristic features of a typical GQ ligand — planarity and a cationic nature.
Instead, NMM is non-planar, with an observed out-of-plane deviation of ~0.73 A% and is
likely negatively charged under physiological pH. The non-planarity of NMM may be a
key factor for its excellent binding aftinity to parallel GQs, as it can match the non-planarity
of the terminal G-tetrad. Our lab previously showed (through a combination of the Tel22-
NMM crystal structure and the energy-minimized structure of free NMM) that the degree

of NMM distortion can vary based on its binding partner or the lack thereof.>
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Furthermore, the tight binding of NMM to T1 is coupled with an impressive
stabilizing ability (A7Tm > 17 °C at 2 eq. of NMM for T1, T7, and T8). Our work
demonstrates that NMM, in spite of its non-planarity and negative charge, is an excellent
GQ binder when presented with the right GQ, as in the case of T1. Although the field is in
search of planar, cationic GQ binders, it is possible that ligands with some degree of non-
planarity, or even better, the ability to alter their shape (non-planarity) for an induced fit to
their binding partner may allow for both tight binding to particular GQs and selectivity
against dsDNA.

The T1 and T7 sequences are not only found in the 7. thermophila telomere, but
also in different parts of the human genome (including a gene involved in Alzheimer’s
disease),®® as well as in the genome of at least 34 bacteria (including pathogenic
species).®>% Qur work identifies an unprecedentedly tight binding interaction between T1
and the small molecule ligand NMM and presents the crystal structure of this GQ-ligand
complex solved at 2.39 A, revealing the end-stacking binding mode of NMM. This work
expands the small, but growing library of GQ-ligand crystal structures and provides atomic
level information about GQ and ligand structural features that promote strong binding. Our
work also demonstrates how such binding can be detected and characterized thoroughly
via biophysical methods. The atomic coordinates reported here can be used to
computationally search for even better drug candidates using available ligand libraries,

with the hope that GQ binders may one day serve as anticancer therapeutics.
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Chapter 4: Biophysical characterization
of a four-quartet G-quadruplex from the
Dictyostelium Discoideum genome

QOur lab solved the crystal structure of a four-quartet GQ formed by a G-rich
sequence, 19wt, from the Dictyostelium Discoidenm genome (Figure 13A-B). It was the
fourth four-quartet monomolecular GQ crystal structure ever published (PDB ID: 6FTU).%
Since this structure is of an unusually large GQ, understanding its structural details helps
us better understand the structural diversity of GQs. However, as GQ conformation may
be impacted in during crystallization,® it was important to determine if this crystal
structure is representative of DNA conformation in solution. Towards this goal, I analyzed
the crystal structure to both compare it to and place it in context with other published GQ
structures. I then characterized 19wt in solution to verify that it folds into a GQ with an
antiparallel conformation as observed in the crystal structure. Finally, I examined the fold
and stability of various mutants designed based on loop interactions observed in the crystal
structure to assess the role of loop nucleotides in the overall GQ) structure.

The work presented in this chapter was published in Nucleic Acids Research in
2018.3¢ The paper, which can be found in the Appendix, includes further discussion of the

crystal structure and NMR data on the loop mutants.
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Figure 13. 19wt crystal structure and observed loop interactions. (A) Schematic
representation of the GQ with each quartet in a different color and loop nucleotides in green.
The anti and syn guanine conformations are indicated by dark and light rectangles,
respectively. (B) Graphical representation with the same coloring as in (A), with K~
depicted as magenta spheres. (C) The As-Tis— Az triad. (D) Stacking between the Gs—Ca
Watson-Crick base pair, As—T19—Az triad, and Quartet 4 (cyan). Hydrogen bonds are
shown as black dashed lines. Adapted from the paper.®®

Analysis of the crystal structure

We started by analyzing the crystal structure itself so we could compare it to other
published GQ crystal structures. First, we examined the distribution of DNA torsional
angles (Figure 7B) in the 19wt crystal structure (Figure §9). The distribution was similar
to that reported for other GQ structures,” suggesting that although the 19wt GQ is very
large, the torsion of the underlying DNA backbone and glycosidic bonds is similar to that
observed for other GQs. Moreover, given that GQs have single-stranded loop regions (loop

2 in particular in 19wt, Figure 13A) that result in local flexibility, whereas in double-
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stranded DNA all nucleotides are engaged in defined base pairs, it is reasonable that we
observe a wider distribution of torsional angles for 19wt than for canonical duplex DNA.
Next, we calculated the helical twist between each pair of adjacent G-quartets in
the 19wt GQ. The helical twist between Quartets 1-2, 2-3 and 3-4is 91 £ 6, 145 =3 and
89 = 4°, respectively (Table S8). These values are similar to those we calculated for the
Choytricha nova telomeric GQ (PDB ID: 1JPQ), which also adopts an antiparallel fold: 95

+ 1, 149 + 1 and 94 + 1° for Quartets 1-2, 2-3 and 3—4, respectively. Like canonical B-

DNA, all known GQ structures have a right-handed helical twist (with one exception),®
and the 19wt GQ follows that rule.

These analyses demonstrate that the large, four-tetrad 19wt crystal structure is
consistent with other (antiparallel) GQ structures in terms of these summary metrics.
Furthermore, although other antiparallel GQ structures have been published in the past,
none have been as thoroughly characterized in terms of both torsional angles and helical
twist to our knowledge. Accordingly, our analyses inform our understanding of the types
of torsional angles and helical twists that antiparallel GQs and/or four-tetrad GQs, as
opposed to other GQ conformations, may adopt. These analyses thereby contribute to our
knowledge of GQ structural diversity, which is important when designing drugs to

selectively target specific GQs.

Fold and stability in different buffers

To determine if the crystal structure of 19wt is similar to its solution state
conformation, we studied 19wt in buffers with either Na® or K at varying concentrations

to examine how its fold and stability would be affected. We studied 19wt with different
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cations because K is better at stabilizing GQ structures than Na', as its ionic radius allows
for better coordination to G-quartets.”’® Consequently, we expected 19wt, if it formed a GQ,
to be more stable in K' than in an equivalent (or even higher) concentration of Na'

First, we assessed the thermodynamic stability of 19wt to see if it is consistent with
our expectations for a four-tetrad GQ. Given that a four-tetrad GQ has more n-r stacking
and hydrogen bonding interactions than smaller GQs, we expected 19wt to be substantially
more stable than a typical GQ under the same conditions. CD melting experiments
demonstrated that 19wt has exceptionally high thermodynamic stability, consistent with
our expectations. In particular, its melting temperature is greater than 90°C at near
physiological ionic conditions (100 mM K%) and remains above 90°C even when K*
concentration 1s lowered to 10 mM. Accordingly, to assess differences in behavior in the
presence of different cations, we studied 19wt in 5 mM K™, as well as in 5 or 50 mM Na®.

Next, we sought to confirm that 19wt indeed forms a GQ in solution, and that it
specifically folds into an antiparallel GQ. The TDS and CD signatures of 19wt in K™ and
Na" (Figure 14A-B) were quite similar, indicating that 19wt adopts a similar fold in the
presence of either cation. TDS displayed the 295 nm trough characteristic of GQs (Figure
14A), thereby confirming that 19wt folds into a GQ structure in solution. Meanwhile, CD
scans included a peak at 295 nm and trough at 260 nm (Figure 14B), which suggest an
antiparallel GQ conformation in agreement with the crystal structure.

