© 2022 Sarah Bonson Krueger



NUCLEIC ACID-TEMPLATED ASSEMBLY OF THERAPEUTIC AGENTS

BY

SARAH BONSON KRUEGER

DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Chemistry
in the Graduate College of the
University of Illinois Urbana-Champaign, 2022

Urbana, Illinois

Doctoral Committee:

Professor Steven C. Zimmerman, Chair
Professor Douglas A. Mitchell
Associate Professor Hong Jin
Assistant Professor Lisa Olshansky



ABSTRACT

Small molecule targeting of nucleic acids has come into focus as a therapeutic strategy for
diseases such as myotonic dystrophy type 1 (DM1), a trinucleotide repeat disease characterized by
its RNA gain-of-function mechanism. Methods of targeting nucleic acids range from the use of
antisense oligonucleotides to the use of small molecules and oligomeric compounds to modulate
symptoms. Of particular interest for targeting nucleic acid repeats is the use of multivalent
targeting agents. Herein, we have explored the assembly of multivalent targeting agents using the
nucleic acid target as a template for in situ synthesis. Using proximity driven azide-alkyne click,
we developed a screening approach through which several hit compounds were found. As the
proximity-induced click reaction is irreversible and requires long reaction times of at least 1 day
before product is observed, we set out to develop a method for rapid, template-selected, reversible
assembly of therapeutic agents in situ via aldehyde-amine condensation. After a proof-of-concept
assay with compounds that contain two reactive aldehyde or amine groups, a library of rationally
designed small molecule targeting agents containing aldehyde or amine functionality was
synthesized and screened. The selective assembly of fragments on template was confirmed by
MALDI-MS in the presence of DM1- and Huntington’s Disease (HD)-relevant nucleic acid
sequences. Of interest for both DM1 and HD, the resulting hit combinations of aldehyde and amine
inhibited the formation of toxic RNA in vitro in a cooperative manner with low micromolar 1Cso
values and rescued mis-splicing in DM1 model cells. This reversible template-selected assembly
IS a promising strategy to achieve multivalent targeting and could be utilized to develop strong and

selective binders for other disease-relevant nucleic acid targets.
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CHAPTER 1: INTRODUCTION TO NUCLEIC ACID TARGETING
1.1. NUCLEIC ACID TARGETING IN DRUG DISCOVERY

As traditional drug discovery efforts have largely focused on protein targeting, nucleic acid-
targeting therapeutic agents have been comparatively under-explored. However, much of the
genomic DNA that is transcribed into RNA in the human body is not translated into protein, and
thus must have some other function or benefit to remain in the genome.! It is estimated that
although about 95% of genomic DNA is transcribed to RNA, only about 5% of RNA is translated
to protein.! Thus, DNA and RNA serve many more biological functions, including gene expression
control. The ability to target the large part of the genome that is not expressed as protein could
enable the treatment of diseases for which there is currently no known protein target as well as
diseases that have “undruggable” protein targets. Though this approach is very attractive, it is
challenging to develop specific nucleic acid binders, given that nucleic acids tend to have
significantly less secondary and tertiary structure compared to protein targets.? Advances in
understanding the role played by both coding and non-coding DNA and RNA in disease have
brought nucleic acid targeting into focus as a potential therapeutic strategy.>*

As nucleic acid therapeutics have shown promise, a particularly interesting example that has
achieved clinical translation is the RNA vaccines for COVID-19, developed by Moderna and
Pfizer, that utilize liquid nanoparticles to deliver MRNA encoding the SARS-CoV-2 spike protein
to develop immunity.> Further, recent drug discovery efforts have enabled selective recognition of
DNA and RNA sequences through many methods including antisense oligonucleotides,®
CRISPR/Cas9 genome editing,”® siRNA® and miRNA-based approaches, and small-
molecules.’*** The recent approval of an siRNA-based therapeutic for the treatment of

polyneuropathy of hereditary transthyretin-mediated (hATTR) amyloidosis (Alnylam)* has



further sparked scientific interest in RNA-targeting agents. Many groups have explored the use of
these and other DNA- and RNA-targeting strategies for a class of diseases caused by extended
repeat sequences, or trinucleotide repeat expansion diseases (TREDs). Herein, we focus on
myotonic dystrophy type 1 (DM1)'*! and Huntington’s Disease (HD).?>"?> These diseases have
well-studied pathobiologies mediated by expanded repeat sequences in both DNA and RNA, and

thus provide an ideal model to study nucleic-acid targeting strategies.

1.2. MYOTONIC DYSTROPHY TYPE 1

DML is a neuromuscular disease caused by an expanded CTG repeat sequence in the 3’-
untranslated region (3’-UTR) of the dystrophia myotonica protein kinase (DMPK) gene on
chromosome 19.26 Healthy individuals have 5-35 repeats, whereas individuals who manifest
symptoms of the disease typically have 80 to more than 2,500 repeats.’” The expanded
(CTG-CAG) repeat sequence, d(CTG-CAG)®®, forms a DNA hairpin slip out, d(CTG)®®, and is
bidirectionally transcribed to form RNA with expanded (CUG) and (CAG) repeats, r(CUG)** and
r(CAG)®®.2 These expanded repeat transcripts result in a toxic RNA gain-of-function that leads
to (i) sequestration of splicing regulators including muscleblind like 1 (MBNL1) that causes mis-
regulation of splicing®>® as well as (ii) synthesis of undesirable homopeptides through repeat-
associated non-ATG (RAN) translation.>* Other mechanisms in the disease pathology include
decreased expression of myocyte enhancer factor-2 (Mef2) leading to altered miRNA expression®2
and increased expression of CUG binding protein (CUG-BP)/Elav-like family member 1 (CELF1)
leading to mis-regulation of pre-mRNASs.2 In the primary mechanism of action, the r(CUG)®"
formed by the transcription of (CTG-CAG)®® forms a hairpin secondary structure3*3 that

sequesters the alternative splicing regulator muscleblind-like 1 (MBNL1), forming foci in the



nucleus of diseased cells (Figure 1.1).%6-3 This sequestration prevents proper splicing patterns in
pre-mRNAs such as insulin receptor (IR), muscle-specific chloride ion channel (CLCN1), and
cardiac troponin T (cTNT), causing insulin resistance, myotonia, and cardiac defects,
respectively.>**? Given this disease pathobiology, small molecules that bind both the toxic RNA
and the parent DNA repeat sequence could potentially inhibit MBNL1 sequestration and
bidirectional transcription. Such selective binders could serve as a therapeutic strategy to

ameliorate patient symptoms in DM1.
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Figure 1.1. Myotonic Dystrophy Type 1 (DM1) Pathogenesis. Expanded d(CTG-CAG) repeats in the
DMPK gene are bidirectionally transcribed to form r(CUG)*** and r(CAG)®®. The r(CUG)®® can form
hairpin secondary structures that sequester MBNL1 proteins and lead to improper splicing of pre-mRNAs.
Both RNA transcripts can undergo RAN translation to form toxic homopolymeric peptides. The use of
small-molecules or oligomers to specifically target RNA and DNA could alleviate symptoms of DM1 by
preventing transcription of d(CTG-CAG)**® and competitively binding the r(CUG)®® hairpin structure to
release MBNL1.

1.3. HUNTINGTON’S DISEASE

Huntington’s Disease (HD) is another trinucleotide repeat disease that is caused by
d(CTG-CAG)®®. HD is a neurodegenerative disease that leads to striatal and cortical degradation
that causes defects in motor and cognitive functions as well as psychiatric disturbance, weight loss,
seizures, cardiac arrythmias, muscle atrophy (wasting), and diabetes.** Many of the symptoms

overlap with DM1 and are caused by the same mechanisms: bidirectional transcription of



d(CTG-CAG)®® to form r(CUG)®® and r(CAG)**®, r(CUG)®*® sequestration of splicing proteins
such as MBNL1, and translation of r(CUG)**® and r(CAG)®® to form homopolymeric peptide
sequences such as polyglutamine.** As in DM1, longer repeats have increased chance of strand
slippage that leads to further expansion of the repeats; a healthy individual typically has about 9-
35 repeats in the HTT gene, whereas diseased individuals carry 38 to about 100 repeats.*>*
Although it is caused by the same repeat expansion as DM1, the mutation in HD occurs in a coding
region within the huntingtin (HTT) gene on chromosome 4.4 Thus, the repeat expansion leads
to formation of mutant huntingtin protein with an expanded polyglutamine region that forms
aggregates in the nucleus.** Reduction of HTT protein aggregates through various therapeutic

strategies has been shown to improve cognitive and motor performance in HD mouse models.*
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Figure 1.2. Huntington’s Disease (HD) Pathogenesis. Expanded d(CTG-CAG) repeats in the HTT gene
are bidirectionally transcribed to form r(CUG)®® and r(CAG)®**. The r(CUG)®® can form hairpin secondary
structures that sequester MBNL1 proteins and lead to improper splicing of pre-mRNAs. Both RNA
transcripts can undergo RAN translation to form toxic homopolymeric peptides. Because HD occurs in a
coding region, the HTT protein produced from the gene is mutant and causes the formation of nuclear
aggregates. The use of small-molecules or oligomers to specifically target RNA and DNA could alleviate
symptoms of HD by preventing transcription of d(CTG-CAG)®®, competitively binding the r(CUG)*® to
release MBNL1, or binding r(CAG)®® to prevent RAN translation and production of mutant HTT.

As in DML, there are several additional mechanisms involved in the disease pathology of HD.

As an example, increased production of mutant HTT protein results in downregulation of brain-



derived neurotrophic factor (BDNF), a protein that binds to neurotrophin receptors such as tyrosine
receptor kinase B (TrkB) to support brain growth and survival as well as neuron differentiation.*®
Specifically, BDNF signaling pathways are thought to be involved in degradation of mutant HTT
aggregates and necessary for proper cognitive development and function.*® Efforts have been made
to develop small molecules that act either as “BNDF-mimics” or directly and specifically activate
TrkB signaling to mediate disease symptoms.*® Although targeted activation of TrkB has shown
some promise in HD therapeutic development efforts, one concern with this method is that TrkB
levels are reduced in HD patients, and perhaps exist in insufficient quantities to allow full
restoration of proper signaling and neurotrophic support.*?

Another treatment strategy would be to prevent the formation of the mutant HTT protein all
together by targeting inhibition at the DNA/RNA level rather than the protein level. DNA targeting
in HD has been pursued through the development of targeted zinc finger proteins as well as
CRISPR/Cas 9 targeting.*” HD nucleic acid targeting has also been pursued by the Nakatani group
through a series of naphthyridine-azaquinoline dimers that selectively bind d(CAG)®®, inhibit
DNA replication due to increased thermal stability of d(CAG)io hairpins, and can induce
contractions or expansions of repeat regions.*>4849

As previously mentioned, the expanded repeats in HD lie in a coding region. Importantly, the
HTT gene codes for protein in both the sense and the antisense direction.*” The sense protein
(HTT) has unconfirmed function but is thought to be essential for development before birth.> It is
hypothesized that knockout of HTT (e.g. through prevention of transcription) would not be more
harmful than the disease in adult patients due to the negative impacts of the mutant protein.>° It
has also been hypothesized that the healthy HTT isoform may be involved in chemical signaling,

transport, protein binding, and cell protection.*” In the antisense direction, this gene codes for



transcription factor AS1 that regulates HTT levels; knockdown of AS1 has been shown to increase
endogenous HTT.#” RAN translation to form toxic homopolymeric peptides has also been
observed in HD.>®
1.4. OVERVIEW OF NUCLEIC ACID-TARGETING APPROACHES

We have explored several approaches for nucleic acid-targeting toward the development of
therapeutic agents for DM1 and HD (Figure 1.3). These efforts include the development of novel
small molecules and oligomers for selective targeting of trinucleotide repeat sequences, namely
d(CTG)®® and r(CUG)®®. The challenges that remain with these approaches include balancing
potency with cell permeability. To achieve multivalent targeting while maintaining the promising
cell permeability of small molecules, we envisioned the performing a ligation reaction with the
nucleic acid target as a template. This would allow for dosing with cell-permeable small molecules
that could form that larger, multivalent targeting agent in situ. Herein, two different ligation

strategies for template-selected assembly of oligomeric agents have been developed and studied.

(a) Cell-Permeable Small Molecules (b) Cell-Permeable Oligomers (c) in-situ Assembly of Oligomers

Figure 1.3. Overview of Proposed Strategies for Multivalent Targeting of DNA/RNA. (a) Small
molecules can be used to target a characteristic site on the nucleic acid (e.g., recurring mismatches). (b)
Cell-permeable oligomers such as 2 can be dosed directly to achieve multivalent targeting of repeat
sequences. The challenge of this approach is synthetic accessibility and isolation of discrete oligomers (c)
Use of in situ, nucleic acid-templated ligation chemistry to assemble DNA and RNA targeting molecules
in cells. As reactive small molecules bind the DNA or RNA, they are brought into close enough proximity
to undergo a ligation reaction and form a stronger binding agent after entering the cell. This approach
improves cell permeability as well as ease of synthesis because smaller oligomers can be synthesized and
later coupled in situ to form the desired oligomeric targeting agent.



1.4.1. EFFECTIVE SMALL MOLECULE TARGETING AGENTS

In the past 15 years, several small molecules have been developed for nucleic acid targeting
and tested as potential therapeutic agents. The first report of a rationally designed small molecule
that bound both DNA and RNA was by Zimmerman and coworkers in 2009.%* This work was
simultaneous with Miller and coworkers discovery of compounds that inhibit the interaction
between r(CUG)*P and MBNL through resin-bound dynamic combinatorial chemistry
(RBDCC).* The Zimmerman group and others have previously reported several additional small
molecules that effectively target DM1- and HD-relevant nucleic-acid sequences.?1%2153-56
Although these potential therapeutics have shown much promise, none of these small molecules
have made it to the clinic, suffering similar challenges to other noncoding RNA therapeutics.®”’
The challenges in developing nucleic acid-targeting small molecules lie primarily in (i) achieving
strong and specific binding (e.g. multivalent targeting) while (ii) maintaining cell permeability and
(iii) low toxicity.

Our group has primarily focused on structure- N NH;
based design of small molecules, including ligand c. N THZ
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(Janus-wedge) interaction or a base flip out binding mode.>%8% A new variant of this ligand, 2,
featured a bisamidinium major groove binder linked to two melamine targeting agents and
exhibited lower toxicity and increased cell permeability.®® Compound 2 selectively bound to

r(CUG)®® but showed no affinity to d(CTG)®®.%° Future generations of ligand, including one that



featured a small molecule RNase mimic that bound to r(CUG)12 and d(CTG)12, have shown
promise to reduce r(CUG)®® levels.5!

Several other compounds have shown great potential as DM1 and HD therapeutic agents. Of
particular interest in the context of this work is Actinomycin D (ActD), reported by the Berglund
group as a transcription inhibitor that decreased the formation of r(CUG)®®.# In addition to its
binding to d(CTG-CAG)®*®, ActD is an FDA approved chemotherapeutic agent that can induce
base flipping from a G-G mismatch in a (CGG) repeat commonly found in TREDs.®2% The
Nakatani group has explored many compounds that bind the d(CAG)®® or r(CAG)®** sequences
that are the causative agent in HD.*¢%4%¢ QOriginally reported as a G-G mismatch binding agent,
their naphthyridine dimers induce slipping out in the (CAG) hairpin-like structure to cause a C-
base to flip out adjacent to a G-G mismatch.%” The group recently reported the ability of these
compounds to induce contraction and expansion of repeat regions.**% These molecules have
established the potential of specific nucleic acid-targeting even for sequences that do not have
strong secondary structure.

1.4.2. MULTIVALENT TARGETING AGENTS

Recent efforts in small molecule targeting of DNA and RNA secondary structures have
suggested that multivalent targeting approaches lead to more effective treatments for myotonic
dystrophy and other diseases.®®"? This could be achieved through oligomeric targeting agents
(Figure 1.3b). After finding success in targeting of r(CUG)®*® with small molecule 2, Zimmerman
and coworkers developed oligomeric mixture 3 that has shown enhanced promise as a therapeutic

agent for DM1.7% Attempts have been made by several members of the group to isolate discrete

oligomers of this compound, including through solid phase ,732 NH:
NI SN ; ”
synthesis in this work. A second series of discrete Ty N’)\u’\/\/h



oligomers was modeled in this work, consisting of bisguanidinium units in place of the
bisamidinium units in 2 and 3. Difficult synthesis and high cytotoxicity has limited the utility of
these oligomers.

1.4.3. IN SITU, TEMPLATE-SELECTED SYNTHESIS

One strategy to overcome the synthetic barrier posed by development of discrete oligomeric
agents while maintaining cell permeability would be to treat with monomeric units that could be
assembled in situ on a nucleic acid template (Figure 1.3c). Rideout pioneered the idea of self-
assembling therapeutics, in which two or more fragments are brought together to synthesize a more
potent therapeutic.”>’* In the case of DM1 therapeutics, it is hypothesized that the assembled
structures have a higher affinity for d(CTG)®® and r(CUG)®® relative to their monomeric
analogues. An additional benefit to this in situ assembly approach in the treatment of trinucleotide
repeat diseases is that the oligomer synthesized in situ would have a size determined by length of
the repeats and thereby maximize binding to that sequence. Thus, a personalized treatment could
be realized by dosing with just a few monomers that would be used to synthesize an oligomer
matching each patient’s repeat length in situ.

One ligation reaction that has been explored for use in templated assembly of multivalent
agents is the azide-alkyne 1,3-dipolar cycloaddition, or “click chemistry.””® This strategy was first
employed by Dervan and coworkers to assemble a polyamide-based therapeutic agent in vitro.”
In addition to click chemistry, there are several other ligation reactions with potential to be used
in atemplate-assembly strategy. This work has explored click chemistry as well as imine formation
for in situ assembly of fragments on target. The latter, reversible ligation is attractive from a
therapeutic perspective because the fragments are effectively recyclable. Cellular degradation of

the target nucleic-acid or dissociation from the target would lead to hydrolysis of the imine bond



or exchange of the disulfide, thus degrading the oligomer to the monomeric fragments in the
absence of template. These monomers, which are non-toxic, could go on to be re-assembled on a
new template strand or diffuse out of the cell. Through this dynamic-covalent approach, recycling
of monomers in situ could lead to extended therapeutic windows, lower required dosages, and

decreased toxicity.

1.5. OVERVIEW AND IMPACT

DM1 and HD are two examples of repeat expansion diseases and provide an ideal model for
exploring nucleic acid-targeting agents. This work explores the use of small molecules, oligomeric
targeting agents, and self-assembling therapeutic agents for the treatment of DM1 and HD.
Although focusing on these two diseases, the methods developed in this work could be applied to
develop therapeutic agents for other diseases. This work has contributed to an increased
understanding of how to develop strong and selective nucleic acid binders through (i) design and
testing of novel targeting agents, (ii) exploration of the relationship between computational
modeling approaches and experimental results, (iii) development of self-assembling therapeutics
through two different ligation reactions, and (iv) exploration of an acid-amplifying polymeric drug
delivery system. These approaches seek to directly address the challenge of achieving multivalent

targeting with cell-permeable agents that have low cytotoxicity.
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CHAPTER 2: TEMPLATE-ASSISTED ASSEMBLY VIA CLICK CHEMISTRY
This chapter was adapted from the following publications:

e Hagler, L.D., Krueger, S.B., Luu, L.M., Lanzendorf, A.N., Mitchell, N.L., Vergara, J.1.,
Curet, D., and Zimmerman, S.C. Versatile Target-Guided Screen for Discovering
Bidirectional Transcription Inhibitors of a Trinucleotide Repeat Disease. ACS Med. Chem.
Lett. 2021 12(6) 935-940.

e Hagler, L.D., Luu, L.M,, Tonelli, M., Lee, J., Hayes, S.M., Bonson, S.E., Vergara, J.1.,
Butcher, S.E., and Zimmerman, S.C. Expanded DNA and RNA Trinucleotide Repeats in
Myotonic Dystrophy Type 1 Select Their Own Multitarget, Sequence-Selective Inhibitors.
Biochemistry 2020 59(37) 3463-3472.

2.1 INTRODUCTION

Although small molecules have been successful at targeting nucleic acids, it remains difficult
to achieve specific binding.* This challenge can be overcome with multivalent targeting agents,
for example oligomeric agents. However, difficult synthesis in addition to decreased cell
permeability and increased toxicity of oligomeric agents have posed a barrier to their development
to date. One strategy to address the challenge of balancing potency and cell permeability would be
to utilize monomeric units that are functionalized with reactive groups to allow for assembly of
multivalent agents in situ on the nucleic acid target. This therapeutic approach would allow for
multivalent targeting of nucleic acids with improved affinity and cell permeability. Inspired by
Rideout’s self-assembling therapeutics, in which two or more fragments are brought together to
synthesize a potent therapeutic,>® we explored monomeric targeting agents functionalized with
azide and alkyne moieties. Although click chemistry typically requires the use of a copper catalyst,

we and others have hypothesized that a proximity-induced click reaction could occur if the reactive
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groups were brought together on a nucleic acid template. Dervan’s use of 1,3-dipolar
cycloaddition, “click chemistry,”* to assemble a polyamide-based therapeutic agent® was the first
demonstration of a proximity-induced click ligation on a nucleic acid template. The
bioorthogonality of azides and alkynes is beneficial in reducing off-target reactivity in biological
systems. Thus, this strategy could help to overcome the barrier of cell-permeability and contribute

to development of optimal therapeutics for DM1.

In the case of therapeutics for DM1 and other NH OnH, "

N|)§N y H/\/\/N IN\ NH;
nucleotide repeat diseases, it is hypothesized that 1" ﬁ/\/\/;w; ”\K{’f
assembled,  multivalent  structures  (from 1

N=pn
functionalized monomers) would have a higher wfda\/g'\/\/q\r”\y""“
. }:N - I\'I N _
affinity for d(CTG)®® and r(CUG)®® relative to N)\.N’>" \l-\_\ »Tﬁq NH,
HN ® NH
HaN
their monomeric analogues. A highly potent HW%“E " é
N=
inhibitor of the MBNL1-r(CUG)®® interaction, 2, w-e—(xm o
NH2
was developed by Dr. Long Luu using click i oty
2 Y

chemistry to form a heterodimer from substituted
analogs of successful melamine-bisamidinium-melamine conjugate 1, discussed in Chapter 1,
containing azide and alkyne moieties.® Compound 2 inhibited MBNL binding to toxic RNA with
~1000 fold higher K;. This result inspired further investigation of other dimeric, clickable
molecules as potential therapeutics for DM1. Thus, a library of clickable targeting agents was
designed by a previous member of the Zimmerman group, Dr. Long Luu, with the goal of screening
for novel, optimized binders of d(CTG)*** and r(CUG)®®. This library was utilized to identify
improved small molecules that target DM1-revelvant DNA and RNA sequences.”® Using the

repeat sequence as a template to bring azide and alkyne containing ligands into proximity, the 1,3-
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dipolar cycloaddition (“click™) reaction indeed proceeds without a copper catalyst. The goal of this
project was to expand the library of clickable fragments with some new and promising scaffolds
that might target d(CTG)*** and r(CUG)®®. The binding affinity, cytotoxicity, and in vitro
transcription inhibition for several library members and hit compounds are reported herein.

2.2. RESULTS AND DISCUSSION

2.2.1. Expansion of Click Library

Amiloride hydrochloride, 3 (Midamor) is an anti-kaliuretic-diuretic agent 5.0

NHz

- - - ol /N i NJI\NH
that was approved by the FDA in 2002 and is marketed by Merck & Co.% It is I [ & 7
HzN N NH2

currently used to treat hypertension and swelling caused by heart failure or 3

cirrhosis.’® When taken with diuretics, it can prevent potassium, hydrogen, and magnesium
secretion by creating a negative potential across the luminal membrane.'® This small molecule
drug acts as an inhibitor of macropinocytosis and is excreted without being metabolized 1%
Amiloride has also been shown to intercalate DNA and to bind HIV-1 transactivation response
(TAR) RNA.®® In 2017, Hargrove and coworkers reported the use of a variety of amiloride
derivatives to target HIV-TAR RNA, further establishing the potential of the amiloride scaffold
as an RNA-targeting ligand. Previously, Teramae reported the “strong and selective” binding of
amiloride to abasic sites opposite of T with a K4 of 150 nM and abasic sites opposite of U with a
Kq value of 9.5 nM.?>18 Although abasic sites are fundamentally different from mismatch sites, it
is possible that these sites behave similarly in binding interactions with ligands. In particular,

because one T- or U- base can be flipped out, the T-T or U-U mismatch site may mimick an abasic

site,*"~24 thereby allowing selective recognition by amiloride. Taken together, the similarity of the
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Given the potential for Figure 2.1. Amiloride shows promise as a potential d(CTG)®*?

and r(CUG)® binding moiety. (a) Dimethyl amiloride was

amiloride to act as a ligand for  shown to bind to both the apical loop and the bulge of HIV-1

TAR RNA, but modifications at C5 and C6 shifted the binding

d(CTG)®® and F(CUG)>® affinity for the bulge region.'* (b) The triazine-scaffold ligands

and amiloride have similar potential for interaction with target

sites (highlighted in red). (c) One of the potential interactions of

interaction between ligand 1 and T-T (R = Me) or U-U (R = H)

. . . mismatches. (d) Teramae’s proposed model of interaction, with

expanding the click library, an  amijoride hydrogen bonding to unpaired T- (R = Me) or U- (R =
H) and the phosphate backbone at the abasic site.'®

sequences and the goal of

amiloride derivative with a
pendant alkyl azide, 4, was synthesized by the route shown in Scheme 2.1. The stability of ligand
4 was monitored by *H NMR spectroscopy over 7 d and found to be stable in both aqueous solution

and DMSO (Appendix A, Section A.2.1).

NH

-HCI
0 N 0 HZN)LNHZ
= 3 = i Cl N ps :
I . ° DIPEA (5 eq) > j:/ ] (2M in MeOH)
3 THF
oSN Ok VN 65°C, 24 h
RT, 8-16 h N
65% b

0 NH o NH;

Cl /N OJLNHQ 2M HClin Et,0 > JL
i % | 20 min I
\/\/\u N7 NH; 54% N3\/\/\

Scheme 2.1. Synthesis of amiloride derivative 4 for addition to click I|brary. Methyl 3-amino-5,6-
dichloropyrazine-2-carboxylate was coupled with 4-azidobutan-1-amine and the product was
guanidinylated to make the functionalized amiloride to be tested for in situ DNA- and RNA- templated
click reactions that would allow in vivo assembly of potential multivalent therapeutic agents. Details can
be found in Section A.2.1.
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Several other compounds were synthesized as

[0}
Previously reported coupling partner:
Propiolic Acid // OH

potential members of the click library. Synthetic .

. . . i - "o \\\[rn\/\
methods are detailed Section A.2.1. Activated C|)j\\\ J\\ I ks
RN
H

alkynes, that contain an alkyne in the alpha

position relative to a carbonyl group, seemed to be O \e N?}OH
pZ NH,
- - - - - - - N -
more reactive in this proximity-induced click P~ A
H

Figure 2.2. (a) Alternative coupling partners
synthesized for use in making activated alkyne
) . . monomers from amine intermediates. (b)
alkyne functionality to hydrophobic fragments intermediate in route where triazole is attached

and coupled directly instead of reacting two
containing several amines proved particularly — monomers.

reaction. However, the addition of activated

difficult. Thus, several alternative coupling partners (Figure 2.2a) were utilized in addition to the
previously reported propiolic acid partner to make activated alkynes for the click library. 2" The
coupling of two monomers was also attempted using a different route by performing the click
reaction in an early step. This used propiolic acid to react with the monomer and would allow
coupling with a monomer containing an activated ester instead of performing the click reaction
with the two monomers (Figure 2.2b). This route would make products with slightly different
linkers, it would provide an alternative to the challenging late-stage addition of activated alkynes.
Although the direct coupling method proved ineffective, an alternative route was developed
through TMS protection of the alkyne and is included in Section A.2.1. This work also re-
synthesized monomeric click fragments for characterization by NMR and MS. Dimeric click
products were also re-synthesized for characterization with Amie Lanzendorf. As demonstrated

here, the click monomers and dimers proved extremely challenging to synthesize ex vivo.
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2.2.2. Template-Assisted Click Screen (with Dr. Long Luu and Dr. Lauren Hagler)

The library of azide and alkyne fragments was tested in an in situ template-assisted click assay
(Figure 2.3).” Although traditional azide-alkyne 1,3-dipolar cycloaddition reactions require a
copper catalyst,?® as noted above, the nucleic acid template could catalyze a proximity-induced,
copper-free click reaction. This process would allow for assembly of targeting molecules on a
template nucleic acid strand using the desired target as a catalyst, avoiding issues with cell
permeability of larger molecules such as dimer 2. After the building blocks have “clicked” to form
the active agent selectively on target, they are expected to have stronger affinity for the target
through the multivalent effect. Although product inhibition might be expected, the therapeutic goal
is achieved by having the target site occupied.

Preliminary two-by-two click screens using d(CTG)®® and r(CUG)®® template strands showed

promise in producing the template-assisted click products. The compounds (100 pM final

RNA Target DNA Target

Clickable Fragment Library

Figure 2.3. Template-Assisted Click Assay. The library of fragments was screened for combinations
that click on the DNA and/or RNA targets.®
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concentration of each) were incubated with the template sequence (10 1M final concentration) in
buffer at 37 °C for up to 7 d. After degrading the template strand, reaction progress was monitored
at 1, 3, and 7 d using MALDI-TOF MS and HPLC. Representative results with 5, an alkyne
derivative of ligand 1, and the amiloride azide 4 are reported in Figure 2.4. After 1 d incubation
with d(CTG)1, a new peak was observed at m/z consistent with the 4-5 product. After 7 d
incubation with d(CTG)1s, another new peak consistent with the 4-5-4 product was observed. After
7 d, the ratio of 4 : 5 : product in the mixture with d(CTG)1e template was about 52 : 28 : 20 based
on analytical HPLC. There was some uncertainty because the 4-5 and 4-5-4 products are thought
to have very similar retention times and thus were integrated together. It is to be expected that
amiloride 4 would be used up more quickly than 5 as the 4-5-4 product forms. Because the
compound concentration was ten times that of the DNA template and the binding affinity of the 4-
5 and 4-5-4 products is thought to be much higher than that of either 4 or 5 alone, product inhibition
is expected to slow the turnover and thus limit the yield of this reaction. Upon incubation with a
random DNA sequence, no new peaks were observed, supporting the conclusion that the template
plays a role in the formation of product. When r(CUG)gs was used as the template strand, a new
peak was observed for the 4-5 product. The formation of click product on template suggests that

amiloride may be a good binding partner for targeting DM1 relevant nucleic acid sequences.
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Figure 2.4. Click Screen Results: Alkyne 5 and Amiloride Azide 4. Nucleic acid templates were
incubated with compounds in buffer at physiological pH and temperature for up to 7 d. Of note, amiloride
4 starting material is too small to be observed on MALDI. (a) After 1 d incubation with d(CTG)s target,
the 4-5 product was observed. (b) After 7 d incubation with d(CTG)1e, both 4-5 and 4-5-4 products were
observed in the MALDI. (c) HPLC traces for quantitation of reaction progress after 1, 3, and 7 d. (d)
graphical representation of reaction mix calculated from areas under HPLC trace. (e) After 1 d incubation
with random DNA duplex (5’-GGC TGG CTG GCT GGC TGG CGC-3’; 3°-CCG ACC GAC CGA CCG
ACC GAC GCG-3’) no new peaks were observed. (f) After 1 d incubation with r(CUG)g template, the 4-
5 product was observed.
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of the nucleic acid template and not in the presence of random DNA or in buffer alone. The most
prominent hits observed by MALDI-MS are listed in Table 2.1 below. These hit compounds were

prepared on larger scale further testing of their biological efficacy.

Observed by MALDI-MS after 1 day incubation at 37 °C
Compounds Calculated Mass d(CTG),s template random DNA
buffer only
(target) template
1+2 (d) 1227.4, (t) 1742.0 1227.8,1742.0 n.d. n.d.
3+2 868.4 858.5 n.d. n.d.
8+2 (d) 867.0, (t) 1381.6 867.7,1382.0 n.d. n.d.

Table 2.1. Hits observed by MALDI-MS in the 2x2 click screen. (d) indicates dimeric product, (t) indicates
trimer. n.d. indicates not detected. Masses are recorded after 1 d incubation at 37 °C in aqueous buffer
consisting of 2 mM each of KCI, CaCl,, MgCl,, and Tris-HCI (pH 7).

2.2.3. in vitro Bidirectional Transcription Inhibition

Following the library screen, four heterodimers of 7 and the corresponding monomers 5, 8, 9,
and 10 were evaluated for their ability to decrease the amount of r(CUG)g and r(CAG)g
transcripts. Azide 7 was selected because its click products exhibited the most intense hits in the

MALDI-MS screen. Three of the four dimers showed ca. 100% bidirectional transcription
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inhibition at 10 uM whereas dimer 7+12 was much less effective.® Most of the corresponding
monomeric compounds showed weak inhibition.

To further study the potency of the hit dimers in inhibiting transcription bidirectionally, 1Cso
values for the formation of both r(CUG)g and r(CAG)go were determined for dimeric compounds
5+7,8+7, and 9+7 using the in vitro transcription inhibition assay (Figure 2.5). Interestingly, some
of the inhibition curves were very steep, particularly for compound 9+7, consistent with the
inhibition observed for actinomycin D.?® We hypothesize that the cause of the sharp decline in
transcription over a narrow concentration window could be the result of either (i) cooperative
binding of the compound to hairpin in the presence of T7 or SP6 polymerase or (ii) covalent
attachment of the reactive alkyne compounds to the template.

For all three of these dimers, the observed ICso value for r(CAG)go formation was lower
compared to that for the formation of r(CUG)go. This result can be explained by the compounds
targeting d(CTG), thereby more effectively stalling polymerase on the sense strand. Of note,
transcription of d(CAG)eo (formation of r(CUG)e0) is still significantly inhibited, supporting our
hypothesis that compound binding to one strand of the d(CTG-CAG)qo structure could inhibit the
transcription of both strands through a stalling of the transcription complex. The inhibition of
formation of both r(CUG)s and r(CAG)qo at low micromolar concentrations suggests that these

dimeric compounds may be effective against DM1.
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Figure 2.5. in vitro bidirectional transcription inhibition of d(CTG-CAG)0. (a) pSP72 plasmid
with d(CTG-CAG)go spliced in between BamHI and EcoRI was used with T7 or SP6 polymerase
was used to synthesize r(CUG)g and r(CAG)g, respectively. (b) Sample gels from in vitro
transcription inhibition assay. (c) 1Cso curves and calculated 1Cso values for hit dimers 1 + 2, 3 +
2, and 8 + 2 for inhibition of both r(CUG)90 and r(CAG)90 formation. Error is standard error of
the mean, n =3
2.3. CONCLUSIONS

Synthesis of dimeric agents via template-assisted click chemistry provides an alternative
approach that could help overcome the challenge of balancing potency with cell permeability.
Herein we have outlined a method for the discovery of new ligands that bind to d(CTG)®® and
inhibit the production of the expanded transcripts, r(CUG)®*? and r(CAG)®*®, through screening of

a clickable fragment library. This approach combines elements of fragment-based drug design

(FBDD) and target guided screening (TGS) with a positive cross screen to discover multitargeting
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lead agents for DM1. Because the initial library did not lead to a new class of ligands, this work
sought to expand the click library by adding new scaffolds such as amiloride. This broader
discovery effort offered a higher level of diversity in the library and exploration of new scaffolds
for targeting the DM1-relevant d(CTG)®*® and r(CUG)®*®.