The main differences for 19wt behavior in different buffers were observed in CD
melting experiments (Figure 14C). Consistent with expectations, the melting temperature

of 19wt is highest in 5 mM K™ (76.9 + 0.5°C), lower in 50 mM Na" (64.1 + 0.3°C), and

even lower in 5 mM Na' (43.8 = 0.4°C). The dramatic 33.1°C decrease in stability upon
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changing the cation from K' to Na" while keeping the concentration constant at 5 mM
further supports 19wt folding into a GQ in solution. Finally, the low hysteresis values (2.0

to 6.4 °C) observed reveal that 19wt undergoes mostly reversible melting transitions in

both K" and Na' buffers.
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Figure 14. 19wt folding and stability in K and Na* buffers. (A) TDS, (B) CD spectra,
and (C) CD melting studies monitoring signal at 295 nm.

Characterization of loop mutants

Loop mutant design and initial characterization
In the 19wt crystal structure, in addition to the central four-tetrad GQ core, there is

a Gs—Cq; Watson-Crick base pair, As—T10—A» triad, and w-x stacking between C;3 and
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Quartet 1 (Figure 13). These loop nucleotide interactions may help with 19wt folding
and/or further stabilize the GQ structure. After careful analysis of the 19wt crystal structure,
we designed constructs (M1-MS8, Table 1) with mutations at nucleotides involved in loop
interactions within the structure. The selected mutations, along with the loop interactions
they are intended to potentially disrupt, are detailed in Table 6. By examining the fold and
stability of these mutants, we could test whether the targeted loop interactions are essential
for GQ formation and thereby potentially biologically relevant, or if they merely result
from crystal packing. Notably, if the solution state structure of 19wt is similar to its crystal

structure, then these loop mutants should have a measurable effect on the GQ.

Table 6. Interactions tested in loop mutants and thermodynamic parameters. 7, was
measured via CD melting experiments. *Note the possibility of forming a new Ts-An
Watson-Crick base pair in place of the (G5-Cy; base pair.

. . ] Tm ATwm | Hysteresis

DNA Mutation(s) Potentially disrupts ©C) °C) °C)
19wt None — 76.7+0.6 — 6.4
M1 G5T Gs-Co 723+04 | -4.4 4.2
M2 G5T-A6T Gs-Ca1, Ag-Tio 785+1.0 | 1.8 6.1
M3 G5T-A6T-A22T | Gs-Cop Ag-Tio-Azy | 71.3+0.4 | -5.4 4.7
M4 C21A Gs-Cay 76.1+£05 | -0.6 7.3
M5 G5T-C21A Gs-Coyy (both nt)* 73.0+04 | -3.7 4.7
M6 G5A-C21A Gs-Ca1 (both nt) 69.6+1.6 | -7.1 6.7
M7 G3T-C21T Gs-C21 (both nt) 741+£0.9 | -2.6 4.5
MS C13A mstasking of Cus | ge 4 2% | 63 6.2

with Quartet 1

We first assessed the loop mutants via PAGE (Figure 15A) to determine if any of
the mutations affect the overall fold of 19wt. The 19wt DNA runs as a single band that is
faster than the dTis marker, indicating that it is conformationally homogenous and folds

into a single compact, monomolecular structure. All of the mutants have similar mobility
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to 19wt, which suggests that none of the introduced mutations affect the overall ability of

19wt to fold into a compact secondary structure.
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Figure 15. Biophysical characterization of 19wt loop mutants. (A) Non-denaturing 15%

PAGE, (B) CD spectra, (C) TDS, and (D) AT, relative to 19wt determined via CD melting
studies.

CD scans and TDS (Figure 15B-C) further support this conclusion, as the
signatures for 19wt and its loop mutants are very similar. Taken together, they demonstrate
that all the mutants fold into antiparallel GQs like 19wt. Therefore, the loop interactions
disrupted by the mutations do not substantially contribute to the antiparallel GQ fold of

19wt. This finding matched our expectations because guanines within the GQ core are the
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major contributors to GQ formation, as the Hoogsteen hydrogen bonding between guanines
within each G-quartet and the w-n stacking interactions between adjacent G-quartets are

greatly stabilizing interactions that facilitate GQ formation.”

Loop mutant stability

We then examined the stability of the loop mutants via CD melting studies (Figure
15D and Table 6). All of the mutants were designed to disrupt at least one loop interaction,
as outlined in Table 6 and thereby potentially destabilize the GQ if the solution state
structure of 19wt is similar to its crystalline form. However, given that a mutation may
introduce a new stabilizing interaction while abrogating an old one, it was possible that a
mutant may have an unintended effect.

All but one mutant was found to be less stable than 19wt (Figure 151> and Table
6), which was mostly in agreement with our expectations. The sole exception was M2,
which was more stable by 1.8 °C. Its unexpected stabilization may be explained by a new,
compensatory Ts—Az22 base pair that can form in place of the disrupted As—T1s base pair.
Similarly, the single mutant M4, which was only slightly less stable than 19wt (by 0.6 °C),
may form a new, compensatory Gs—Az1 non-canonical base pair to maintain the stability of
the GQ. In the latter case, this compensatory base pair explanation is supported by 'H NMR

data,®® which reveals an imino peak at ~12.2 ppm for M4 despite disruption of the Gs—Cz1
base pair by the C21A mutation. The only other slightly less stable mutant (by 0.3 °C) was
the single mutant M8, which disturbs the n-x stacking interaction between Ci3 and Quartet

1. The lack of destabilization observed with this mutation indicates that this n-m stacking

interaction is not a large contributor to the stability of the 19wt GQ.
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All other loop mutants (M1, M3, and M5-M7) destabilized the 19wt GQ by 2.6 to
7.1 °C. This 1s a substantial amount given that one canonical Watson-Crick A-T base pair
contributes ~2 °C to the stability of a short duplex while a G—C base pair contributes ~4 °C,
as a benchmark for comparison. However, these mutations are not drastically destabilizing
either, suggesting that the GQ core retains most of its stability via n-rt stacking interactions
while these loop nucleotides serve to fine tune GQ stability. All of these destabilizing

mutants disrupt the Gs—Cz1 Watson-Crick base pair, thereby demonstrating that this base

pair is an important contributor to 19wt structural stability. The triple mutant M3, which

disrupts both the Gs—Cz; base pair and the A¢—T19-A2 triad and also prevents new base

pairing interactions between loops 1 and 3 from forming, was one of the least stable
mutants (ATm = -5.4°C) as expected. Given that M3 is the only mutant that potentially

disrupts the As—T10—A2; triad but it may affect the Gs—C»1 base pair as well, its substantial

destabilization suggests that the triad may be important for 19wt GQ stability, but we lack
the data to conclusively say so. Finally, both 19wt and its loop mutants display a low
hysteresis (between 4.7 and 7.3 °C, Table 6), which reveals that they undergo mostly
reversible melting transitions.

In summary, our biophysical studies on the 19wt loop mutants suggest that loop
interactions positively contribute to and fine tune GQ) stability, although they are not

essential for GQ folding. The Gs—Cy; base pair is particularly important for 19wt stability,

while the Ag—T19—As: triad may be as well. Meanwhile, the n-n stacking interaction
between Ci3 and Quartet 1 does not greatly contribute to structural stability.
Through characterizing these 19wt loop mutants, we assessed the effects of

disrupting loop interactions predicted by the 19wt crystal structure. As we mainly observed
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destabilization of loop mutants relative to 19wt, in agreement with our expectations, we
can conclude that the 19wt crystal structure represents the major DNA conformation found
in solution, thereby rendering it biologically relevant.

Additionally. when probing interactions between specific loop nucleotides in our
mutant study, we discovered that alteration of such interactions may lead to the formation
of (canonical or non-canonical) compensatory base pairs. Through doing so, we furthered
our understanding of loop nucleotide interactions within the GQ, which is important for
GQ-targeting drug design because the loop regions of GQs are potential sites of specific

ligand recognition Figure SC/D).
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Chapter 5: Efforts toward solving other
non-canonical DNA crystal structures

After successfully solving the TI-NMM and T7-NMM crystal structures and
working with the 19wt crystal structure to demonstrate that it is similar to 19wt
conformation in solution, we focused our efforts on elucidating other non-canonical DNA
structures. Namely, we aim to solve the crystal structure of T1 in complex with a different
promising GQ ligand, RHPS4 (Figure 6), to determine how its binding mode may difter
from that of NMM. Additionally, we hope to solve the crystal structure of iHRAS as part
of a venture into another realm of exciting non-canonical DNA structures — i-motifs —
which we know much less about than GQs. Although both of these projects are still works
in progress, we ultimately hope to further contribute to our understanding of non-canonical

DNA structures at the atomic level through them.

Structure of T1 in complex with RHPS4

The T1-RHPS4 project was initiated by Irene Xiang “18, who ran a PAGE gel of
T1 with various GQ ligands and saw that T1 forms a clean, homogenous band in complex
with RHPS4 (more defined than the T1-NMM band on the same gel). Subsequently, she
proceeded to screen T1-RHPS4 for crystallization using the commercial screen HELIX
(Molecular Dimensions) and identified the 1-31 condition (1.0 M sodium formate, 20%
PEG 20000, and 0.05 M Bis-Tris pH 7.0) as the most promising crystallization hit (Figure

16A). Notably, this is the same screen condition that yielded the initial T1-NMM crystals
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as well, indicating that the HELIX 1-31 condition may be particularly conducive to

crystallization of T1-ligand complexes. I picked up this project after she graduated.

Figure 16. T1-RHPS4 crystals. (A) Initial crystallization hit by Irene Xiang ‘18 in HELIX
condition 1-31. (B) Optimized crystals that yiclded one of the best datasets. (C) Looped
crystal being shot with an X-ray beam at the synchrotron. Crystals are shown at
approximate relative sizes.

I performed extensive optimization of the crystallization conditions to obtain much
larger, more geometric, and more reproducible crystals. This optimization greatly
improved crystal quality, as initial hits and crystals from early on in the optimization
process barely diffracted (or even not at all) when shot with an X-ray beam at the
synchrotron. After the extensive optimization process, we were able to reproducibly obtain
large, prismatic, diffraction-quality crystals, an example of which is shown in Figure 16B.
The optimized crystallization conditions for T1-RHPS4 are 0.8-1.1 M sodium formate, 11-
16% PEG 20000, and 0.05 M Bis-Tris pH 7.0. Crystallization samples were prepared by
annealing 1.0 mM T1 with 1 eq. of RHPS4 in 50 mM Kl and 10 mM lithium cacodylate
pH 7.2. Drops were set manually at 1 uL. sample and 1 L crystallization condition in 24-
well crystal trays with 400 pl of the crystallization condition in the reservoir.

Notably, however, these crystals take a long time to grow, ranging from
approximately one month to over a year at room temperature. Efforts to speed up
crystallization by increasing sample, salt, and/or precipitant concentration consistently

vielded lower-quality crystals or no crystallization at all. Often, small round crystals or
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medium-sized rod crystals will grow quickly on the order of days or weeks (small, round
crystallization nuclei are seen surrounding the large crystals in Figure 16B), but these
crystals are usually not of diffraction-quality. Over time, large, diffraction-quality crystals
may grow in the same well. Since the base HELIX 1-31 condition is a ¢ryoprotectant, T1-
RHPS4 crystals often do not need to be cryoprotected and can be directly looped and flash-
frozen in liquid nitrogen (Figure 16C). However, when needed, they are generally tolerant
of cryoprotectants consisting of increased PEG, glycerol, and/or ethylene glycol.

We have collected very nice datasets of T1-RHPS4, the best of which are
summarized in Table S9. The highest resolution dataset is at 2.19 A, although the best
overall dataset has a resolution of 2.32 A. A frequent problem with T1-RHPS4 crystals is
that collected datasets often have high Rmerge values, indicating low agreement among
measurements of the same reflection. It appears that older, larger, and more geometric
crystals are more likely to avoid this issue. All datasets presented in Table 89 have
acceptable Rierge values of less than or equal to 10%.

We are trying to solve the phase problem for the T1-RHPS4 crystal structure via
molecular replacement because T1 from the T1-NMM crystal structure should theoretically
be a great search model. Since the T1-NMM asymmetric unit chains two DNA chains, we
have tried to run MR (via PHENIX Phaser) using an individual chain or a combination of
the two separated chains. However, T1-RHPS4 crystals have an extremely large unit cell
(~35 % 61 x 256 A’ or ~71 x 223 x 256 A* depending on the space group), resulting in a
large asymmetric unit consisting of 10 distinct DNA chains (via PHENIX Xtriage).
Consequently, many MR attempts yield models that visually seem to somewhat fit the

electron density, but various portions of the DNA are misaligned and may clash into each
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other. So far, we have not cbserved apparent density for RHPS4 in any MR solutions,
although we are certain that the crystals contain RHPS4 due to its distinctive orange color,
which is reflected in the crystals themselves (Figure 16). The best MR solution obtained
so far came from the merged dataset from June 2019 (Table S9), and has all the DNA

chains lying in continuous electron density with no large clashes between chains (Figure

17). However, it refined to a Rfiee 0f 55.2%, which 1s rather close to random (~63%).

Figure 17. Current best molecular replacement solution for T1-RHPS4. This MR
solution has a Reree of 56.8%. DNA models are shown as sticks, with symmetry molecules
depicted in blue sticks. The electron density map is shown as blue mesh at 1 T/o, while the
FO-FC map is shown as green/red mesh. (A) The asymmetric unit, which consists of 10
DNA molecules. (B) A close-up view in electron density.