The DNA-binding hits identified in this screen inhibited transcription of d(CTG-CAG)g
bidirectionally, thus preventing the formation of both r(CUG)e and r(CAG)go. Bidirectional
transcription inhibition is an important therapeutic strategy for DM1 and other TREDs because of
the potential not just to prevent formation of toxic r(CUG)®**® and r(CAG)®®, thus preventing toxic
gain-of-function interactions between RNA and splicing proteins. Significantly, this strategy could
also prevent the formation of toxic homopolymeric peptides by depleting the expanded transcripts
and preventing RAN translation. Future efforts will examine whether these multivalent inhibitors
are effective at reducing toxic RNA levels in cells. This target-guided, pairwise screening platform
and the general DNA- or RNA-targeting nature of the molecules in the clickable fragment library
allow for the discovery of new inhibitors for DM1 and the method may be extended to other
diseases that have bidirectional RNA expression as a part of their pathogenesis including
amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), and Huntington’s disease
(HD). Beyond the general approach described here for the discovery of more potent in vitro
inhibitors and multitarget agents, this general protocol could be applied in cell culture. A cell-
based approach would add the challenge of cellular and nuclear permeability, a critical aspect for
drug development. More importantly, it would allow the prospect of a self-assembling therapeutic
strategy using smaller molecules whose improved pharmacokinetic properties allow them to reach
the target that facilitates the synthesis of the active agent. Such an approach would require a new

method of product analysis and a faster and more biocompatible ligation reaction.
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2.4. METHODS

2.4.1. Click Library Expansion: Additional Compounds

Derivatization of 7H-Pyrrolo[3,2-fl]quinazoline-1,3-diamine
7H-Pyrrolo[3,2-flquinazoline-1,3-diamine, S1, was originally used as an

N

NH, —
NH
)I\ijigf\ antifolate,®® then studied for its antimalarial properties,! and more recently been
s1

HaN

investigated for specific targeting of rapidly dividing cells for applications such
as the treatment of breast cancer.? Although S1 has come to be considered a privileged scaffold
for biological targets, a potential problem with the use of this small molecule therapeutic is its
inhibition of dihydrofolate reductase (DHFR), blocking the activity of folic acid which in turn
inhibits cell division, DNA synthesis and repair mechanisms, and protein synthesis processes.
Thus, any off-target effects would be toxic to healthy DNA and cells that encounter S1.
Unpublished work by Eric Ho and Julio Serrano in the Zimmerman group indicated that S1 has
potential to bind the expanded repeat sequences relevant to DM1. Derivatization of this molecule
by functionalization of the indole N-H or another position(s) on the scaffold could help to
overcome the problem of DHFR inhibition by sterically or electronically blocking the interaction
with the active site of the enzyme. To this end, attempted derivatization of S1 was carried out in
hopes of exploring the ligand’s potential as a therapeutic agent for DM1.

The first attempts at preparing a derivative of S1, involved acylation of the indole nitrogen
with active esters containing a pendant azide. This modification would allow for addition of this
molecule to the click library, and thus would contribute to the exploration of S1 as a potential
targeting molecule for d(CTG)®*® and r(CUG)®®. Various acylating agents were synthesized in
attempt to achieve acylation of the indole nitrogen.®? Unfortunately, the desired product was not

obtained, but NMR analysis suggests that alkylation occurred at one of the aromatic amines
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(Scheme 2.2). Further exploration of this acylation reaction, as well as Nuclear-Overhauser Effect

(NOE) studies will be necessary to determine the exact position of acylation.
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Scheme 2.2. Attempted Acylation of S1 at N7. The acylation did not form the desired product but occurred
at either of the unsubstituted aromatic amines. Further studies will be necessary to definitively determine
the position of substitution.

Amiloride Activated Alkyne Derivative

The synthesis of amiloride analogue S2, containing an activated
@

(o] NH;

alkyne for the click reaction, was attempted for further 0 C'I)‘I i

H
/\/\H N7 N

AN

N
H

diversification of the click library, but not completed due to

complications in the synthesis and generally low-yielding reactions. The challenge was the
incompatibility of the activated alkyne with the guanidinylation step and the difficult purification
of the by-product 1,3-diaminopropane from the initial coupling with amiloride (analogous to the
first step in Scheme 2.2 above, but with tert-butyl (3-aminopropyl)carbamate in place of 4-

azidobutan-1-amine).
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Synthesis of AK31

An acridine-melamine conjugate that binds both r(CUG)*® and d(CTG)*** was previously
synthesized with a pendant activated alkyne group, AK31.2 The established route for the synthesis
of AK31 is shown in Scheme 2.3 (Long Luu Thesis p. xxxix-xli). Current attempts to produce
AK31 have been complicated by air and water sensitivity of the intermediate acridines. Thus far,
the scheme below has been used to successfully yield up to 500 mg of the penultimate TFA salt,
with attempts complicated by formation of inseparable mixtures of the product with various

intermediates, decomposition products, and hydrolysis to the starting material acridone.
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Scheme 2.3. Synthetic Route for AK31. Proposed synthesis of AK31 to further evaluate its activity toward
d(CTG)®™*? and r(CUG)** via screening of the click library and other experiments.

2.4.2. Synthetic Methods

See Appendix A, Section A.2.1.
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2.4.3. Click Screen (Run by Dr. Lauren Hagler)

Each in situ click reaction was run in a 0.5 mL Eppendorf tube. The following is a general
procedure performed with d(CTG)1e. To each tube was added 75 uL of nuclease-free water, 1 uL
of 100 mM KClI, 1 uL of 100 mM MgClz, 1 uL of 100 mM Tris-HCI (pH 7.0), and 1 uL of 200
mM CaClz. The tubes were vortexed to mix. To each reaction tube was added 1 uL of 1 mM DNA
(10 uM final concentration). The DNA was annealed by heating at 95 °C for 5 min and cooling
over 90 min to room temperature. The appropriate azide and alkyne ligands were added to each
reaction (10 uL each of 1 mM stock, 25% (v/v) DMSO, final concentration of each ligand: 100
uM, 2.5% (v/v) DMSO). The reactions were incubated at 37 °C for up to 7 d and monitored by
MALDI-TOF mass spectrometry. A 10 pL aliquot was removed from the reaction tube and 2 pL
of DNase | was added to degrade the template strand. The denaturing reaction was incubated at 37
°C for 30 min and submitted for MALDI-MS in the UIUC SCS mass spectrometry lab. After 1, 3,
and 7 d, the reactions were denatured using DNase | and analyzed by HPLC (injection volume: 75
uL, 0-100% MeCN, 0.1% TFA, flow rate 1.5 mL/min). The percent reaction was determined as

the ratio of the product peak over the combined area of the starting material and product peaks.
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2.4.4. SRB Cytotoxicity Assays: Click Library
Before incubation with DML disease-relevant targets, a panel of sulforhodamine B (SRB)
cytotoxicity assays> was performed for several compounds in the library, including amiloride 4,
alkyne 5, and acridine 6 to determine an ideal working concentration for the assays (Figure 2.6-
2.8). The general method is recorded in Appendix A, Section A.1.3. The NN
X N
acridine-based compounds in the library (such as 6) were expected to be the ' N/

. : 6
most cytotoxic, as was observed in the assays.
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Figure 2.6. Cytotoxicity Assays for amiloride azide 4. Performed according to the protocol detailed in
Appendix A, Section A.1.3. Highest concentration: 100 puM. Error bars report standard error. Each point
represents the average of at least 10 replicates.
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Figure 2.7. Ligand 6 (AK13) Cytotoxicity Assays. Performed according to the protocol detailed in
Appendix A, Section A.1.3. Highest concentration: 100 uM. Error bars report standard error. Each point
represents the average of at least 12 replicates.
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Figure 2.8. AZ35 Cytotoxicity Assays. Performed according to the protocol detailed in Appendix A,
Section A.1.3. Highest concentration: 100 uM. Error bars report standard error. Each point represents the
average of at least 10 replicates.
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2.4.5. Isothermal Titration Calorimetry (ITC) Binding Studies: Click Monomers

ITC studies were performed with several compounds that produced hits in the click screen
(Figure 2.9). Control ITCs (Figure 2.10) show that no background heat was generated. Of note,
none of the ligands tested showed binding to DNA on their own. However, all ligands tested with
ITC produced a heterodimeric click product in the presence of both d(CTG)®® and r(CUG)®® in
the click screen. Although it was originally hypothesized that the small molecule fragments would
first bind to the nucleic acid template and then undergo a proximity-induced click reaction, these
binding studies suggest that other possibilities may need to be considered for the interaction at
these concentrations. Because the click products were observed at compound concentration of 100
UM and the final compound concentration in the ITCs was only about 80 uM (a total of 272 pL of
500 uM solution was injected into a 1.42 mL cell), it is possible that the weak binding of the

monomers was not observed in these ITC experiments. Another possibility is that the binding of
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Figure 2.9. Representative ITC curve for interaction between d(CTG)isand click monomers 4 and
5. (right) No binding interaction was observed between amiloride 4 and d(CTG)16. Of note, amiloride is
a weak DNA intercalator (Kq = 1.3 mM), consistent with the lack of binding observed here.!? (left) No
binding interaction was observed. Three independent experiments were performed, and no binding was
observed in any of the experiments.

[AK13] = 500 uM, [DNA] = 20 pM,
[MOPS] = 20 mM, [NaCl] = 300 mM
25°C
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these fragments is cooperative, and thus binding of each monomer is not observed. This hypothesis
could be tested by running an ITC with both fragments (one ligand at constant concentration in
d(CTG)®® solution, the other titrated into that solution) to test if binding of one occurs in the
presence of the other. Regardless of the mechanistic explanation, because click product has not
been observed in the control reactions, the specific nucleic acid template appears to be playing

some role in product formation.
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Figure 2.10. Representative ITC controls for ligand 5 (AK13). (a) Blank ITC titrating AK13 (5) into
buffer solution. The same general method was followed, but biological grade water was added in place of
the DNA in this experiment. (b) Blank ITC titrating buffer solution into d(CTG)16. The same general method
was followed, but biological grade water was added in place of the 10 mM aqueous ligand stock solution
in this experiment.

Isothermal Titration Calorimetry: MicroCal VP-ITC

ITC Binding Experiments were performed on a MicroCal VP-ITC (MicroCal, Inc., Northampton,
MA). The syringe for this instrument holds 250 pL and the reference and sample cells hold 1.24
mL each. The DNA oligos were purchased from Integrated DNA Technologies (IDT). To form

duplex oligonucleotides, the complimentary single strands were mixed in equimolar amounts and
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the DNA was annealed. All DNA was freshly annealed before each ITC experiment by heating at
90-95 °C for 5 min and slowly cooling back to 25 °C (1-2 h). The ITC was cleaned with water and
methanol before each run, and the reference cell was changed before each new experiment. In
preparation of necessary solutions, a master buffer solution was prepared and split amongst the
reference cell solution, the DNA solution, and the ligand solution. Each ITC experiment consisted
of 28 injections. The first injection was 2.0 uL over 5.1 s and all subsequent injections were 10 pL
over 20.5 s. The initial delay was set to 300 s and a 400 s delay was included between each
injection. All ITC experiments were run at 25 °C and stirring speed of 310 revolutions per min.
The buffer for the reference, DNA, and ligand solutions was made from stock solutions of NaCl
(5 M, aqueous) and MOPS (1 M, pH 7 £ 0.2) to a final concentration of 300 mM NaCl and 20 mM
MOPS (pH 7) in water. No DMSO was used in these experiments. For ITC experiments with the
clickable fragments, the ligand (syringe) concentration was 500 puM and the DNA (cell)
concentration was 20 pM. The “High” feedback mode, “Fast Equilibration,” and “Auto
Equilibration” features were utilized in these experiments. The heat generated from each injection
was determined using Origin 7.0 (MicroCal, Inc. Northampton, MA) to integrate each isotherm
(ucal per s v. s). To account for heat of mixing and diffusive mixing at the tip of the syringe, the
first data point from each ITC experiment was deleted when fitting the data to binding models.
The automatically predicted baseline was inspected and manually adjusted to the base of each peak
for all data points in the experiment. For these experiments, the Origin “one-site binding”
algorithm (for one type of binding site) was used to predict the number of binding sites (N) and
the dissociation constant (Kq) to be consistent with the other calculations in Julio’s manuscript and
also so that we could obtain an N value to satisfy the reviewer’s desire for use of ITC to determine

stoichiometry of binding.
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CHAPTER 3: REVERSIBLE TEMPLATE-SELECTED LIGATION

3.1 INTRODUCTION

Much of the genomic DNA that is transcribed into RNA in the human body is never translated
into protein, and thus must have some other function or benefit to remain in the genome.* As a
result of recent advances in understanding the roles of both coding and non-coding RNAs in
disease, DNA- and RNA- targeting strategies have come into focus for development of
therapeutics. Recent drug discovery efforts have enabled selective targeting of DNA and RNA
sequences through many methods including antisense oligonucleotides,? CRISPR/Cas9 genome
editing,® siRNA* and miRNA®-based approaches, and small-molecules.®® Several groups have
explored the use of these and other RNA-targeting strategies for trinucleotide repeat diseases, in
particular myotonic dystrophy type 1 (DM1).>*® DM1 is characterized by RNA gain-of-function
and thus is an ideal model to study nucleic acid targeting.

As described in Chapter 2, one ideal therapeutic strategy to target nucleic acids would be to
dose with monomeric units that could be assembled in situ on the target nucleic acid template.
Because multivalent agents tend to be more effective but also less cell permeable, in situ assembly
provides an opportunity to overcome the challenge of cell permeability in multivalent targeting
agents. Although click chemistry has been successful in forming dimers in situ, the products are
formed irreversibly. An advantage of an irreversible approach is that product released from the
nucleic acid target would stay assembled and could bind another unit of that target. However, a
disadvantage is that the product is unable to diffuse out of the cell and thus could exhibit long-
term cytotoxicity. Thus, it would be beneficial to develop a reversible assembly approach that

would allow for recycling of monomer units which could be more easily cleared (Figure 3.1).
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Figure 3.1. Dynamic Covalent Chemistry approach to reversibly form oligomers in situ. Orange
receptors represent d(CTG)®* or r(CUG)®*®, where each orange U-shape is a binding site. Blue boxes
indicate small molecule monomers, and purple and green appendages indicate reactive moieties (e.g.,
aldehydes and amines). The idea behind this system is that: (a) many monomers are free in solution, but the
concentration is dilute enough such that minimal ligation occurs off-template, (b) monomers are brought to
an artificially high local concentration on the nucleic-acid template, (¢) monomers come in close enough
proximity to undergo a ligation reaction, (d) the reaction occurs, (e) the oligomeric, multivalent targeting
agent sticks tightly to the template, (f) the nucleic acid template may be degraded or the product may
dissociate, releasing monomers and (g) necessarily, some nucleic acid target remains unbound.

Herein, we employ imine condensation between an aldehyde and an amine in situ to reversibly
assemble fragments on target (Figure 3.2). This is attractive from a therapeutic perspective because
the fragments are effectively recyclable. Cellular degradation of the target nucleic acid or
dissociation of the assembled product would lead to hydrolysis of the imine bond, thus degrading
the oligomer to the original monomers in the absence of template (Figure 3.2). An additional
benefit to this in situ assembly approach in the treatment of trinucleotide repeat diseases is that an
oligomer synthesized in situ could have size determined by length of the repeat and thereby

maximize binding to that sequence. Thus, a personalized treatment could be realized by dosing
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with just a few monomers that could be used to synthesize an oligomer matching each patient’s
repeat length in situ. This strategy is particularly attractive for repeat diseases such as DM1.
DML is a neuromuscular disease caused by an expanded d(CTG:-CAG)®® repeat sequence in
the 3’-untranslated region of the dystrophia myotonica protein kinase (DMPK) gene on
chromosome 19 that is bidirectionally transcribed to form RNA with expanded repeats, i.e.,
r(CUG)®® and r(CAG)™®.Y7 Healthy individuals have 5-35 repeats, whereas individuals who
manifest symptoms of the disease typically have 80 to more than 2,500 repeats.'® These expanded
repeat transcripts result in a toxic RNA gain-of-function through splicing mis-regulation'®?° and
synthesis of toxic homopeptides through repeat-associated non-ATG (RAN) translation (Figure
3.3).2%, By targeting the parent DNA repeat to inhibit bidirectional transcription and thus
preventing the formation of toxic RNA, the effects of small molecule or oligomeric treatments

could be utilized to ameliorate DM1 patient symptoms.

Template-Selected
Assembly Reversible Off-
Template Assembly

a Cell permeable
‘a ¥ monomers

Figure 3.2. Dynamic Covalent Chemistry Template-Selected Assembly Approach. Cell-permeable
monomers reversibly assemble on and off the template, allowing for template-selected amplification
of the potent multivalent targeting agent.
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Recent efforts in small molecule targeting of r(CUG)®® secondary structures have suggested that
multivalent targeting approaches might lead to more efficacious treatments for DM1 and other
diseases.??2* Although the idea of using an oligomeric molecule to bind target DNA or RNA at
multiple sites is promising, the challenges of this approach include difficult synthesis of discrete
oligomers molecules and problems with cell permeability.?* Therefore, the development of a
multivalent targeting agent that is both synthetically feasible and cell-permeable would be

beneficial for the treatment of DM1.16:%5

Bidirectional
Transcription
_ >
" RAN pre-mRNA mis-splicing
cuare QPF0
+ r(CAG)>® Toxic H;)er;(;zziymeric
d(CTG-CAG)>
Smce N _ — 3y Transcription Inhibition
B X < Mis-Splicing Rescue
Nucleic-Acid
Targeting Selective Binding Reversible, Template-
Small Molecules to DNA, RNA Template Selected Assembly

Figure 3.3. Myotonic Dystrophy Type 1 (DM1) Pathogenesis. d(CTG-CAG)®® is bidirectionally
transcribed to form r(CAG)®® and r(CUG)®®. The r(CUG)®® can form hairpin secondary structures that
sequester MBNL1 proteins and lead to improper splicing of pre-mRNAs. Both RNA transcripts can
undergo RAN translation to yield toxic homopolymeric peptides such as polyglutamine. The use of
reactive small-molecules to specifically target RNA and DNA and assemble on-template could alleviate
symptoms of DM1 by preventing bidirectional transcription of d(CTG-CAG)®® and/or competitively
binding the r(CUG)®® hairpin structure to release MBNL1 and prevent RAN translation.
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3.2 RESULTS & DISCUSSION
3.2.1 Compound Design

We previously reported that compound 1 selectively binds to r(CUG)®® and shows low toxicity
and high cell permeability.?® A dimeric version of compound 1 proved more effective than other
dimeric compounds (e.g., acridine dimers), but had low cell permeability.?” Both 1 and its dimeric
analogue selectively bound the RNA target with low cytotoxicity, but showed no affinity to the
target DNA. Although RNA is a suitable target, a potentially more powerful therapeutic strategy
would target upstream of the toxic RNA, at the DNA level, inhibiting the formation of the toxic
RNA altogether. Thus, we sought to develop bisamidinium-based DNA targeting agents that
would be more effective as therapeutic agents while taking advantage of the low cytotoxicity of

the groove-binding scaffold.

Based on the success of ligand 1 and its " ®
2 2 H
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The triazine moieties serve as T-T and U-U 30
mismatch recognition units and the bisamidinium groove-binding linker is designed to bind in the
major groove of the RNA helix. In the docked structure of 1, each ligand spans a total of 3 U-U
mismatches. Monomers 2 and 3 were designed such that the aldehyde and amine could bind in
adjacent sites on the DNA or RNA template and react, forming a more potent, multivalent targeting

agent. Notably, oligomers of any length that match the repeat sequence could form.
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The initial design of these ®

2 H2 H H ¢
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@
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Ha NH»
®
condensation reaction in situ. Ligands 4 5

and 5 were designed for this dynamic covalent chemistry approach. Upon in situ assembly, these
monomers could form an oligomer that could extend to match the length of the repeat sequence to
which it is bound. To study the potential for binding and proximity-induced condensation, ligands
4 and 5 were docked on r(CUG)s (PDB ID: 3gm7)?° in MOE. These ligands were docked
individually on the sequence and the distance between reactive partners (the aldehyde carbonyl
and the amine nitrogen) was measured to be 3.13 A (Figure 3.10). A ligation was manually
performed by linking the two ligands and the structure was again minimized. Based on this
modeling study, the linker length would be sufficient if each ligand spans 3 U-U mismatches,
which is the same mode of binding hypothesized for ligand 1.

The synthetic routes to ligands 4 and 5 are detailed in Scheme 3.3 and 3.4, respectively.
Interestingly, upon deprotection of the acetal precursor to obtain aldehyde 4, hemiaminal 6 forms.
This product has been extensively characterized and is believed to form as a result of attack of the
internal triazine amine on the aldehyde carbonyl. A previously reported analogue®® was

synthesized and spectral evidence suggests that this structure also forms the cyclic product.

®
Lo HO NH, NHa
Although the aldehyde reactivity is hindered ﬁ)\w N/\/\/“YN\YH
] ! /\/\/n H Nl =N
in this form, it was thought that the ® N } Yo
o NH, OH
hemiaminal might provide in situ protection 6
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for the reactive aldehyde group, overcoming potential off-target reactions. For this template-
assisted ligation to occur, the aldehyde form, 4, would need to bind the nucleic acid target in
proximity of diamine 5, thereby shifting the hemiaminal-aldehyde equilibrium to allow additional
proximity-induced ligations.

As a result of the formation of this hemiaminal, we wondered if 5 and 6 would be able to react
on template. To address reactivity concerns with hemiaminal 6, reactivity tests were performed
2,4-dinitrophenylhydrazine (Figure 3.11 and 3.12). A quantitative yield was observed for this
reaction. Having established the ability of the hemiaminal to undergo condensation with highly
reactive DNP-hydrazine, the reactivity was further explored in the context of in situ assembly. The
analysis of product formation on a nucleic-acid template proved challenging, and the following
assay was designed to monitor the formation of imine condensation products on a nucleic acid
template. Ligand monomers were incubated with or without nucleic acid template in an aqueous
buffer mixture. Aliquots of those reactions were removed after 1, 3, and 7 d. To these aliquots was
added sodium cyanoborohydride (NaCNBH?3), a gentle reducing agent that should convert imine
products to secondary amines that can be further characterized without reducing the aldehyde. To
avoid sequestration of the product by the template, DNase | or RNase H, A, or I+ (NEB) were added
to the aliquot to degrade the nucleic acid, ideally leaving the free oligomeric products or
monomeric starting materials in the sample. MALDI-MS was used to screen for new peaks. For
samples in which new peaks were observed, the aliquot would be passed through a silica spin
column to remove excess NaCNBH3 and analyzed via HPLC to quantify percent conversion. For
this assay to be feasible, it is imperative that the DNase or RNase remains active in the presence
of the reducing agent, NaCNBHz. Thus, several control experiments were performed to confirm

that these reagents are compatible. A sample of each DNA and RNA target was incubated with
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NaCNBHs with and without DNase | or RNase A, H, or I+ (each separately) at 37 °C for 20 min.
The samples were analyzed by gel electrophoresis, and the DNase as well as all three RNases
remained active for all sequences in the presence of NaCNBH3 (Figure 3.13).

MALDI-MS screening was performed with several different conditions. Targets tested included
d(CTG)16, d(CTG)32, r(CUG)16, and r(CUG)go at concentrations of 10 uM or 20 .M. Compounds
were tested at concentrations 10 pM, 20 uM, 25 uM, 50 pM, and 100 p.M each. RNase H, RNase
A, and RNase I+ were all tested in this assay. No new peaks from condensation products were
observed at concentrations lower than 100 pM. At 100 xM, the only new peaks observed were
from the dimeric product 7 (m/z 1256.58, 8) as well as a new peak at m/z 1239.9 (Figure 3.14).
These peaks were observed both with and without the template, as early as 1 d. Although 1239.9
does not match the expected dimeric product, it does match the mass of macrocycle 8. This
macrocycle may form on the r(CUG)®® template, but because it was observed in both the control
(no template) and the RNA-containing reactions, it is thought that the condensation reaction occurs
off-template due to the higher concentration of monomers. The dimeric product 7 could undergo
an intramolecular condensation reaction with the aldehyde to form macrocyclic product 8,

potentially explaining the presence of this new peak.

NH NHz NH NH

H H H H
SN A~ L e P‘/\/\/N N N
N N H PP T TYe ' NN
Y NN TWONN Yo,
2

NH2 NH
Molecular Weight: 1256.58

Exact Mass: 1239.82

8
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These results suggest that the hemiaminal equilibrium may slow or inhibit the condensation
reaction with the amine, preventing the desired self-assembly. 1,4-Dihydrazino-1,4-butanedione
was also attempted as a condensation partner with the same conditions described above, but no
oligomeric products were observed. It is possible that the distance between the free amine and the
aldehyde carbonyl once bound to the template (about 3 A) is too large to allow for the ligation
reaction interaction. Thus, these compounds were not further studied as condensation partners and
future efforts focused on 2 and 3. Moving forward, other reversible ligation reactions that may be
considered include noncovalent interactions,® disulfide exchange,> and native chemical
ligation.

3.2.2 Computational Study of Assembly of 2 and 3

After designing compounds 2 and 3 as analogues of 1, we wondered if it was computationally

feasible for these compounds to assemble. Thus, ligands 2 and 3 were docked onto the crystal

structure of r(CUG)s (PDB ID: 3gm7)? in Molecular Operating Environment (MOE). These

(@)

Figure 3.4. MOE docking studies for ligands 2 and 3. (a) Monomers 2 and 3 docked side by side. The
fragments were manually ligated, and the structure minimized to form the dimeric product 2+3 on the
r(CUG)s helix shown in (b). Uracil is green (light green are flipped in, dark green flipped out), thymine
is tan and guanine is grey. Hydrogen bonds between ligand and RNA are shown in red. r(CUG)s PDB
ID: 3gm7.% The distance between reactive atoms (from carbonyl carbon to aniline nitrogen) was
measured to be 3.95 A (purple dotted line in ¢.) Docking performed with Hyeoun (Heather) Jeon.
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ligands were docked individually on the sequence with successive minimizations and the distance
between reactive partners (the carbonyl carbon of the aldehyde and the aniline nitrogen) was
measured to be 3.95 A (Figure 3.4). Of note, a hydrogen bond between the carbonyl oxygen and
the aniline nitrogen holds these moieties in close proximity. A ligation was performed manually
by linking the two ligands, the structure was again minimized, and the distance between the
reactive units was measured. Additional images of the docked structures are included in Figure
3.15. Based on this modeling study, the linker length and distance between reactive groups is
sufficient for binding and ligation with each ligand spanning 3 U-U mismatches, consistent with
the mode of binding hypothesized for ligand 1.

3.2.3 Synthesis of Compounds

Compounds 2 and 3 were synthesized according to the methods in Scheme 3.1 and Scheme 3.2,
respectively. In the synthesis of 2, 4-cyanobenzaldehyde was protected with trimethyl
orthoformate and the nitrile group was reduced to a primary amine with lithium aluminum hydride.
The resulting amine was reacted with melamine derivative 4,6-dicholoro-1,3,5-triazin-2-amine.
The disubstituted triazine product was functionalized with diaminobutane. Reaction with diethyl
terephthalimidate followed by deprotection yielded compound 2.

Compound 3 was synthesized via reaction of 4-aminobenzylamine and 4,6-dicholoro-1,3,5-
triazin-2-amine to form a disubstituted triazine that was functionalized with diaminobutane.
Reaction with diethyl terephthalimidate yielded compound 3. Both 2 and 3 were purified via
preparatory HPLC in acetonitrile:water gradient with 0.1% TFA. Detailed methods and

characterization data are included in the Appendix A, Section A.3.1.
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3.2.4. MALDI-MS Analysis of Template-Selected Assembly

With compound 2 and 3 in hand, we wondered whether the benzaldehyde and aniline groups
would react to assemble a dimeric and/or oligomeric product. Thus, monomers 2 and 3 were mixed
in the presence or absence of template, incubated at 37 °C, and reduced with sodium
cyanoborohydride. MALDI-MS analysis showed the presence of the monomers 2 and 3 in each
sample as well as a peak consistent with fragmented dimer 2+3 in the presence of both d(CTG)16

and r(CUG)16 at m/z of 1193.8, but not in the absence of template (Figure 3.5). We observed

Eé x104 SEB15019_A5_N16 0:N16 MS Raw
= ~
. ©
(2] <
@ 3
) 4 0
g €3
3]
(2}
22 2+3
21 o
~3S
o re
N 0
1 3lles
1 < N
~ ~
0 Al; N A .
S SEB15019_B5_N17 0:N17 MS Raw
£6000 1 ©
%] i ®
c
£5000 2 NN o H/\/\, wMNsy
NNy~~~ N\rN
4000 A H H NH NH,
NH, NH =
[32]
3000 1 NJ\N H NB\ o
NN N H -
NN 2+3
2000 1 82 I . . N )
s|8x . ‘ N 2| d(CTG)1s
159 Chemical Formula: CgoH77N»70 el S
1000 N Molecular Weight: 1192.4635 S
~ Llr\ —
0 h o " b A . e b
E! x10% SEB15019_C5_N18 0:N18 MS Raw
= o
s 53
Q (32
37 R
2] 5
<
N 2
~g ° 2L 2+3
wn
I gl 4 5 Sa
S R % 2 g2y r(CUG)1s
oo} n < How
- © o AN A
~ ~ — — N
| R L1e
0 i L Mane Y . J 1z L
—— —_—
700 800 900 1000 1100 1200 1300 1400 1500

m/z

Figure 3.5. MALDI-MS analysis of 2+3 assembly on and off template with reduction by NaCNBHs.
Buffer: 2 mM each of KCI, MgCl,, CaCl,, and Tri-HCI, pH 7, incubated at 37 °C for 75 min before
reduction and analysis. 100 uM compounds, 10 uM d(CTG)1s or r(CUG)1s. See procedure 3.4.1 for
details.
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formation of this product selectively on template after as few as 5 min (Figure 3.16). We were
unable to characterize the reaction at a time faster than 5 min due to limitations of mixing the
solution, sampling, reducing, and spotting for MALDI-MS. This assembly occurs not only
selectively on the template, but also very quickly compared to previous assembly methods that
take hours or even days to form product. Notably, any product that may form off-template in the
aqueous in situ environment could be hydrolyzed, thus returning to the monomeric form.
Therefore, we refer to this assembly as “template-selected.” Due to partial reduction of the
aldehyde by sodium cyanoborohydride, it was noted that in the MALDI-MS, monomer 2 and the
dimeric product both exist in multiple reduction states. For example, monomer 2 could be present
as the dialdehyde (M+H = 759.41), the aldehyde-alcohol (M+H = 761.42), or the diol (M+H =
763.44). The dimeric product could be present as an amine (reduced imine) with aldehyde end
group (M+H = 1475.84) or an alcohol end group (M+H = 1477.86).

To determine if larger, oligomeric products could form, the compounds were incubated in the
presence or absence of template at 37 °C for 24 h before MALDI-MS analysis. Trimer 2+3+2 and
pentamer 2+3+2+3+2 were observed in the presence of d(CTG)1s, r(CUG)16, and r(CUG)go, but
not in the absence of template (Figure 3.6). These longer oligomers support the potential to use
this strategy to synthesize multivalent targeting agents in situ, selected by the nucleic acid
template.

Because of the reactive functionalities on the monomers, we wondered if monomers 2 and 3
were reacting with the nucleic acid template to yield a covalent DNA modification. Thus, to check
if monomer 2 or 3 reacted with the target DNA, MALDI-MS was used to screen for modification
of d(CTG)s and a random duplex DNA target. No modification of these DNA sequences was

observed (Figure 3.17), suggesting that interactions are non-covalent.
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Figure 3.6. High MW MALDI-MS analysis of 2+3 assembly on and off template with reduction by
NaCNBHs. Buffer: 2 mM each of KCI, MgCl,, CaCl,, and Tri-HCI, pH 7, incubated at 37 °C for 24 h
before reduction with sodium cyanoborohydride, degradation of template, and analysis. Compound
concentration 100 puM, 10 uM d(CTG)1s and r(CUG)1s or 500 nM r(CUG)q. See Procedure S2 for
details.

3.2.5 HPLC Analysis of Template-Selected Assembly

After observing assembly by MALDI-MS, we utilized HPLC to screen for the appearance of
new peaks that could be consistent with dimer or oligomer formation. As MALDI-MS is not
quantitative, we were particularly interested in whether the trimer and the pentamer would be more
prominent in the presence of r(CUG)go and the absence of template, as the length of the template

may affect the length of the product that is formed.
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For HPLC analysis, 2 and 3 were incubated in the presence or absence of template at 37 °C for
24 h before reduction with sodium cyanoborohydride and analysis by HPLC. A new peak appeared
in the HPLC around 6.1 min, between the retention time of monomer 2 (6.6 min partially reduced,
6.4 min fully reduced) and monomer 3 (5.2 min) in the presence of all three templates (d(CTG)ss,
r(CUG)1s, and r(CUG)q0) and the absence of template (Figure 3.18). Of note, two other new peaks
formed around 7.0 and 7.5 min. Although the identity of these three new peaks has not yet been
confirmed, the emergence of three new products is consistent with the observation of dimer, trimer,
and pentamer in the MALDI-MS. Interestingly, the peak at 7.0 min made up 6.6% and 8.2% of the
total integrated spectrum in the r(CUG)16 and r(CUG)qo experiments, respectively. A similar trend
was observed for the peak at 7.5 min, making up 9.3% and 18.3%, respectively in the r(CUG)1s
and r(CUG)qo experiments. The opposite trend is observed in the peak at 6.1 min, that makes up
15.5% and 10.0% in the r(CUG)16 and r(CUG)q0 experiments, respectively. Thus, these peaks with
higher retention time seem to be more prominent in the presence of the longer template and the
peak at lower retention time seems to be more prominent in the presence of the shorter template.
This could suggest that the peak at 6.1 minutes is the dimeric product that would form on the
shorter template more favorably than the longer oligomers. Work to identify these peaks is
ongoing, with efforts to synthesize the discrete dimeric and oligomeric products ex vivo and to
isolate the HPLC peaks for direct characterization by MALDI-MS.

LC/MS was attempted to quantify the relative amounts of monomer, dimer, trimer, and larger
oligomers in the solution. We expected that LC/MS would also allow for definitive assignment of
the identity of new peaks observed in the HPLC. However, the results of the LC/MS were
inconclusive due to the large amount of fragmentation and the high abundance of multiply charged

peaks. Each new peak contained both 2 and 3 in the mass spectrum, consistent with an assembled
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product that contains 2 and 3 but not conclusive in assigning which peak belonged to each discrete
product. We are hopeful that switching to the gentler ionization source of MALDI-MS will allow
for positive identification of the HPLC peaks.

In addition to supporting the formation of a new dimeric and oligomeric product as observed
by MALDI-MS, these HPLC studies indicate that an amine product can be characterized from the
template-selected assembly of an imine product. As expected, in a control assay with no reductant
added, only monomers and no product were observed in the HPLC and only a very small peak
consistent with the dimeric imine product was observed by MALDI-MS, suggesting that the imine
product can be hydrolyzed in agueous conditions to re-form the monomers and consistent with the

fragility of imine fragmentation in MALDI-MS without reduction (Figure 3.20).

3.2.6. Isothermal Titration Calorimetry o e TLQ:“:,P, i

ITC studies were performed to test the binding affinity e TN TH

of each monomer compared to the mixture of monomers,

or transient dimeric/oligomeric compound with d(CTG)16

Corrected Heat Rate (pJ/s)
& & & &
= L N
i

ob & &
4

and random duplex DNA. As expected, the calculated Kqg

value for the interaction between 2+3 and d(CTG)1s was

oA L

o i o » © »u
e | N
rrirmTtrTTTT T

it (kJ/mol)

o
o

w

lower than the Kg for both monomeric units. The -

,—:‘, -0 E d Independent Kd (M) G;WE-S
calculated Kq value for 2+3 was 5.6 + 0.5 uM, whereasthe 2%+ . o4 gmel) 5070
; AS (Wmol-K) 7834
- IS SN SN TS ST NS S S B
* Mo:e Ralio‘ : s

Kqg for 2 was calculated to be 81.6 + 0.9 uM and no
Figure 3.7. Isothermal Titration
significant binding was observed for 3 (Figure 3.7, 3.22  Calorimetry with 2+3. [Cell (nucleic
acid)] = 20 pM, [Syringe (ligand)] =
a,b). Compound 2, 3, and 2+3 all showed no significant 500 pM, Buffer = 300 mM NaCl, 20
mM MOPS. See Section 3.4.6 for
binding to a random duplex DNA sequence (Figure 3.22  experimental details.

62



c-e). The thermodynamic data for these binding interactions is shown in Table 3.1. Of particular
interest for the treatment of DM1, 2+3 also binds to r(CUG)1s with a calculated Kq value of 4.3 +
0.5 uM and 2+3 does not bind random ssRNA (Figure 3.23).

These binding studies suggest that the transient imine product binds more strongly to a
d(CTG)16 target than the monomers themselves and neither the monomers nor 2+3 bind to a
random DNA duplex. Further, 2+3 can also bind to r(CUG)1s as a potential dual-targeting agent
for DM1 and does not bind to random ssRNA.

3.2.7. in vitro Transcription Inhibition.
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ICso value of 59.2 + 0.5 uM. Because the imine is transient by design, it is difficult to quantify its
presence in solution. Thus, to test the mixture of 2+3, equimolar amounts of the compounds were
mixed in the treatment such that 20 uM indicates the presence of 20 uM of each monomer, or 20
UM of the dimeric imine that can form in situ. To compare this mixture (2+3) to the inhibition of
the monomeric parts, an arithmetic sum of the individual monomer inhibition is shown on the
graph in a green line. Notably, the calculated 1Cso value for the mixture of 2+3 was 20.8 £ 0.6 pM
(grey line). With an extended incubation period of 24 h, the ICso value for 2+3 decreased to 9.8 +
0.5 uM. For comparison, the arithmetic sum of the independent inhibition of 2 and 3 has a
calculated ICsg value of 49.2 uM. This data is consistent with the Kq values observed via ITC.

As the assembly of the imine presumably occurs in situ, we wondered if providing a 24 h pre-
incubation window during which 2 and 3 were incubated with the template before addition of the
polymerase would allow for stronger inhibition. As the previous incubation window was 3.5 h, we
hypothesized that providing longer incubation would allow for increased template-selected
formation of imine and thus stronger inhibition. Indeed, The ICso for 2+3 with 24 h incubation
(black line) dropped to 9.6 £ 0.5 uM. Of note, the combination of 2+3 showed no inhibition in the
transcription of a random duplex sequence (Figure 3.24). Together, these results suggest that the
mixture of 2+3 is effective at inhibiting transcription in vitro.

Although a modest improvement was observed here for 2+3 compared to the monomeric units,
we observed an almost 1,000-fold improvement with our groove-binding dimer compared to the
monomeric ligand.?” Importantly, the dimers studied here are formed reversibly in situ, compared
to the previous approach in which the dimer was synthesized ex vivo and dosed as an assembled
unit. As mentioned above, there are many benefits to reversible in situ assembly, but the challenge

of bringing together the monomeric parts on the target may decrease the efficacy of the dimeric or
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oligomeric assembled products. Further, it is important to note that these methods target two
different species. Our previously reported groove binders targeted r(CUG)®® but showed no
affinity to d(CTG)®*®, whereas 2+3 binds both causative agents. Thus, the direct comparison of the

groove-binding dimer and 2+3 is complicated by their different targets.

3.2.8. Insulin Receptor Mis-Splicing Rescue.
The biological activity of 2+3 was further investigated via a cellular mis-splicing assay. Prior
to this assay, sulforhodamine B cytotoxicity assays suggested that the monomers and the

combination of 2+3 were not toxic up to
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Figure 3.9. Insulin Receptor Mis-splicing Assay.
Detailed methods for this splicing Combination of ligands 2 and 3 rescued mis-splicing in
the insulin receptor minigene in a dose-dependent manner.
Results are reported as the average of at least 3
independent replicates. Error bars indicate standard error.
* indicates p < 0.05 compared to the negative control.

rescue assay can be found in the SI.

Briefly, HeLa cells were transfected
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with the IR minigene with or without the DT960 minigene, which carries 960 d(CTG-CAG)
repeats. Cells were treated with varying concentrations of compound ranging from 10 uM to 100
uM and compared to the positive control (IR without DT960, healthy) and the negative control (IR
with DT960, diseased). A dose-dependent splicing rescue was observed (Figure 3.9, 3.26), where
65% splicing recovery was achieved at 100 uM. Of note, monomers 2 and 3 on their own did not
achieve any significant mis-splicing rescue up to 100 uM (Figure 3.27). As IR mis-splicing is one
of the most difficult to rescue,® this strong splicing improvement coupled with the in vitro
transcription inhibition suggests that the formation of a transient imine product in situ could be a

viable strategy to treat DM or other trinucleotide repeat diseases.

3.3 CONCLUSIONS

Herein we reported evidence for a template-selected, reversible conjugation of nucleic acid-
targeting benzaldehyde 2 and aniline 3. Computational modeling studies suggest that these
compounds can be brought into close proximity when bound to adjacent sites on a nucleic acid
template and can link together via a condensation reaction to form a more potent targeting agent.
As determined by HPLC and MALDI-MS, monomers 2 and 3 can react to form an imine dimer
2+3 as well as oligomeric products that are hydrolyzed in aqueous conditions. The putative imine
product bound d(CTG)1s and r(CUG)1s with a low micromolar Kgq, inhibited transcription of
d(CTG-CAG)g to form r(CUG)qeo, and partially rescued IR mis-splicing. We anticipate that this
reversible assembly strategy could be broadly applied in drug discovery efforts to reversibly

synthesize multivalent targeting agents in situ.
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3.4. METHODS

3.4.1. Computational Docking Method

The crystal structure of r[(CUG)s]> was obtained from the Protein Data Bank (code 3gm7)? and
extended to r[(CUG)7]2 using the Nucleic Acid Builder in Molecular Operating Environment
(MOE, v2018.01). Uracil (U) bases (from U-U mismatches denoted 1, 3, 4, and 6) were manually
rotated out of the helix to simulate base flipping. Each melamine was docked with 3 hydrogen
bonds with the Watson-Crick-Franklin face of the undisturbed U and upon minimization, an
additional hydrogen bond was observed with the phosphate backbone of the flipped U base.
Bisamidinium units were placed in the major groove of the helix and sequentially minimized. The
melamine and bisamidinium units were linked with an alkyl group consisting of four methylene
units and minimized, with melamines at U-U mismatch 1 and 3 linked to a bisamidinium and those
at U-U mismatch 4 and 6 linked, to represent monomers 2 and 3. Upon minimization, the aniline
and benzaldehyde functionalities were built onto internal melamine at uracil 3 and 4, respectively.
The structure was minimized to obtain the final docked structure of the monomers. The distance
between the carbonyl carbon and aniline nitrogen was measured using USCF Chimera. A manual
ligation was performed by linking the carbonyl carbon to the aniline nitrogen atom and by deleting
the oxygen atom that would be lost as a water molecule. The docked structure was minimized to
yield the final docked structure of the imine dimer. Final docked structures were exported as
protein data bank (pdb) files. Images were rendered and hydrogen bonds (H-bonds) were

quantified®® in UCSF Chimera (v1.15.1).3” Docking studies performed with Heather Jeon.
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3.4.2. Supplemental Data for Initial Compound Design
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Scheme 3.3. Synthetic route to hemiaminal 6. Notably, upon deprotection of the acetal, the cyclized
aldehyde product was formed. For experimental details, see Appendix A, Section A.4.1.
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Scheme 3.4. Synthetic route to ligand 5. For experimental details, see Appendix A, Section A.4.1.

Hemiaminal Reactivity Tests

Brady’s Reagent® (1.03 g 2,4-dinitrophenylhydrazine in 5.0 mL conc. H2SO4, 8.25 mL water,
23.75 mL ethanol) was used to test for the presence of the aldehyde in solution. In the positive
control, about 2 mg of solid terephthalaldehyde was added to a test tube followed by 1 mL 95%
ethanol and 1 mL Brady’s Reagent to form a thick orange product. In the native control, 1 mL 95%
ethanol was mixed with 1 mL Brady’s Reagent, forming a transparent orange solution. In the test
reaction, about 2 mg of solid product was mixed with 1 mL 95% ethanol and 1 mL Brady’s Reagent
to form a cloudy orange solution. The tubes were imaged after 5-min incubation at room
temperature, see Figure 3.11. This result suggests that some aldehyde is present in the natural
equilibrium. A 100 mM aqueous stock solution of the compound was prepared by mixing 18.43

mg and 244.9 uL molecular biology grade water for further tests.
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A second test was performed to evaluate the degree of conversion in this reaction. To the
cyclized dialdehyde ligand 7 in DMSO was added 2 drops of 2,4-dinitrophenylhydrazine (DNP)
in DMSO. The mixture was shaken, and the NMR spectra were recorded after about 5 h and again
after about 5 d. The *H NMR spectra support the formation of the hydrazone product (Figure 3.12).

A quantitative yield was obtained for this reaction, and HR ESI-MS supports formation of the

product.
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1,4-Phenylenebis(((4-((4-amino-6-(((E)-2-(2-(2,4-dinitrophenyl)hydrazineylidene)ethyl)ami-
no)-1,3,5-triazin-2-yl)amino)butyl)amino)methaniminium). This reaction was performed as a
reactivity test for the cyclized “pseudo-protected” aldehyde product. To a 1.5 mL Eppendorf tube
was added 5 pL 100 mM (0.5 pmol) aqueous stock solution of ligand 9, 12.5 uL 100 mM (1.25
pmol) DMSO stock of 2,4-dinitrophenylhydrazine, and 482.5 uL molecular biology grade water.
The tube was vortexed, centrifuged, and incubated in 37 °C shaker for 24 h. The light orange
solution was frozen and dried on a lyophilizer to yield 0.5 mg (100%) of the title compound as an
orange to red solid. tH NMR (500 MHz, DMSO-dg) § 11.51 (m, 2H), 10.14 (m, 2H), 10.01 (s, 2H),
9.73 (m, 2H), 9.28 (m, 2H), 8.86 (M, 2H), 8.63 — 8.36 (M, 4H), 8.29 (dd, J = 10.05, 2.01, 2H), 8.10
—7.84 (m, 8H), 7.68 (d, J = 9.74, 2H), 4.23 (bs, 4H), 1.63 (brm, 8H). Note: 4H missing, likely

buried under water signal. HR-ESI MS (m/z) calcd for [M+H"] 967.40; found 967.3991, calcd for
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[M+2H7]/2 484.20; found 484.2046. Elemental Composition 967.4009 C3sH47N240s (desired

M+H" C3gHa7N240s).

Control NaCNBH?s reduction of hydrazone

®
)N\Hz NH, " Lo
O2N NO /\/\/N N N\)\\ _N
2 2 NZ N N \Ir \\( N
NS N)\\N I N/\/\/H " NN O,N NO
H \|/\H H g 2 2
H NH, NH,
®
l NaCNBH;
®
)N:'z 2 H H H
O5N NO /\/\/N N N N
2 2 N/ N N \ﬁ ] \/\N
H\/\ S ! H H N_~2N H
N7 NSNS YN O,N NO
H H H Y 2 2
NH NH,
®

1,4-Phenylenebis(((4-((4-amino-6-((2-(2-(2,4-dinitrophenyl)hydrazineyl)ethyl)amino)-1,3,5-
triazin-2-yl)amino)butyl)amino)methaniminium). The sample of 0.5 mg 1,4-phenylenebis(((4-
((4-amino-6-(((E)-2-(2-(2,4-dinitrophenyl)hydrazineylidene)ethyl)amino)-1,3,5-triazin-2-yl)ami-
no)butyl)amino)methaniminium) was dissolved in 400 uL DMSO and 15 pL 100 mM (0.015
mmol) aqueous NaCNBH3 was added. The Eppendorf tube was incubated on a shaker at 37 °C for
15 h. The yield of the reduction was not quantified, because the goal was to see if the reduced
product could be seen on MALDI-MS. HR-ESI MS (m/z) calcd for [M+H"] 967.40; found
967.4028, calcd for [M+2H"]/2 484.20; found 484.2004. It remains unclear why the imine is still
observed in the ESI-MS, because the theoretical yield of imine product is 0.50 umol and the
amount of reducing agent added was 15 pmol, which should be plenty to reduce all imine bonds.

The expected mass of the reduced product [M+H"] is 971.43 and [M+2H*]/2 is 486.22.
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Analytical agarose gel to confirm successful DNase cleavage in presence of NaCNBHs. An
agarose gel was prepared by mixing 0.5 g agarose, was 5 mL 10X TBE buffer, and 45 mL DI water
in a 50 mL beaker, microwaving 15 s at a time until all agarose dissolved, adding 1 pL ethidium
bromide, and swirling to mix. The gel cast by slowly pouring the clear solution into the mold,
removing bubbles, sliding the comb into the liquid, and allowing to set for about 30 min. The
buffer solution for running the gel was made with 25 mL 10X TBE Buffer, 225 mL DI water, and
5 pL ethidium bromide. DNA samples were prepared by adding 2 uL 0f24.3 uM 5’-GGG (CTG)16
CCC-3’ solution (54 bases) to each of 4 Eppendorf tubes. Two tubes were treated with NaCNBH3
(2 uL 100 mM solution) and/or DNase | (NEB, 1 puL 2,000 U/mL). Of note, the final concentration
of NaCNBH3 used in this experiment (33.3 uM) is higher than used in the screening experiments
described here. In the untreated tubes, these reagents were substituted with the same volume of
molecular biology grade water. After addition of DNase, the tubes treated with DNase were
incubated for 10 min on ice (0 °C), 10 min at 37 °C, and 10 min at 95 °C to inactivate the DNase.
Prior to loading the samples, 1 uL 6X purple DNA loading dye was added to each sample. The gel
was loaded with 6 pL of 100 bp DNA ladder (NEB) and 6 pL of each sample. The gel was run at
150 V for 42 min and imaged on a Bio-Rad Gel Doc System. This gel experiment demonstrates
that DNase is active in the presence of NaCNBHz and thus the two reagents are compatible. This
test was repeated for other targets and RNase H, If, and A, and similar results were obtained — all

cleavage enzymes remained active in the presence of NaCNBHzs. Data included in Figure 3.13.

3.4.3. Synthetic Methods

See Appendix A, Section A.3.1 for synthesis of 2 and 3.
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3.4.4. Synthesis of r(CUG)ge0 Template via in vitro Transcription

For general procedures, see Appendix A, Section A.1.11.

3.4.5. MALDI-MS and HPLC Assays

Nucleic Acid Sequences

d(CTG)16=5" -GGG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG
CTG CTG CTG CCC — 3’ (purchased from IDT, MW = 16,554.6 g/mol)

r(CUG)1s=5"- GGG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG
CUG CUG CUG CCC - 3’ (purchased from IDT, MW = 17,194.1 g/mol)

r(CUG)go = see section 3.4.4. (above) for sequence

Procedure 3.4.1. MALDI-MS Assay: 2+3 assembly with varied templates. Compounds (100
UM each) and DNA or RNA templates (10 uM for d(CTG)16 and r(CUG)16 and 500 nM for
r(CUG)g0) were incubated in aqueous buffer consisting of 2 mM each of KCI, MgClz, CaCly, and
Tri-HCI, pH 7 in a final volume of 50 uL. The solutions were annealed in buffer before addition
of compounds on a thermocycler at 95 °C for 5 min and allowed to cool by 0.1 °C /s to 25 °C. The
samples were incubated at 37 °C for 3 h before reduction with 2.5 pL of 10 mM NaCNBHs.
Following overnight incubation at 37 °C (for reduction step), 1 puL of either DNase I, RNase H, or
molecular biology grade water was added to each tube, dependent upon the presence of DNA or
RNA template (or lack thereof). The solutions were incubated at 37 °C for 15 min, a 1 uL aliquot
was removed for MALDI-MS (run in 1 uL. DHB matrix). See Figure 3.5, 3.16 for data.
Procedure 3.4.2. High MW MALDI-MS Assay: 2+3 assembly with varied templates
Compounds (100 uM each) and DNA or RNA templates (10 uM for d(CTG)16 and r(CUG)16 and

500 nM for r(CUG)g0) were incubated in aqueous buffer consisting of 2 mM each of KCI, MgClo,
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CaCly, and Tri-HCI, pH 7 in a final volume of 50 pL. The solutions were annealed in buffer before
addition of compounds on a thermocycler at 95 °C for 5 min and allowed to cool by 0.1 °C /s to
25 °C. The samples were incubated at 37 °C for 24 h before reduction with 2.5 pL of 100 mM
NaCNBHs. Following overnight incubation at 37 °C (for reduction step), a 1 pL aliquot was
removed for MALDI-MS (run in 1 uL DHB matrix). See Figure 3.6 for data.

Procedure 3.4.3. MALDI-MS Assay: Monomers 2 and 3 with DNA Templates. Compounds
(100 pM) and DNA templates (100 uM for d(CTG)s and random duplex DNA) were incubated in
aqueous buffer consisting of 2 mM each of KCI, MgClz, CaCly, and Tri-HCI, pH 7 in a final volume
of 10 pL. The solutions were annealed in buffer before addition of compounds on a thermocycler
at 95 °C for 5 min and allowed to cool by 0.1 °C/s to 25 °C. The samples were incubated at 37 °C
for 3 h and reduced with 1 pL of 10 mM NaCNBHa. After 3 h incubation at 37 °C, a 1 pL aliquot
was removed for MALDI-MS (run in 1 uL DHB matrix for low MW and 3-HPA for high MW).
See Figure 3.17 for data. Experiment performed by Amie Lanzendorf.

Procedure 3.4.4. HPLC Assay: 2+3 assembly with varied templates. Compounds (100 uM
each) and DNA or RNA (10 uM for d(CTG)16, r(CUG)16, and 500 nM for r(CUG)qo) Were incubated
in aqueous buffer consisting of 2 mM each of KCI, MgCl», CaCl,, and Tri-HCI, pH 7 in a final
volume of 50 pL. The solutions were annealed in buffer before addition of compounds on a
thermocycler at 95 °C for 5 min and allowed to cool by 0.1 °C/s to 25 °C. The samples were
incubated at 37 °C for 24 h before reduction with 2.5 puL of 100 mM NaCNBHs. Following
overnight incubation at 37 °C (for reduction step), 1 pL of either DNase I, RNase If, or molecular
biology grade water was added to each tube, dependent upon the presence of DNA or RNA
template (or lack thereof). The solutions were incubated at 37 °C for 30 min, a 1 yL aliquot was

removed for MALDI-MS (run in 1 uL DHB matrix) and the rest of the samples were run on
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analytical HPLC with gradient acetonitrile in water, 0.1% TFA 0-50% over 10 min, 50% for 2.5
min, 50-100% over 2.5 min. See Figure 3.18 for data.

Procedure 3.4.5. HPLC and MALDI-MS Assay: 2+3 assembly without reduction.
Compounds (100 uM each) and DNA or RNA templates (10 uM for d(CTG)16 and r(CUG)16 and
500 nM for r(CUG)q0) were incubated in aqueous buffer consisting of 2 mM each of KCI, MgCls,
CaCly, and Tri-HCI, pH 7 in a final volume of 50 pL. The solutions were annealed in buffer before
addition of compounds on a thermocycler at 95 °C for 5 min and allowed to cool by 0.1 °C/s to 25
°C. The samples were incubated at 37 °C for 24 h and a 1 pL aliquot was removed for MALDI-
MS (run in 1 pL DHB matrix) before the rest of the samples were run on analytical HPLC with
gradient acetonitrile in water, 0.1% TFA 0-50% over 10 min, 50% for 2.5 min, 50-100% over 2.5

min. See Figure 3.20 for data.

3.4.6. Isothermal Titration Calorimetry: TA Affinity ITC

ITC Binding Experiments were performed on TA Affinity ITC low volume (TA Instruments, New
Castle, DE) at the University of Illinois at Urbana-Champaign Microanalysis Laboratory. The
syringe holds up to 250 uL and the reference and sample cells hold 190 uL each. All DNA/RNA
solutions were freshly annealed by heating at 95 °C for 5 min and slowly cooling to 25 °C. The
reference cell was filled with DI water for all experiments and spectra are reported with a a blank
(ligand into buffer) subtracted to account for heat-of-dilution. The ITC was cleaned with 1%
Contrad solution, Millipore water, and methanol and vacuum dried before and after each
experiment. Each ITC experiment consisted of 20 injections of 2.00 + 0.01 pL. The instrument
was set to auto-equilibrate before each experiment with maximum equilibration delay of 300 s

followed by a 200 s initial baseline. Injections were 200 s apart. All ITC experiments were run at

75



25 °C and stirring speed of 125 revolutions per minute. The buffer for the DNA and ligand
solutions was made from stock solutions of NaCl (5 M, aqueous) and MOPS (1 M, pH 7 £ 0.2) to
a final concentration of 300 mM NaCl and 20 mM MOPS (pH 7) in water. Ligand stock solutions
were 10 mM in molecular biology grade water and nucleic acid stock solutions were 1 mM or 2
mM in molecular biology grade water. The nucleic acid (cell) concentration was 20 uM and the
ligand concentration (syringe) was 500 uM. In the case of 2+3, syringe concentration was 500 uM
in both 2 and 3. Data was analyzed using NanoAnalyze software (TA Instruments, New Castle,
DE) to integrate each isotherm (uJ per s v. s). The automatically predicted baseline was visually
inspected for errors and adjusted as necessary and the auto-adjust feature was utilized to set
integration regions. The blank titration (ligand into buffer) in Figure 3.21 was subtracted from each
spectrum as the average across all injections. The independent algorithm (for one type of binding
site) was used to calculate the dissociation constant (Kq) where applicable. For curve fitting, the
final heat generated was normalized to ~0 kJ/mol to allow the model algorithm to properly fit the
curve. Each experiment was run in triplicate and the Kq values reported as average of the three
experiments. Error is reported as standard error of the mean.

Oligonucleotide sequences
d(CTG)16=5-GGGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTG
CTGCTG CCC-¥

r(CUG)1s = 5’-GGG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG
CUG CUG CUG CCC-3’

Random DNA Duplex = 5'-GCC ATC ACG GAT CAC GTC-3'//3’-CGG TAG TGC CTA GTG
CAG-5

Random ssRNA = 5’-ACC AGA ACG AUG UCC AAG-3’
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3.4.7. in vitro Transcription Inhibition Assay with T7 RNA Polymerase®
For general procedures, see Appendix A, Section A.1.8.
T7-Random Duplex Sequence:

5’-TAATACGACTCACTATAGGGCGACGTTAAGTACATTACGCTGTCATAGGCGGCGT
TCAGG-3’

3’-ATTATGCTGAGTGATATCCCGCTGCAATTCATGTAATGCGACAGTATCCGCCGCA
AGTCC-5’

3.4.8. Insulin Receptor (IR) Mis-splicing Rescue Assay*°

For procedure, see Appendix A, Section A.1.9.

3.4.9. Sulforhodamine B Cytotoxicity Assay*!

For procedure, see Appendix A, Section A.1.3.
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3.5. SUPPLEMENTAL FIGURES

3.5.1. Preliminary Design of Monomers

Proximity-
Induced
Condensation

Figure 3.10. MOE docking studies for ligands 4 and 5. Uracil is green, cytosine is plnk and guanine is
orange. Hydrogen bonds are depicted as red dotted lines. The triazine moieties serve as U-U mismatch
recognition units and the bisamidinium groove-binding linker is docked in the major groove of the RNA
helix. In this docked structure, each ligand spans a total of 3 U-U mismatches. The distance between reactive
partners was measured to be 3.13 A. The fragments were manually ligated, and the structure minimized to
show the dimeric product on the (CUG)s helix.

Figure 3.11. Brady’s test for presence of aldehyde product. Negative control on the left, test solution (with
masked dialdehyde) in center, positive control (with terephthalaldehyde) on the right. The cloudy solution
indicates that some reaction is occurring. Of note, the center solution is much less concentrated than the
positive control.

78



SEB4096_dmso_cb500_031119.10.fid \
NH; ‘
CIN\@ENO: w Nl/&N - \‘
“/Nﬁ)(“)\”/)\ﬁ/\/\)‘ 1
gyl 7 ok 4.25
Predicted ppm ||
11.07 ppm 11.52 ppm l ' I ’l\l disappearance | | ‘,1 \ 5d
£ A Ly T RN U, O S e o7 G | BT TR (D Y =
SEB4096_dmso_cb500.10.fid .
O ‘\
A‘,N\\R(N)\N/)\N/\/\/N l
B H H
H gﬁ; |
Predicted ‘ a2 || 5h
11.07 ppm i il 4
pp 1152 ppm | ‘ disappearance ppm b l 1
|2 \ AALA_ AU - = A/ L WAL
SEB4088_dmso_cb500.10.fid
HO H@jt‘z |
SNk | Masked
NN S \
H T, I‘ Aldehyde SM
e
11l | ’W ) )
L UM ! VAL M LA
SEB_DNP_dmso_cb500.10.fid
C:N NC;
) - DNP
\©:l\l"H: consuipption
H
L) | I -
T T T T T T T T T 7 T T 7 T 7 7 7 T T
16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 2 -3
f1 (ppm)

Figure 3.12. 'H NMR time-study of ligand 10 + DNP-hydrazine in DMSO. Bottom to top: DNP-
hydrazine starting material, hemiaminal 9 starting material, reaction mixture after 5 h, reaction mixture
after 5 d. The formation of the desired product is supported by the appearance of a new peak at 4.25
ppm (green), presumably resulting from the disappearance of the diastereotopic methylene protons and
the reappearance of these protons as a single peak after condensation. The NMR also demonstrates the
disappearance of the methine proton in the 5-membered imidazole-like ring (blue). Additionally, the
hydrazine NH; protons (~5 ppm, purple) were completely consumed and a new peak at 11.52 ppm (red)
was observed, indicative of hydrazone formation.

DNase G 66 ®
NaCNBHjs -) () () (+

1000 bp
500 bp

100 bp

Figure 3.13. Analytical agarose gel of to monitor activity of DNase in presence of NaCNBHs. Lane 1
contains NEB 100 bp DNA ladder. Lane 2-5 contain d(CTG)1s treated with NaCNBH3, DNase, neither, or
both.
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Figure 3.14. MALDI-MS Results from initial condensation screen with 5 and 6. Macrocyclic products

were observed.
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3.5.2. Computational Modeling
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Figure 3.15. Molecular Docking Study for 2+3 of r(CUG)s. (a) Monomers 2 and 3 docked individually
with sequential minimizations. (b) Manually linked imine dimer 2+3 after minimization. (c) Representative
view of melamine — uracil hydrogen bonding interactions with one uracil flipped out of the helix. The
melamine forms 3 hydrogen bonds with the intact uracil and one hydrogen bond with the phosphate
backbone where the mismatched uracil is flipped out of the helix. Ligands are shown in ball and stick model
with atoms colored by heteroatom and carbon black. Uracil is green (light green are flipped in, dark green
flipped out), thymine is tan and guanine is grey. Hydrogen bonds between ligand and RNA are shown in
red. r(CUG)s PDB ID: 3gm7.%
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3.5.3. MALDI-MS and HPLC Assays
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Figure 3.16. MALDI-MS analysis of 2+3 assembly on and off template with reduction by NaCNBH; after
5 min incubation. Buffer: 2 mM each of KCI, MgCl,, CaCly, and Tri-HCI, pH 7, incubated at 37 °C for 5-
75 min before reduction with sodium cyanoborohydride and analysis. Compound concentration 100 uM,
10 uM d(CTG)16 or r(CUG)16. Notably, the product and monomer 2 exhibit several peaks across a range of
m/z values, consistent with these compounds existing in multiple states of reduction. See Procedure 3.4.1
for details.
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Figure 3.17. MALDI-MS analysis of monomers 2 and 3 with d(CTG)s and random duplex DNA. Buffer:
2 mM each of KCI, MgCl,, CaCl,, and Tri-HCI, pH 7, incubated at 37 °C for 3 h before reduction with
sodium cyanoborohydride for 3 h and analysis. 100 uM compounds, 100 uM d(CTG); or random duplex
DNA. See Procedure 3.4.3 for details. Experiment performed by Amie Lanzendorf.
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Figure 3.18. HPLC analysis of 2, 3, and 2+3 on with no template or d(CTG)1, r(CUG)16, and
r(CUG)q templates. Blue highlights consistent with compound 2, orange 3, green dimer 2+3, and red
trimer and pentamer. Buffer: 2 mM each of KCI, MgCl;, CaCl,, and Tri-HCI, pH 7, incubated at 37 °C
for 24 h (HPLC) before reduction with sodium cyanoborohydride and degradation of templates.
Compound concentration 100 uM, RNA concentration 10 uM for d(CTG)16, r(CUG)16, and 500 nM
for r(CUG)g0. See Procedure S4 for details.
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Figure 3.19. HPLC and MALDI controls: analysis of degraded d(CTG)16 and r(CUG)16 templates. DNA or
RNA (10 uM) were incubated in aqueous buffer consisting of 2 mM each of KCI, MgCl,, CaCl;, and Tri-
HCI, pH 7 in a final volume of 50 pL. The solutions were annealed in buffer before addition of compounds
on a thermocycler at 95 °C for 5 min and allowed to cool by 0.1 °C/s to 25 °C. The samples were reduced
with 2.5 pL of 100 mM sodium cyanoborohydride. Following overnight incubation at 37 °C (for reduction
step), 1 L of either DNase | or RNase It was added to each tube, dependent upon the presence of DNA or
RNA template. The solutions were incubated at 37 °C for 30 min, a 1 uL aliquot was removed for MALDI-
MS (run in 1 uL DHB matrix) and the rest of the samples were run on analytical HPLC with gradient
acetonitrile in water, 0.1% TFA 0-50% over 10 min, 50% for 2.5 min, 50-100% over 2.5 min.
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Figure 3.20. HPLC and MALDI-MS analysis of 2+3 assembly on d(CTG)is and r(CUG):s without
reduction of the imine. Buffer: 2 mM each of KCI, MgCl,, CaCl;, and Tri-HCI, pH 7, incubated at 37 °C
for 24 h before analysis. No reduction was performed. Compound concentration 100 uM, 10 uM d(CTG)1s6
and r(CUG)ss or 500 nM r(CUG)q. See Procedure 3.4.5 for details.
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3.5.4. Isothermal Titration Calorimetry
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Figure 3.21. ITC blanks, with ligand titrated into buffer for (a) 2, (b) 3, and (c) 2+3. [Cell (nucleic acid)]

=0 uM, [Syringe (ligand)] = 500 uM, Buffer = 300 mM NaCl, 20 mM MOPS. These blank controls were
subtracted from each titration into DNA or RNA to account for heat of dilution.
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Figure 3.22. ITC studies with (a) 2 and (b) 3 titrated into d(CTG)16 and (c) 2, (d) 3, and (e) 2+3 titrated
into a random DNA duplex. [Cell (hucleic acid)] = 20 uM, [Syringe (ligand)] = 500 uM, Buffer = 300 mM

NaCl, 20 mM MOPS.
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Figure 3.23. ITC study with 2+3 titrated into (a) r(CUG)1s and (b) a random ssRNA. [Cell (nucleic acid)]
= 20 uM, [Syringe (ligand)] = 500 uM, Buffer = 300 mM NacCl, 20 mM MOPS.

Ligand | Sequence | Kd (UM) n AH (kJ/mol) | AS (J/mol-K)
5 d(CTG)16 | 81.57£0.88 | 1.63+0.24 | -20.03 +7.02 | 11.11 + 23.51
DNAR.D n.b.
3 d(CTG)16 n.b.
DNA R.D n.b.
d(CTG)1s | 558+0.54 | 2.37+£0.16 | -4.01+£0.70 | 88.1+2.87
243 DNA R.D n.b.
r(CUG)w,s | 430+0.49 [153+0.03| -1.62+0.24 | 979+1.84
RNA R.D n.b.

Table 3.1. Thermodynamic Values from ITC experiments using independent binding model. All values are
reported as an average over 3 independent experiments with error reported as standard error. n.b. indicated
no binding observed under these conditions.
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3.5.5. in vitro Transcription Inhibition Assays
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Figure 3.24. T7 in vitro transcription inhibition for compounds 2, 3, and 2+3 with Random DNA Duplex.
Results are the average of at least 3 independent replicates.
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3.5.6. SRB Cytotoxicity Assay
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Figure 3.25. SRB Cytotoxicity Assay for compounds 2 and 3. Results reported as the average of at least 5
independent replicates.

3.5.7. Insulin Receptor (IR) Mis-splicing Rescue Assay
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Figure 3.26. Gel image for IR mis-splicing assay reported in Figure 3.8. Splicing was rescued in a dose-
dependent manner by 2+3. 10 pM produced a 36% splicing rescue, 25 UM 40% rescue, 50 UM 63% recue,
and 100 uM 65% rescue. Results are average of at least 3 independent replicates.
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Figure 3.27. IR mis-splicing assay comparing monomers 2 and 3 to mixture of 2+3. Splicing was rescued
in a dose-dependent manner by 2+3. * indicates p < 0.05 compared to the negative control.
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CHAPTER 4: DYNAMIC COVALENT SCREEN FOR TARGETING AGENTS

4.1 INTRODUCTION

Myotonic Dystrophy Type 1 (DM1) and Huntington’s Disease (HD) are both trinucleotide
repeat expansion diseases (TREDSs) that are caused by an extended d(CTG-CAG) repeating
sequence in the DNA that leads to formation of toxic RNA and/or proteins.>? Thus, these diseases
provide ideal models to study multivalent nucleic acid targeting strategies. DM1 is characterized
by an RNA gain-of-function in which the toxic r(CUG)®® sequesters muscleblind-like proteins®#
and causes splicing defects, leading to symptoms including myotonia, insulin resistance, and
cardiac defects.>® HD is a neurodegenerative disease that leads to striatal and cortical degradation,
causing defects in motor and cognitive functions as well as psychiatric disturbance, seizures,
cardiac arrythmias, and muscle atrophy.® Many of the symptoms of HD overlap with DM1 and are
caused by the same mechanisms: bidirectional transcription of d(CTG-CAG)®® to form r(CUG)®*®
and r(CAG)®®, r(CUG)®** sequestration of splicing proteins such as MBNL1, and translation of
r(CUG)®® and r(CAG)®® to form toxic homopolymeric peptide sequences such as polyglutamine.?
Although it is caused by the same repeat insertion as DML, it is different in that the mutation in
HD occurs in a coding region, specifically within the huntingtin (HTT) gene on chromosome 4.1
In HD, the repeat expansion leads to formation of mutant huntingtin protein with an expanded
polyglutamine region that causes formation of nuclear protein aggregates.*

Neither DM1 nor HD has a known cure. Treatment strategies for DM1 include antisense
oligonucleotides (ASOs), CRISPR/Cas-9 mediated deletion, and small molecule therapeutics.** 6
In HD, reduction of HTT protein aggregates through various therapeutic strategies has been shown

to improve cognitive and motor performance in HD mouse models.®%17-1° Here, we focus on the
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potential of using small molecules to inhibit the formation of the toxic RNA and thus reduce the
formation of toxic proteins, including the mutant HTT protein and homopolymeric peptides. This
strategy would be advantageous in treating both DM1 and HD; transcription inhibition would
result in decreased expression of (i) toxic r(CUG)®® that sequesters MBNL1, (ii) r(CAG)®*® that
undergoes RAN translation, and (iii) mutant proteins with extended polyglutamine that cause
nuclear aggregation (HD).

Our previous target-guided screening approach utilized proximity-induced, irreversible azide-
alkyne click as the ligation method.?*%® We sought to employ a reversible approach where
monomeric compounds could assemble on-template to form larger dimeric or oligomeric products
that could be degraded upon dissociation from the template or degradation of template, re-forming
the monomeric units (Figure 4.1). We envisioned that this reversible linkage could by achieved
with a hydrolysable imine bond. Thus, in this screen, we utilized amine-aldehyde condensation to
achieve template-selected, reversible assembly on the nucleic-acid target.

Dynamic covalent chemistry has been successfully employed by Miller (disulfide chemistry)?*
and Hargrove (amine chemistry)? to screen for RNA-binding agents. Herein, we have developed

a target-guided screen that focuses on identifying novel small molecules that bind to and assemble

\
%?%%ﬁ:,éi@%i

Nucleic Acid Target Hit Targeting Agents

Small Molecule Library

Reversible, Target-Selected Assembly
Figure 4.1. Dynamic Covalent Screen for Nucleic Acid-Targeting Agents. Aldehydes and amines
(small molecule library) reversibly assemble on- and off-template, yielding template-selected hit
combinations that bind to the nucleic acid target. The stars indicate reactive groups that can reversibly
ligate to form multivalent targeting agents.
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on DM1- and HD-relevant DNA targets. A particular interest for these diseases lies in targeting T-
T and U-U mismatches that occur in the d(CTG)®*® and the r(CUG)®®. Though we focus here on
DM1 and HD, this simple, one-pot screening strategy performed at biologically relevant
temperature and pH could be utilized for many other disease-relevant nucleic acid targets. Of note,
identified hits did not need to be synthesized ex vivo, but were effective when treated in

combination, suggesting potential for in situ, template-selected assembly.