More work needs to be done to find a better MR solution, which will involve trying
other datasets (especially the newer ones), models, and search strategies. Afterwards,
extensive building and refinement of the 180 nucleotides will need to occur to hopefully
arrive at a structure solution. The T1-RHPS4 crystal structure would reveal the binding
mode of a different ligand to T1, which will further our understanding of GQ-ligand

interactions at the atomic level and can guide GQ-targeting drug design.
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The iHRAS i-motif structure

The iHRAS project was started by Deondre Jordan 19, who identified and
optimized crystallization hits. Dana Beseiso ‘21 and Joanne Miao 22 helped to further
optimize hits and collect data on the crystals. After Deondre graduated, I worked on solving
the iHRAS structure given the datasets collected by the 1ab.

The majority of iHRAS datasets with good statistics are found to have severe
anisotropy, as well as occasional severe twinning, when analyzed using PHENIX Xtriage.
These are both data quality issues that can render structure solution using these datasets
difficult. However, there are two datasets that exhibit only moderate anisotropy and are
otherwise sound, which are detailed in Table S10. The asymmetric unit for iHRAS
contains two DNA chains (via PHENIX Xtriage).

A collaborator performed molecular replacement using one of Deondre’s datasets,
and I worked with this potential MR solution. Since it only consists of eight separate, but
intercalated, CCC segments (four per i-motif), we had to first number the nucleotides in
the sequence. We experimented with different possible arrangements given the iHRAS
sequence (Table 1) and the known intercalated fold. We then proceeded with the sequence
numbering that yielded the lowest Riree after refinement (50.1%). Afterwards, through
manual model building and refinement cycles, I have successfully built seven additional
nucleotides (Figure 18B), bringing the Rgyec down to 44.1%. The working iHRAS model,
which has 31 out of 54 total nucleotides (57%) built, is shown in Figure 18A.

I have also tried to do molecular replacement using the i-motif structures with PDB
IDs 1CNO,” 1BQJ*! and 241D with various search procedures using the best dataset

(2.02 A, Table S10) to attempt to arrive at a better starting point for model building. I have
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not been successful at finding a molecular replacement solution and subsequent sequence
numbering that is better than the one discussed above so far. However, there are more
numbering arrangements that can be tested, and we can also try doing MR with the 2.27 A

dataset. Additionally, we can continue to build upon the current best model (Figure 18).

B A 5-CGCCCGTGCCCTGCGCCCGCAACCCGA-3'

B: 5'-CGCCCGTGCCCTGCGCCCGCAACCCGA-3

Figure 18. Working model of the iHRAS crystal structure. (A) Refined model with a
Riree 0 44.1%. The DNA model is shown as sticks, while the electron density map is shown
as blue mesh at 1 I/c. The FO-FC map is shown as green/red mesh. (B) Schematic of the
31/54 mucleotides (57%) built in the model, with built nucleotides in bold.

There are few published i-motif crystal structures, and the large majority of these
consist of tetramolecular or bimolecular structures, which may be less biologically relevant.
Therefore, solving the crystal structure of the monomolecular i-motif formed by iHRAS
would greatly contribute to our understanding of i-motif structure at the atomic level.
Furthermore, it would provide an exciting starting point for an anticancer strategy that
targets human RAS expression itself rather than downstream, potentially less druggable

components of the MAPK signaling pathway that is activated in many human cancers.?
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Chapter 6: Conclusion

My thesis work focused on characterizing non-canonical DNA structures via both
biophysical and structural methods to inform our understanding of their structural diversity.
G-rich, and complementary C-rich, DNA sequences with the potential to form GQs and i-
motifs are frequently found at telomeres and oncogene promoters, which are both
implicated in disease. These structures may function in vivo as regulatory elements, and
small molecule ligands that selectively recognize their structural elements can potentially
modulate their stability in disease states.

Chapter 3 focused on characterizing the interaction of the T1 GQ with NMM,
revealing an unprecedently tight, thermodynamically favorable binding interaction — the
tightest reported for any GQ-NMM complex. We turned to crystallography to understand
the atomic details of this binding interaction, which revealed the end-stacking binding
mode of NMM and adds to the limited number of solved GQ-ligand crystal structures.

Chapter 4 investigated the four-tetrad 19wt GQ to demonstrate that it adopts the
same structure in solution as it does in crystalline form. Further biophysical studies of loop
mutants suggest that loop interactions fine tune GQ stability, but do not affect GQ folding.

Finally, Chapter 5 presented ongoing work towards solving the crystal structures of
the T1 GQ in complex with RHPS4, as well as of the monomolecular iHRAS i-motif.

The work in this thesis contributes to our understanding of GQ-ligand binding
interactions and expands our knowledge of quadruplex structural diversity. The crystal
structures presented and validated enable a deeper understanding of GQ structural features
and interactions, allowing for the design and in silico screening of drugs to selectively

target them for therapeutic purposes.
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Appendix

Supplementary information

Table 81. Occurrences of the T'1 sequence in the human genome (GRCh38.p12 primary

assembly) identified via BLAST.

P T— Start position | End position Significance

6 87229964 87229981 | Within zinc finger protein 292 gene

7 132317250 132317267 | Complement of plexin A4 gene
9924441 9924458 ?ﬁg;ﬁgﬁigfgjﬂf“m detmen]

> 9924446 9924463 fﬁfﬁmrﬁzﬁffgfnf“i“ o
9924451 9924468 ?ﬁszmrzz;irczyg:nf“m domain
68918645 68918662 | Complement of carboxypeptidase M gene
99067501 99067518 | Complement of LOC107984696 ncRNA

14 99067506 99067523 | Complement of LOC107984696 ncRNA
99067532 99067549 | Complement of LOC107984696 ncRNA

17 75933313 75933330 | Complement of fas binding factor 1 gene

21 41156399 41156416 | —

Table S2. Thermodynamic stability of T1, T7, and T8 in the presence of 2 eq. NMM.
CD melting studies were performed in 5K buffer. *relative to DNA alone.

Tm, °C | ATm, °C* | AH, keal/mol
T1 + NMM 78+ 1 20 +1 | 57:2
T7+NMM | 71903 | 19904 | 53.0+09
TS+NMM | 734404 | 170405 | 545+06
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Table S3. RMSD (A) for the TI-NMM and T7-NMM structures.

DNA chain Overall GQ core

Within | T1 A | TL B 0.9 0.49
structure | T7 A | T7 B 1.2 0.23
T1A| T7 A 2.0 0.64

TILA | T7 B 1.1 0.61

si‘;ﬁﬁ‘;‘;g TIB| T7 A 1.2 0.66
TLB | T7 B 1.0 0.66

Average 1.3£04 | 0.64%0.02

Table S4. B-factors (A2) for the T1-NMM and T7-NMM structures.

T1-NMM T7-NMM
Overall 115.44 97.15
GQ w/ loops 115.36 97.75
NMM 104.77 94.01
GQ core 106.46 81.18
TT loops 148.13 128.85
T overhangs - 151.63
All'Ts 148.13 131.87

Table S5. Distances between G-quartets and between outer G-quartets and NMM in
the T1-NMM and T7-NMM structures (A).