4.2 RESULTS & DISCUSSION
4.2.1. Library Design

A library of aldehyde- and amine-functionalized compounds was designed based upon
previously reported nucleic-acid targeting agents,?®?° consisting primarily of general binders and
thymine/uracil binders (Figure 4.2). The general nucleic acid binders include a bisamidinium unit,
acridine, and neomycin. The bisamidinium unit utilized in A1, A5, N1, N4, N11, N12, N20, N24,
and N25 has been previously reported to bind in the major groove of A-form helices.?® The acridine
unit, utilized in A7, A8, N9, N10, N23, and N26, has been used as an intercalating agent.*°
Neomycin B, N6, is an RNA major-groove binder®! and DNA triplex binder.3? The nucleobase
mimics that are included as potential T-T or U-U mismatch recognition units include melamine
(AL, A2, A5, A6, N1, N3, N8, N9, N11, N13, N14, N16, N20, N23, and N24), amiloride (N15,
N21, and N22), adenine (N17), and diaminopurine (N18 and N19). Apart from adenine, each of
these groups provides a donor-acceptor-donor hydrogen bonding interaction that complements the
acceptor-donor-acceptor of the mismatched thymine or uracil bases. Adenine, as the natural base

pair for T and U, provides a donor-acceptor match for the mismatched bases being targeted.
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Figure 4.2. Dynamic Covalent Library. Amines N1-N26 and aldehydes A1-A8 were synthesized for
reversible assembly on nucleic acids in the target-guided screen. (Cont. on next page)
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Figure 4.2. Dynamic Covalent Library. Amines N1-N26 and aldehydes A1-A8 were synthesized for
reversible assembly on nucleic acids in the target-guided screen. (Cont. from previous page)

The library also includes several compounds with two reactive amines or aldehydes that are not
known to bind the nucleic acid targets, but may act as short linkers (A4, N2, and N7) between
compounds bound in adjacent sites that are not quite close enough to react. Compound N5 may
allow for the linkage of two compounds bound at distant sites on longer templates. Finally, the
library includes compound A3 that could form an imine, thus “capping” reactive end groups on
the template and potentially allowing for hydrogen bonding with the phosphate backbone via the
imine.

The library is made up of both larger, e.g., general binder linked to a targeting agent, and
smaller, e.g., just a general binder, just a targeting agent, fragments that are functionalized with
one, two, three, or four reactive aldehydes or amines to gain maximum diversity in the potential

products formed. A mix of aromatic and aliphatic functionalities were utilized to obtain both rigid
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and flexible linkers as well as varied reaction kinetics. These 8 aldehyde-containing compounds
(A1-A8) and 26 amine-containing compounds (N1-N26) could potentially react to form as many
as 2,173 dimeric and trimeric products.

4.2.2. Synthesis of Compounds.

Compounds A3, A4, N2, N5, N6, and N7 were purchased from commercial sources, purified
to achieve at least 95% purity, and utilized in the screen. All other compounds (Al, A2, A5-A8,
N1, N3, N4, and N8-N26) were synthesized. See Appendix A, Section A.4.1 for synthetic methods.
4.2.3. Preliminary Study of Assembly

While this work was in progress, Hargrove reported a template-selected screen via dynamic
covalent chemistry (DCC) with commercially available aromatic amines and a single amiloride-
aldehyde.®® In 2015, we began studying the in situ assembly of imines on DM1-relevant templates.
The first compounds explored in this work are acridine-aromatic amine conjugate N10 and pseudo-
aldehyde A1. We initially performed assays with sodium cyanoborohydride used as the external
reducing agent added at the end of the incubation period to allow for characterization of transient
imine products as amines. A potential problem with this assay is that the addition of sodium
cyanoborohydride may lead to a reductive amination that could be interpreted as product formation
on or off template. Because sodium cyanoborohydride is generally accepted to be too gentle to
reduce the aldehyde, the equilibrium between the imine that is formed on template and the
aldehyde and amine starting materials may be depleted upon addition of the sodium
cyanoborohydride, leading to the formation of more product (on or off template) by Le Chatelier’s
principle. To avoid this potential false positive readout, the reducing agent was later switched to

sodium borohydride, a reagent that should reduce any imine bonds that form and any remaining
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aldehyde starting material, effectively “freezing” the reaction mixture. This works under the
assumption that the aldehyde is reduced faster than imines are formed.

There appears to be a new product peak in

both the templated and the non-templated

acridine-aniline + pseudo-aldehyde reactions Lo I
] E AL~ 2 NS
| e e ket
(Figure 4.3). A spike-in of the acridine starting AR A A M A s
material was added to confirm that the peak was { y
from a new species rather than a shift in the _ I gj
. . . - S g 2 “ 1 O r-.\’ -
starting material (data not shown). Significant o= e :

product formation was observed by HPLC after 1

d incubation at 37 °C. The HPLCs in Figure 4.3
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new peak. The mass of this new peak was found

Figure 4.3. HPLC traces from condensatlon
to be 259.07, consistent with the [M+5H]/5 peak  screen with pseudo-aldehyde Al (yellow) and
aromatic amine N10 (blue). Compounds were

of N10+A1+N10 (calculated m/z = 261.12). incubated in the presence or absence of
template for two d and reduced with sodium

To investigate the possibility that the new  Cyanoborohydride. Compounds =100 puM each,
DNA = 10 uM, aqueous buffer = 2 mM Tris-
HCI (pH 7), 2 mM KCI, 2 mM MgCl, 2 mM
CaCl,. New peak appears around 5.75 min with
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peak observed was not just an aggregate formed
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off template by stacking of the acridine on the bisamidinium, but rather product formed on the
template, the assay was run in the presence of 0.5% Triton-X 100 with 100 uM compounds and
10 uM d(CTG)1e. The Triton-X acts as a surfactant to break up aggregates, and thus should prevent
any off template aggregates from forming. Consistent with the other assays, a new peak was
observed after 4 h in the presence and absence of the template, shifted to about 6.4 min (data not
shown), supporting that this new peak is a result of templated ligation and not aggregation. The
slight shift observed in the retention time is likely due to the presence of detergent, as the monomer
peaks were also shifted.

A similar HPLC assay was attempted with 100 uM concentration of aromatic amine N11 and
Al. Both the HPLC assay (100 uM N11 and A1, 0% DMSO & 5% DMSO) and a MALDI assay
(100 pM N11 and Al, 5% DMSO) showed a peak consistent with N11+A1 in the untemplated
reaction following reduction after 4 h, but no product peaks in either d(CTG)1s or r(CUG)1s
templated reactions. Similar results were obtained in PBS buffer. When a MALDI experiment was
performed after incubation of d(CTG)1s with N11 but without the addition DNase after the
incubation (d(CTG)16 template was not degraded), no mass consistent with the DNA template was
observed. Upon incubating N11 and Al with d(CTG)1s in the same buffer conditions above (0%
DMSO) and reducing with sodium borohydride, a peak for the N11+A1 product was observed by
MALDI in the presence and absence of the template. Given that we were able to observe product
with this MALDI-MS assay in the 2x2 screen and our previous successes with a library-based
screening approach, we moved forward to screen the library of aldehydes and amines.

4.2.4. Library Screening.
With our library in hand, we set out to develop a one-pot screen in which we could quickly

search for hit combinations that assemble specifically on the target nucleic acid. Thus, we
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incubated the library with various nucleic acid templates (d(CTG)1s, d(CAG)1s, r(CUG)1s,

r(CUG)g0, r(CAG)go, random DNA duplex, or no template) in buffer at pH 7 for 24 h. Because

aqueous hydrolysis of the imine makes the assembled products difficult to characterize, sodium

borohydride was added after the incubation period to reduce the aldehydes and imines, thus

“freezing” the equilibration of the library. MALDI-MS was utilized to screen for new peaks

consistent with the mass of dimeric or trimeric products, including both homotrimers (e.g.,

N22+A4+N22) and heterotrimers (e.g., A6+N3+AS3).

From the 34 monomers, there are a potential of 208 dimers, 286 homotrimers, and 1,579

heterotrimers, as not all arrangements of compounds can form trimers. The raw MALDI-MS data

from three replicate assays was
averaged and a heat map was
constructed to represent the
relative intensities of each peak
relative to an internal standard,
rutin. A representative heat map
showing a few hit combinations
is shown in Figure 4.4, with full
heat maps shown in Figures 4.13
and 4.14. Based on the MALDI-
MS data, 332 combinations
comprised of 39 dimers and 293

trimers assembled in the assay.
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Figure 4.4. Representative Heat Map from MALDI-MS
Screen. Aldehydes A1-A8 and amines N1-N26 were mixed with
or without template. Raw MALDI-MS data was screened for new
peaks consistent with dimers and trimers. The heat map represents
the intensity as an average over 3 independent replicates. Coloring
from red to yellow to white corresponds to normalized intensity,
with red being the strongest intensity. Map is sorted from highest
to lowest combined peak intensity on targets d(CTG)16, d(CAG)s1s,
r(CUG)s, r(CUG)g, and r(CAG)e. Blue highlight indicates
further study in single point assay.
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Of these 332 combinations, 88 (11 dimers, 77 trimers) assembled only on the random duplex
and/or only in the buffer.

The 88 combinations that did not appear to specifically assemble include mostly conjugation
of non-specific nucleic acid binders to non-binders, such as benzene or diaminobutane. For
example, A3+N25+A8 (benzene-bisamidinium-acridine), N7+A4+N26 (benzene-benzene-
acridine), and A4+N25+A8 (benzene-bisamidinium-acridine) were all observed only on the
random duplex. This is to be expected for the random duplex template, as each includes non-
specific binders conjugated to non-binders. Other combinations that were hits in the random
duplex tended to be conjugates that can stack or otherwise aggregate due to their hydrophobic
nature. As an example, A4+N9+A4 (benzene-acridine-melamine-benzene) was a hit only with the
random duplex template.

The combinations that assembled only in the buffer reaction also tended to be made up of
primarily hydrophobic fragments, including acridine, benzene, and/or multiple melamine units. It
is interesting to note that most of the larger MW compounds that assembled only in the buffer
reaction contain at least one bisamidinium unit. The amidinium groups could allow for increased
water solubility of assembled products containing mainly hydrophobic fragments or the formation
of a long linear oligomer instead of a large aggregate that would dissociate in MALDI-MS. A full
table of the 88 combinations that assembled in the non-templated buffer reaction or the random
duplex control is included in Table 4.3. These combinations were not further explored.

Although this assay allowed for detection of many potential hits, one possible challenge with
MALDI-MS is that it may be not be able to detect the presence of a product that is bound tightly
to the template. Thus, the strongest dimers and trimers may bind so tightly to the template that

they cannot be characterized. The templates were not degraded in these assays because the
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presence of the enzyme in the solution severely decreased the intensity of the MALDI-MS peaks
in the low volume sample. Further, the enzyme added additional background peaks that could mask
peaks from potential hits. A similar assay with the template degraded could yield different hits.
4.2.5. Single Point in vitro Transcription Inhibition Assay

Of the remaining 244 combinations, 24 dimers and 82 trimers were selected for analysis in a
single point in vitro transcription assay (highlighted in blue in Figures 4.13 and 4.14) to choose
the best combinations for further study. This assay was used to quickly test the numerous hits, as
some masses correspond to more than one potential combination.

Most of the 106 combinations tested in the single point assay assembled on d(CTG)1¢ in the
MALDI-MS assay, with a few dimers and trimers tested that did not assemble on d(CTG)s tested
as controls. Control dimers included those that assembled on at least one target RNA but not
d(CTG)16 (A4+N20, A1+N21, A5+N14), those that also assembled on random DNA and/or buffer
(A1+N17, A1+N21, A6+N23, A8+N23, A1+N15, A8+N11), and those that assembled only in
random DNA or buffer (A5+N16, A1+N9, and A1+N26). Trimers tested as controls included those
that assembled on at least one target RNA but not d(CTG)1s (A3+N23+A3, N10+A4+N19, and
N13+A4+N23) and those that also assembled on random DNA and/or buffer (N2+A4+N24,
A7+N13+A7, N10+A4+N15, NI1+A4+N11, N2+A5+N13, and N13+A1+N21). Some
combinations were tested that assembled on the d(CAG)16 template but not the d(CTG)16 template,
including trimers N22+A4+N22, A3+N23+A3, N10+A4+N19, and N13+A4+N23. Importantly,
trimers N22+A4+N22, A3+N23+A3, and N10+A4+N19 have masses within 1 amu, and thus it is
entirely possible that not all trimers identified from the MALDI-MS assay are template-selected

products.
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Of note, some combinations represent both dimers and trimers. For example, when A5 and N4

are mixed, a dimer or a trimer could form. This particular combination was a hit as both a dimer

and a trimer. Some combinations could also represent two different trimers, such as the mixture of

Al and N7 that hit as both A1+N7+A1 and N7+A1+N7.

Structure of the combinations was also considered when selecting hits for further testing in this

single point assay. Thus, some combinations that appear to be hits from the heat map were not

tested here. For example, dimer A7+N26 was observed in the presence of d(CTG)16 and r(CAG)ao,

but the structure is two acridines linked together with no specific targeting agent. Because this di-

acridine would likely bind non-
specifically, it was deemed
uninteresting and not studied further.
Similarly, a peak consistent with trimer
Al+N21+A8 was observed in the
MALDI-MS but is unlikely to form
because N21 has only one primary
amine. Therefore, this matching
MALDI-MS peak likely corresponds to
a different trimer with the same mass,
such as N10+Al1+N22, a combination
that was tested.

The capacity for the mixtures of
compounds to inhibit the transcription

of d(CAG)go to form r(CUG)go in vitro
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Figure 4.5. Representative Data from Single Point in
vitro Transcription Inhibition Assay. Hit combinations
(10 uM each) were incubated with a pSP72 plasmid
containing d(CTG CAG)go. The output r(CUG)g transcript
was quantified to determine the normalized % transcript
relative to the monomers for (a) dimers and homotrimers
and (b) heterotrimers. Results are the average of at least 3
replicates, error reported as standard error.
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was tested at a concentration of 10 uM each. The % transcription inhibition was compared to the
monomeric units on their own to screen for compounds that cooperatively inhibited transcription,
perhaps through assembly. A representative sample of the results is included in Figure 4.5, with
full results shown in Figures 4.15 and 4.16. It is important to note that if a combination was selected
from a homotrimer, for example N22+A4+N22, it was recorded as A4+N22 and included in Figure
4.15 along with the dimeric hits even though the combination could form a dimer or a trimer.
Notably, none of the combinations tested as controls (listed above) inhibited transcription more
strongly than the monomeric components except for A5+N16 and N1+A4+N11. The combination
A5+N16 was observed only in the buffer, but strongly inhibited transcription. It could be that
A5+N16 was bound strongly enough to the template that its product peak was not observed in the
MALDI-MS among the other product peaks, pointing to a potential limitation of this assay. Thus,
we tested A5+N16 in a 2x2 screen (see section 4.2.6). Similarly, combination N1+A4+N11
assembled only off template and on r(CUG)zs. It is not known whether the compounds bind first
and react on the template, react off-template and the ligated products are selectively amplified via
protection from hydrolysis resulting from binding the template, or a mixture of both.
Interestingly, the combination A4+N22, selected from the trimeric hit N22+A4+N22, inhibited
transcription even though it assembled on the d(CAG)16 template and not the d(CTG)16 template.
This result suggests that binding either side of the expanded repeats may inhibit transcription by
stalling the polymerase. The other three trimers that assembled on d(CAG)16 but not d(CTG)16 did
not inhibit transcription more strongly than the monomeric components. Consistent with the
hypothesis that the three trimers tested with the same mass may not actually all be hits, only

N22+A4+N22 and N10+A4+N19 inhibited transcription and not A3+N23+A3. The other trimer

110



tested here that bound d(CAG)16 but not d(CTG)1s, N13+A4+N23, inhibited transcription but not

more strongly than its monomeric parts.

From this single point assay, combinations with the strongest inhibition and largest difference

between the monomers and the combination were selected for further study.

4.2.6. 1Cso Determination

A total of 15 combinations (highlighted in green in Figures 4.15 and 4.16) were selected for

further study of their ability to inhibit transcription, including A4+N22, A5+N16, A5+N19,

AG+N12+A7, A6+N3+A7, A6+N3+A8, A7+N16+A8, A7+N9, A7+N17, A7+N18, A7+N19,

N12+A5+N17, N16+A5+N21, N3+A4+N10, and N3+A4+N12. Each combination was tested at

several concentrations, and half maximal inhibitory concentration (ICso) values were calculated

for 11 of these hits (Figures 4.6, 4.17). It is important to note that the other 4 compounds (A4+22,

AG6+N3+A8, N3+A4+N10, and
N3+A4+N12) did inhibit transcription,
but with 1Cso values greater than 60 pM.
These ICso values were not calculated
here were not more accurately
determined here because of their
comparatively weak binding.
Compound A4+N22 is an amiloride
(N22) conjugated to a benzyl imine (A4)
and could also assemble to form

A4+N22+A4 or N22+A4+N22. This
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Figure 4.6. 1Cso Determination for Hit Combinations.
Hit combinations of aldehyde and amine were tested at
multiple concentrations and I1Cs, values were calculated for
the inhibition of transcription to from r(CUG)e. Results
are the average of at least 3 replicates and error is standard
error. See Figure 4.17 for other 1Cso curves.
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combination was selected as a hit due to the assembly of trimer N22+A4+N22 on the d(CAG)16
template. The amiloride-benzyl di-imine-amiloride conjugate could bind d(CAG)ss, but it did not
inhibit transcription as strongly as those ligands that bound d(CTG):ie. The reason for this
observation could be threefold: (1) Trimer N22+A4+N22 could bind more weakly to d(CAG)1s
than other combinations bind to d(CTG), (2) The d(CAG)1s hairpin, induced here with a
GGG/CCC toehold, may not form as reliably as the d(CTG) hairpin during transcription, thus
providing less opportunity for binding, and (3) Binding the (CAG) side of the expanded repeat
could have less of an impact on transcription than binding to the (CTG) side. Although the (CAG)
strand in the coding strand, expanded d(CAG) tends to be less structured than expanded d(CTG)
regions that typically form hairpins. It is hypothesized that binding tightly to the d(CTG) hairpin
can stall the polymerase and prevent bidirectional transcription. As only one (CAG) binder was
tested here, further studies would be needed to make a stronger conclusion about the relationship
between (CAG) binding and transcription inhibition and this relationship is beyond the scope of
this work.

A few of the compounds with 1Csg values greater than 60 UM have interesting structures. For
example, A6+N3+A8 is a melamine-melamine-acridine conjugate linked through a rigid aromatic
unit in both connections. Similarly, N3+A4+N10 is a melamine-benzyl imine-acridine conjugate
with the first linker being the flexible hydrocarbon chain of N3 and the second being a benzene
ring. Compound N3+A4+N12 has similar structure to N3+A4+N10 but has a bisamidinium in
place of the acridine. As noted previously, these compounds do inhibit transcription at a low level,
but their 1Cso values were not calculated here.

Of the 11 combinations for which ICsg values were calculated, the lowest was A5+N16 at 26.1

+ 0.6 M. This conjugate would be a melamine-bisamidinium-melamine-melamine conjugate,
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with the dynamic covalent linkage being through two rigid benzene rings. As A5 is a derivative of
our previously reported ligands,??° it is not surprising that the extension of the ligand to include
another melamine enhances inhibition. Trimeric combination N16+A5+N21 had the next lowest
ICso value of 28.3 + 0.3 uM. This is interesting because the dimeric A5+N16 has a very similar
ICso value, suggesting that addition of N21 (an amiloride) does not further enhance the inhibition
of transcription.

Combinations A7+N17, A7+N18, and A7+N19 have similar structure and very close ICso
values of 38.2+£0.4,39.8 £0.3,and 41.6 £ 0.7 UM, respectively. The structure of these compounds
is an acridine linked to an adenine (N17) or diaminopurine (N18, N19). This result suggests that
an acridine-adenine conjugate may be effective at binding DNA and inhibiting transcription to
form r(CUG)eo. Further, the adenine and diaminopurine seem to be interchangeable, suggesting
that the additional hydrogen bonding interaction from the NH2 group on the 6-position of
diaminopurine does not significantly enhance the interaction and may add steric bulk at the binding
site.

Several of the compounds that inhibited transcription in this concentration range include similar
building blocks, including A6+N3+A7 (melamine-melamine-acridine) with 1Cso of 44.0 + 0.4 uM,
A7+N16+A8 (acridine-melamine-acridine) with 1Cso of 39.8 + 0.4 uM, and A7+N9 (acridine-
acridine-melamine) with 1Cso of 36.2 £ 0.2 uM. Our previously reported acridine-melamine
conjugate?’” bound selectively to T-T and U-U mismatches, supporting that these building blocks
can be used to form effective inhibitors of transcription.

The acridine building block was also found in hit A6+N12+A7, a melamine-bisamidinium-
acridine conjugate with ICso of 42.9 + 0.2 uM. Other hits include bisamidinium-melamine-

bisamidinium-melamine-adenine N12+A5+N17 with 1Csp of 34.2 + 0.6 uM and melamine-
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bisamidinium-melamine-diaminopurine A5+N19 with ICsp of 53.7 + 1.7 uM. The diverse
scaffolds and fragments included in these hits, compared to the lack of diversity of hits obtained
in our previously reported click screen,?® suggests that the dynamic screen afforded more variety
as the equilibration occurred in the presence of template. These compounds will be further
explored for their potential to treat DM1 and HD.
4.2.7. Further Study of Hits

The combinations with the two lowest calculated 1Cso values were selected for further study,
specifically A5+N16 and N16+A5+N21. To determine whether these combinations could
assemble on the DNA template to form dimeric and/or trimer products, each combination was
incubated with the template individually, as opposed to the one-pot screen from which the hits
were initially selected. When combination A5+N16 was incubated with the d(CTG)16 template, a

prominent peak was observed at 1081.729, consistent with the M+H peak for A5+N16 (calc’d

NS
H D
Ha = HN
® | X AL HaN_ N _NH;
NH NHz H e 3y
cl N r\\(r\

rxél\r\ N/\/\/k NS i %
N*\V%/\/\/“r@* ’ dor AT+N17 (R = H) NS
k \ \ N NHz H - (38 pM) O \/
it -  N16+A5+N21 ATENIS R < NiL) A
IE L (28um) . wom Y
Bl \\?N NH; l /L\ l O
T‘S\:’\:\/\/\N r\lk\,j\ £l lN/

® I NN
u//r\i\ JH;/\/\/K NS n\/©/. *T‘JD/\ /\©\“' H A7+N9
B MWQA H X B @5 (36 uM)
Hz NH;

L g O
S N12eASHNIT “ ‘A7+r:16+A8 ey
cl N - I
g;‘ (34 uM) (40 IJM) cl \\, O

114



1081.6081) along with a smaller peak at 1399.940 corresponding to the M+H peak for
N16+A5+N16 (calc’d 1399.7786) (Figure 4.18). Although MALDI-MS is not quantitative, based
on peak intensity it seems that this combination favors formation of the dimeric product on the
template. This is consistent with the screen data, in which the dimer A5+N16 was observed as a
hit, but no peak with mass of the trimer was observed. It is likely that a small peak for the trimer
would have been buried in the additional peaks of the one-pot screen. Thus, it seems that the
dimeric product is favored in this combination.

Interestingly, the MALDI-MS peaks observed when combination N16+A5+N21 was incubated
with d(CTG)16 included 1081.734 (A5+N16) and a small peak at 1399.934 (N16+A5+N16), but
not N16+A5+N21 (calc’d 1349.7032) (Figure 4.19). The combination N16+A5+N21 was initially
observed in the screen as a weak hit in both the buffer reaction and the d(CTG)1is templated
reaction. Thus, it is possible that the dimer A5+N16 is formed more readily and/or more favorably
over trimer N16+A5+N21. As mentioned earlier, the similar ICso values of these combinations
suggested that the additional amiloride unit did not enhance the activity of this compound.
Consistent with that observation, the MALDI-MS data suggests that the dimeric A5+N16 product
is formed preferentially over trimeric products and thus determines the 1Cso value.

We also further studied these hit combinations via in vitro transcription inhibition assays.
Notably, neither A5+N16 or N16+A5+N21 inhibited the formation of a random duplex template
(Figure 4.20), supporting the potential for specific inhibition with these combinations. This is
particularly important for combination A5+N16 that was observed as a hit in the buffer reaction.

These two combinations were also compared to their individual monomers in an in vitro
transcription inhibition assay (Figure 4.7). Monomers A5, N16, and N21 all showed negligible

transcription inhibition up to 60 UM, compared to the combinations A5+N16 and N16+A5+N21
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that showed full inhibition at 60 uM. This result demonstrates the cooperative effect of the hits
found in the DCC screen. Although the transient nature of the linkage makes the product difficult
to characterize, the cooperative effect of the combinations along with the MALDI-MS results

supports the formation of dimeric and trimeric products on the template in situ.
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Figure 4.7. in vitro Transcription: Comparison of Monomers and Combinations. Hit combinations
and monomers were tested at multiple concentrations for the inhibition of transcription to from
r(CUG)q. Results are the average of at least 3 replicates and error is reported as standard error.

4.3 CONCLUSIONS

From a diverse library consisting of general nucleic acid binders and nucleobase mimics for
targeting T-T and U-U mismatches, a variety of hits were found that successfully inhibited
transcription of d(CAG)q0 thereby preventing the formation of toxic r(CUG)go. These hits provided
new structural combinations to form multivalent targeting agents. With the goal of this screen
being to identify new hit compounds for treatment of DM1 and HD, only the hits with the best
cooperative inhibition were studied. Of note, weaker binding hits could also be detected from this
screening method. This method could be utilized to identify hit compounds that can assemble
reversibly in situ to form a multivalent targeting agent for DM1 and HD in addition to other
diseases caused by nucleic acid repeats such as amyotrophic lateral sclerosis (ALS) and

frontotemporal dementia (FTD).

116



4.4 METHODS

4.4.1. Synthetic Methods

Refer to the Appendix A, Section A.4.1 for synthesis of Al, A2, A5-A8, N1, N3, N4, and N8-N26.
4.4.2. Dynamic Covalent Library Screen

Nucleic Acid Sequences

d(CTG)1=5"—- GGG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG
CTG CTG CTG CCC — 3’ (purchased from IDT, MW = 16,554.6 g/mol)

d(CAG)16=5"- GGG CAG CAG CAG CAG CAG CAG CAGCAGCAGCAGCAGCAGCAG
CAG CAG CAG CCC — 3’ (purchased from IDT, MW = 16,698.8 g/mol)

r(CUG)1s=5"- GGG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG
CUG CUG CUG CCC — 3’ (purchased from IDT, MW = 17,194.1 g/mol)

Random DNA Duplex = 5-GCC ATC ACG GAT CAC GTC-3'//3’-CGG TAG TGC CTA GTG
CAG-5’ (purchased from IDT, MW = 11,000.2 g/mol)

r(CUG)g=5"-G GGAGACCGGC AGAUCUGAUA UCAUCGAUGA AUUC CUG CUG CUG
CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CcUG
CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CcuG
CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CcUG
CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CcUG
CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CcUG
CUG CUG CUG CUG CUG CUG CUG GAGCUC GGUACCCGG G — 3’(synthesized from
pSP72 (CTG-CAG)go plasmid, MW =102,571.1 g/mol, calculated using IDT OligoAnalyzer Tool)
r(CAG)eo = 5° — GAACUCGAGC AGCUGAAGCU UGCAUGCCUG CAGGUCGACU

CUAGAGGAUC CCCGGGUACC GAGCUC CAG CAG CAG CAG CAG CAG CAG CAG
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CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG
CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG
CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG
CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG
CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG
CAG CAG G — 3’(synthesized from pSP72 (CTG-CAG)go plasmid, MW = 109,737.8 g/mol,
calculated using OligoAnalyzer)

Condensation Screen MALDI-MS Assay

Compounds (100 uM each) and DNA or RNA templates (10 pM for d(CTG)16, d(CAG)1s, and
r(CUG)16 and 500 nM for r(CUG)e0, and r(CAG)q0) were incubated in aqueous buffer consisting
of 2 mM each of KCI, MgCl,, CaCl,, and Tris-HCI, pH 7 in a final volume of 5 pL. The solutions
were annealed in buffer before addition of compounds on a thermocycler at 95 °C for 5 min and
allowed to cool by 0.1 °C/s to 25 °C. The solutions were incubated at 37 °C for 24 h before
reduction with 0.3 puL of 100 mM sodium borohydride. Following 6 h incubation at 37 °C (for
reduction step), a 1 pL aliquot was removed for MALDI-MS (run in 1 uL DHB matrix). Raw
MALDI-MS data was screened for masses matching within £1 m/z of the calculated masses for all

possible dimers and trimers using RStudio.

4.4.3. in vitro transcription of d(CTG-CAG)qo to form r(CUG)g and r(CAG)ao

See Appendix A, Section A.1.11

4.4.4. in vitro Transcription Inhbition Assays

Refer to Appendix A, Section A.1.8 for general in vitro transcription inhibition procedures.
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4.4.5. 2x2 MALDI-MS Assay

Compounds (100 uM each) and 10 uM d(CTG)16 were incubated in aqueous buffer consisting of 2 mM
each of KCI, MgCl,, CaCl,, and Tris-HCI, pH 7 in a final volume of 50 pL. The solutions were annealed in
buffer before addition of compounds on a thermocycler at 95 °C for 5 min and cooled at a rate of 0.1 °C/s
to 25 °C. The solutions were incubated at 37 °C for 24 h before reduction with 2.5 puL of 100 mM sodium
borohydride. Following 6 h incubation at 37 °C (for reduction step), a 1 pL aliquot was removed for

MALDI-MS (run in 1 uL DHB matrix).

4.5. SUPPLEMENTAL FIGURES AND DATA

4.5.1. Preliminary reaction screening

37°C 1. NaCNBH;

2. DNAse/RNAse

Analytical
HPLC

Figure 4.8. Condensation Screening Assay. Compounds are mixed with or without nucleic acid template
and incubated at 37 °C. Aliquots are removed at several time points and analyzed by MALDI-MS. Samples
with new peaks in the MALDI would be filtered through a silica spin column to remove excess NaCNBH3
and analyzed by HPLC. Buffer conditions tested include 300 mM NaCl/20 mM MOPS (pH 7), 100 mM
NaCl/10 mM phosphate buffer (pH 6.5), 2 mM Tris-HCI (pH 7.0)/2 mM KCI/2 mM MgCl,/2 mM CacCl..
Image credits: Image credits: https://www.starlabgroup.com, https://www.indiamart.com, http://www.ms-
textbook.com, https://www.protocols.io, HPLC from Shimadzu.

Nucleic Acid Sequences: same as above in Section 4.4.2
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Preliminary HPLC Study with Al, N10, and N11:

Compound solutions were incubated with freshly annealed d(CTG)1s (master solution 2 mM)
or r(CUG)1s (master solution 2 mM). An aliquot of nucleic acid solution was annealed on a
thermocycler at 95 °C for 5 min and cooled at a rate of 0.1 °C/s to 25 °C. To each reaction to
contain nucleic acid template was added the proper volume of the freshly annealed DNA or RNA
solution. A master mix of buffer solution was prepared and the proper aliquot of the solution was
added to each Eppendorf tube. ACR-ANI was used as a 2 mM stock solution in DMSO Ald-CHL-
Ald and Amine-CHL-Amine were used as 100 uM stock solutions in molecular biology grade
water. Each reaction was set up in a final volume of 50 puL with molecular biology grade water.
The Eppendorf tubes were incubated at 37 °C.

For MALDI analysis, 1 d samples: A 10 uL aliquot was removed from the reactions and 5 pL
100 uM NaCNBHs3 (aqueous) was added. The aliquots were incubated at 37 °C for 60 min or 16 h
on a shaker and 1 pL DNase | (NEB) was added to each tube to degrade the template. The tubes
were incubated at 37 °C for 20 min. MALDI-MS of each sample was measured (matrix: DHB) by
mixing 1 uL matrix with 1 uL sample on the MALDI plate. The sample was run through a Zip Tip
by SCS CORES Staff before spotting on MALDI plate. MALDI spectra were screened for new
mass peaks. No significant new peaks were observed.

For HPLC analysis, 3 d samples: A 5 uL aliquot was removed from the reactions and 2.5 pL
100 uM NaCNBHzs (aqueous) was added. The aliquots were incubated at 37 °C for ~16 h and
filtered through an alumina column. Analytical HPLC was run with gradient acetonitrile in water,
0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over 5 min. The dialdehyde peak persisted

throughout the analysis.
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For HPLC analysis, 7 d samples: A 10 uL aliquot was removed from the reactions and 1 uL 10
mM NaCNBHj3 (aqueous) was added. The aliquots were incubated at 37 °C for ~16 h and filtered
through an 0.2 um syringe filter. To each tube was added 20 uLL. DMSO, and tubes were vortexed
to dissolve precipitates. Analytical HPLC was run with gradient acetonitrile in water, 0.1% TFA
0-50% over 5 min, 50% for 5 min, 50-100% over 5 min. The peak from the dialdehyde starting
material persisted, but also observed a new peak at 5.742 min. To check to be sure this was not the
acridine starting material, a spike-in of 1 pL ACR-ANI (2 mM) was added to the HPLC samples
and re-run. The peaks are indeed separate, this peak appears to be from a new product.

Master solutions MgCl, 100 mM (ag), CaCl, 100 mM (aq), KCI 100 mM (aq), Tris HCI pH 7
100 mM (ag), AL 1 mM (ag), N11 10 mM (ag), N10 100 mM (DMSO), (CTG)1s 2 mM (aq),
(CUG)16 2 mM (aq). HPLC samples were run in 5% DMSO to solubilize everything. A master
solution containing proper aliquots of molecular biology grade water, tris HCI, KCI, MgCl», and
CaClz was mixed. The procedure was followed as reported above. A 25 uL aliquot of each reaction
was removed after 45 min and after 1 d and 1 uL. 10 mM NaCNBH3 was added. The aliquots were
incubated at 37 °C overnight. To each aliquot was added 1 puL of either molecular biology grade
water, DNase I, or RNase H, depending on the contents of the reaction, and the solutions were
incubated at 37 °C for 15 min. To each aliquot was added 2.5 uL. DMSO and 46.5 uL molecular
biology grade water. 50 puL of solution was injected for analytical HPLC. The retention times

shown in bold indicate the peaks with most area.
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Sample Peaks (retention time, min)

Buffer Only 0.530, 0.938 (all broad, weak)
DNA Only 0.380, 0.756, 2.005, 3.430, 4.103, 5.391, 5.771 (all weak)
RNA Only 0.397, 0.743, 4.080, 5.365, 5.763 (all weak)

N1l + Al (no template) | 0.751, 3.795 (dialdehyde), 3.971, 4.110
N10 + Al (no template) | 0.290, 0.747, 3.802, 3.943, 4.488 (weak), 5.364 (acridine), 5.741
(strongest), 6.459

N11 + Al + DNA 0.747,1.996, 2.358, 3.470 (weak), 3.808 (dialdehyde), 3.976, 4.155
(all weak)

N10 + A1 + DNA 0.428, 0.750, 2.020, 4.064, 5.376 (acridine), 5.759, 6.471

N11 + Al + RNA 0.475, 0.751, 1.525 (weak), 3.790 (dialdehyde), 3.974, 4.147, 5.346

N1l + Al + RNA 0.748, 4.083 (weak), 5.368 (acridine), 5.752 (strongest), 6.471

Table 4.1. HPLC peaks observed in preliminary screening at 45 minutes. Previously observed retention
times for starting materials in same gradient: Dialdehyde Al 3.796 min, Acridine-Aniline N10 5.312 min,
Diamine N11 4.094 min. Note that the “Buffer Only” and “DNA/RNA Only” peaks are not reported in the
subsequent reactions.

Sample Peaks (retention time, min)

Buffer Only 0.756, 4.325, 5.364, 5.763 (all weak)

DNA Only 0.761, 2.029, 2.842, 3.029, 3.401, 3.921, 4.056, 4.804, 5.292, 5.768 (all
weak)

RNA Only 0.758, 1.551, 3.415, 4.058, 7.574, 8.508 (all weak)

N1l + Al (no | 0.753, 3.810, 3.958, 4.099 (strongest, diamine), 8.250 (v. weak)
template)
N10 + Al (no | 0.757, 1.854 (weak), 3.824, 4.520 (weak), 4.778 (weak), 5.385 (acridine),
template) 5.753 (strongest), 6.480

N11+ Al+ DNA | 0.757,2.047,3.061, 4.133, 5.309, 5.781 (all weak)

N10 + A1 + DNA | 0.754, 1.829 (weak), 2.008, 2.573 (weak), 3.920, 4.048, 4.789 (weak),
5.375 (acridine), 5.756 (strongest), 6.477

N11+ Al+RNA | 0.751, 1.551, 3.791 (dialdehyde), 4.017 (diamine), 4.126, 5.302, 5.762 (all
weak)

N11+ Al+RNA | 0.754, 1552 (weak), 1.825 (weak), 4.074, 5.367 (acridine), 5.749
(strongest), 6.203, 6.469

Table 4.2. HPLC peaks observed in preliminary screening after 1 d. Previously observed retention times
for starting materials in same gradient: Dialdehyde Al 3.796 min, Acridine-Aniline N10 5.312 min,
Diamine N11 4.094 min. Note that the “Buffer Only” and “DNA/RNA Only” peaks are not reported in the
subsequent reactions.

Preliminary Library Screen: Before the full library shown above was synthesized, a screen with
Al-A4, O1, and N1-N14 was performed to determine if the project was worth pursuing further.

The conditions for this assay are as follows: 100 uM compounds (from 10 mM stock solutions), +
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10 uM d(CTG)1s or r(CUG)ss template in

Mass List Searched
Total Monomers = 34

buffer of 2 mM Tris-HCI (pH 7), 2 mM KClI, bl g &

Total Potential Homotrimers = 286
Total Potential Heterotrimers = 1,579

2 mM MgCI27 and 2 mM CaCl.. The Total list of masses analyzed = 2,173

332 potential hits

compounds with or without template were

incubated in buffer at 37 °C. Samples were
removed after 4 h, 1 d, 3d, and 7 d, reduced
with NaBHs (1 pL of 10 mM aqueous
solution) and the template was degraded with
1 uL DNasel or RNase H (1 puL water was produce - masssoroduc (1, calomss - massuass (1],

added to the non-templated reactions.) The

samples were subjected to MALDI-TOF-MS ] )
Figure 4.9. Search algorithm for matching

observed peaks with potential product peaks from

analysis in DHB matrix. The raw data was the DCC screen.

exported to an Excel file and an algorithm designed in R was used to search a list of potential
masses (composed of each starting material as well as all dimeric and some trimeric products) for
matches within the raw data (Figure 4.9). The only trimeric products that have not yet been
included in the analysis are trimers composed of 3 different monomers. The output at each time
point was recorded and is summarized in the heat maps shown in Figure 4.10.
Preliminary Nucleic Acid Templated Condensation Screen Procedures

Reactions were run in 0.5 mL Eppendorf tubes to a final volume of 50 pL in molecular biology
grade water. A master solution of buffer (for final concentration of 2 mM each of Tris-HCI (pH
7), KCI, MgCl,, CaCl,) was made prior to each experiment and the proper aliquot of the solution
was added to each Eppendorf tube. To reactions with template was added the proper amount of

nucleic acid solution to achieve the desired final concentration. The tubes were annealed in buffer
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before addition of compounds on a thermocycler at 95 °C for 5 min and cooled at a rate of 0.1 °C/s
to 25 °C. Compounds were added after annealing as 10 mM stock solutions to achieve the desired
final concentration of each compound. Compound solutions were incubated at 37 °C with freshly
annealed template in buffer for 3 h. After 3 h, 2.5 pL of 10 mM NaBH4 was added and the sample
was incubated at 37 °C overnight. A 1 yL aliquot was removed and spotted for MALDI-MS with
1 puL DHB matrix (50 mg/mL in 70 water:30 MeCN, 0.1% TFA).

For MALDI analysis, a 10 puL aliquot was removed from the reactions and 1 pL 100 uM
NaCNBHs or NaBH4 (aqueous) was added. The aliquots were incubated at 37 °C overnight and 1
pL DNase | (NEB), 1 uL RNase H (NEB), or 1 pL molecular biology grade water was added to

the DNA-templated, RNA-templated, and non-templated reactions, respectively. The tubes were

No Template d(CTG), r(CUG)6
- Al A2 A3 A4 01 Al A2 A3 A4 01 - Al A2 A3 01
| .
N2 N2 N2
N3 N3 N3 #
N4 1] T N4 T T N4 T
N5 N5 NS5
N6 g N6 N6
‘ N7 N7 N7
N8 N8 N8
N9 N9 A N9
N10 N10 N10
N11 N11 * N11
N12 T N12 e 7 T N12
N13 N13 N13
N14 - N14 T* N14

I:I Not Observed - 1x I:I 2X l:l 3x - 4x

Figure 4.10. Initial DCC library screen heat maps. 10 uM d(CTG)16 or r(CUG)16 (H20 for no template),
100 uM compounds, 2 mM Tris-HCI, 2 mM KCI, 2 mM MgCl,, 2 mM CaCl,, + NaBH. after 4 h, 1d, 3
d, 7d, 1 uL H,O, DNasel or RNaseH, analyzed by MALDI (DHB matrix) and screened for peaks
matching product. *indicates an experiment in which the product peak was observed on template but
not off template. T indicates trimer product observed. Boxes without a T correspond to dimeric products.
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incubated at 37 °C for 20 min. MALDI-MS of each sample was measured (DHB matrix) by mixing
1 pL matrix with 1 pL sample on the MALDI plate. MALDIs were screened for new mass peaks.

For HPLC analysis, an aliquot (5-50 pL depending on compound concentration) was removed
from the reactions and 1 pL 100 uM NaCNBHz or NaBH4 (aqueous) was added. The aliquots were
incubated at 37 °C overnight and 1 uL DNase | (NEB), 1 uL RNase H (NEB), or 1 uL molecular
biology grade water was added to the DNA-templated, RNA-templated, and non-templated
reactions, respectively, to degrade the template. Analytical HPLC was run with gradient
acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over 5 min. Injection
volume 50 pL.

Master solutions: MgCl> 100 mM (aq), CaCl> 100 mM (aq), KCI 100 mM (aq), Tris HCI pH 7
100 mM (aq), d(CTG)16 2 mM (aq), r(CUG)1s 2 mM (aq), compounds 10 mM (aq) except N9 is

10 mM in DMSO. DMSO was added to some experiments (5% or 10%) as noted above.

d(CTG)4s r(CUG)s6
@
A2+N9™ NH: NH; ; NHz o 0
A1+N3* e 4C\ *«\/\ﬁ' i "l P h
A3+N12+A3™ {A\“' u/\/\) f N'\Fhe {J\\NJ\NF H
A4+N14+A4" oAl N, OH A2 A3 Ad
HN N\ NH,
A1+N3* o x I Nan(
A1+N8™ i v i Il - NN
T’H N3 HNT N fﬁ/\/\’ L. Ng
A2+N11* N8 ® N/

A2+N12* NH NH s i i g
2 2 s N
NJ\N NSNS IN\\(P‘ NH;
- O X
/©/\H : N NH; HN Ao
HN 2 HCl NN N

o - e T

* = # times observed only on template

Figure 4.11. Initial DCC library screen hits. Color corresponds to the number of time points the hit was
observed (out of 4 possible) and the number of stars after the combination indicates the number of time
points the hit was observed only on the template and not off the template.
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in vitro Transcription Inhibition: 2x2 DCC Screen

To test for a potential synergistic effect upon assembly of the DCC ligands used in the initial
2x2 HPLC and MALDI screens described above (A1, N9, and N11), the d(CTG-CAG)go pSP72
plasmid was used with both T7 and SP6 polymerases to study the ability to inhibit the formation
of r(CUG)®® and r(CAG)®® with each monomer and a mixture of the two compounds. The
formation of r(CAG)go from this plasmid can be performed using SP6 RNA polymerase, whereas
the formation of r(CUG)qo utilizes the T7 RNA polymerase and proceeds in the reverse direction.
Of note, this screen was performed with the initial hit compounds from the 2x2 HPLC and MALDI
screens and has not yet been performed with the hits from the library screen. Although no
synergistic effect was observed for these compounds (Figure 4.5.5), other combinations could be

tested.
140 T7 - Inhibition of (CUG)q, SP6 - Inhibition of (CAG)y,
120
100 @ T Y
30 80 \
60 60 \
L

40 40 T
20 I 55 .

5 g

OuM 125uM 25uM 5uM 125uM 25uM 50 uM 100 uM 0

OuM 125uM 25uM  5uM  125uM 25ud  50uM 100 uM
- A1 = N10 Both

140 120 - A1 —— N10 Both
120 100
100 - \
80
80
60
60 l
0 40 !
20 20
. \ T "
OuM 125uM 25uM 5uM 125uM 25uM 50 uM 100 uM OuM 1.25uM 25uM  5uM  125uM  25uM  50uM 100 uM
- A1 == N11 Both —— A1 —— N11 Both

Figure 4.12. Bidirectional in vitro transcription inhibition study with compounds from initial hit from
the 2x2 DCC screen. It appears that there is no synergistic effect between the acridine and bisamidinium
ligands shown here on the formation of r(CUG) g or r(CAG) g from the d(CTG-CAG)qo template.
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product  Mass N.T. R.D. d(CTG);; d(CAG);; r(CUG),, r(CUG)y, r(CAG)g
A3+N24  699.46

Al1+N7  715.43
717.39

717.39

A4+N24  729.45

A8+N12  733.32
751.38
755.52
761.49
767.4

773.35
773.35
785.51
790.49
799.48
814.49
824.47
849.39
849.39
871.63
879.45
883.38
885.52
897.58
899.39
901.62
927.45
A5+N17 951.55
A5+N19 981.57
A8+N1  1025.58
A5+N22 1045.54
1047.61
1049.65
1079.52
1081.6
1081.62
1081.62
1093.55
A1+N24 1201.75
Figure 4.13. Full heat map including dimeric hits from MALDI-MS Screen. Raw MALDI-MS data
was screened for new peaks consistent with dimers. The heat map represents the intensity as an average
over 3 independent replicates. Coloring from red to yellow to white corresponds to normalized intensity,
with red being the strongest intensity. Map is sorted by calculated mass from lowest to highest. Blue
highlight indicates further study in single point assay.

A7+N26

A8+N26
A3+N20
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product Mass N.T. R.D.  d(CTG);s d(CAG)ys r(CUG);6 r(CUG)gy r(CAG)go product Mass N.T. R.D.  d(CTG);s d(CAG)ys r(CUG);6 r(CUG)gy r(CAG)go

A3+N25+A8 699.34 N18+A4+N26 812.47
A3+N9+A4  699.37 A6+N22+A7  813.31
702.32 A2+N22+A8  813.32

703.3 A4+N15+A8  815.26

703.37 A6+N14+A7  815.38

N7+A4+N9  713.41
N7+A4+N26  713.41
N2+A4+N23  713.42

N10+A4+N25 714.34
A2+N15+A6 7153
A4+N19+A8 717.31

717.38
A6+N17+A7  719.32
A2+N17+A8 719.33

A3+N3+A8  719.38
A4+N25+A8  729.33

A4+N9+A4  729.36

A2+N9+A3 73141

A7+N2+A8  733.29
A3+N23+A4  733.36
A6+N18+A7  734.33
A2+N18+A8 734.34

734.38

743.33

743.47

743.47

A6+N13+A7  744.31

A2+N13+A8  744.32

A3+N12+A7  747.33
N7+A4+N23  747.4

A6+N19+A7  749.34

A2+N19+A8  749.35
A4+N3+A8  749.37

A2+N14+A8 815.39
A3+N24+A4  819.5
819.52

A6+N13+A8  820.35
N9+A4+N13 822.45
N13+A4+N26 822.45
N8+A4+N23 822.46
A6+N19+A8  825.38
A3+N6+A4  825.41
A2+N23+A2  827.43
N9+A4+N19 827.48
N19+A4+N26 827.48
849.37
849.38
A4+N24+A4  849.49
A7+N17+A8 851.32
856.44
857.44
A2+N6+A3  857.45
N3+A4+N9  859.54
N3+A4+N26  859.54
N2+A1+N17 869.59
A7+N14+A7 871.34
A4+N23+A6  871.42
A7+N4+A7  873.38
N23+A4+N25 873.49
N9+A4+N21 877.43
N21+A4+N26 877.43

1

1

A3+N22+A8 751.29 N2+A1+N18  884.6
A3+N4+A8 755.4 885.39
759.42 885.4

761.36
761.36
761.37
761.4
761.46
763.35
A4+N21+A8 767.26
A7+N7+A8  767.27
N10+A4+N14 768.36
N4+A4+N10  770.4
A2+N15+A7 771.26
N15+A4+N15 771.26
A1+N2+A3 771.5
773.34
773.34
775.28
775.38
775.42
777.32
777.45
781.28
781.4
781.41
A3+N15+A8 785.27
A4+N4+A8  785.39
N2+A1+N7  785.54
A6+N8+A8  786.37
788.47
788.47
789.51
790.29
791.33
799.29
799.3
799.56
800.27
800.27
801.49
802.35
805.3
N2+A4+N6  805.47
A1+N7+A3  805.48
N9+A4+N18 812.47

Figure 4.14. Full heat map including trimeric hits from MALDI-MS Screen. See full caption on
next page.

A3+N23+A7  897.39
N2+A1+N19 899.61
A7+N3+A8  913.4
A3+N11+A3  913.54
913.57
N6+A4+N8  914.51
925.41
A2+N9+A7  925.43
925.43
925.43
925.44
A8+N17+A8  927.36
A4+N23+A7  927.38
N9+A4+N16 927.51
N14+A4+N23 927.51
N16+A4+N26 927.51
A3+N24+A6  927.57
A2+N1+A4  937.59
N2+A5+N7  937.61
N6+A4+N18 93851
A1+N17+A2  951.56
A1+N3+A3  951.61
A8+N13+A8 952.35
N9+A4+N10 954.44
N10+A4+N26 954.44
A4+N6+A6  963.47
N9+A4+N12 963.53
N12+A4+N26 963.53
N2+A1+N22 963.58
N7+A5+N7 = 971.59
N2+A4+N20 971.73

981.37

A1+N19+A2  981.58

Al+N3+A4  981.6
A8+N4+A8  1025.46
N3+A1+N8  1040.71
A1+N2+A8  1041.56

A3+N17+A5 1041.6
N11+A4+N17 1041.62
N18+A1+N25 1044.67
A1+N22+A2 1045.55
A2+N24+A7 1045.56
N15+A4+N24 1045.56

A2+N9+A4

A4+N12+A7

A4+N22+A8

A3+N24+A3

A6+N21+A7
A2+N21+A8

A1+N2+A4
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product Mass N.T. RD. d(CTG)y; d(CAG);s r(CUG)ys r(CUG)g, r(CAG)gy product Mass N.T. RD. d(CTG)y; d(CAG);s r(CUG)ys r(CUG)g, r(CAG)gy

A2+N1+A6 104566 | AL+N25+A8 120163

1046.65 A4+N16+A5 1201.64
N7+A5+N8  1046.65 A1+N9+A4  1201.66
Al+N15+A4 1047.49 A2+N4+A5 1201.73
Al1+N14+A2 1047.62 N3+A5+N17 1201.77
N16+A4+N24 1047.64 N4+A5+N8  1228.8
N19+A1+N19 1047.66 A2+N15+A5 1231.6
Al1+N16+A4 1049.57 A3+N20+A8 1231.74

1049.66 N3+A5+N19 1231.79

1049.7 A5+N17+A7 1235.62
A2+N6+A7  1051.47 A1+N23+A4 1235.65
N6+A4+N15 1051.47 N14+A5+N17 1235.75
A3+N11+A6 1051.6 A4+N12+A5 1237.66
N2+A5+N19 1051.68 1237.79
A1+N13+A6 1052.58 A6+N20+A6  1237.8
A1+N8+A7  1074.56 1238.59

1074.57 A1+N21+A8 1239.56
1074.69 N6+A4+N23  1239.63
1074.69 1305.76
1075.54 N7+A1+N24 1305.84
1076.73 A5+N15+A6 1307.63
A6+N9+A8  1077.5 1307.77

—
A1+N15+A2 1079.53 N18+A1+N23 1318.76
1079.6 N12+A1+N12 1319.76
1079.6 N24+A4+N24 1319.86
N26+A4+N26 1079.6 A6+N11+A8 1321.66
1079.72 N10+A5+N13 1321.66
N6+A4+N10 1080.48 A1+N24+A4 132179

N7+A5+N13 1080.63 A5+N4+A7  1333.72

N8+A4+N20 1080.77 1333.77
A4IN11+A6 108159 1333.85
AL+N16+A2 108161 AB:NG+AS 133554
N17+A1+N22 108161 1335.78
|NE¥ATNGT 109258 1335.89
ABIN12+A8  1093.43 ASHN13+A8 133665
ALiNBHAS 11506 N7+ASHN9 | 1337.78
A4HN214AS 115156 N7+A5#N26  1337.78
ASIN7+A7 | 115157 1337.79
ALN14+A7  1179.61 ASHN12+AG 134573
ASHNI7+A6  1179.66 N23+AL+N25 134579
N13+A5+N18 117969 1347.63
NA+ALN22  1179.71 1347.8
N14+AL+NIA 1179.74 ALNI+A3  1347.86
N3+A1+N16 1179.75 1349.71

118165 1349.72

118173 1349.73

118178 1349.73
A7+N6+A7  1183.46 ASHNIS+A7  1363.59
A2N214AS 11836 N14+AS+N15 1363.72

A3+N11+A8 1183.6 N16+A5+N22 1363.73

1183.61 N9+A1+N22 1363.75
1183.71 N22+A1+N26 1363.75
1183.75 A5+N16+A7 1365.67
1183.82 AL+N9+A7  1365.69
A1+N13+A8 1184.58 N4+A5+N15 1365.76
1184.72 N14+A5+N16 1365.8

A4+N20+A7 1185.69 N9+A1+N14 1365.82
N7+A5+N16 1185.69 N14+A1+N26 1365.82
N7+A1+N9  1185.71 N3+A1+N23 1365.83
N7+A1+N26 1185.71 A6+N20+A8  1369.8
N2+A1+N23 1185.72 N12+A1+N23 1469.82

|NAZHAZNG| 1185.52 N21+A1+N24 1469.86

N10+A4+N11 1198.6 AS#N23+A6 149579
AGNISHAS  1199.56 A3+N1+AS  1499.93
A2+N14+A5  1199.69 [INZPAZNTY 1499.95
N9+A4+N24  1199.73 AL+N16+A1 152187

1199.73 N6+AL+N15  1523.77 [

N24+A4+N26 1199.73
Figure 4.14 (cont). Full heat map including trimeric hits from MALDI-MS Screen. Raw MALDI-MS
data was screened for new peaks consistent with homotrimers and heterotrimers. The heat map represents
the intensity as an average over 3 independent replicates. Coloring from red to yellow to white corresponds
to normalized intensity, with red being the strongest intensity. Map is sorted by calculated mass from lowest
to highest. Blue highlight indicates further study in single point assay.
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product Mass N.T. R.D. Structure G.eneral B.as.e !\Ion-
Binders Mimics Binders
A7+N17+A8 851.32 acridine - adenine - acridine 2 1
N2+A1+N17 869.59 diaminobutane - melamine-bisamidinium-melamine - adenine 2 3
A7+N14+A7 871.34 acridine - melamine - acridine 2 1
A4+N23+A6 871.42 benzene - acridine-melamine - melamine 1 2 1
A2+NI+A3 731.41 melamine - acridine-melamine - benzene 1 2 1
A4+N15+A8 815.26 benzene - amiloride - acridine 1 1 1
A6+N14+A7 815.38 melamine - melamine - acridine 1 2
A2+N14+A8 815.39 melamine - melamine - acridine 1 2
A2+N1+A6 1045.66 melamine - melamine-bisamidinium-melamine - melamine 1 4
N7+A4+N9 713.41 benzene - benzene - acridine-melamine 1 1 2
N7+A4+N26 713.41 benzene - benzene - acridine 1 2
N2+A4+N23 713.42 diaminobutane - benzene - acridine-melamine 1 1 2
N7+A5+N7 971.59 benzene - melamine-bisamidinium-melamine - benzene 1 2 2
N2+A4+N20 971.73 diaminobutane - benzene - melamine-bisamindinium-melamine 1 2 2
N3+A1+N8 1040.71 melamine - melamine-bisamidinium-melamine - melamine 1 4
A1+N2+A8 1041.56 melamine-bisamidinium-melamine - diaminobutane - acridine 2 2 1
A3+N17+A5 1041.6 benzene - adenine - melamine-bisamidinium-melamine 1 3 1
N11+A4+N17 1041.62 melamine-bisamidinium-melamine - benzene - adenine 2 2 1
A3+N20 871.63 benzene - melamine-bisamidinium-melamine 1 2 1
A7+N4+A7 873.38 acridine - bisamidinium - acridine 3
N23+A4+N25 873.49 acridine-melamine - benzene - bisamidinium 2 1 1
A2+N1+A4 937.59 melamine - melamine-bisamidinium-melamine - benzene 1 3 1
N2+A5+N7 937.61 diaminobutane - melamine-bisamidinium-melamine - acridine 2 2 1
N6+A4+N18 938.51 neomycin B - benzene - diaminopurine 1 1 1
A8+N4+A8 1025.46 acridine - bisamidinium - acridine 3
A8+N1 1025.58 acridine - melamine-bisamidinium-melamine 2 2
A1+N8+A8 1150.6 melamine-bisamidinium-melamine - melamine - acridine 2 3
A4+N21+A5 1151.56 benzene - amiloride - melamine-bisamidinium-melamine 1 3 1
AS5+N7+A7 1151.57 melamine-bisamidinium-melamine - benzene - acridine 2 2 1
N9+A4+N10 954.44 acridine-melamine - benzene - acridine 2 1 1
N10+A4+N26 954.44 acridine - benzene - acridine 2 1
A4+N25+A8 729.33 benzene - bisamidinium - acridine 2 1
A4+NI+AL 729.36 benzene - acridine-melamine - benzene 1 1 2
A4+N24 729.45 benzene - melamine-bisamidinium-melamine 1 2 1
A3+N25+A8 699.34 benzene - bisamidinium - acridine 2 1
A3+NI+A4 699.37 benzene - acridine-melamine - benzene 1 1 2
A3+N24 699.46 benzene - melamine-bisamidinium-melamine 1 2 1
A2+N6+A7 1051.47 melamine - neomycin B - acridine 2 1
N6+A4+N15 1051.47 neomycin B - benzene - amiloride 1 1 1
A3+N11+A6 1051.6 benzene - melamine-bisamidinium-melamine - melamine 1 3 1
N2+A5+N19 1051.68 diaminobutane - melamine-bisamidinium-melamine - diaminopurine 1 3 1
A1+N13+A6 1052.58 melamine-bisamidinium-melamine - melamine - melamine 1 4
A2+N15+A5 1231.6 melamine - amiloride - melamine-bisamidinium-melamine 1 4
A3+N20+A8 1231.74 benzene - melamine-bisamidinium-melamine - acridine 2 2 1
N3+A5+N19 1231.79 melamine - melamine-bisamidinium-melamine - diaminopurine 1 4
A1+N25+A8 1201.63 melamine-bisamidinium-melamine - bisamidinum - acridine 3 2
A4+N16+A5 1201.64 benzene - melamine - melamine-bisamidinium-melamine 1 3 1
A1+N9+A4 1201.66 melamine-bisamidinium-melamine - acridine-melamine - b 2 3 1
A2+N4+AS 1201.73 melamine - bisamidinium - melamine-bisamidinium-melamine 2 3
Al1+N24 1201.75 melamine-bi idini lamine - melamine-bi idinium-melamine 2 4
N3+A5+N17 1201.77 melamine - melamine-bisamidinium-melamine - adenine 1 4
A5+N16+A7 1365.67 melamine-bisamidinium-melamine - melamine - acridine 2 3
AL+NI+A7 1365.69 melamine-bisamidinium-melamine - acridine-melamine - acridine 3 3
N4+A5+N15 1365.76 bisamindium - melamine-bisamidinium-melamine - amiloride 2 3
N14+A5+N16 1365.8 melamine - melamine-bisamidinium-melamine - melamine 1 4
N9+A1+N14 1365.82 acridine-melamine - melamine-bisamidinium-melamine - melamine 2 4
N14+A1+N26 1365.82 melamine - melamine-bisamidinium-melamine - acridine 2 3
N3+A1+N23 1365.83 melamine - melamine-bisamidinium-melamine - amiloride 1 4
N6+A1+N15 1523.77 neomycin B - melamine-bisamidinium-melamine - amiloride 2 3
A1+N13 824.47 melamine-bisamidinium-melamine - melamine 1 3
A6+N19+A8 825.38 melamine - diaminopurine - melamine 3
A3+N6+A4 825.41 benzene - neomycin B - benzene 1 2
A5+N22 1045.54 melamine-bisamidinium-melamine - amiloride 1 3
A1+N22+A2 1045.55 melamine-bisamidinium-melamine - amiloride - acridine 2 3
A2+N24+A7 1045.56 melamine - melamine-bisamidinium-melamine - acridine 2 3
N15+A4+N24 1045.56 amiloride - benzene - melamine-bisamidinium-melamine 1 3 1
N18+A1+N25 1044.67 diaminopurine - melamine-bisamidinium-melamine - bisamidinium 2 3
N7+A5+N13 1080.63 benzene - melamine-bisamidinium-melamine - melamine 1 3 1
N8+A4+N20 1080.77 melamine - benzene - melamine-bisamidinium-melamine 1 3 1
A4+N11+A6 1081.59 benzene - melamine-bisamidinium-melamine - melamine 1 3 1
A5+N16 1081.6 melamine-bisamidinium-melamine - melamine 1 3
A1+N16+A2 1081.61 melamine-bisamidinium-melamine - melamine - amiloride 1 4
N17+A1+N22 1081.61 adenine - melamine-bisamidinium-melamine - amiloride 2 3
A1+N9 1081.62 melamine-bisamidinium-melamine - acridine-melamine 2 3
A1+N26 1081.62 melamine-bisamidinium-melamine - acridine 2 2
A1+N18 814.49 melamine-bisamidinium-melamine - diaminopurine 1 3
A1+N16+A1 1521.87 melamine-bisamidinium-melamine - melamine - melamine-bisamidinium-melamine 2 5
A2+N23+A2 827.43 melamine - acridine-melamine - melamine 1 3
N9+A4+N19 827.48 acridine-melamine - benzene - diaminopurine 1 2 1
N19+A4+N26 827.48 diaminopurine - benzene - acridine 1 1 1
A6+N11+A8 1321.66 melamine - melamine-bisamidinium-melamine - acridine 2 3
N10+A5+N13 1321.66 acridine - melamine-bisamidinium-melamine - melamine 2 3
A1+N24+A4 1321.79 melamine-bisamidinium-melamine - melamine-bisamidinium-melamine - benzene 2 4 1
A5+N15+A7 1363.59 melamine-bisamidinium-melamine - amiloride - acridine 2 3
N14+A5+N15 1363.72 melamine - melamine-bisamidinium-melamine - amiloride 1 4
N16+A5+N22 1363.73 melamine - melamine-bisamidinium-melamine - amiloride 1 4
N9+A1+N22 1363.75 acridine-melamine - melamine-bi idinium-melamine - amiloride 2 4
N22+A1+N26 1363.75 amiloride - melamine-bisamidinium-melamine - acridine 2 3

Table 4.3. Identity of compounds that assembled in the buffer and/or on the random duplex template.
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Figure 4.16. Full Results for Single Point in vitro Transcription Inhi

incubated with a pSP72 plasmid containing d(CTG CAG)g. The output r(CUG)g transcript was quantified to determine the normalized %

transcript relative to the monomers. Aldehyde monomer is pink, amine monomer is blue, and “middle” monomer (could be aldehyde or amine)
is yellow. The data from the mixture is shown in purple. Data is sorted by difference between the monomers and the mixture (largest difference

to smallest) and combinations selected for further study are highlighted in green.
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Figure 4.17. ICso curves for hit combinations obtained from MALDI-MS screen and single-point in vitro
transcription inhibition assay. Calculated 1Cs values are shown in parentheses under the combination.
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Figure 4.18. MALDI-MS for incubation of combination A5+N16 with d(CTG)1s template. Compounds
(100 uM each) and d(CTG)1s (10 uM). Agueous buffer: 2 mM each of KCI, MgCl,, CaCl., and Tris-HClI,
pH 7. The solutions were incubated at 37 °C for 24 h before reduction with 2.5 pL of 100 mM sodium
borohydride. Following 6 h incubation at 37 °C (for reduction step), a 1 pL aliquot was removed for
MALDI-MS (run in 1 uL DHB matrix).
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Figure 4.19. MALDI-MS for incubation of combination A5+N16 with d(CTG)1s template. Compounds
(100 uM each) and d(CTG)1s (10 uM). Agqueous buffer: 2 mM each of KCI, MgCl,, CaCl., and Tris-HClI,
pH 7. The solutions were incubated at 37 °C for 24 h before reduction with 2.5 pL of 100 mM sodium
borohydride. Following 6 h incubation at 37 °C (for reduction step), a 1 pL aliquot was removed for
MALDI-MS (run in 1 uL DHB matrix).
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Figure 4.20. in vitro transcription of random duplex template with hit combinations A5+N16 and
N16+A5+N21. No inhibition was observed. Results are reported as the average of three independent
experiments and error is reported as standard error of the mean.fl
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APPENDIX A: MATERIALS, METHODS, AND SUPPLEMENTAL FIGURES

A.1 GENERAL METHODS

A.1.1. General Synthetic Methods

All reagents were purchased from Sigma-Aldrich, Fisch-Scientific, Oakwood Chemical, Acros
Organics, Cambridge Chemical Technologies, Chem-Impex International, AK Scientific, or TCI
America and used without further purification unless otherwise noted. Solvents were obtained
from the Solvent Purification System and stored over activated 4A molecular sieves unless
otherwise noted. Ammonium hydroxide solution is aqueous, 28% by weight, referred to as
“NH4OH” in this work. Reactions were stirred with a magnetic stir bar and reactions run at elevated
temperature were heated in an oil bath unless otherwise noted. Molecular-Biology grade water was
used in all biological experiments including isothermal titration calorimetry and cytotoxicity
assays. DNA templates were purchased from Integrated DNA Technologies unless otherwise
noted. Mass spectra were obtained by the Mass Spectrometry Laboratory, School of Chemical
Sciences, University of Illinois with ESI on a Waters Micromass Q-Tof spectrometer and field
desorption (FD) on a Waters 70-VSE spectrometer. MALDI experiments were performed using
Bruker UltrafleXtreme or Autoflex Speed in the University of Illinois Mass Spectrometry
Laboratory. DHB matrix was prepared as 5 mg/mL 2,5-dihydroxybenzoic acid in 70 H20:30
MeCN, 0.1% TFA. Nuclear Magnetic Resonance Spectra were recorded on Varian 500 MHz,
Carver-Bruker 500 MHz CryoProbe, or Bruker Prodigy (600 MHz) instruments in the NMR
Laboratory, School of Chemical Sciences, University of Illinois at 22+3 °C unless otherwise noted.
Spectra were processed using MestReNova (v12.0). Chemical shifts are reported in parts per

million (ppm) and coupling constants (J) are reported in Hertz (Hz). *H NMR chemical shifts were
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referenced to residual solvent peaks at 7.26 ppm for chloroform-d (CDCls), 2.50 ppm in DMSO-
ds, or 4.79 in d20. *C NMR shifts were referenced to the solvent peak at 77.16 ppm for CDCl3
and 40.45 ppm for DMSO-ds. Analytical thin-layer chromatography (TLC) was performed on 0.2
mm silica 60 coated on glass plates with F254 indicator. Flash column chromatography was
performed on 40-63 pum silica gel (SiO2) unless otherwise noted. Solvent mixtures used in
chromatography are reported as a volume ratio (v:v). Analytical HPLC was performed on
Shimadzu Prominence System, C-18 column, length 5 cm, diameter 4.6 mm, particle size 3 um,
flow rate 1,500 puL/min, detector wavelength 254 nm. Preparative HPLC was performed on Agilent

Technologies 1260 Infinity 11, C-18 250x50.0 mm column.

A.1.2. General Procedures: HeLa Cell Growth and Maintenance

HeLa cells (from cryogenic storage, 1 mL media/10% DMSO) were grown at 37 °C in T75 flasks
in Dulbecco’s Modified Eagle Medium media prepared in the Cell Media Facility, University of
Ilinois, with 10% Fetal Bovine Serum added. Frozen cells were thawed and transferred to a T75
flask. Cell media was changed after 1 d to remove DMSO. Otherwise, cell media was changed at
least every 2 d. When cells reached 100% confluence, the cells were washed with 1X PBS (37 °C)
and about 10 mL 37 °C trypsin (0.05% (1x) with EDTA) was added. After incubation at 37 °C for
about 2 min, the sides of the flask were gently tapped to detach cells and contents of the T75 was
transferred to a conical tube containing 3 volumes of cell media (relative to trypsin). The cells
were counted, centrifuged at 500 G for 5 min, and the supernatant was pipetted off. The cells were
diluted to 50,000 cells/mL. Harvested cells were used immediately in assays or transferred to a

new T75 flask for further growth.
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Freezing HeLa Cells. Some cells were frozen to thaw and use later. Cells were grown in a T175
culture flask in DMEM until 100% confluent. The media was aspirated, about 10 mL 37 °C trypsin
(0.05% (1x) with EDTA) was added to the flask, and the cells were incubated at 37 °C for about 2
min. The sides of the flask were tapped to detach cells. About 20 mL DMEM was added to
deactivate the trypsin. The cells were vortexed and to foam was aspirated. The cells were
centrifuged at 500 G for 5 min, the media/trypsin solution was aspirated, and the cells were
resuspended in 9 mL DMEM + 1 mL DMSO. The cell suspension was carefully transferred to
cryotubes (1 mL each), sealed with parafilm, stored at -80 °C overnight, and transferred to liquid

nitrogen cryogenic storage for long-term preservation.

A.1.3. General Procedure: Sulforhodamine B Cytotoxicity Assay*

HeLa cells (from cryogenic storage) were grown at 37 °C in T75 flasks in Dulbecco’s Modified
Eagle Medium media prepared in the Cell Media Facility, University of Illinois, with 10% Fetal
Bovine Serum added. Cell media was changed at least every 2 d. When cells reached 100%
confluence, the cells were washed with PBS (37 °C) and about 10 mL 37 °C trypsin (0.05% (1x)
with EDTA) was added. After incubation at 37 °C for exactly 2 min, the contents of the T75 was
transferred to a conical tube containing 3 volumes of cell media (relative to trypsin). The cells
were counted, centrifuged at 500 G for 5 min, and the supernatant was pipetted off. The cells were
diluted to 50,000 cells/mL. To split cells, 5 mL of cells (concentration 50,000 cells/mL) and 15
mL media was added to a new T75 flask. Harvested cells were used immediately in cytotoxicity
assays. A 96-well plate was used according to the diagram below. The outer edge wells (white)
were filled with 200 pL PBS. The dead controls (blacks) were filled with 200 pL cell media. The

live controls (green) were filled with 100 pL cell media and 100 pL cells. The gradient-colored
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blue boxes signify treatment with compound, with [1] being the highest, and [10] being the lowest.
The compound master solutions were made from a serial dilution, and each treatment well was
filled with 2 L compound solution, 98 L cell media, and 100 pL cells. The plates were incubated
at 37 °C for 72 h, checking each day to monitor progress. After 72 h, 100 pL 10% w/v aqueous
trichloroacetic acid at 4 °C was added and the plates were incubated for 1 h at 4 °C. The plates
were washed with DI water, dried overnight, and 100 pL 0.05% w/v aqueous sulforhodamine B
was added to each well. The plates were placed on the shaker for 15 min, rinsed quickly with 1%
v/v aqueous acetic acid and then DI water. After the plates were dry, 200 pL of 10 mM tris base
(pH 10.5) was added to each well. The optical density was measured at 510 nm on a SpectraMax
Multi-Mode Microplate Reader with SoftMaxPro software, settings: 1 wavelength, 510 nm, plate
check, auto mix. Excel was used to plot average results over at least 5 replicates with error reported

as standard error.

A.1.4 General Procedure: Transformation of E. coli

High efficiency, competent E. coli cells, type C2984I in SOC buffer (stored at -80 °C) were placed
on ice to thaw until crystals disappeared. To a new 0.5 mL Eppendorf tube was added 50 pL E.
coli cells and the tube was placed on ice. To the tube was added 2 pL of desired plasmid (e.g.,
(CTG-CAG)74, (CTG-CAG)g0, DTO, DT960, insulin resistance (IR) minigene, ERT, pEGFP-Q23,
or pEGFP-Q74) (300-900 ng/pL). Both (CTG-CAG)9 and (CTG-CAG)74 were obtained from
Maurice Swanson’s lab and have the (CTG-CAG) repeat sequence inserted between BamHI and
EcoRl sites. The DT960 plasmid was obtained from the lab of Thomas Cooper (Baylor College of
Medicine) and the IR minigene plasmid was obtained from the lab of Nicholas Webster (University

of California, San Diego). The tube was flicked to mix, incubated on ice (0 °C) for 30 min, heat
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shocked for exactly 30 s, and cooled on ice for 5 min. To a new 1 mL tube was added 950 uL SOC
buffer and the E. coli/plasmid mixture. The samples were incubated on a shaker at 37 °C for 1 h,
pipetted onto agar/ampicillin or agar/kanamycin plates (depending on the antibiotic resistance gene
in the plasmid, pEGFP plasmids contain kanamycin and all others listed above conatin ampicillin
resistance gene), and spread. The plates were incubated at 37 °C with agar side down for 15 min,
agar side up for 14 h, and stored at -4 °C until ready to use single colonies. In a new 50 mL
centrifuge tube was mixed 10 mL LB media and 10 puL ampicillin or kanamycin B (50 mg/mL).
A single colony was isolated from the plates of transformed E. coli and added to the 50 mL
centrifuge tube. The caps were loosely secured, and the tubes were incubated on a shaker at 37 °C
for about 16 h to obtain a tan, cloudy solution. The caps were tightened, the tubes were centrifuged
at 5,000 rpm for 20 min, the supernatant was removed, and the cell pellet was used to extract

plasmids or stored at -80 °C until plasmids were extracted.