T1 T7
Quartets | Chain A | Chain B | Average | Chain A | Chain B | Average
5’-middle 3.320 3315 | 3.321£0.01 3.44 3.39 3.41+0.03
Middle-3’ 3.40 3.31 3.36 £ 0.06 3.41 3.42 3.41 £0.01
3'-NMM 3.5 37 3.6x0.2 3.62 3.65 3.64 £0.02
-5
(between --- - 3.38 --- - 3.36
MOonomers)
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Table S6A. Intramolecular helical twist (°) between each quartet pair in the T1-NMM

and T7-NMM structures.

T1-NMM T7-NMM
Chain - A B Both A B Both
34 31 27.4 27
< Be(tlwef*('i‘dl 29 33 28.1 29
and muedie 30 32 28.6 28
quartets
32 34 28.8 26
Average 31+2 | 3342 | 32+2 | 282406 | 27+1 | 27.8+0.9
57 24 27 28
.fgltwee'(; 5 29 24 28 26
THICEE 2l 57 25 28 o]
quartetsf
28 27 31 29
Average 28+1 | 25+1 | 26+2 | 202 |27+2 | 28+2
Overall 29+ 4 2811

Table S6B. Intermolecular helical twist (°) at the dimer interface for T1-NMM and T7-
NMM. A’ signifies a symmetry related chain A molecule.

T1-NMM T7-NMM
G pair Twist G pair Twist
Al-A’16 117 A2-B17 115
A6-A’11 115 A7-B12 118
All-A’6 115 Al12-B7 118
Al6-A’1 117 Al17-B2 118
Average | 116+ 1 | Average | 117X 2

Table S7. Groove widths in the T7-NMM structure (A).

71

Average
Groove -> 1 2 3 4 (ot chiins)
Chain A 3" 16.0 16.2 15.9 16.3 162402
aln Middle 16.7 16.2 16.8 16.5 16.6 +0.3
quartets
5 15.6 15.5 15.3 15.3 155402
I 3" 16.1 16.2 16.2 16.4
A Middle 16.9 16.3 17.0 16.2
quartets
5 15.8 15.4 15.8 15.1
Average 162405 | 160+0.4 | 162+0.6 | 16.0+0.6




Table 88. Helical twist in 19wt. Helical twist was calculated between each pair of adjacent
G-quartets within the asymmetric unit of the crystal structure (in all seven DNA chains).

Chain | All A B C D E ¥ zZ
90.4 | 97.6 92.1 97.1 94.5 87.0 | 92.8
Quartets 89.5 | 948 86.2 102.2 94.6 8.7 | 86.1
1&2 949 | 81.8 94.2 78.4 94.5 86.1 | 874
946 | 9L5 93.3 83.6 95.5 96.6 | 92.4

Mean [ 91+6[ 923 [ 91:7 [ 9214 [90+:10[948+:05] 8846 [ 9013
147.1 | 144.1 145.2 1423 | 1467 | 1412 | 1463

Quartets 145.8 | 148.5 145.6 144.1 1472 | 1454 | 1383
2&3 1447 | 1418 143.6 1395 | 142.1 1492 | 1433
151.8 | 1449 144.3 1425 | 147.1 150.0 | 149.6

Mean [145+3[147+3 [145=3 [ 144709 [ 142+2 | 146=3 [146+4 | 144=5
883 | 92.2 85.9 89.7 94.3 86.9 | 85.0
Quartets 90.9 | 92.2 82.1 77.5 92.8 852 | 90.2
3&4 942 | 883 88.5 89.0 90.8 89.5 | 972
973 | 83.7 92.2 85.5 89.2 90.8 | 89.1

Mean |89:I:4 93+4 | 89+4 87+ 4 85+ 6 024 2 8&8+3 | 90+5
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Table 89. Statistics for the best T1-PHP S84 datasets.

Collection date 112418 63019 630019 6307119 630019 10:25/19 2/13/20
A_IS TIRHPS3 17 M3 rum2 115
. . LL B10 run3 1 runl 1 1-197 — B
Data collection name LL E14 1400 LL BI10 LL B10 run2 LL BI10 mun3 = e == 8372
+LL B10 run2 1 A 15 TIRHPS4 [ % 0 o0 o)
runl 1 343-528 e

Space group P212121 c222 P212121 P212121 P212121 P212121 c2221
Unit cell (4) 3457 5960 254.63 7046 121.73 255.96 35.20 60.82 255.75/35.19 60.80 255.73 35.19 60.81 255.7436.18 62.66 256.62|71.93 125.12 256.05
Unit cell (%) 90.00 90.00 90.00  90.00 90.00 90.00  90.00 90.00 90.00 |90.00 90.00 90.00 90.00 9000 90.00 90.00 90.00 3000 |90.00 90.00 90.00
Rmerge overall 0.076 0.1 0.052 0.055 0.061 0.092 0.097
Resolution {4) 219 237 226 219 232 245 230

Overall 41 49 53 52 10.3 4.0 6.1

Outer shell 37 44 52 5.1 107 4.0 6.6
Completeness ’

Overall 984 98.0 98 8 98 8 99 6 98 4 95.6

Outer shell 96.2 893 948 93.6 99 6 993 97.6
l's |

Overall 7.0 84 119 10.9 18.1 10.1 73

Outer shell 02 0.9 0.8 0.3 18 15 15
CC(112) I

Overall 0.999 0.996 0.999 0.999 2 7 2

Outer shell 0.602 0.832 0.862 0619 7 ? ?




Table S10. Statistics for the best iHRAS datasets.

Collection date
Data collection name

10/25/19 10/25/19

F_I1 iHRAS run4 | F_12 iHRAS run2 1

Space group Ca21 IC121
Unit cell (A) 119.06 28.21 53.41  119.13 29.66 54.33
Unit cell (°) 90.00 93.4090.00  90.00 93.10 90.00
Resolution (A) 2.27 2.02
Outer shell CC(1/2) 0.546 10.765
Rmerge overall 0.064 10.046
Completeness ‘

Overall 98.1 97.8

Outer shell 96.5 87.5
Redundancy

Overall 4.1 3.9

Outer shell 42 34
l/e ‘

Overall 9.6 10.6

Outer shell 0.7 0.8
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Figure S1. CD and TDS signature of T1, T7, and T8 all in complex with NMM. (A)

TDS and (B-D) CD scans for DNA alone at ~4 uM and with 2 eq. of NMM in 5K buffer
at 20 °C.
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Figure S2. Fluorescence enhancement data for NMM in the presence of 10 eq. of the
indicated DNA sequences. T1 data (yellow) was collected with 2-5 eq. of DNA. Figure
adapted from **. Buffers:

(TB): 50 mM Tris-borate pH 8.3, 10 mM KCI, 1 mM MgCl,

(100L1): 10 mM lithium cacodylate pH 7.2, 100 mM LiCl (5K 5.8): 10 mM lithium
cacodylate pH 5.8, 5 mM KCI, 95 mM LiCl

(50Na): 10 mM lithium cacodylate pH 7.2, 50 mM NaCl, 50 mM LiCl.
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Figure S3. Reverse ITC titration for T1-NMM. (A) Representative raw ITC data for
titration of 41.4 uM prefolded T1 into 23.5 pM NMM in 5K buffer at 25 °C with baseline
subtraction. (B) Integrated raw heats with a fit generated using the one-site binding model.
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Figure S4. Thermodynamic characterization of T7-NMM binding via ITC. (A)
Representative raw ITC data for titration of 89.2 pM NMM into 8.9 uM of prefolded T7 in
5K buffer at 25 °C with baseline subtraction. (B) Integrated raw heats with a fit generated
using the one-site binding model. (C) Gibbs free energy deconvoluted into enthalpic (AH)
and entropic (AS) contributions for both the forward and reverse titrations.
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Figure S5. Effect of K concentration on fold and stability of T1. Experiments were
conducted with ~4.5 pM T1 in 10 mM lithium cacodylate pH 7.2 in the presence of 5 - 100
mM KCIl. (A) CD signatures, (B) CD melting curves, (C) 7n, (D) AH, and (E)
thermodynamic parameters. 7, and AH were determined from melting curves. *These
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Figure S6. Torsional angle wheel for the (A) T1-NMM and (B) T7-NMM structures.
Distribution of DNA torsional angles with each individual angle shown as a dot.