A.1.5. General Procedure: Plasmid Extraction

QIAprep Spin Mini Prep Kit (Qiagen) was used to extract the plasmid from the cells, following
manufacturer protocols with double the volume. The pelleted bacteria cells were resuspended in
500 uL buffer P1 and transferred to a 2 mL Eppendorf tube. To the tube was added 250 pL buffer
P2 (lysis buffer) and the tube was inverted to mix until the solution became colorless/translucent,
keeping the lysis process under 5 min for each tube. To stop lysis, 700 pL buffer N3 was added to
the tube and it was inverted several times to mix. The tube was centrifuged at 13,000 rpm for 10
min, the supernatant (750 pL at a time) was transferred to a QIA prep 2.0 spin column, and the
column was centrifuged at 13,000 rpm for 60 s (repeated until all supernatant was passed through

the column). The liquid flow-through was discarded and the column was washed with 500 pL
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buffer PB, centrifuged for 60 s at 13,000 rpm, and the flow-through was discarded. To dry the
column, it was centrifuged at 13,000 rpm for 60 s and the flow-through was discarded. The column
was placed in a new 1.5 mL Eppendorf tube and the DNA was eluted by adding 50 pL buffer EB
(20 mM TrisCl, pH 8.5), incubating at room temperature for 60 s, and centrifuging at 13,000 rpm
for 60 s. The concentration was measured with a Thermo Scientific nanodrop spectrophotometer
using Nucleic Acid, DNA setting and blanking with EB buffer. Final concentrations ranged from
about 100 ng/pL — 900 ng/uL, depending on the plasmid, bacteria storage time, and isolation

efficiency.

A.1.6. General Procedure: Restriction Enzyme Digest

Restriction enzymes (BamHI-HF, HindllI-HF, Sall-HF, EcoRI-Hf, Nsil) were purchased from
New England Biolabs (NEB) and the manufacturer protocol was followed. Each reaction tube
contained 50 pL solution: 1 pug DNA, 5 pL 10X cut smart buffer (NEB), 1 pL of the respective
restriction enzyme, diluted to 50 pL with nuclease-free water. The proper volume of nuclease-free
water (dependent on plasmid concentration) was added to a new 0.5 pL Eppendorf tube, 5 pL cut
smart buffer was added, and 1 pL restriction enzyme was added to the tube. The samples were
incubated at 37 °C for 15 min, 2 uL shrimp alkaline phosphatase (rSAP, from NEB) was added to
prevent re-cyclization of the plasmid, and the tubes were incubated at 37 °C for 30 min. The cut
plasmids were purified with QlIAquick PCR Purification Kit (Qiagen), according to manufacturer
protocol. To a new 1.5 mL Eppendorf tube was added 500 pL buffer PB and 2 x 50 pL digestion
reactions from above (or 250 pL buffer PB with 1 x 50 pL reaction.) The tubes were inverted to
mix, the contents were transferred to a QIAquick spin column, and the columns were centrifuged

at 13,000 rpm for 60 s. The flow-through was discarded, the column was washed with 750 pL
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buffer PE, and centrifuged at 13,000 rpm for 60 s. The flow-through was discarded and the column
was dried by centrifuging at 13,000 rpm for 60 s. The column was transferred to a new 1.5 mL
Eppendorf tube and 30 pL buffer EB was added to center of the column and incubated for 60 s.
The column was centrifuged at 13,000 rpm for 60 s to elute the DNA. The concentration was
measured with a Thermo Scientific nanodrop spectrophotometer using Nucleic Acid, DNA setting
and blanking with EB buffer. Final concentrations (in 50 pL) ranged from about 10-176 ng/pL
depending on the plasmid and isolation efficiency. An analytical agarose gel was run to confirm

successful cleavage.

A.1.7. General Procedure: Analytical Agarose Gel.

The gel was cast by mixing 0.5 g agarose, 5 mL 10X TBE buffer, 45 mL DI water in a 50 mL
beaker, microwaving 15 s at a time until all agarose dissolved, , adding 1 pL ethidium bromide
solution (10 mg/mL), slowly pouring into the mold, removing bubbles, sliding the comb into the
liquid, and allowing to set for about 30 min. The buffer solution for running the gel was made with
50 mL 10X TBE Buffer, 450 mL DI water, and 5 pL ethidium bromide. Samples were prepared
by mixing an appropriate amount of analyte (dependent on concentration) with 6X loading dye
(purple). The gel was loaded with 2 pL of 1 kb DNA ladder (NEB) and 2 pL of each sample, run
at 150 V for 30 min or until the ladder had migrated about two-thirds of the way down the gel, and
imaged on a Bio-Rad Gel Doc System. A representative gel from BamHI cleavage is provided in

Figure A.1.
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ladder B1 B2

Figure A.1. Sample analytical agarose gel of product from BamHI-HF cleavage reaction. Lane 1
contains NEB 1 kb DNA ladder (labeled at 3 kb). The plasmid is about 3 kb. The circular (uncut or re-
cyclized plasmid) should appear at higher molecular weight (and sometimes with 2 bands due to supercoiled
and open circular forms) due to structural difference from the linear 3 kb restriction-enzyme cleaved
plasmid. B1-B5 in lanes 1-5 indicate replicate reactions of the same Bam-HI cleavage reaction described
above.

A.1.8. in vitro Transcription Inhibition Assays

For plasmid growth and amplification procedures, see General Procedures A.1.4, A.1.5, and A.1.6

above.
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Figure A.2. Plasmid pSP72. The red box indicates where the (CTG-CAG) repeat sequence was cloned
into the plasmid.

in vitro Transcription Inhibition Assay with T7 RNA Polymerase:? Using linearized BamH]I-

cleaved (CTG-CAG)g pSP72 plasmid (15 ng/uL) or PCR amplified pGEM random duplex
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plasmid (15 ng/uL) and T7 RNA polymerase from NEB, following manufacturer’s protocols for
in vitro transcription. Because BamH1 restriction enzyme digest used with T7, the (CAG)go strand
will be transcribed to form (CUG)go. Each reaction tube contained 10 pL solution: 0.015 pg (1 pL)
BamHI-digested plasmid solution, 1 uL 10X polymerase reaction buffer, 4 uL 10 mM NTPs (1
pL each of 10 mM CTP, 10 mM GTP, 10 mM ATP, 10 mM UTP), a proper volume of 100 uM
compound solution, and diluted to a final volume of 10 puL with nuclease-free water. To a new 0.5
puL Eppendorf tube was added proper amounts of nuclease-free water, reaction buffer, NTPs,
template DNA, and compound. The Eppendorf tubes were flicked to mix and incubated at 37 °C
for 3.5 h or 24 h (for 24 h incubation experiments.) To each tube was added 1 puL T7 RNA
polymerase and the tubes were incubated for an additional 1.5 h. The reaction was stopped by
adding 6.5 uLL 8 M urea solution (aqueous) followed by 1 uL. RNA loading dye (95% Formamide,
0.02% SDS, 0.02 % Bromophenol Blue, 0.01% Xylene Cyanol, 1 mM EDTA). The tubes were
heated at 95 °C for 5 min and immediately cooled to 4 °C. A 10% urea PAGE gel was run at 250
V (80 mA) for 30 min and post-stained with EtBr (10 pL, 10 mg/mL solution in ~15 mL DI water,
incubated on shaker at RT for 15 min.) The gel was imaged on a BioRad Gel Doc XR and RNA
was quantified based on fluorescence intensity. Bands were quantified with ImageJ by drawing a
box of same size around each band, plotting the lanes, drawing a straight line under each curve,
and integrating with the wizard tool in ImageJ. Normalized % transcript = integration of treatment
/ integration of control x 100%. Percent inhibition = 1 — normalized % transcript. Data was plotted
in RStudio and fitted to a logistic curve using the SSlogis model. The output logistic equation was
used to calculate I1Cso values and error is reported from standard error of the coefficients in the fit
equation. Curves that did not fit the logistic model were plotted with a linear model for visual

comparison.
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in vitro Transcription Inhibition Assay with SP6 RNA Polymerase:® Using linearized EcoRlI-
cleaved (CTG-CAG)s pSP72 plasmid (15 ng/pL) or PCR amplified pGEM random duplex
plasmid described above (15 ng/uL) and SP6 RNA polymerase from NEB, following
manufacturer’s protocols for in vitro transcription. Because EcoRI restriction enzyme digest
plasmid was used with SP6, the (CTG)qo strand will be transcribed to form (CAG)go. Each reaction
tube contained 10 uL solution: 0.015 ug (1 pL) EcoRI-digested plasmid solution, 1 pL 10X
polymerase reaction buffer, 4 uL 10 mM NTPs (1 uL each of 10 mM CTP, 10 mM GTP, 10 mM
ATP, 10 mM UTP), a proper volume of compound solution to achieve desired final concentration,
and diluted to a final volume of 10 pL with nuclease-free water. To a new 0.5 uL Eppendorf tube
was added proper amounts of nuclease-free water, reaction buffer, NTPs, template DNA, and
compound. The Eppendorf tubes were flicked to mix and incubated at 37 °C for 3.5 h. To each
tube was added 1 pL SP6 RNA polymerase and the tubes were incubated for an additional 1.5 h.
The reaction was stopped by adding 6.5 uL. 8 M urea solution (aqueous) followed by 1 uL RNA
loading dye (95% Formamide, 0.02% SDS, 0.02 % Bromophenol Blue, 0.01% Xylene Cyanol, 1
mM EDTA). The tubes were heated at 95 °C for 5 min and immediately cooled to 4 °C. A 10%
urea PAGE gel was run at 250 V (80 mA) for 30 min and post-stained with EtBr (10 uL, 10 mg/mL
solution in ~15 mL DI water, incubated on shaker at RT for 15 min.) The gel was imaged on a
BioRad Gel Doc XR and RNA was quantified based on fluorescence intensity. Bands were
quantified with ImageJ by drawing a box of same size around each band, plotting the lanes,
drawing a straight line under each curve, and integrating with the wizard tool in ImageJ.
Normalized % transcript = integration of treatment / integration of control x 100%. Note: Random

plasmid pTRI-Xef (Invitrogen) was used in some experiments, but the experiment did not work
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well (the transcription inhibition tracked directly with the pSP72 plasmid with no observed

difference in the random control.)

A.1.9. General Procedure: Insulin Receptor (IR) Mis-Splicing Rescue Assay*

HeLa cells (from cryogenic storage) were grown at 37 °C in T75 flasks in Dulbecco’s Modified
Eagle Medium media prepared in the Cell Media Facility, University of Illinois, with 10% Fetal
Bovine Serum added. Cell media was changed at least every 2 d. When cells reached 100%
confluence, the cells were washed with PBS (37 °C) and about 10 mL 37 °C trypsin (0.05% (1x)
with EDTA) was added. After incubation at 37 °C for 2 min, the T75 flask was gently tapped to
remove any cells that remained stuck on the flask. The contents of the T75 was transferred to a
conical tube containing 3 volumes of cell media (relative to trypsin). The cells were counted,
centrifuged at 500 G for 5 min, and the supernatant was aspirated off. The cells were diluted to
50,000 cells/mL. Harvested cells were used immediately in mis-splicing assays. A 6-well plate
was used for this assay. To each well was added 1 mL of the 50,000 cells/mL solution and the cells
were incubated at 37 °C for about 12 h until the cells reached 70-80% confluence.

Cells were transfected with IR minigene plasmid and 5 wells were transfected with DT960
plasmid (see A.1.4-A.1.5 for E. coli amplification of plasmid). The transfection protocol is as
follows. In a 1.5 mL Eppendorf tube was mixed 600 pL Gibco OPTI-MEM media and 22.5 pL
lipofectamine 2000 (Invitrogen), a 1:3 plasmid:lipofectamine ratio in each of 6 wells. The solution
was vortexed, spun down, and incubated exactly 5 min at room temperature. In a separate 1.5 mL
Eppendorf tube was mixed 1.25 ug IR minigene plasmid and 100 pL OPTI-MEM media for well
1. In a third Eppendorf tube was mixed 2.5 g IR minigene plasmid, 3.75 pg DT960 plasmid, and

500 pL OPTI-MEM media. After 5 min incubation of lipofectamine mixture, 103 pL was added
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to the IR plasmid solution and 515 L was added to the IR + DT960 plasmid solution. The resulting
solution was incubated at room temperature for 20 min. During the incubation, cells were removed
from the incubator and washed with 1X PBS. To each well was added 2 mL OPTI-MEM and the
plate was returned to the 37 °C incubator. After 20 min incubation of transfection solutions, 200
uL of the IR solution was added to well 1 and 200 pL of the IR + DT960 solution was added to
wells 2-5. The cells were incubated at 37 °C for 4 h.

The transfection media was replaced with DMEM + FBS cell media and treated with ligand.
The plates were incubated at 37 °C for 72 h, after which the media was aspirated and the wells
were washed with 1X PBS. To each well was added 750 pL warm trypsin and the plate was
incubated at 37 °C for 2 min. The plate was tapped to release remaining cells and 2 mL DMEM +
FBS cell media was added to each well. The detached cells were transferred to 15 mL falcon tubes
(1 for each well), the wells were rinsed with 1 mL media, and the tubes were centrifuged at 500 G
for 5 min. The supernatant was aspirated off and the falcon tubes were placed on ice.

Total RNA extraction was performed with E.Z.N.A. Total RNA Kit I. To each tube was added
350 pL TRK lysis buffer, the cells were pipetted up and down until the cells were dissolved into
clear, homogeneous solution which was loaded onto a QIAshredder column. The columns were
centrifuged at 13,300 rpm for 2 min to remove cell debris. To the filtrate was added 350 p.L 70%
ethanol, pipetted up and down, the solution was loaded onto a HiBind RNA mini column, and
centrifuged at 10,000 xG for 1 min. The filtrate was discarded, and the columns were washed twice
with 500 pL. RNA wash buffer Il and centrifuged at 10,000 xG for 1 min. The columns were
centrifuged at 13,300 rpm for 2 min to dry and the columns were transferred to 1.5 mL Eppendorf
tubes. The RNA was eluted by adding 70 uL DEPC water (included in EZNA Kit), incubating for

1 min, and centrifuging at 10,000 xG for 1 min. The concentration was measured with a Thermo
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Scientific nanodrop spectrophotometer using Nucleic Acid, RNA setting and blanking with DEPC
water from Kit.

The samples were prepared for reverse transcription with BioRad iScript cDNA Synthesis Kit.
In a 0.5 mL Eppendorf tube was mixed 4 uL 5X Transcription Buffer, 1 ug RNA, nuclease-free
water to volume of 19 pL, and 1 uL RT Enzyme from kit (20 p.L final volume). The tubes were
incubated at 25 °C for 4 min, 46 °C for 20 min, and 95 °C for 1 min, then cooled to 4 °C. The
reaction mix was purified with QlIAquick PCR purification kit, following manufacturer protocol.
To each tube was added 5 volumes (100 uL) Buffer PB to the PCR reaction. The sample was
applied to a QIAquick column and centrifuged at 13,300 rpm for 1 min. The flow-through was
discarded and the column was washed with 750 L Buffer PE and centrifuged at 13,300 rpm for 1
min. The flow-through was discarded and the column was spun at 13,300 rpm for 1 min to dry.
The DNA was eluted by adding 50 p.L Buffer EB, incubating for 1 min, and centrifuging at 13,300
rom for 1 min. The concentration was measured with a Thermo Scientific nanodrop
spectrophotometer using “Nucleic Acid,” “DNA” setting and blanking with Buffer EB.

PCR amplification of cDNA was run with forward primer: 5’-GTA CCA GCT TGA ATG CTG
CTC CTG-3’ and reverse primer 5’-CTC GAG CGT GGG CAC GCT-3". A 10 M master mix of
primers was made and mixed well. To each of 6 0.5 mL Eppendorf tubes was added 2 pL of the
primer mix, 70 ng cDNA, nuclease-free water to a volume of 25 uL, and 25 pL of Go Taq Green
Master Mix (Promega). The tubes were incubated at 95 °C for 2 min followed by 35 PCR cycles
(95 °C for 30 s, 65 °C for 45 s, 72 °C for 30 s), and 72 °C for 5 min. The tubes were cooled to 0
°C and a non-denaturing PAGE gel was run to analyze samples. A 1 mm gel was set by mixing 1
mL 10X TBE, 9 mL DI water, 2.5 mL acrylamide (37.5:1), 100 pL 30% ammonium persulfate

solution, and 4 pL tetramethylethylenediamine (TEMED). The gels were pre-run at 250 V for 30
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min, and 20 pL of each sample was loaded onto the gel and it was run at 250 V for 20 min. The
gel was stained with 5 uL ethidium bromide (10 mg/mL) in 10 mL DI water, incubated on a shaker
for 20 min, and imaged on a Bio-Rad Gel Doc System. Bands were quantified with ImageJ by
drawing a box of same size around each band, plotting the lanes, drawing a straight line under each
curve, and integrating with the wizard tool in ImageJ. Microsoft Excel was used to make figures

using the average of at least 3 independent experiments with error reported standard error.

A.1.10. General Procedure: Construction and PCR Amplification of Random pGEM Plasmid
Construction of Random pGEM Plasmid: The plasmid was created using Promega’s pGEM-T
Easy Vectors Kit and following the manufacturer’s protocol. Kit components (2X Rapid Ligation
Buffer, pPGEM-T Easy Vector, and Control Insert DNA) were thawed, vortexed, and centrifuged
down before use. In a 0.5 mL Eppendorf tube was mixed 5 puL of 2X Rapid Ligation Buffer, 1 uL
of pGEM-T Easy Vector, and 2 pL of Control Insert DNA. Added 1 pL of T4 DNA Ligase to the
tube (kept in the freezer until ready to use.) The resulting solution was incubated at 4 °C for 24 h
before transforming into E. coli.

Promega A363A Control Insert Sequence (used from Promega pGEM-T Easy Vector Kit as
delivered):
CTTGATTGACAAGGATGGATGGCTACATTCTGGAGACATAGCTTACTGGGACGAAG
ACGAACACTTCTTCATAGTTGACCGCTTGAAGTCTTTAATTAAATACAAAGGATATC
AGGTGGCCCCCGCTGAATTGGAATCGATATTGTTACAACACCCCAACATCTAATTAG
CGGAGTGGCAGGTCTTCCCGACGATGACGCCGGTGAACTTCCCGCCGCCGTTGTTGT
TTTGGAGCACGGAAAGACGATGACGGAAAAAGAGATCGTGGATTACGTGGCCAGTC
AAGTAACAACCGCGAAAAAGTTGCGCGGAGGAGTTGTGTTTGTGGACGAAGTACCG
AAAGGTCTTACCGGAAAACTCGACGCAAGAAAAATCAGAGAGATCCTCATAAAGGC
CAAGAAGGGCGGAAAGTCCAAATTGTAAAATGTAACTGTATTCAGCGATGACGAAA
TTCTTAGCTATTGTAATCCTCCGAGGCCTCGAGGTCGACGAATTCGAGCTCGGCCGA
CTTGGCCAATTCGCCCTATAGTGAGTCGTATTAA
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PCR Amplification: Using pGEM normal duplex plasmid solution prepared from T-Easy Kit,
mixed 10 ng of plasmid, 2.5 pL each of forward (T7) and reverse (SP6) primers (from 10 uM final
volume, from 100 uM solution) and the appropriate aliquot of molecular biology grade water for
a final volume of 25 pL. Vortexed and centrifuged before adding 25 pL of Thermo Scientific 2X
Phusion Master Mix w/ HF Buffer (Ref. F-531) that contains polymerases as well as NTPs. The
PCR solution was incubated on a thermocycler using the following program: 98 °C 30 sec then 30
cycles of 98 °C 30 sec, 56 °C 40 sec, 72 °C 60 sec, and 72 °C 5 min followed by cooling to 4 °C.
After PCR reaction, purified with QIAGEN QIAquick PCR Purification Kit. Combined 5x50 pL
reactions (total 250 pL) in one 2 mL Eppendorf tube and added 5 volumes (1250 pL) of Buffer
PB. The tube was inverted tube several times to mix and the contents were transferred to a spin
column 500 pL at a time. The spin columns were spun down on a microcentrifuge at the 13,300
rpm for one min and the flow through was discarded. This process was continued until all the
solution was washed through the spin column. To wash the column, added 750 pL Buffer PE and
centrifuged for one min at 13,300 rpm. The flow through was discarded and the column was
centrifuged for one min at 13,300 rpm to dry. The flow through was discarded and the spin column
was transferred to a new 1.5 mL Eppendorf tube. To the center of the spin column was added 50
uL Buffer EB (elution buffer) and the column was allowed to sit for 1 min followed by
centrifugation for 1 min at 13,300 rpm. The concentration was tested using a NanoDrop and the
PCR amplification yielded pGEM random duplex plasmid ranging from concentration 174 to 222
ng/uL in 50 pL total volume. The resulting plasmid solution was used within 1 week of synthesis
and freeze-thaw cycles were minimized.

Primers: F-T7 = 5’-TAA TAC GAC TCA CTA TAG GG-3’, R-SP6 = 5’-ATT TAG GTG ACA

CTA TAG AAT AC-3°
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A.1.11. in vitro Transcription of d(CTG-CAG)n Template to form RNA Templates

in vitro transcription of (CTG-CAG)n template. The T7 or SP6 promoter was used to transcribe
d(CTG-CAG)16 template to form r(GGG (CUG)1s CCC). DNA Strands: “A” = 5> — ACG CAC
GCT GTA ATA CGA CTC ACT ATA GGG (CTG)16 CCC - 3’; “B” = 5" — GGG (CAG)1s CCC
TAT AGT GAG TCG TAT TAC AGC GTG CGT - 3’. T7 was also used to transcribe
d(CTG-CAG)74 and d(CTG-CAG)g0o (both plasmids obtained from Maurice Swanson’s group and
cleaved at BamHlI to linearize as described above) to make r(CUG)74 and r(CUG)go or r(CAG)go.
cleaved at BamHI for T7 transcription or EcoRI for SP6 transcription to linearize as described
above) to make r(CUG)go and r(CAG)eo, respectively. T7 binds at the promoter sequence 5’ —
TAATACGACTCACTATAG - 3°, starts transcription at the underlined G, and transcribes using
the opposite strand as a template from 5’ to 3’ to form r(CUG)1e. The manufacturer protocols for
T7 and SP6 polymerases (NEB) were followed. In a 20 pL total volume was mixed nuclease-free
water, reaction buffer (from NEB), and DNA template (about 1 pg DNA). RNase inhibitor (1 pL)
was added followed by 2 uL T7 or SP6 RNA polymerase, and the tube was inverted to mix and
incubated on a shaker at 37 °C for 3 h (for longer r(CUG)74 and r(CUG)go synthesis).

For r(CUG)16 synthesis, a master mix was prepared (of the appropriate amounts for the number
of replicate reactions, each 20 pL total volume) of nuclease-free water, reaction buffer (from
NEB), and both DNA template strands (about 1 ug DNA). The Eppendorf tube containing this
master mix was heated at 95 °C for 5 min and then allowed to cool slowly to room temperature to
anneal the DNA (annealing performed for single stranded (CTG)16 template strands only). The
appropriate aliquot of the master mixture was added to a 0.5 mL Eppendorf tube and 4 pL of NTP

mixture was added (consisting of 1 puL of each from 100 mM stock solutions from NEB). RNase
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inhibitor (1 pL) was added to the tube, 2 uL T7 polymerase was added, and the tube was inverted
to mix and incubated on a shaker at 37 °C for 18-20 h (for shorter r(CUG)16 synthesis only).

To remove the DNA template, 2 uL. DNase (NEB) was added, and the tubes were flicked to
mix. After incubation at 37 °C for 15 min, all replicate reactions were combined into a 1.5 mL
Eppendorf tube, and the product was purified by either phenol:chloroform extraction or using NEB
Monarch RNA Cleanup Kit following the manufacturer protocols. For phenol:chloroform
extraction, 1 volume of cold phenol:chloroform:isoamyl alcohol 25:24:1, saturated with 10 mM
Tris, pH 8.0, 1 mM EDTA (4 °C) was added to the tube, inverted to mix, incubated on ice for 10
min, and inverted again. The resulting clear solution was centrifuged at 13,000 rpm for 2 min, the
top layer was removed and placed in a new 1.5 mL Eppendorf tube. To the top layer was added 1
volume chloroform and the tube was mixed to invert, microfuged at 13,000 rpm for 1 min, and the
top layer was placed in a new 1 mL Eppendorf tube. To the top layers was added 0.10 volume 3
M sodium acetate (aqueous), pH 5.2, and 2.5 volumes cold 100% ethanol (-20 °C). The suspension
was mixed by inverting and incubated at -20 °C overnight. The tube was centrifuged at 13,000
rpm for 30 min at 4 °C and the supernatant ethanol solution was removed. The pellet was washed
by adding 500 pL of 75% ethanol in nuclease-free water (-20 °C) and the tube was centrifuged at
13,000 rpm for 10 min. The supernatant ethanol layer was removed, and the pellet was washed
again with 500 pL 75% ethanol in nuclease-free water, centrifuged at 13,000 rpm for 10 min, and
the supernatant was removed. The pellet was dried via Thermo Scientific Savant ISS110 SpeedVac
and dissolved in 50 puL RNA storage buffer. The concentration was measured using a Thermo
Scientific nanodrop spectrophotometer set to Nucleic Acids, RNA. For Monarch Spin Columns,
manufacturer instructions were followed. The purify of samples was assessed via analytical

polyacrylamide gel electrophoresis (PAGE).
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r(CUG)e=5"-G GGAGACCGGC AGAUCUGAUA UCAUCGAUGA AUUC CUG CUG CUG
CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CcuG
CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG cuUG
CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CcUG
CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG cuUG
CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG CcuG
CUG CUG CUG CUG CUG CUG CUG GAGCUC GGUACCCGG G — 3’(synthesized from
pSP72 (CTG-CAG)go plasmid, MW =102,571.1 g/mol, calculated using IDT OligoAnalyzer Tool)

r(CAG)s = 5° — GAACUCGAGC AGCUGAAGCU UGCAUGCCUG CAGGUCGAcCU
CUAGAGGAUC CCCGGGUACC GAGCUC CAG CAG CAG CAG CAG CAG CAG CAG
CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG
CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG
CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG
CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG
CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG
CAG CAG G — 3’(synthesized from pSP72 (CTG-CAG)go plasmid, MW = 109,737.8 g/mol,
calculated using OligoAnalyzer)

A.1.12. General Synthetic Methods

Cl NH,
NJ§N NHOH NTSN
)|\ /)\ acetone )|\ /)\
Cl N~ cl RT, 1h H,NT N7 cl

82-94%
6-Chloro-1,3,5-triazine-2,4-diamine.® To a 500 mL round-bottom flask was added 25.3 g (137

mmol) cyanuric chloride and 50 mL acetone. The mixture was stirred at room temperature to make
a white suspension and a mixture of 50 mL water and 50 mL 28% w/w agueous ammonium
hydroxide solution (400 mmol) was added dropwise via an addition funnel, giving a white
precipitate. TLC (9 DCM:1 MeOH, Rf 0.5) was used to monitor formation of product. The solid
was filtered using a Buchner funnel, washed with DI water, and dried on a lyophilizer to afford
18.7 g (94%) of the title compound as a white solid: *H NMR (500 MHz, DMSO-ds) § 7.13 (bd, J
= 39.9, 4H); 3C NMR (500 MHz, ds-DMSO) & 169.11, 167.54; LR-ESI-MS (m/z) calcd for

[M+H"] 146.02; found 146.0.
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cl NH,
NIJQN NH;:OH > Nl \)N\
acetione
7 7~
Cl)\N cl 0°C,1h Cl)\N cl
59-89%

4,6-Dichloro-1,3,5-triazin-2-amine.b To a 500 mL round-bottom flask was added 53 g (290
mmol) cyanuric chloride and 100 mL acetone and the mixture was stirred. The resulting white
suspension was cooled to 0 °C. A mixture of 38 mL 28% w/w aqueous ammonium hydroxide
solution (300 mmol) and 100 mL DI water was added to a 200 mL addition funnel. When the
suspension in the round-bottom flask reached 0 °C, the ammonium hydroxide solution was added
dropwise over 40 min. The resulting white suspension was stirred for an additional 20 min. TLC
(9 DCM:1 MeOH, Rf 0.5) was used to monitor formation of product. The mixture was filtered
using a Buchner funnel and washed with 250 mL DI water. The product was dried on a lyophilizer
to remove excess water to yield 42 g (89%) of the title compound as a white powder. *H NMR
(500 MHz, DMSO-dg) & 8.56 (s, 2H). 3C NMR (500 MHz, DMSO-dg) 5 169.33, 167.10. LR-ESI

MS (m/z) calcd for [M+H*] 164.97; found 165.0.

N NH

= HCI, H,SO,
CHCI3, EtOH 0"
RT, 4 d
Z ) 0]
NZ 92% g «2 HCI
NH

Diethyl terephthalimidate dihydrochloride.” All glassware was dried in oven before use. To a
3-necked 250 mL 24-40 round-bottomed flask was added 10.25 g (80.0 mmol) terephthalonitrile,
100 mL chloroform, and 100 mL dry ethanol. Reaction apparatus was assembled to bubble gas
through the reaction. In a separate 2-necked, 200 mL RBF was added 85 mL concentrated
hydrochloric acid, and 85 mL concentrated sulfuric acid was added dropwise via addition funnel

to generate hydrochloride gas. The white solution was stirred under nitrogen atmosphere at room
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temperature for about 4 d, replacing the acid three times. Crude NMR (DMSO-de) was used to
monitor reaction progress. The white precipitate was filtered off and washed with dry ethanol
(~800 mL) to yield 21.58 g (92%) of the title compound as white solid. *H NMR (500 MHz,
DMSO-dg) & 8.24 (s, 4H), 4.58 (q, J = 7.18, 4H), 1.46 (t, J= 6.86, 6H). 13C NMR could not be
obtained because the product is water sensitive and will break down with even a small amount of

water in the NMR solvent over the time of the *C NMR experiment.

A.2. TEMPLATE-ASSISTED ASSEMBLY VIA CLICK CHEMISTRY

A.2.1. Synthetic Methods

AANNBT Nal, > ANNANG
Br DMF N3
40 h, 0°C to RT
85-97%

1,4-diazidobutane.?® To a 250 mL round-bottomed flask was added 5.5 mL (46 mmol) 1,4-
dibromobutane and 54 mL dry DMF and the mixture was cooled to 0 °C. To the clear solution was
added 9.0 g (140 mmol) sodium azide while stirring to form a white suspension that was cooled
slowly to room temperature and stirred for up to 40 h until no starting material was observed by
TLC (3 EtOAc:2 Hex, PPhs and Ninhydrin stains, Rf = 0.85). After the 1,4-dibromobutane had
been consumed, 20 mL DI water was added to quench remaining sodium azide and the clear,
translucent solution was stirred for an additional 30 min. The product was extracted with 3 x 50
mL hexanes, the organic layers were combined, washed twice with 25 mL DI water (to remove
DMF), dried with sodium sulfate, and the solution was concentrated in vacuo to afford 6.3 g (97%)
of the title compound as a clear liquid. Note: the product is somewhat volatile. *H NMR (500 MHz,
CDCls) & 3.34 (t, J = 6.25, 4H), 1.70 (p, J = 3.17, 4 H). 13C NMR (500 MHz, CDCls) & 50.95,

26.20. LR-ESI MS (m/z) calcd for [M+H*] 141.08; found 141.1.
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N3 PPhs o Ao~ UNH2
Ny NN 5% HCI N
EtOAC/Et,0
0°C 1 h, RT 23 h
24-33%

4-azidobutan-1-amine.® To a 500 mL round-bottomed flask was added 9.62 g (68 mmol) 1,4-
diazidobutane, 43 mL diethyl ether, and 43 mL ethyl acetate. The mixture was cooled to 0 °C and
placed under N2 atmosphere. To the resulting clear solution 69 mL 5% HCI (aqueous) was added
dropwise via addition funnel to obtain a biphasic solution. The solution was stirred gently at 0 °C
for 10 min and 17.63 g (67.2 mmol) of triphenylphosphine was added in small portions over 45
min, keeping the mixture at 0 °C. The resulting white, biphasic mixture was slowly warmed to
room temperature and stirred for 20-24 h. TLC was used to monitor reaction progress (9 MeOH:1
NHsOH, Rf = 0.3). The contents of the RBF were decanted into a 500 mL separatory funnel and
the aqueous layer was washed with 3x100 mL DCM and 2x100 mL ethyl acetate. The pH of the
aqueous layer was adjusted to 13 by slowly adding about 60 mL of 2 M sodium hydroxide
(aqueous). The basic aqueous layer was washed 5 times with 100 mL DCM and the organic layers
were combined, dried over sodium sulfate, and concentrated in vacuo to yield 2.56 g (33%) of the
title compound as a tan-colored oil. *H NMR (500 MHz, CDCl3) & 6.62 (bs, 2H), 3.30 (t, J = 6.68,
2H), 2.74 (t, J=7.04, 2H), 1.62 (dddd, J = 13.25, 6.44, 3.39, 1.52, 2H), 1.55 (dddd, J = 0.97, 2.15,
6.14,11.7, 2H). 3C NMR (500 MHz, CDCl3) § 51.32, 41.53, 30.46, 26.30. LR-ESI MS (m/z) calcd

for [M+H™] 115.09; found 115.1.
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i /\/\/NH i
2
CI N N
Iﬁ T g DU
N DIPEA (5 eq) N S
c1”” N7 NH, DMF NSNS ONH,

RT, 8-16 h i
39-86%
Methyl-3-amino-5-((4-azidobutyl)amino)-6-chloropyrazine-2-carboxylate. To a 15 mL, oven-
dried round-bottom flask was added 0.081 g (0.36 mmol) methyl-3-amino-5,6-dichloropyrazine-
2-carboxylate followed by 2.0 mL dry DMF. To the resulting dark brown solution was added 0.31
mL (1.8 mmol) N,N-diisopropyl ethyl amine and the mixture was stirred for 5 min. In a separate
vessel was combined 62 mg (0.54 mmol) 4-azidobutan-1-amine and 0.80 mL dry DMF and the
resulting light tan solution was added to the 15 mL round-bottom flask dropwise under nitrogen
atmosphere. The dark brown solution was stirred at room temperature for about 20 h. Reaction
progress was monitored by TLC (5 Hex:1 EtOAc, Rf = 0.2). The dark brown mixture was
concentrated in vacuo to obtain a brown residue which was partitioned between 50 mL each of DI
water and ethyl acetate. The organic layer was washed with water (3 x 50 mL) and saturated brine
(2 x 50 mL) and dried over sodium sulfate. The light yellow, transparent liquid was concentrated
in vacuo to afford 95 mg (86%) of the title compound as a brown residue. *H NMR (500 MHz,
CDCl3) § 5.53 (brt, J = 5.88, 1H), 3.83 (s, 3H), 3.43 (g, J = 6.57, 2H), 3.29 (t, J = 6.44, 2H), 1.68
(m, 2H), 1.61 (m, 2H), 1.56 (brm, 2H). 3C NMR (500 MHz, CDCl3) § 166.54, 155.54, 151.55,

121.38, 110.43, 52.05, 51.05, 40.73, 26.47, 26.29. LR-ESI MS (m/z) calcd for [M+H*] 300.09;

found 300.1.
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NH

JI_Hel

0 H,NT NH, O NH

i CI N
Cl /N O/ 2 Min MeOH -z NJJ\NH2
N g T o, I H
3\/\/\H N NH, NaH \/\/\H N NH,
65°C, 22 h
)
O NH,
2 M HCIEt,0 CI N NJLNHz
—_— 2
0°C, 20 min N I . H
o NSNS NH
13% over 2 steps H

Amino(3-amino-5-((4-azidobutyl)amino)-6-chloropyrazine-2-carboxamido)methaniminium.
To a 10 mL round-bottom flask was added 71.1 mg (0.237 mmol) methyl-3-amino-5-((4-
azidobutyl)amino)-6-chloropyrazine-2-carboxylate and 1.75 mL THF (0.10 M total reaction
concentration). In a separate vessel was mixed 114 mg (1.19 mmol) guanidine hydrochloride and
0.60 mL methanol and added the solution to the 10 mL round-bottom flask. The resulting light
orange solution was stirred at 65 °C for 4 h and 54.7 mg (2.28 mmol) sodium hydride was added
to deprotonate the guanidine. The light orange solution was stirred at 65 °C for 18 h. TLC was
used to monitor reaction progress (9 DCM:1 MeOH, Rf 0.3). The reaction was quenched with 6
mL methanol, stirred for 30 min, diluted with 50 mL DCM, and washed with 50 mL saturated
brine to obtain a white precipitate which was removed by filtration. The filtrate was transferred to
a separatory funnel, the organic layer was removed, and the aqueous layer was washed with 10
mL DCM. The organic layers were concentrated in vacuo to obtain a yellow solid which was
purified using 0.5” x 6” silica gel column, wet loading the product dissolved in DCM, in gradient
of 95 DCM:5 MeOH to 70 DCM:30 MeOH. The fractions containing product were combined and
concentrated in vacuo. The resulting pink solid was dissolved in methanol and cooled to 0 °C. The

colorless solution was stirred on ice while 1.0 mL 2 M HCI in ether was added dropwise. The
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resulting yellow suspension was stirred for 20 min and triturated with cold ether (3x10 mL). The
white precipitate was dried in vacuo to yield 9.69 mg (12.7% over 2 steps) of the title compound
as a white solid. 'H NMR (500 MHz, DMSO-ds) & 10.60 (s, 1H), 8.58 (bs, 2H), 8.31 (bs, 2H), 8.01
(t, J = 5.82, 1H), 7.54 (bs, 2H), 3.42 (q, J = 6.67, 2H), 3.38 (t, J = 6.74, 2H), 1.64 (m, 2H), 1.57
(m, 2H). 3C NMR (500 MHz, DMSO-ds) 5 165.70, 156.26, 155.47, 152.68, 120.62, 108.63, 50.81,
40.60, 26.16, 25.98. 'H NMR (500 MHz, D;0) & 3.43 (t, J = 6.70, 2H), 3.31 (t, J = 6.45, 2H), 1.63
(m, 4H). C NMR (500 MHz, D,0) & 165.55, 155.88, 154.88, 152.72, 122.03, 108.34, 50.82,
40.44, 25.41, 25.37. LR-ESI MS (m/z) calcd for [M] 327.12; found 327.1. 95.5% pure by HPLC.

Soluble in DMSO and D0, stable by NMR over 7 d in D20.

O
Cl
NH, NH y y \S,/l\
1
N _N_ _N -
N)\IN . O/\/\/ T N \/\NHz |
HZN\/\NJ\\N NSNSNAN N?N TEA, MeCN
H H ¢} -
NH . 6 TFA NH, 0°Cto RT, 56 h
69%
NH, NH ’ ’ o)
| No _N_ _N
\SI N)\N N/\/\/ \r NS \/\N A
- N | H H I H XX~
N\/\N \N N/\/\/N N\fN Sll\
o] : : NH 4 TFA NH,

Compound 5a: N,N*-(((((((1,4-phenylenebis(iminomethylene))bis(azanediyl))bis(butane-4,1-
diyl))bis(azanediyl))bis(6-amino-1,3,5-triazine-4,2-diyl))bis(azanediyl))bis(ethane-2,1-

diyl))bis(3-(trimethylsilyl)propiolamide). To a 20 mL vial was added 19.99 mg (24.1 pmol)
N N*-bis(2-aminoethyl)terephthalimidamide (TFA salt) and 2.5 mL acetonitrile. The resulting
white suspension was cooled to 0 °C. To the vial was added 27 pL (0.2 mmol) triethylamine and
the suspension was stirred for an additional 10 min. In a separate vessel was mixed 16.96 mg (106

pmol) 3-(trimethylsilyl)propioloyl chloride and 1 mL acetonitrile and the resulting clear solution
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was added to the 20 mL vial. The resulting brown solution was warmed to room temperature
slowly and stirred for about 56 h under nitrogen atmosphere. TLC was used to monitor reaction
progress (9 MeOH:1 NH4OH, potassium permanganate stain, Rf 0.05). The solvents were removed
in vacuo to obtain a brown solid that was purified via preparative HPLC (gradient H20 (0.1%
TFA):MeCN (0.1% TFA) from 100:0 to 0:100) to obtain 22.0 mg (69%) of the title compound as
a tan, crystalline solid TFA salt. *H NMR (600 MHz, DMSO-ds) & 9.54 (bs, 2H), 9.13 (bs, 2H),
8.73 (bs, 2H), 7.82 (bs, 1H), 7.67 (bs, 1H), 7.47 (bm, 2H), 7.41 (bs, 4H), 7.35 (s, 4H), 2.99 (bm,
2H), 2.87 (bm, 8H), 2.75 (bm, 2H), 2.42 (bm, 4H), 1.06 (bm, 8H), 0.59 (m, 18H). LR-ESI MS

(m/z) calcd for C2sHasNeO2Siz?* [M+H] 857.5; found 857.2.

NH, NH 0
| A N_ NN
Ssi NP N NN YOS SN N
RN P N H N| N Ho N7
o] NH +4TFA NH;
NH, NH 0
A N N
TBAF (1M, THF) NN SN NN <
—_— \\ H J\ H T H NS
RT, 3h NS S SIS NYN
73% H H
0 NH .6 TFA NH,

Compound 5: N,N*-(((((((1,4-phenylenebis(iminomethylene))bis(azanediyl))bis(butane-4,1-
diyl))bis(azanediyl))bis(6-amino-1,3,5-triazine-4,2-diyl))bis(azanediyl))bis(ethane-2,1-

diyl))bis(3-(trimethylsilyl)propiolamide). To a 20 mL vial was added 22.0 mg (16.8 pumol)
compound 5a (TFA salt) and 140 pL (140 pumol) 1 M tetrabutylammonium fluoride in THF and
1.00 mL DI water. The resulting clear solution was stirred at RT for 3 h and dried in vacuo to
obtain a white solid that was purified via preparative HPLC (gradient H20 (0.1% TFA):MeCN
(0.1% TFA) from 100:0 to 0:100) to yield 19.6 mg (73%) of the title compound as a tan solid TFA

salt. *H NMR (600 MHz, d20) & 7.81 (s, 4H), 3.69 (bm, 4H), 3.50 (bm, 8H), 3.40 (bs, 2H), 3.21
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(bm, 4H), 1.77 (bm, 4H), 1.70 (bm, 4H).23C NMR (600 MHz, d20) & 161.80, 161.03, 160.90%,
160.66*, 160.45*, 160.43*, 160.19*, 158.74, 156.02, 153.99, 131.02, 126.28, 116.93*, 115.00%*,
113.07*, 111.13*, 52.79, 44.41, 40.43, 37.93, 36.76, 35.88, 23.43, 21.79. *TFA peaks. LR-ESI
MS (m/z) calcd for Cs2HasN1s022* [M+2H/2] 357.2; found 357.6. 99% pure by analytical HPLC
(retention time 3.693 min, analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over

5 min, 50% for 5 min, 50-100% over 5 min.)

0
NH /C'
NN
H H —_—
HNT N TEA, MeCN
NH «4 TFA 0°C to RT, ~56 h

53%

AN
\/LH
7

Si NH
I <2 TFA

N,N*-(((1,4-phenylenebis(iminomethylene))bis(azanediyl))bis(ethane-2,1-diyl))bis(3-

(trimethylsilyl)propiolamide). To a 20 mL vial was added 19.98 mg (28.4 pumol) N N*-bis(2-
aminoethyl)terephthalimidamide (TFA salt) and 1.5 mL acetonitrile. The resulting white
suspension was cooled to 0 °C. To the vial was added 28 pL (0.2 mmol) triethylamine and the
suspension was stirred for an additional 10 min. In a separate vessel was mixed 18.21 mg (113
pmol) 3-(trimethylsilyl)propioloyl chloride and 1 mL acetonitrile and the resulting clear solution
was added to the 20 mL vial. The resulting brown solution was warmed to room temperature
slowly and stirred for about 56 h under nitrogen atmosphere. TLC was used to monitor reaction
progress (9 MeOH:1 NH4OH, potassium permanganate stain, Rf 0.05). The solvents were removed

in vacuo to obtain a brown solid that was purified via preparative HPLC (gradient H20 (0.1%
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TFA):MeCN (0.1% TFA) from 100:0 to 0:100) to obtain 10.5 mg (53%) of the title compound as
a white, crystalline solid TFA salt. 'H NMR (600 MHz, DMSO-ds) & 10.22 (bs, 2H), 9.96 (bs, 2H),
9.60 (bs, 2H), 8.26 (bs, 2H), 8.08 (s, 4H), 3.74 (bm, 4H), 3.20 (bm, 4H), 1.24 (s, 8H)*. *Partially
deprotected product leads to smaller trimethylsilyl peak integration. LR-ESI MS (m/z) calcd for

C24H3sNs02Siz?* [M+2H/2] 249.13; found 249.1.

|
NH
2
0 N7 TBAF (1M, THF)
H o v o

H
N
%NN RT, 2.5h
> . H 37%

*2TFA

Compound 9: N,N'-(((1,4-phenylenebis(iminomethylene))bis(azanediyl))bis(ethane-2,1-
diyl))dipropiolamide). To a 20 mL vial was added 10.5 mg (14.5 pmol) N,N'-(((1,4-
phenylenebis(iminomethylene))bis(azanediyl))bis(ethane-2,1-diyl))bis(3-

(trimethylsilyl)propiolamide) (TFA salt) and 160 pL (160 pmol) 1 M tetrabutylammonium
fluoride in THF and 1.00 mL DI water. The resulting clear solution was stirred at RT for 2.5 h and
dried in vacuo to obtain a white solid that was purified via preparative HPLC (gradient H20 (0.1%
TFA):MeCN (0.1% TFA) from 100:0 to 0:100) to yield 3.13 mg (37%) of the title compound as a
white solid TFA salt. *H NMR (600 MHz, d20) & 7.89 (s, 4H), 4.03 (bm, 4H), 3.74 (bm, 4H), 3.30
(s, 2H) .13C NMR (600 MHz, d,0) & 165.51, 164.30, 163.16*,162.92*, 162.69*, 162.45*, 133.07,
127.44,119.14*,117.21*, 115.28*, 113.34*, 44.79, 40.18, 39.28, 36.77. *TFA peaks. LR-ESI MS

(m/z) calcd for C1sH21NsO2" [M+H] 353.41; found 353.6.
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tert-butyl (3-(9-((4-((4,6-diamino-1,3,5-triazin-2-yl)amino)butyl)amino)acridine-4-
carboxamido)propyl)carbamate. All reactions were run under dry nitrogen and with oven-dried
glassware. To an oven-dried 65 mL round-bottom flask was added 0.883 g (3.7 mmol) 9-0x0-9,10-
dihydroacridine-4-carboxylic acid (previously dried on Hi-Vac and then lyophilizer) and 6.0 mL
freshly distilled thionyl chloride. The resulting yellow suspension was heated to 70 °C and 2 drops
anhydrous DMF were added. After about 30 min the solution became homogenous and brownish
orange in color. The reaction was stirred at 70 °C for 30-60 min. TLC was used to monitor reaction
progress (9 DCM:1 MeOH, Rf 0.9). Reaction times longer than 60 min often resulted in
decomposition. The resulting orange solution was cooled to room temperature, 10 mL anhydrous
DCM was added, and the solution was distilled to azeotrope the thionyl chloride. Addition of 10
mL DCM and distillation was repeated 2 additional times. The product was dried in vacuo for a
minimum of 2 h and used directly in the next reaction. The yellow solid product was dissolved in
20 mL DCM and cooled to 0 °C on ice. After stirring the yellow suspension for ~5 min, anhydrous
triethylamine was added dropwise until the pH was about 11 (about 18 mL) and 0.80 mL (4.6

mmol) tert-butyl (3-aminopropyl)carbamate was added. Reaction progress was monitored by TLC
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(9 DCM:1 MeOH, Rf 0.8) and after 12-24 h, the resulting brown solution was dried in vacuo to
yield a brown to light tan solid that was further dried in vacuo. Half of the dry brown solid (1.53
g, crude) was utilized directly in the next reaction. In a 65 mL, oven-dried RBF was mixed the
brown solid and 0.874 g (4.4 mmol) N2-(4-aminobutyl)-1,3,5-triazine-2,4,6-triamine and 20 mL
dry DMF. To the resulting suspension was added 0.77 mL N,N-diisopropylethylamine dropwise.
The light brown suspension was stirred at 80 °C for about 4 h. TLC was used to monitor reaction
progress (9 DCM:1 MeOH, Rf 0.3). The resulting brown solution was dried in vacuo to obtain a
brown oil that was purified using 1.5” x 6” silica gel column with gradient of 9 DCM:1 MeOH:0
NH4OH to 70 DCM:30 MeOH:5 NH4OH. The fractions containing product were combined and
concentrated in vacuo to yield 0.655 g (31% over three steps) of the title compound as an orange
solid. 'H NMR (500 MHz, DMSO-dg) 5 8.68 (d, J = 8.55, 1H), 8.52 (d, J = 8.63, 1H), 8.45 (d, J =
7.37, 1H), 8.00 (t, J = 7.64, 1H), 7.93 (d, J = 8.46, 1H), 7.61 (q, J = 8.04, 2H), 4.22 (brt, J = 7.18,
2H), 3.58 (brt, J = 6.73, 2H), 3.50 (d, J = 7.27, 1H), 3.41 (brt, J = 6.63, 2H), 3.37 (s, 1H), 3.22
(brt, J = 6.22, 2H), 2.72 (s, 1H), 2.06 (m, 2H), 1.87 (m, 2H), 1.76 (m, 2H), 1.46 (s, 9H), 1.38 (t, J
=7.26, 1H). *C NMR (500 MHz, DMSO-ds) & 167.68, 167.09, 166.09, 166.01, 157.16, 153.49,
147.96, 146.99, 140.97, 133.78, 130.66, 128.13, 123.22, 122.71, 120.53, 116.05, 115.28, 107.91,
78.52,49.80, 48.47,39.54, 37.94, 36.84, 29.61, 29.34, 27.96, 27.41, 26.65. LR-ESI MS (m/z) calcd

for [M+H*] 575.31; found 575.3.
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N-(3-aminopropyl)-9-((4-((4,6-diamino-1,3,5-triazin-2-yl)amino)butyl)amino)acridine-4-
carboxamide. In a 100 mL round bottom flask was mixed 655 mg (1.14 mmol) tert-butyl (3-(9-
((4-((4,6-diamino-1,3,5-triazin-2-yl)amino)butyl)amino)acridine-4-
carboxamido)propyl)carbamate, 25 mL trifluoroacetic acid, and 25 mL DCM. The mixture was
stirred at room temperature under nitrogen atmosphere for about 22 h. TLC (8 MeOH:2 NH4OH,
Rf pdt =0.2) was used to monitor reaction progress. The solvents were removed in vacuo and the
resulting black oil was dissolved in 20 mL MeOH and dried in vacuo to yield the product as a fine
yellow solid. *H NMR (600 MHz, DMSO-ds) & 13.68 (s, 1H), 10.03 (bs, 1H), 9.36 (bs, 1H), 8.75-
8.38 (bm, 1H), .8.48 (bs, 1H), 8.26-8.09 (bm, 2H), 8.07-7.96 (bm, 2H), 7.86 (bs, 2H), 7.80-7.56
(bm, 4H), 4.15-4.07 (bm, 2H), 3.19-3.16 (bm, 2H), 3.12-3.04 (bm, 2H), 2.97-2.87 (bm, 2H), 1.96-
1.88 (bm, 2H), 1.70-1.60 (bm, 2H), 1.55-1.40 (bm, 2H), 1.26 (bs, 2H). LR-ESI MS (m/z) calcd for

[M+H"] 475.27; found 475.1.
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N-(4-azidobutyl)-9-((4-((4,6-diamino-1,3,5-triazin-2-yl)amino)butyl)amino)acridine-4-

carboxamide. All reactions were run under dry nitrogen and with oven-dried glassware. To an
oven-dried 100 mL round-bottom flask was added 2.16 g (9.0 mmol) 9-o0x0-9,10-dihydroacridine-
4-carboxylic acid (previously dried on Hi-Vac and then lyophilizer) and 75.0 mL freshly distilled
thionyl chloride. To the resulting yellow suspension was added 6 drops anhydrous DMF and heated
to 70 °C with stirring. After about 50 min the solution became homogenous and brownish orange
in color. The reaction was stirred at 70 °C for 30-60 min and stirred at room temperature to obtain
a yellow precipitate. TLC was used to monitor reaction progress (9 DCM:1 MeOH, Rf 0.9).
Reaction times longer than 60 min often resulted in decomposition. The suspension was transferred
to a 300 mL RBF after cooling to room temperature. To the flask was added 50 mL anhydrous
DCM and the solution was distilled to azeotrope the thionyl chloride. Addition of 50 mL DCM
and distillation was repeated 2 additional times. The product was dried in vacuo for a minimum of
2 h and used directly in the next reaction. The yellow solid product was dissolved in 50 mL DCM
and cooled to 0 °C on ice. After stirring the yellow suspension for ~5 min, anhydrous triethylamine

was added dropwise until the pH was about 11 (about 60 mL) and 1.29 g (11.3 mmol) 4-
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azidobutan-1-amine was added. Reaction progress was monitored by TLC (9 DCM:1 MeOH, Rf
0.8) and after 12-24 h, the resulting brown solution was dried in vacuo to yield a brown to light
tan solid that was utilized directly in the next reaction. In a 100 mL, oven-dried RBF was mixed
the brown solid and 1.0 g (5.1 mmol) N?-(4-aminobutyl)-1,3,5-triazine-2,4,6-triamine and 160 mL
dry DMF. To the resulting suspension was added 1.9 mL N,N-diisopropylethylamine dropwise.
The light brown suspension was stirred at 80 °C for about 3 h. TLC was used to monitor reaction
progress (9 DCM:1 MeOH, Rf 0.9). The resulting brown solution was dried in vacuo to obtain a
brown oil that was purified on a Combiflash silica column (12 g) with gradient of 100 DCM:0
MeOH to 70 DCM:30 MeOH. The fractions containing product were combined and concentrated
in vacuo to yield 0.637 g (14% over three steps) of the title compound as a black solid. *H NMR
(500 MHz, DMSO-ds) & 8.78-8.55 (m, 1H), 8.55-8.39 (m, 1H), 8.33-8.13 (m, 1H), 8.08-7.99 (m,
1H), 7.96-7.82 (m, 2H), 7.80-7.72 (m, 1H), 7.53 (t, J = 7.73, 1H), 7.39-7.30 (M, 1H), 7.29-7.06
(m, 2H), 3.30-3.23 (m, 4H), 2.80 (s, 2H), 1.77-1.47 (m, 6H), 1.29 (dd, J = 14.50, 6.72, 2H), 1.23
(d, J = 6.28, 2H).*Amine protons exchnaged. LR-ESI MS (m/z) calcd for [M+H*] 515.27; found

515.1.
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tert-butyl (2-((6-chloro-2-methoxyacridin-9-yl)amino)ethyl)carbamate. To an oven-dried 50

mL round-bottomed flask was added 285.6 mg (0.85 mmol) tert-butyl(2-aminoethyl)carbamate

and 10 mL dry acetonitrile. The flask was placed under nitrogen in an oil bath at 90 °C. To the
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flask was added 147.09 mg (0.92 mmol) 6-chloro-2-methoxy-9-phenoxyacridine dissolved in 3.4
mL acetonitrile. The yellow suspension was heated to reflux and 10 drops of trifluoroacetic acid
were added to the flask. The resulting bright orange solution was stirred at 90 °C for about 20 h,
cooled to room temperature to form an orange suspension that was filtered with a Buchner funnel.
The orange solid was washed with 2x20 mL cold acetonitrile and 2x20 mL cold diethyl ether to
yield 154 mg (34%) of the title compound as a bright yellow solid TFA salt. *H NMR (500 MHz,
CDCl3) & 12.87 (bs, 1H)*, 8.03 (bs, 1H), 7.40 (bs, 1H), 7.13-6.96 (bm, 1H), 6.84 (bs, 1H), 6.79-
6.75 (bm, 2H), 6.59 (bs, 1H), 6.24 (bs, 1H), 3.28 (bs, 2H), 3.12 (bs, 2H), 2.69 (s, 3H), 1.66 (s, 9H).

*protonated acridine. LR-ESI MS (m/z) calcd for [M+H*] 402.16; found 402.2.
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«2 TFA
N!-(6-chloro-2-methoxyacridin-9-yl)ethane-1,2-diamine. To a 20 mL vial was added 152 mg

(0.38 mmol) of tert-butyl (2-((6-chloro-2-methoxyacridin-9-yl)amino)ethyl)carbamate and 2.4 mL
DCM. To the resulting yellow suspension was added 2.9 mL trifluoroacetic acid and the resulting
orange solution was stirred at room temperature for ~3.5 h. Solvents were removed in vacuo to
obtain 201 mg (quant.) of the title compound as a yellow solid TFA salt. *H NMR (500 MHz,
CDCl3) § 13.77 (s, 1H)*, 8.87 (s, 1H), 8.18 (bd, J = 9.10, 1H), 7.65 (bs, J = 4.85, 1H), 7.54 (bdlt,
J=9.25,4.08, 1H), 7.47 (dd, J = 9.17, 2,51, 1H), 7.35 (d, J = 9.12, 1H), 7.03 (s, 1H), 4.47 (s, 3H),

3.46 (bs, 4H). *protonated acridine. Primary amine protons seem to be exchanged *C NMR (500
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MHz, DMSO-ds) 6 159.13*, 158.85*, 158.57*, 158.29*, 157.56, 156.37, 139.72, 128.08, 124.12,
121.20, 121.14, 119.97*, 118.70, 117.86*, 117.64, 115.30,* 115.20, 115.16, 112.97*, 110.90,
110.86, 56.18, 50.49, 49.06. *TFA peaks. LR-ESI MS (m/z) calcd for [M+H*] 302.78; found

302.0.
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N!-(6-chloro-2-methoxyacridin-9-yl)ethane-1,2-diamine. To a 300 mL round bottomed flask
was added 6.03 g (22 mmol) 6,9-dicholoro-2-methoxyacridine and 117 mL (1.75 mol) 1,2-
diaminoethane. The yellow suspension was stirred in an oil bath at 120 °C under nitrogen. The
yellow suspension transitioned to an orange solution and then a brown solution that was cooled to
room temperature after about 10 h. To the flask was added 280 mL DI water to obtain a yellow
precipitate in an orange solution. Filtered with a Buchner funnel and washed with 20x6 mL DI
water. The solid was suspended in 400 mL diethyl ether, sonicated, filtered again, and washed with
~1200 mL diethyl ether. The solid was dried in vacuo to yield 6.00 g (92%) of the title compound
as an orange solid. 99% pure by analytical HPLC (retention time 4.647 min, analytical HPLC
gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over 5 min.)
'H NMR (500 MHz, CDCls) § 8.37 (d, J = 9.35, 1H), 7.91-7.76 (bm, 2H), 7.64 (d, J = 2.71, 1H),
7.42 (dd, J = 9.30, 2.68, 1H), 7.33 (d, J = 9.40, 1H), 3.94 (s, 3H), 3.72 (t, J = 6.36, 2H), 2.88 (t, J
= 6.35, 2H). Amine protons seem to be exchanged. *C NMR (500 MHz, DMSO-dg) & 155.50,
151.13, 133.89, 131.10, 127.56, 126.97, 124.70, 123.12, 122.52, 117.68, 115.25, 101.37, 101.17,

56.07, 53.11, 42.82. LR-ESI MS (m/z) calcd for [M+H*] 302.11; found 302.0.
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N-(2-((6-chloro-2-methoxyacridin-9-yl)amino)ethyl)propiolamide. To a 65 mL round

bottomed flask was added 503 mg (1.7 mmol) N*-(6-chloro-2-methoxyacridin-9-yl)ethane-1,2-
diamine and 22 mL DCM. In a separate vial was mixed 742 mg DCC (3.6 mmol), 0.27 mL (4.3
mmol) propiolic acid, and 7.0 mL DCM. The resulting white solid was filtered off with a Buchner
funnel and the brown filtrate was added to the round bottom flask at once. The vial and Buchner
funnel were washed with 3 mL DCM and this was added to the flask. The resulting orange
suspension was stirred at room temperature for about 1 h. TLC (8 DCM:2 MeOH, Rf pdt = 0.6)
was utilized to monitor reaction progress. When no more starting material was observed, the
solvents were removed in vacuo to afford a yellow solid. The crude product was packed on silica
and purified using a Combi-Flash RediSep column (silica, 12 g) with elution gradient 100 DCM:0
MeOH to 80 DCM:20 MeOH. The fractions containing product were combined and concentrated
in vacuo to yield 395 mg (68%) of the title compound as an orange solid. *H NMR (500 MHz,
CDCl3) § 9.04 (t, J = 5.79, 1H), 8.43 (d, J = 9.31, 1H), 7.93 (d, J = 2.30, 1H), 7.87 (d, J = 9.29,
1H), 7.71 (d, J = 2.69, 1H), 7.55 (dd, J = 9.35, 2.55, 1H), 7.40 (dd, J = 9.30, 2.18, 1H), 4.18 (s,
1H), 4.00 (td, J = 7.67, 3.15, 2H), 3.97 (s, 3H), 3.55 (g, J = 6.27, 2H), 3.17 (s, 1H). 13C NMR (500
MHz, DMSO-de) & 155.20, 154.54, 153.40, 152.04, 143.32, 139.90, 136.28, 127.28, 125.21,
122.65, 112.68, 111.48, 111.29, 102.35, 77.61, 76.02, 55.52, 48.26, 48.05. HR-ESI MS (m/z) calcd

for [M+H™] 354.10038; found 354.1016.
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56-64%
6-aminoindole.! To an oven-dried 250 mL round-bottomed flash was added 1.00 g (6.17 mmol)
6-nitroindole. The round-bottomed flask was purged with vacuum and nitrogen and 70 mL
methanol was added to obtain a light orange, transparent solution. In a separate vessel was mixed
a dime-sized amount of 10 wt. % loading palladium on carbon, 1 mL DCM, and 4 mL methanol.
The black palladium on carbon mixture was added to the round-bottomed flask under nitrogen and
stirred to obtain a blackish green solution. The nitrogen was turned off and hydrogen gas was
bubbled through the reaction until no more starting material was observed via TLC (3 EtOAc:2
Hex, Rf 0.4). The mixture was filtered through celite in methanol and the filtrate was concentrated
in vacuo to yield 0.523 g (64%) of the title compound as a black solid. *H NMR (500 MHz, DMSO-

de) 8 10.42 (s, 1H), 7.15 (d, J = 8.28, 1H), 6.94 (dd, J = 3.13, 2.17, 1H), 6.54 (brt, J = 0.97, 1H),

6.36 (dd, J = 8.31, 1.98, 1H), 6.16 (ddd, J = 3.06, 1.98, 0.96, 1H), 4.64 (s, 2H).

H H
HoN
2 N M HCVELO o "N N
% MeOH 7 i

0°C, 20 min
RT, 4 h

6-aminoindole hydrochloride. To a 100 mL round-bottom flask was added 0.54 g (4.0 mmol) 6-
aminoindole and 4 mL methanol. The mixture was stirred to obtain a dark brown suspension which
was cooled to 0 °C and 5.0 mL (5.2 mmol) 1 molar HCI in ether was added dropwise over 20 min.
The mixture was slowly warmed to room temperature and stirred for 4 h. The resulting black
solution was concentrated in vacuo to obtain a brown solid. The product was stored under high

vacuum until use in further reactions.
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5-aminoindole.! To an oven-dried 250 mL round-bottom flask was added 1.00 g (6.17 mmol) 5-
nitroindole. The flask was purged under vacuum, filled with nitrogen, and 70 mL dry methanol
was added to obtain a light orange transparent solution. In a separate vessel was mixed a dime-
sized amount of 10 wt. % loading palladium on carbon, 1 mL DCM, and 4 mL methanol. The
black palladium on carbon mixture was added to the round-bottomed flask under nitrogen and
stirred to obtain a blackish green solution. The nitrogen was turned off and hydrogen gas was
bubbled through the reaction until no more starting material was observed via TLC (3 EtOAc:2
Hex, Rf 0.6). The mixture was filtered through celite in methanol and the filtrate was concentrated
in vacuo to afford 0.80 g (97%) of the title compound as a brown solid. *H NMR (500 MHz,
DMSO-dg) & 10.55 (s, 1H), 7.11 (t, J = 2.66, 1H), 7.07 (d, J = 8.49, 1H), 6.68 (d, J = 1.51, 1H),
6.48 (dd, J = 8.49, 2.01, 1H), 6.16 (bs, 1H), 4.39 (s, 2H), 1.38 (s, 1H). 1*C NMR (500 MHz,
DMSO-de) 6 141.46, 130.19, 128.98, 125.14, 112.25, 111.80, 103.63, 100.05. HR-ESI MS (m/z)

calcd for [M+H"] 133.07; found 133.0764.

JOl\/\/\ = I
HO Br DMF HOJ‘I\/\/\N3
65°C, 4 h
40%

5-azidopentanoic acid.'? To a 25 mL, 2-necked round-bottom flask was added 7.21 g (40.0 mmol)
5-bromovaleric acid and 2.59 g (39.8 mmol) sodium azide. The flask was purged with vacuum and
filled with nitrogen and 6.2 mL DMF was added. The resulting light orange suspension was stirred
at 65 °C for about 4 h. TLC was used to monitor reaction progress (2 EtOAc:3 Hex, Rf =0.6). To

the suspension was added 30 mL DI water and the resulting solution was transferred to a 125 mL

177



separatory funnel. The product was extracted with ethyl acetate (3 x 30 mL) and the organic layers
were combined and washed with 50 mL brine. The organic layer was dried with sodium sulfate
and concentrated in vacuo to obtain a clear to faint yellow liquid. The crude product was purified
by silica gel chromatography (wet-loaded) with a 0.5” x 12” column and a gradient of 95 Hex:5
EtOAc to 80 Hex:20 EtOAc. The fractions containing the desired product were combined and
concentrated in vacuo to afford 2.25 g (40%) of the title compound as a transparent oil. *H NMR
(500 MHz, CDCl3) § 11.69 (bs, 1H), 3.31 (t, J = 6.59, 2H), 2.41 (t, J = 7.14, 2H), 1.72 (m, 2H),
1.66 (m, 2H). 3C NMR (500 MHz, CDCls) § 179.80, 51.07, 33.46, 28.22, 21.83. LR-ESI MS (m/z)

calcd for [M] 143.07, found 142.2.
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RT, 16 h

66%
2,5-dioxopyrrolidin-1-yl 5-azidopentanoate.® To a 15 mL round-bottom flask was added 0.25
g (1.8 mmol) 5-azidopenatnoic acid and 3.5 mL anhydrous DMF. To the colorless solution was
added 0.50 g (2.6 mmol) EDC-HCI and 0.24 g (2.1 mmol) N-hydroxy succinimide. The mixture
was placed under nitrogen atmosphere and stirred at room temperature for about 16 h. TLC (3
EtOAc:2 Hex, Rf 0.4) was used to monitor reaction progress. The mixture was diluted with 13 mL
ethyl acetate and decanted into a 125 mL separatory funnel to obtain a cloudy white solution which
was washed with 13 mL saturated ammonium chloride (aqueous). The clear organic layer was
washed with 13 mL DI water and 13 mL saturated brine (aqueous), dried over sodium sulfate, and

concentrated in vacuo to yield 0.27 g (66%) o the title compound as a transparent to slightly pink

oil. Product contains DMF and ethyl acetate. 'H NMR (500 MHz, CDCls) § 3.34 (t, J = 6.62, 2H),
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2.84 (bs, 4H), 2.66 (t, J = 7.23, 2H), 1.85 (p, J = 7.26, 2H), 1.72 (dt, J = 13.53, 6.72, 2H). 13C
NMR (500 MHz, CDCls) 6 169.11, 168.19, 50.83, 30.43, 27.89, 25.60, 21.85. LR-ESI MS (m/z)
calcd for [M+H™] 241.09; found 241.0. Acylation attempted to form S1 and product was purified,
but it was not acylated at indole nitrogen as expected. A good way to determine which NH2 was
acylated would be with NOE experiment, but the sample is not concentrated enough, and all

product was used in the NMR sample.

Amiloride derivatization: Adaptations from previously reported intermediates

j\O).j\O)OI\OJ< >

HaN A~ NH: H2N\/\/H\n/0\ﬁ
CHCl, o
0°C,5h
RT, 16 h
56%

tert-butyl (3-aminopropyl)carbamate.* To a 500 mL round-bottom flask was added 19.3 mL
(229 mmol) propane-1,3-diamine and 100 mL chloroform and the mixture was cooled to 0 °C on
ice. A mixture of 5.05 g (23.1 mmol) di-tert-butyl dicarbonate in 250 mL chloroform was added
dropwise via an addition funnel to the 500 mL round-bottom flask on ice over 5 h and the reaction
was slowly warmed to room temperature. The resulting white, translucent mixture was stirred at
room temperature for about 16 h. Reaction progress was monitored by TLC (9 MeOH:1 NH4OH,
Rf = 0.5). The mixture was transferred to a 500 mL separatory funnel and washed with DI water
(6 x 150 mL). The combined organic layers (clear solution) were dried over sodium sulfate and
concentrated in vacuo to afford 2.25 g (56%) of the title compound as a clear oil. *H NMR (500
MHz, DMSO-ds) & 6.76 (bs, 1H), 3.29 (bs, 2H), 2.95 (g, J = 6.62, 2H), 2.51 (t, J = 6.65, 2H), 1.42
(p, J = 6.92, 2H), 1.37 (s, 9H). 3C NMR (500 MHz, DMSO-ds) & 156.09, 77.74, 39.60, 38.12,

33.91, 28.74. LR-ESI MS (m/z) calcd for [M+H"] 175.14; found 175.1.
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43-72%
methyl 3-amino-5-((3-tert-butoxycarbonyl)amino)propyl)amino)-6-chloropyrazine-2-

carboxylate. To an oven-dried 15 mL round-bottom flask was added 80.0 mg (0.36 mmol) methyl
3-amino-5,6-dicholoropyrazine-2-carboxylate and 2.5 mL anhydrous DMF. The dark brown
solution was placed under nitrogen atmosphere and 0.31 mL N,N-diisopropylethylamine was
added. The mixture was stirred for 5 min and 69.6 mg (0.40 mmol) tert-butyl (3-aminopropyl)
carbamate dissolved in 0.70 mL anhydrous DMF was added dropwise to the round-bottom flask
over five min. The resulting dark brown solution was stirred at room temperature for about 18 h.
TLC was used to monitor reaction progress (5 Hex:1 EtOAc, Rf = 0.55). The mixture was
concentrated in vacuo to obtain a brown residue, which was dissolved in 50 mL ethyl acetate and
transferred to a separatory funnel with 50 mL DI water. The ethyl acetate layer was washed with
DI water (3 x 50 mL) and saturated brine (agueous, 2 x 50 mL). The organic layers were combined,
dried over sodium sulfate to obtain a yellow liquid, and concentrated in vacuo to afford 93 g (72%)
of the title compound as a thin orange film. *H NMR (500 MHz, DMSO-dg) § 7.51 (brt, J =5.81,
1H), 7.24 (bs, 2H), 6.84 (brt, J = 5.91, 1H), 3.74 (s, 3H), 3.37 (g, J = 6.32, 2H), 2.98 (q, J = 6.47,
2H), 1.68 (p, J = 6.72, 2H), 1.39 (s, 9H). 13C NMR (500 MHz, DMSO-ds) 5 165.98, 155.71, 154.80,
151.37, 119.78, 108.30, 77.60, 51.19, 38.28, 37.09, 28.83, 28.30. LR-ESI MS (m/z) calcd for

[M+H"] 360.14; found 360.1.
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methyl 3-amino-5-((3-aminopropyl)amino)-6-chloropyrazine-2-carboxylate. To an oven-
dried 10 mL round-bottom flask was added 93 mg (0.26 mmol) methyl-3-amino-5-((3-((tert-
butoxycarbonyl)amino)propyl)amino)-6-chloropyrazine-2-carboxylate and 1.5 mL anhydrous
ethyl acetate. The resulting light orange solution was placed under nitrogen and cooled to 0 °C on
ice. To the round-bottom flask was added 0.70 mL TFA dropwise while stirring and the mixture
was slowly warmed to room temperature. The mixture was stirred for about 24 h. TLC was used
to monitor reaction progress (9 MeOH:1 NH4OH, Rf 0.8). The light orange solution was
concentrated in vacuo to yield 125 mg of the title compound as a red oil (contains EtOAc). *H
NMR (500 MHz, DMSO-de) & 7.72 (bs, 2H), 7.66 (t, J = 5.87, 1H), 7.26 (bs, 2H), 3.42 (q, J =
6.18, 2H), 2.82 (brg, J = 6.49, 2H), 1.84 (p, J = 6.74, 2H). 3C NMR (500 MHz, DMSO-ds) &
166.34, 159.12, 158.84, 158.56, 158.28, 155.99, 151.88, 120.15, 108.98, 51.65, 37.95, 37.26,

27.13. LR-ESI MS (m/z) calcd (without TFA) for [M+H"] 260.08; found 260.1.
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tert-butyl (3-(9-((4-((4,6-diamino-1,3,5-triazin-2-yl)amino)butyl)amino)acridine-4-
carboxamido)propyl)carbamate. All reactions were run under dry nitrogen and with oven-dried
glassware. To an oven-dried 50 mL round-bottom flask was added 0.50 g (2.1 mmol) 9-0x0-9,10-
dihydroacridine-4-carboxylic acid (previously dried on Hi-Vac and then lyophilizer) and 5.0 mL
freshly distilled thionyl chloride. To the resulting yellow suspension was added 5 drops anhydrous
DMF, and after about 10 s the solution became transparent orange in color. The reaction was heated
at 80 °C for 30-60 min. TLC was used to monitor reaction progress (9 DCM:1 MeOH, Rf 0.9).
Reaction times longer than 60 min often resulted in decomposition. The resulting orange solution
was cooled to room temperature, 5 mL anhydrous DCM was added, and the solution was distilled
to azeotrope the thionyl chloride. Addition of 5.0 mL DCM and distillation was repeated 2
additional times. The product was dried on Hi-Vacuum for a minimum of 2 h. The yellow solid
product was dissolved in 11.5 mL DCM and cooled to 0 °C. After stirring the yellow suspension
for 10 min, anhydrous triethylamine was added dropwise until the pH was about 11 and 0.45 mL
(2.61 mmol) tert-butyl (3-aminopropyl)carbamate was added. Reaction progress was monitored

by TLC (9 DCM:1 MeOH, Rf 0.8) and after 12-14 h, the resulting brown solution was dried in
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vacuo to yield a brown to light tan solid that was further dried in vacuo. To the dry brown solid
was added 0.62 g (3.2 mmol) N2-(4-aminobutyl)-1,3,5-triazine-2,4,6-triamine and 11.3 mL DMF.
To the resulting suspension, 0.90 mL N,N-diisopropylethylamine was added dropwise. The light
brown suspension was stirred at 80 °C for about 4 h. TLC was used to monitor reaction progress
(9 DCM:1 MeOH, Rf 0.3). The resulting brown solution was dried in vacuo to obtain a brown oil
that was purified using 1” x 6” silica gel column, wet loading the brown oil, in gradient of 98
DCM:2 MeOH:0 NH4OH to 70 DCM:30 MeOH:5 NH4OH. The fractions containing product were
combined and concentrated in vacuo to yield 0.33 g (27% over three steps) of the title compound
as an orange solid. *H NMR (500 MHz, CD30D) § 8.68 (d, J = 8.55, 1H), 8.52 (d, J = 8.63, 1H),
8.45 (d, J = 7.37, 1H), 8.00 (t, J = 7.64, 1H), 7.93 (d, J = 8.46, 1H), 7.61 (g, J = 8.04, 2H), 4.22
(brt, J =7.18, 2H), 3.58 (brt, J = 6.73, 2H), 3.50 (d, J = 7.27, 1H), 3.41 (brt, J = 6.63, 2H), 3.37 (s,
1H), 3.22 (brt, J = 6.22, 2H), 2.72 (s, 1H), 2.06 (m, 2H), 1.87 (m, 2H), 1.76 (m, 2H), 1.46 (s, 9H),
1.38 (t, J = 7.26, 1H). *3C NMR (500 MHz, DMSO-ds) & 167.68, 167.09, 166.09, 166.01, 157.16,
153.49, 147.96, 146.99, 140.97, 133.78, 130.66, 128.13, 123.22, 122.71, 120.53, 116.05, 115.28,
107.91, 78.52, 49.80, 48.47, 39.54, 37.94, 36.84, 29.61, 29.34, 27.96, 27.41, 26.65. LR-ESI MS

(m/z) calcd for [M+H*] 575.31; found 575.3.