Figure S7. Intermolecular interactions in the T1-NMM crystal structure. (A) A
graphical representation of the T1-NMM asymmetric unit. NMM stacks on the 3” end of
GQ. Chain A 1s colored in teal, chain B is blue, the sugar-phosphate backbone is yellow,
and NMM is magenta. Potassium ions are depicted as spheres. (B) Intermolecular
interactions among T1 and NMM molecules.
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Figure S8. Comparison of samples for crystallization and for biophysical studies.
Crystallization samples contained a high concentration of DNA-NMM at 0.65 mM, while
PAGE and biophysics samples contained 50 and 5 uM DNA-NMM, respectively. (A) CD
scans of T1 and T7 alone at 5 pM and in complex with 1 eq. of NMM at 0.65 mM at 25
°C. (B) Fifteen percent PAGE of T1 and T7 annealed alone, in complex with 2 eq. of NMM
(as in biophysical studies), and at crystallization concentration with 1 eq. of NMM. The
crystallization sample was diluted to the same concentration as the others immediately
prior to loading the gel. All samples were in 5K buffer except the crystallization samples,
which were in 20K buffer.
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Figure S9. Distribution of DNA torsional angles in the 19wt GQ. Each individual
dihedral angle is plotted as a dot.
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Scripts

Scripts were written to analyze GQ crystal structures. facilitate running of a

standard CD experiment (pre-melt scans, then melt, followed by post-melt scans), and

enable more efficient processing of CD and TDS data in Origin. These scripts (along with

other variants) can also be accessed online at hiips:/github.swarthmore.edu/vatlab (a

private repository shared with Liliva Yatsunyk).

List of scripts:
Helical twist seript (Pyhon) ..o e 81
Intermolecular twist script (Python) ... &3
CD scan-melt-scan macro (Aviv Macro Command) ..........cccoovveviviien v 85
TDS seript (Origin LabTalk) .....ooooiiiiiiii e e 86
CD scan averaging script (Origin LabTalk).......cccoooovviiiiiiii e 88
CD scan processing seript(Origin LabTalk). .o mawmmmssssmnvmemmssomes 89
ClmelbgeriphOrgin Lab Lall e s s 91

Helical twist script (Python)

Calculates the helical twist given a PDB file of a single GQ.
Note: will likely need to modify for the particular PDB file (see #TODO). This

version works for T1.

import numpy as np

import math

import statistics

def main():

#dictionary of nucleotide coordinates in GQ chain

#key = atom #

#value = [C8, C2, N1] where each atom is a list: [name, x, vy, z]
nucleotide_coordinates = {}

for i in range(1,19): #TODO num nucleotides + 1

nucleotide_coordinates[i] = []
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#parse pdb file
filename = input("File name: ") + ".pdb"
print()
pdb = open(filename, "r")
for line in pdb:
info = line.split()
# print(info)
atom = info[2]
nucleotide_number = int{info[5])
x = float(info[6])

y = float(info[7])
z = float(info[8])
if (atom == "C8") or (atom == "C2") or (atom == "N1"):
coordinates = [atom, x, vy, z]
nuclectide_coordinates[nucleotide number].append(coordinates)
pdb.readline() #TODO remove/include as needed

pdb.close()

#TODO quartet Gs in order; num quartets

quartetl [1,6,11,16]
quartet2 [ 257,512,137

quartet3 = [3,8,13,18]

quartets = [quartetl, quartet2, quartet3]
Gs = quartetl + quartet2 + quartet3

#Make vector for each nuclectide
nucleotide_vectors = {}

fors G 1n Gs;

C8 = nucleotide_coordinates[G][©][1:4]
N1 = nucleotide_coordinates[G][2]
C2 = nucleotide_coordinates[G][1]

midpt = [(N1[1]+C2[1])/2, (N1[2]+C2[2])/2, (N1[3]+C2[3])/2]
vector = [midpt[@]-C8&[@], midpt[1]-C8[1], midpt[2]-C8[2]]

nucleotide_vectors[G] = vector

for i in range(®,2): #access pairs of stacked quartets #TODO num quartets

print("Quartets " + str{i+l) + "+" + str(i+2))

topQuartet = quartets[i] #top quartet

bottomQuartet = quartets[i+l] #bottom quartet

angles = []

for j in range(©,4): #access each guanine pair
topG = nucleotide_vectors[topQuartet[j]]
bottomG = nuclectide_vectors[bottomQuartet[j]]

twist = angle(topG, bottomG)

82



angles.append(twist)

print(twist)
print(statistics.mean(angles))
print(statistics.stdev(angles))

# print("Mean: + str(statistics.mean{angles)))
# print("SD: " + str(statistics.stdev(angles)))

print()

def angle{vl, v2):

Calculates angle between 2 vectors in degrees

magl = np.linalg.norm(vl)

mag2 = np.linalg.norm(v2)
angle = np.arccos{np.dot(vl, v2) / (magl * mag2))
angle = math.degrees(angle)
return angle

if __name__ == "_ _main__":

main()

Intermolecular twist script (Python)

Calculates the intermolecular helical twist (between the tetrads at the

dimer interface) given a PDB file containing GQ dimer

Note: will likely need to modify for the particular PDB file (see #TODO). This
version works for Tl (dimer by symmetry). It is very similar to / a modification of
the helical twist script.

import numpy as np

import math

import statistics

def main():
#dictionary of nucleotide coordinates in GQ chain
#key = atom #

#value = [C8, C2, N1] where each atom is a list: [name, x, y, z]

nucleotide coordinates_A = {}

nucleotide_coordinates B = {}

for i in range(1,19): #TODO num nucleotides + 1
nucleotide coordinates A[i] = []
nucleotide_coordinates_B[i] = []
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#parse pdb file
filename = input({"File name: ") + ".pdb"
print()
pdb = open(filename, "r")
for line in pdb:
info = line.split()
# print(info)
atom = info[2]
chain = info[4]

nucleotide_number = int{info[5])

x = float(info[6])
y = float(info[7])
= float(info[8])
if (atom == "C8") or (atom == "C2") or (atom == "N1"):

coordinates = [atom, x, vy, z]
if chain == 'A':
nucleotide_coordinates_A[nucleotide_number].append(coordinates)
elif chain == 'B':
nucleotide_coordinates_B[nucleotide number].append(coordinates)
pdb.readline() #TODO rm if no ANISOU lines
pdb.close()

G_A
G_B

[456511,16] #TODO nt number in tetrad
[16,11,6,1]

#Make vector for each nucleotide

{}
{}

nucleotide_ vectors_A

nucleotide vectors_B
for i in range(@,4):
C8 = nucleotide_coordinates A[G A[i]][0][1:4]
N1 = nucleotide_coordinates A[G A[i]][2]
C2 = nucleotide_coordinates_A[G_A[i]][1]
midpt = [(N1[1]+C2[1])/2, (N1[2]+C2[2])/2, (N1[3]+C2[3])/2]
vector = [midpt[@]-C&[@], midpt[1]-C8[1], midpt[2]-C8[2]]

nucleotide_vectors_A[i1] = vector

C8 = nucleotide_coordinates B[G B[i]][@][1:4]
N1 = nucleotide_coordinates B[G B[i]][2]
C2 = nucleotide_coordinates B[G B[i]][1]

midpt = [(N1[1]+C2[1])/2, (N1[2]+C2[2])/2, (N1[3]+C2[3])/2]
vector = [midpt[@]-C8&[@], midpt[1]-C8[1], midpt[2]-C8[2]]

nucleotide_vectors_B[i] = vector
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angles = []
for i in range(@,4): #access each guanine pair
topG = nucleotide_vectors_A[i]
bottomé = nucleotide vectors B[i]
twist = angle(topG, bottomG)
angles.append{twist)
print(twist)
print{statistics.mean(angles))
print{statistics.stdev(angles))

# print("Mean: + str(statistics.mean(angles)))
# print("SD: "™ + str(statistics.stdev(angles)))

print()

def angle(vl, v2):

"""Calculates angle between 2 vectors in degrees

magl = np.linalg.norm(vl)

mag2 = np.linalg.norm(v2)
angle = np.arccos{np.dot(vl, v2) / (magl * mag2))
angle = math.degrees(angle)

return angle

if __name__ == "_main__":

main{)

CD scan-melt-scan macro (Aviv Macro Command)
/*

CD macro for scan-melt-scan

Linda Lin & Deondre Jordan 7/17/17

Runs pre-melt scans, melt (+ cool if desired), and post-melt scans for you.

Instructions:

-On the CD computer, open Aviv Macro Command Editor

-File -> Read Macro File -> LazylindaAnnotated

-Save Macro File As -> <WhateverYouWishl!>

-Edit lines with comments as needed by double clicking -> save

-Set data save path as normal

->If desired, name cells so data files will include cell name along with cell number
->If cool is also desired, check reverse temperature scan under temperature
configuration as normal

-Configure Experiment -> Macro Experiment -> <MacroFileName> -> Exit/Save Configuration
-Configure Experiment -> Type -> <MacroFileName_MayBeShortened> -> Exit/Save
Configuration
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-Run experiment! Be sure you have enough nitrogen, and then come back when it's done
-Data for each portion of the experiment will be saved and time-stamped when complete.

*/

* Exp. Name : 07171701igol9premelt //PRE_MELT_SCANS
Set Absolute Temperature : 25.0@ degC. //Temp

Set Bandwidth : 2.9@ nm.

Enable Rotor Cells: & : 1 : 2 : 3 : 4 //Cells

* Wavelength Start : 330.000 nm

* Wavelength End : 220.0600 nm

* Wavelength Step : 1.0860 nm

* Wavelength Repeats: 5 //# scans
Set Data Set Save Options

Save Data to Browser and Hard Drive

Set Averaging Time : 1.00 sec

Run Experiment: Wavelength Scan

Exp. Name : ©717170ligol9melt J/MELT
Temperature Start : 25.000 deg C. //Temp
Temperature End : 95.000 deg C.

Temperature Step : 1.000 deg C.

Set Temp. Dead Band : ©.33 deg C.

Set Averaging Time : 15.88 sec

Set Absolute Wavelength : 295.8@ nm.

Set Temp. Rate of Change : 1.99 degC/min.

Set Equilibration Time : ©.88 min

Run Experiment: Temperature Experiment

E

* Exp. Name : ©7171701ligol9postmelt //POST_MELT_SCANS
Set Absolute Temperature : 25.00 degC. //Temp

* Wavelength Start : 330.000 nm

* Wavelength End : 220.0800 nm

* Wavelength Step : 1.800 nm

* Wavelength Repeats: 5 //# scans

Set Averaging Time : 1.88 sec

Run Experiment: Wavelength Scan

TDS script (Origin LabTalk)

/*
GENERAL INSTRUCTIONS FOR USING ORIGIN SCRIPTS:

-Have the data file(s) imported as specified in script instructions

-Press Alt + shift + 3 (Windows) / Option + Shift + 3 (Mac) to open the script window
-Paste the full script

-Edit any lines (commented using "//") and provide any data specified in the
instructions

-Highlight the entire script and press enter

When the comment says:

//Change "Concentrations" to bock name

Right click on book -> properties -> name in the "short name" field is the one you want
to use

Instructions:
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-Import TDS data with sheetl named 95C, sheet2 named 4C, wavelength in col{A), abs for
samples in rest of columns, no blank columns. Samples should be in same order in both
sheets.

-Need to edit first & last line with # samples & DNA extinction coefficient

-If normalization does not work, delete the normalized and zeroed portions, normalize
manually, then run the last part of the script only (after normalization)

Output:

-TDS, normalized, and zeroed values in a new sheet in original sample order
-Concentrations in a new sheet in original sample order

L

int samples = 2; // Change # samples

//Extract wavelengths
range wavelength = 1[1:259];
int ncol = wks.ncols;

J/Create TDS sheet
newsheet cols:=ncol;
wks.name$ = TDS;
wks.coll.width = 8;
col(A)[L]$ = Wavelength;
col(A)[U]E = nm;

col(A) = wavelength;

//Loop through samples for TDS
for(int i = 2; 1 <= samples + 1; i++)
{

page.active = 1;

range abs95 = wcol(i);

col(A)[L]$ = Wavelength;

col(A)[U]$ = nm;

page.active = 2;

range abs4 = wcol(i);
col(A)[L]E = Wavelength;
col(A)[U]$ = nm;

page.active = 3;
wcol(i) = abs95 - abs4;
weol(i)[L]$ = TDS;

}

J//Normalize data
int lastCol = samples + 1;
rhormalize irng:=2:wcol{lastCol) method:=range;

//Zero data

wks .addCol();

for(int i = lastCol + 2; 1 <= lastCol + 1 + samples ; i++)
{

range zerc = wcol(i)[1:59];

int zeroCol = samples + i + 1;

wcol(zeroCol) = wcol(i) - mean(zero);

wcol(zeroCol)[L]$ = Zeroed;

}
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//New sheet for sample concentrations
newsheet;

wks.name$ = Concentrations;
col(A)[L]$ = Sample;

col(B)[L]$ = [DNA];

col(B)[U]$ = uM;

//Loop through samples for concentrations
for(int i = 2; 1 <= samples + 1; i++)

{

page.active = 1;

double absat260 = cell(179, i)$;

double absat345 = cell(9, 1)%;

double baselineCorrected = absat26@ - absat345;
page.active = 4;

cell(i-1, 2) = baselineCorrected / 1.73 * 10; // Replace 1.73 with extinction
coefficient (__ *1075 M -lcm™-1)
}

CD scan averaging script (Origin LabTalk)
/*

Script for organizing & averaging CD scan data (7 scans)

Instructions:

-Start with worksheet or book with multiple sheets of raw CD scan data
-If multiple worksheets, script will automatically loop through all sheets for
you
-Wavelength in col(A), CD signal in col(B)
-Data should start on row 1 with no extraneous text above
-Do not change any data/text below the first data row
-Need to edit # of samples in first line
-If using for buffer scans, comment out or delete last 2 segments

Output:

-Labeled columns with wavelength, CD signal from each scan, average (D signal
-Blank column for inputting buffer scan info (fill in cuvette # in comments if desired)
-Blank book for inputting concentration info (needed for CD scans - processing script)

*/
int samples = 8; // Change to # samples

loop(i, 1, samples)
{

//Extract wavelength & CD signal data
page.active = i;

range wavelength = 1[1:111];

range scanl = 2[1:111];
range scan2 = 2[115:225]
range scan3 = 2[229:339]
range scand = 2[343:453]
range scan5 = 2[457:567]
range scané = 2[571:681]
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range scan7 = 2[685:795];

//Create & name columns;
col(C)[L]$ = Wavelength;
col(C)[U]E = nm;
wks.col3.type = 4;
col(D)[L]$ = CD signal;
col(D)[C]$ = Scan 1;
col(E)[L]$ = CD signal;
col(E)[C]% = Scan 2;
col(F)[L]$ = CD signal;
col(F)[C]$ = Scan 3;
col(G)[L]$ = CD signal;
col(G)[C]$ = Scan 4;
col(H)[L]$ = CD signal;
col(H)[C]$ = Scan 5;
col(I)[L]$ = CD signal;
col(I)[C]% = Scan 6;
col(J)[L]$ = CD signal;
col(J)[C]$ = Scan 7;

//Move scan data;
col(C) = wavelength;
col(D) = scanl;
col(E) = scan2;
col(F) = scan3;
col(G) = scan4;
col(H) = scan5;
col(I) = scan6;
col(J) = scan7;

del Col(A);

del Col(B);
wks.coll.width = 8;

//Average CD scans

col(K)[L]$ = CD signal;

col(K)[C]E = AVG;

rowstats irng:=2:8 mean:=9 sd:=<none>;

//New column for buffer CD signal info

col(L)[L]$ = CD signal;
col(L)[C]$ = Cuvette;
}

//New book for sample concentrations;
//newbook;

//newbook name:="Concentrations";
J/col(A)[L]$ = Sample;

//col(B)[L]$ = [DNA];

//c01(B)[U]$ = um;

CD scan processing script (Origin LabTalk)
/*

Script for processing CD scan data (7 scans)

Instructions:

89



-Start with worksheet or book with multiple sheets of CD scan data processed using CD
scans - average script or formatted in the same manner

-If multiple worksheets, script will automatically loop through all sheets for you
-Manually paste buffer CD signal in the indicated (last) column
-Fill in "Concentrations" book in sheet order (can copy/paste output from TDS script if
used)
-Need to edit 1lst line with # samples and middle line with SHORT NAME

Qutput:

-Labeled columns with baseline corrected CD signal, zerced CD signal, and molar
ellipticity
-Molar ellipticity for samples in sheet order in a new sheet

E

int samples = 18; // Change to # samples
samples++;

for(int 1 = 1; 1 < samples; i++)
{

page.active = i;

col(M)[L]$ = Baseline corrected;
col(M)[C]$ = Subtract buffer;
col(M) = col(K) - col(L);

col(N)[L]$ = Zeroed;

col(N)[C]$ = Subtract AVG 1st 1@ pts;
range zero = col(M)[1:1@];

col(N) = col(M) - mean(zero);

col(0)[L]$ = Molar ellipticity;

col(0)[U]$ = M\+(-1)em\+({-1);

%W = ["Conc"]Concentrationslcell(i, 2)%; // Change to ["BookName"]SheetName
col(0) = col(N) / (©.93298 * %W);

}

//Create overlay

range wavelength = 1[1:111];
newsheet cols:=samples;
wks.name$ = Overlay;
col(A)[L]$ = Wavelength;
col(A)[U]$ = nm;

col(A) = wavelength;

//Loop through sheets for molar ellipticity
for(int i = 1; 1 < samples; i++)

{

page.active = i;

range de = 13;

page.active = samples;

int deCol = i+l;

wcol(deCol) = de;

wcol(deCol)[L]$ = Molar ellipticity;
wcol(deCol)[U]$E = MA+(-1)em\+(-1);

}
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CD melt script (Origin LabTalk)
/*
Script for organizing & initial processing of CD melt data (4-95 C)

Instructions:

-Start with book(s) with single worksheet in which raw CD melt data imported
-If multiple books, script will automatically loop through all books for you
-T in col(A), CD signal in col(B)
-Data should start on row 1 with no extraneous text above
-Script will ignore any extranecus text below data so that is fine

OQutput:

-Labeled sheets & columns
-Column with T in K
-Separate melt & cool sheets with derivative column

*/

doc -ef W
{

//Name raw data & insert T (K) column
wks.name$ = raw;

col(A)[L]$ = T;
col(A)[U]$ = C;
col(B)[L]$ = CD signal;

wks.insert(T);

col(T) = col{A)+273.15;
col(M[L]$ = T;
col(T)[U]$ = K;

J/Extract melt & cocl data
range meltT = 1[1:92];
range meltCD = 3[1:92];
range coolT= 1[93:184];
range coolCD = 3[93:184];

//Creates sheet for melt data

newsheet;

wks.name$ = melt;
col(A)[L]$ =T,
col(A)[U]$ = K;
col(B)[L]% = CD signal;

range mT= 1[1:92];

range mCD = 2[1:92];

mT = meltT;

mCD = meltCD;
differentiate iy:=ccl(B);

//Creates sheet for cool data
newsheet;

wks.name$ = cool;

col(A)[L]$ =T;

col(A)[U]$ = K;

col(B)[L]$ = CD signal;
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range cT= 1[1:92];

range cCD = 2[1:92];

cT = coolT;

cCD = coolCD;
differentiate iy:=col(B);
}
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Copy of published work

“Quadruplexes in ‘Dicty’: Crystal Structure of a Four-Quartet G-
Quadruplex Formed by G-Rich Motif Found in the Dictyostelium
Discoideum Genome”

Reference:

Guédin, A.; Lin, I.. Y.; Armane, S.; Lacroix, I..; Mergny, I.-L..; Thore, S.; Yatsunyk, .. A.
Quadruplexes in “Dicty’: Crystal Structure of a Four-Quartet G-Quadruplex Formed by G-
Rich Motif Found in the Dictyostelium Discoidenm Genome. Nucleic Acids Research 2018,
46 (10), 5297-5307.
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