A.3. REVERSIBLE TEMPLATE-ASSISTED LIGATION
A.3.1. Synthetic Methods
The following were synthesized according to previously reported procedures: compound 1,%°

diethyl terephthalimidate dihydrochloride,” and 4,6-dichloro-1,3,5-triazin-2-amine.’
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4-(dimethoxymethyl)benzonitrile.®* To a 250 mL round-bottom flask was added 8.04 g (61.3
mmol) 4-formylbenzonitrile and 106 mL anhydrous methanol. The resulting clear solution was
warmed to 45 °C in an oil bath and 40.0 mL (366 mmol) trimethoxymethane was added followed
by 0.5 mL conc. HCI was added dropwise. The mixture was stirred for about 16-24 h at 45 °C.
TLC (8 pet. ether:2 ethyl acetate, Rf 0.75) was used to monitor reaction progress. The resulting
tan solution was cooled to room temperature and dried in vacuo. The crude yellow oil was
dissolved in 150 mL ethyl acetate and washed with 3x150 mL saturated NaHCO3 and 3x150 mL
brine. The organic layer was dried over sodium sulfate and dried in vacuo to yield 10.8 g (100%)
of the title compound as an orange oil. *H NMR (500 MHz, DMSO-ds) & 7.86 (bd, J = 8.35, 2H),
7.56 (bd, J = 8.32, 2H), 5.47 (s, 1H), 3.26 (s, 6H). 3C NMR (500 MHz, DMSO-ds) & 143.85,

132.68, 128.00, 119.09, 111.73, 102.10, 53.25. LR-ESI MS (m/z) calcd for [M+H*] 178.09; found

0 LAH, THE o~
0°C to RT, 12-24 h
= H,N
N7 3-37%

(4-(dimethoxymethyl)phenyl)methanamine.!® To an oven-dried 300 mL round-bottom flask

178.1.

was added 0.84 g (22 mmol) lithium aluminum hydride and 25 mL anhydrous THF. The resulting
grey suspension was cooled on ice and kept under nitrogen. To the suspension was added slowly,
dropwise a solution of 1.97 g (11.1 mmol) 4-dimethoxymethyl)benzonitrile dissolved in 2.5 mL

anhydrous THF. The resulting green suspension was warmed slowly to RT and stirred for 24 h.
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The suspension was cooled on ice and 11 mL of 1M NaOH (aqueous) was added slowly, dropwise
and stirred overnight, warming slowly to room temperature. The resulting white suspension was
filtered over celite and washed with 2 x 200 mL ethyl acetate. The yellow filtrate was washed with
2 x 75 mL saturated NaHCO3 and 2 x 50 mL brine. The organic layer was dried over sodium
sulfate and dried in vacuo to obtain 0.76 g (37%) of the title compound as a yellow oil. *H NMR
(500 MHz, DMSO-ds) & 7.33 (q, J = 7.55, 4H), 5.36 (s, 1H), 3.73 (s, 2H), 3.23 (s, 6H). 3C NMR
(500 MHz, DMSO-ds) § 144.73, 136.55, 127.20, 126.75, 103.10, 52.85, 45.80. LR-ESI MS (m/z)

calcd for [M+H*] 182.12; found 182.1

- NTSN NH,
? |
7
o~ Cl)\NJ\CI N)\N
> |
HN DIPEA, MeCN cI” NT N
RT, ~21h O
32-33%
O\

6-chloro-N2-(4-(dimethoxymethyl)benzyl)-1,3,5-triazine-2,4-diamine. To a 200 mL round-
bottom flask was added 1.25 g (7.57 mmol) 4,6-dicholoro-1,3,5-triazine-2-amine and 42 mL
acetonitrile. The resulting clear solution was placed under nitrogen and a solution of 1.50 g (8.28
mmol) (4-(dimethoxymethyl)phenyl)methanamine dissolved in 5.2 mL acetonitrile was added
dropwise. The resulting cloudy white solution was stirred at room temperature for about 21 h. TLC
(9 DCM:1 MeOH, Rf 0.7) was used to monitor reaction progress. The white suspension was
filtered and washed with 50 mL acetonitrile to obtain 0.710 g (33%) of the title compound as a
white solid. *H NMR (500 MHz, DMSO-ds) & 8.32 (bs, 3H), 7.50 (d, J = 7.99, 2H), 7.43 (d, J =
7.90, 2H), 5.41 (s, 1H), 4.40 (s, 1H), 3.25 (s, 6H). 3C NMR (500 MHz, DMSO-d6) & 193.29%,
141.05, 136.48, 130.13, 129.93, 53.24, 49.07, 42.38. *Melamine peaks seem to be coincident. LR-

ESI MS (m/z) calcd for [M+H+] 310.11; found 310.1.
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Compound 2a. To a 50 mL round-bottom flask was added 0.70 mL (6.9 mmol) 1,4-diaminobutane
and 1.0 mL methanol. To the clear solution was added dropwise 0.710 g (2.29 mmol) 6-chloro-
N2-(4-(dimethoxymethyl)benzyl)-1,3,5-triazine-2,4-diamine dissolved in 4.5 mL methanol while
stirring. The solution was stirred at 70 °C for about 19 h and cooled to room temperature. TLC (8
DCM:2 MeOH, Rf 0.4) was used to monitor reaction progress. The solvents were removed in
vacuo to obtain a yellow oil that was further purified on a CombiFlash silica column (24 g) with
gradient 95 DCM:5 MeOH to 70 DCM:30 MeOH. The fractions containing product were
combined and dried in vacuo to yield about 115 mg (14%) of the title compound as a tan crystalline
solid. 'H NMR (500 MHz, DMSO-ds) & 8.07 (bs, 2H), 7.31 (bm, 4H), 7.22 (bs, 1H), 6.42 (bs, 1H),
5.35 (bs, 1H), 4.45 (bs, 2H), 3.22 (s, 6H), 3.17 (bm, 2H), 2.77 (bm, 2H), 1.51 (bm, 4H). 3C NMR
(500 MHz, DMSO0-d6) 6 166.06, 136.92, 136.81, 127.51, 127.13, 126.82, 126.77, 103.07, 52.94,

49.05, 43.20, 38.96, 26.72, 24.89. LR-ESI MS (m/z) calcd for [M+H+] 362.23; found 362.23.
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Compound 2. To a 35 mL oven-dried round-bottom flask was added 0.049 g (0.167 mmol) diethyl
terephthalimidate dihydrochloride and 2.3 mL anhydrous ethanol and the flask was cooled to 0 °C
and kept under nitrogen atmosphere. To the white suspension was added 0.74 mL (4.2 mmol) N,N-
diisopropylethylamine to obtain a colorless solution. To the round-bottom flask was added 115 mg
(0.317 mmol) N2-(4-aminobutyl)-N4-(4-(dimethoxymethyl)benzyl)-1,3,5-triazine-2,4,6-triamine
dissolved in 2.0 mL anhydrous ethanol. The colorless suspension was stirred at 0 °C for ~2 h,
warmed slowly to 25 °C and stirred for about 22 h. TLC was used to monitor progress with
ninhydrin stain (8 MeOH:2 NH4OH, Rf 0.4). The resulting solution was dried in vacuo to obtain
a white solid that was directly deprotected. To the white solid was added 5 mL methanol to obtain
a clear solution that was cooled to 0 °C on ice. To the solution was added 1.0 mL conc. HCI
dropwise over 5 min. The resulting clear solution was warmed slowly to room temperature and
stirred for about 22 h under nitrogen. The crude product was purified using preparative HPLC
(gradient H20 (0.1% TFA):MeCN (0.1% TFA) from 100:0 to 0:100 to yield 20.1 mg (17% over
two steps) of the title compound as a white solid. 96% pure by analytical HPLC (retention time

5.022 min, gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100%
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over 5 min.). *H NMR (500 MHz, DMSO-ds) & 9.91 (d, J = 10.32, 2H), 9.84 (bs, 1H), 9.79 (b,
1H), 9.51 (bs, 2H), 9.14-9.05 (bm, 2H), 8.65 (s, 1H), 8.08 (d, J = 8.17, 4H), 7.85-7.75 (m, 8H),
7.46 (d, J = 7.87, 4H), 4.57-4.50 (bm, 4H), 3.84 (s, 4H), 3.26-3.18 (bm, 4H), 1.66-1.54 (bm, 4H),
1.50 (bp, J = 7.21, 2H), 1.43 (bg, J = 7.06, 2H). 13C NMR (500 MHz, DMSO-d6) § 195.67, 167.86,
163.38, 163.35,* 163.10,* 162.82,* 162.54,* 146.49, 134.61, 133.98, 132.67, 130.34, 130.04,
129.33, 127.79, 127.51, 119.80,* 117.48,* 115.16,* 112.84,* 53.02, 44.03, 42.47, 39.76, 37.85,
25.65, 23.62. COSY NMR (500 MHz, d20) Figure A.3. HSQC (500 MHz, d,O) Figure A.4.

HMBC (500 MHz, d20) Figure A.5. MALDI MS (m/z) calcd for [M+H*] 759.41; found 759.642.
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Figure A.3. COSY NMR in d,O of 2.
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NZ2-(4-aminobenzyl)-6-chloro-1,3,5-triazine-2,4-diamine. To a 100 mL round-bottom flask was
added 0.50 g (3.0 mmol) 4,6-dicholoro-1,3,5-triazin-2-amine, 19 mL acetonitrile, and 1.06 mL
(6.1 mmol) N,N-diisopropylethylamine. The resulting yellow solution was placed under nitrogen
and 0.69 mL (6 mmol) 4-aminobenzylamine was added. The white suspension was stirred at room
temperature for about 14 h. TLC (9 DCM:1 MeOH, ninhydrin stain, Rf 0.7). The white precipitate
was filtered with a Buchner funnel and dried under vacuum for about 1.5 h to yield 691 mg (91%)
of the title compound as a white solid. *H NMR (500 MHz, DMSO-ds) & 8.04 (t, J = 6.24, 1H),
7.29 (bd, J = 5.91, 1H), 6.93 (t, J = 8.16, 2H), 6.50 (d, J = 8.30, 2H), 4.95 (s, 2H), 4.25 (dd, J =
6.22, 11.90, 2H). *C NMR (500 MHz, DMSO-ds) & 168.63, 167.41, 166.08, 148.02, 128.62,

126.42, 114.13, 43.52. LR-ESI MS (m/z) calcd for [M+H*] 251.70; found 251.1.

NH, NH )N\Hz
/\/\/ 2
NJ\IN H2N N/ IN
—>
HoN N\
c1” SN N MeOH 2 \/\/\H NN
H 70°C, 3.5 h \H
NH; 49-76 % 3a 2

Compound 3a. To a 50 mL round-bottom flask equipped with a reflux condenser was added 0.60
mL (0.60 mmol) 1,4-diaminobutane and 2.0 mL methanol. The clear solution was stirred at 70 °C
and to the flask was slowly added 0.301 g (1.2 mmol) N?-(4-aminobenzyl)-6-chloro-1,3,5-triazine-
2,4-diamine dissolved in 5 mL methanol. The resulting white suspension was stirred at 70 °C for

about 3.5 h and dried in vacuo. TLC was used to monitor reaction progress (9 MeOH:1 NH4OH,
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ninhydrin stain, Rf 0.4). The crude product was purified on silica gel column with elution gradient
90 DCM:10 MeOH to 70 DCM:30 MeOH + 5 % NH4OH. The fractions containing product were
combined and dried in vacuo to obtain 362 mg (76 %) of the title compound as a yellow powder.
The product was further purified using preparative HPLC (gradient H20 (0.1% TFA):MeCN (0.1%
TFA) from 100:0 to 0:100 to obtain the title compound as a yellow, crystalline solid. 99% pure by
analytical HPLC (retention time 3.952 min, analytical HPLC gradient acetonitrile in water, 0.1%
TFA 0-50% over 5 min, 50% for 5 min, 50-100% over 5 min.) *H NMR (500 MHz, DMSO-ds) &
6.95 (bs, 2H), 6.81 (bm, 2H), 6.48 (d, J = 8.26, 2H), 6.41 (bs, 1H), 5.91 (bm, 2H), 4.88 (bs, 2H),
4.24 (bd, J = 6.18, 2H), 3.18 (bm, 4H), 2.70 (bs, 2H), 1.48 (bs, 4H). 3C NMR (500 MHz, DMSO-
de) 6 166.54, 162.79, 155.99, 155.58, 147.63, 128.27, 114.05,49.07, 36.26,* 27.02*. *Likely result
of two overlapping methylene groups on the aliphatic diaminobutane chain. HR-ESI MS (m/z)

calcd for [M+H"] 303.39; found 303.2056.
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NN N/\©\ Y o5
H H
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Compound 3. To a 100 mL oven-dried round-bottom flask was added 0.180 g (0.614 mmol)
diethyl terephthalimidate dihydrochloride and 6.0 mL freshly distilled ethanol. The resulting white

suspension was cooled to 0 °C and kept under nitrogen atmosphere. To the white suspension was
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added 0.30 mL (1.7 mmol) N,N-diisopropylethylamine to obtain a colorless solution. A solution
of 361 mg (1.19 mmol) N2-(4-Aminobutyl)-N4-(2,2,dimethoxyethyl)-1,3,5-triazine-2,4,6-triamine
dissolved in 10 mL freshly distilled ethanol was added to the round-bottom flask. The colorless
suspension was stirred at 0 °C for ~2 h, warmed slowly to 25 °C and stirred for about 18 h. The
solvents were removed in vacuo to obtain a tan solid. TLC was used to monitor progress with
ninhydrin stain (8 MeOH:2 NH4OH, Rf 0.6). The crude product was purified on a silica column
with elution gradient 9 DCM:1 MeOH to 7 DCM:3 MeOH + 5 % NH4OH. The fractions containing
product were combined and dried in vacuo to obtain the title compound as a yellow solid. The
product was further purified using preparative HPLC (gradient H20 (0.1% TFA):MeCN (0.1%
TFA) from 90:10 to 0:100 to obtain 27.41 mg (11%) of the title compound as a yellow, crystalline
solid. 99% pure by analytical HPLC (retention time 4.160 min, analytical HPLC gradient
acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over 5 min.) *H NMR
(500 MHz, DMSO-d6) & 10.02 (s, 2H), 9.67 (s, 2H), 9.22 (s, 2H), 8.61 (s, 1H)*, 8.32 (s, 2H)*,
7.93 (s, 4H), 7.81 (s, 2H)*, 7.16 (bm, 4H), 6.82 (bm, 4H), 4.41 (bd, J = 5.57, 4H), 3.39 (bm, 8H),
1.66 (bm, 8H). *Partially exchanged amines. *3C NMR (500 MHz, DMSO-d6) § 162.47, 159.13,
158.87, 158.60, 133.54, 129.20, 129.08, 118.29, 115.93, 43.00, 26.40, 25.07. Suspected that
additional 2 methylene peaks are suppressed under the DMSO solvent peak. HR-ESI MS (m/z)

calcd for [M+H] 733.44; found 733.4385.

A.3.2. in vitro Transcription Inhibition Assay

See General Methods section A.1.8 above.
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A.4. DYNAMIC COVALENT SCREEN FOR NUCLEIC ACID TARGETING AGENTS
A.4.1. Synthetic Methods

Compounds A3, A4, N2, N5, N6, and N7 were purchased from commercial sources, purified to
achieve at least 95% purity, and utilized in the screen.

The following were synthesized according to previously reported procedures: diethyl

terephthalimidate dihydrochloride,” N9, and 6-cholor-2-methoxy-9-phenoxyacridine.*®

(o)
7~ Y\NHZ
cl NH> 0 NH;
-~
NJ\N NH.OH N)\N DIPEA NékN
/k\ k acetone )\\ J\ MeCN o - |
" N"el oo 1h c” SN“Yci RT,14h - 1/\” N7 el
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MeOH P e o T v L i EtOH
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Scheme A.1. Synthetic route to hemiaminal Al. Notably, upon deprotection of the acetal, the cyclized

aldehyde product was formed.
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Synthesis of Hemiaminal Al

NH
NH, 2

S

)Nl\)j\l\ ' HZN/\orO\ BII:CEQ CI)NI\N/N N/\(O\

SO R R
6-Chloro-N2-(2,2-dimethoxyehtyl)-1,3,5-triazine-2,4-diamine. To a 500 mL round-bottom flask
was added 1.50 g (9.09 mmol) 4,6-dichloro-1,3,5-triazin-2-amine and 25 mL acetonitrile. To the
resulting white suspension was added 3.20 mL (18.2 mmol) N, N-diisopropylethylamine and the
mixture was stirred for about 15 min. A mixture of 2.0 mL (18 mmol) 2,2-dimethoxylethan-1-
amine and 32 mL acetonitrile was added dropwise via addition funnel to obtain a faint yellow
suspension. The mixture was stirred for about 20 h, filtered with a Buchner funnel, dried under
nitrogen, and further dried on a lyophilizer to obtain a white powder that was stored at 0 °C until
further use. TLC (9 DCM:1 MeOH, Rf 0.8) was used to monitor reaction progress and the reaction
yielded 1.6 g (74%) of the title compound as a white solid. *H NMR (500 MHz, DMSO-de) & 7.77
(brt, J = 6.02, 1H), 7.62 (t, J = 6.07, 1H), 7.34 (bs, 2H), 7.19 (bd, J = 50.44, 1H) 4.46 (dt, J =
17.49, 5.52, 1H), 3.35 (m, 2H), 3.27 (s, 6H). 13C NMR (500 MHz, DMSO-ds) & 168.65, 167.34,

166.23, 101.78, 53.45, 42.18. LR-ESI MS (m/z) calcd for [M+H*] 234.08; found 234.1.

NH, NH,
NH
N|)§N HNT N ; N| SN
Cl)\N/)\N/\rO\ MeOH HzN\/\/\N)\N/)\N/\rO\
H H H
o 100°C,1 h o
43-71%

N2-(4-Aminobutyl)-N*-(2,2,dimethoxyethyl)-1,3,5-triazine-2,4,6-triamine. To a 50 mL round-
bottom flask was added 2.0 mL (20 mmol) 1,4-diaminobutane and 4.5 mL methanol. The mixture
was stirred at 100 °C to obtain clear solution and a mixture of 1.0 g (4.4 mmol) 6-chloro-N2-(2,2-

dimethoxyethyl)-1,3,5-traizine-2,4-diamine in 5 mL methanol was added slowly over 20 min. The
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reaction was stirred for an additional 5 h and dried in vacuo to obtain colorless oil. TLC was used
to monitor progress with ninhydrin stain (9 MeOH:1 NH4OH, Rf triazine 0.95, Rf pdt 0.4, Rf 1,4-
DAB 0.05). The crude product was purified on Combi-Flash RediSep column (silica, 24 g) with
elution gradient 100 DCM:0 MeOH to 70 DCM:30 MeOH. The fractions containing product were
combined and dried in vacuo to obtain 1.25 g (71%) of the title compound as a thin white powder.
IH NMR (500 MHz, DMSO-ds) & 6.57 (bs, 1H), 6.42 (bd, J = 17.54, 1H), 6.25 (bd, J = 29.42, 1H),
5.89 (bd, J = 76.21, 1H), 4.47 (m, 1H), 3.29 (M, 2H), 3.26 (s, 6H), 3.17 (M, 2H), 2.57 (t, J = 7.00,
2H), 1.47 (m, 2H), 1.37 (p, J = 6.49, 2H). 13C NMR (500 MHz, DMSO-ds) & 167.16, 166.47,
166.37, 102.80, 53.57, 53.36, 41.90, 41.45, 30.04, 27.32. LR-ESI MS (m/z) calcd for [M+H"]

286.20; found 286.2.

®
NH,
o
~©
NH,
)\ NH,
NI NN ® -
HzN\/\/\N)\N/)\N/\rO\ DIPEA
H H o g EtOH
N
0°C to RT, 20 h
26-50%
®
o ! y NH, NH,
\o)\/N /N\er\/\/\N H NI)§N
H
NYN N\/\/\N)\N/ N/W/O\
H H
NH, NH, o)
® ~

N ,N4-bis(4-((4-Amino-6-((2,2,dimethoxyethyl)amino)-1,3,5-triazine-2-
yl)amino)butyl)terephthalimidamide. To an oven-dried 100 mL round-bottom flask was added
0.43 g (1.5 mmol) diethyl terephthalimidate dihydrochloride and 25 mL ethanol stored on 4A

molecular sieves. The resulting white suspension was cooled to 0 °C and kept under nitrogen
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atmosphere. To the white suspension was added 0.76 mL (4.4 mmol) N,N-diisopropylethylamine
to obtain a colorless solution. A solution of 0.83 g (2.9 mmol) N2-(4-Aminobutyl)-N*-
(2,2,dimethoxyethyl)-1,3,5-triazine-2,4,6-triamine in 14 mL ethanol stored on 4A molecular
sieves was added to the round-bottom flask dropwise with a syringe over 5 min. The colorless
solution was warmed slowly to 25 °C and stirred for about 18 h. TLC was used to monitor progress
with ninhydrin stain (8 MeOH:2 NH4OH, Rf 0.2). The solvents were removed in vacuo to obtain
a white to tan solid. The crude product was purified on a silica column with elution gradient 9
DCM:1 MeOH to 7.5 DCM:2.5 MeOH + 5% NH4OH. The fractions containing product were
combined and dried in vacuo to obtain 508 mg (50%) of the title compound as a white solid. H
NMR (500 MHz, DMSO-ds) & 10.18 (s, 2H), 9.78 (s, 2H), 9.37 (s, 2H), 7.97 (s, 4H), 6.91-6.34
(m, 6H), 4.48 (m, 2H), 3.48 (brg, J = 5.27, 4H), 3.41 (m, 4H), 3.30 (m, 4H), 3.27 (s, 12H), 1.68
(brp, J = 7.05, 4H), 1.60 (m, 4H). 3C NMR (500 MHz, DMSO-ds) & 165.43, 162.17, 162.12,
162.09, 133.40, 129.12, 102.31, 53.43, 43.10, 42.11, 41.93, 26.97, 25.23. HR-ESI MS (m/z) calcd

for [M+H*] 699.43; found 699.4283.

@
~o y y NH, NH,
\O)\/N /NYN\/\/\N NN 1 M HCI (aq)
| H H I 0°C to RT
NH; NH, O  Quantitative
®
®
H N NH2 NHz  on
T WA
| H H )|\ )\
NN N\/\/\N N/ N
@Y H H
HO NH, NH,

Compound Al. To a 2 mL vial was added 49.1 mg (70.2 umol) N N*-bis(4-((4-Amino-6-
((2,2,dimethoxyethyl)amino)-1,3,5-triazine-2-yl)amino)butyl)terephthalimidamide. The vial was

placed on ice and 0.40 mL (0.43 mmol) 1 M aqueous hydrochloric acid was added dropwise over
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5 min while stirring. The vial was slowly warmed to room temperature and stirred for about 5 h.
The solvents were removed in vacuo to obtain 43 mg (100%) of the title compound as an off-white,
crystalline solid. *H NMR (500 MHz, d20) & 7.81 (s, 4H), 6.05 (q, J = 6.21, 2H), 3.95 (dq, J =
12.43,7.09, 2H), 3.58 (t, J = 11.42, 2H), 3.41 (m, 8H), 1.70 (m, 8H). *H NMR (500 MHz, DMSO-
ds) 8 10.29 (s, 2H), 9.81 (s, 1H), 9.43 (m, 4H), 8.79 (d, J = 72.07, 1H), 8.41 (m, 2H), 7.99 (s, 4H),
7.93 (s, 1H), 6.11 (m, 1H), 3.89 (brg, J = 11.21, 2H), 3.50 (bs, 4H), 3.41 (t, J = 10.44, 2H), 3.33
(m, 4H), 1.69 (m, 8H). *.C NMR (500 MHz, d20) & 164.09 (d), 163.26, 157.36 (d), 153.86 (1),
133.30, 128.56, 79.45 (d), 48.80 (t), 42.66 (d), 40.28 (), 25.72 (t), 24.03 (t) *note: double and
triple peaks are likely from diastereomeric products. COSY NMR (500 MHz, d»0) Figure A.6.
HSQC (500 MHz, d»0) Figure A.7. HMBC NMR (500 MHz, d»0) Figure A.8. HR-ESI MS (m/z)
see Figure A.9. LC/MS analysis (positive ESI polarity, gradient water: MeCN from 100:0 to 0:100)
suggests that all peaks in HPLC are same MW (diastereomeric products). Product was made into

100 mM stock solution in molecular biology grade water for further experiments.
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Figure A.6. COSY NMR in d20O of hemiaminal Al.
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198

1 (ppm)

1 (ppm)



ISEB4070
Qtof_69510a 37 (1.425) AM (Cen,5, 80.00, Ar,14000.0,716.46,0.70,LS 5); Sm (SG, 2x5.00); Cm (34:37) 1: TOF MS ES+
304.1728 6.77e3]
1007
B
A
203.1162
E
607.3428
ES |
1304.6750
k034514
3681056 3992233
508.3467
599 5572
197.1142 200.6695 m—
2956632
162.9756 bos 1758 00 8031
271.1540 5093468
12054 L l e 7600 998030 (€10 3647 6534502
" b l'.“‘. Hior- by i ,‘l.l domd ; T ﬂ S S .. L A
50100 | 150 ' 200 ' 250 ' 300 ' 350 400 = 450 ' 500 ' 550 ' 600 650 700 ' 750 800

A
NH, NH2 - on
H
H\],N\IrN\/\/\N WAS
3/5\\(" ' N\/\/\HJ'\ A~y
HO  NH, H G

Chemical Formula: CgH41N150,**
Exact Mass: 609.36
miz: 203.12 (100.0%), 203.45 (28.1%), 203.45 (4.4%), 203.79 (2.7%), 203.45 (1.5%), 203.79
(1.2%), 203.79 (1.1%)

®

NH o NHz NH,
H H
"~ I \/\/\ )§ ’g A /"Yn\/\/\N oS
S’ Qr I N’ N Nﬁ/k " N\/\/\n)l\’()\” H
HO N, B NH; H, /\g/

®
Chemical Formula c,,H.DN.uo{‘ R -
Exact Mass: 608.35 emical Formula: C2gM4oN1602
miz: 304.18 (100.0%), 304.68 (28.1%), 304.67 (5.9%), 305.18 (3.8%), 305.18 (1.7%) Exact Mass: 608.35

m/fz: 304.18 (100.0%), 304.68 (28.1%), 304.67 (5.9%), 305.18 (3.8%), 305.18 (1.7%)

i /N \/\/\ NJ:; JOI\J N n\/\/\ il§ ﬁz
}\gﬁ/k n\/\/\n "y ! N:\kr M NPNPN )N'\\/N H
T, Y X fory

Chemical Formula: CgHgN 105"
Exact Mass: 607.34
m/z: 607.34 (100.0%), 608.35 (28.1%), 608.34 (4.4%), 609.35 (2.7%), 608.34 (1.5%),
609.34 (1.2%), 609.35 (1.1%)

Chemical Formula: CpgH2gN 505"
Exact Mass: 607.34
miz: 607.34 (100.0%), 608.35 (28.1%), 608.34 (4.4%), 609.35 (2.7%), 608.34 (1.5%), 609.34
(1.2%), 609.35 (1.1%)

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-1.5 max = 100.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Manoisotopic Mass, Even Electron lons
518 formula(e) evaluated with 3 results within limits (up to 50 closest results for each mass)

Elements Used:
C:0-200 H:0-200 N:12-18 0:0-5 Na:0-1
SEB4070
Qtof_69510a 37 (1.425) AM (Cen,5, 80.00, Ar,14000.0,716.46,0.70.LS 5); Sm (SG, 2x5.00); Cm (34:37) 1: TOF MS ES+
4.17e+003
10 607 3438
606.0065 608.3467 6108176 6119952 614.8499
6043557 _605.3312 6093468 610 3547 £13.3159 6532506156578

604.0 605.0 606.0 607.0 608.0 609.0 610.0 611.0 6120 613.0 614.0 615.0 616.0

Minimum: -1. 5

Maximum: 5.0 5.0 100.

Mass Calc. Mass mDa PPM DBE i-FIT Formula

607.3438 607.3442 -0.7 15.5 2.4 Cc26 H39 Nle 02
607.3458 -3.3 16.5 2.8 C29% H40 N14 Na
607.3418 3.3 12.5 10.1 c24 H40 N1é ©2 Na

Figure A.9. HR-ESI MS and Elemental Composition Report for hemiaminal Al.
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Synthesis of Hemiaminal A2

N NH,
N)§N . H N/\(O\ DIPEA 5 NN
)|\ )\ 2 MeCN )\ /)\ O
HoNT N el < RT, 14n  FN N H/\l/
28-72% O

N?-(2,2-dimethoxyehtyl)-1,3,5-triazine-2,4,6-triamine. To a 100 mL round-bottom flask was
added 0.90 mL (8.2 mmol) 2,2-dimethoxylethan-1-amine and 24 mL deionized water. To the
resulting clear solution was added 1.2 g (15 mmol) sodium bicarbonate and 1.1 g (7.4 mmol) 6-
chloro-1,3,5-triazine-2,4-diamine. The white suspension was stirred at 90 °C for about 36 h, cooled
to room temperature, and rotovapped to remove about Y2 of the water. The white solid was filtered
with a Buchner funnel, washed with 250 mL cold (0 °C) water, and dried under nitrogen. TLC (8
DCM:2 MeOH, Rf 0.6) was used to monitor reaction progress and the reaction yielded 0.53 ¢
(36%) of the title compound as a white solid. *tH NMR (500 MHz, DMSO-ds) § 6.46 (t, J = 6.08,
1H), 6.13 (M, 4H), 4.46 (t, J = 5.52, 1H), 3.29 (t, J = 5.86, 2H), 3.26 (s, 6H). 13C NMR (500 MHz,
DMSO-dg) § 167.48 (d), 166.77, 151.26, 102.48, 53.41, 41.93. LR-ESI MS (m/z) calcd for [M+H"]

215.13; found 215.1.

£ Lo "
Nl NN 1 N HCI (GQ) NI \%l)
P o
HzN)\N)\N/\/ ~ HoN N/)\H
H
o<

Compound A2.%° To a2 mL vial was added 202 mg (0.943 mmol) N?-(2,2-dimethoxyehtyl)-1,3,5-
triazine-2,4,6-triamine. The vial was placed on ice and 3.0 mL (2.8 mmol) 1 M aqueous

hydrochloric acid was added dropwise over 5 min while stirring. The vial was slowly warmed to
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room temperature and stirred for about 3.5 h. The solvents were removed in vacuo to obtain 43 mg
(>100%) of the title compound as an off-white, crystalline solid. *H NMR (500 MHz, DMSO-ds)
8 11.16 (s, 2H), 9.33 (s, 1H), 8.52 (s, 1H), 8.25 (s, 1H), 7.78 (d, J = 18.62, 2H), 6.60 (dd, J = 7.45,
2.27, 1H), 3.87 (dd, J = 11.37, 7.55, 1H), 3.40 (dd, J = 11.31, 2.10, 1H). 3C NMR (500 MHz,
DMSO-de) 6 166.30, 158.05, 154.49, 150.39, 79.42, 48.59. Note: 1 extra signal is observed in both
'H and 3C NMR that is not currently understood. This experiment has been repeated twice by two
independent researchers and the same extra peaks were seen in the NMRs. Although the proton
signal could be from some aldehyde in the equilibrium, the *3C spectra have no peaks in the
aldehyde region (around 200 ppm). Product is 99% pure by HPLC. COSY NMR (500 MHz, d20)
Figure A.10. HSQC (500 MHz, d20) Figure A.11. HR-ESI MS (m/z) calcd [M*] 169.08; found

169.0830. Elemental Composition 169.0838 CsHgNeO (desired [M*] CsHoNgO).
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Figure A.10. COSY NMR is DMSO-ds of A2.
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Figure A.11. HSQC NMR is DMSO-ds of A2.
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Synthesis of Compound A5

See procedures in Section A.3.1, compound 2 above.

Synthesis of A6
e NTSN NH,
o I
~
o~ HZNJ\NJ\CI N)\N
- K
HoN DIPEA, MeCN HAN" °NT N
RT, ~21h O
Quant.
O\

NZ2-(4-(dimethoxymethyl)benzyl)-1,3,5-triazine-2,4,6-triamine. To a 25 mL round-bottom flask
was added 0.439 g (2.42 mmol) (4-(dimethoxymethyl)phenyl)methanamine and 1.0 mL methanol.
The resulting tan solution was placed under nitrogen and a solution of 0.282 g (1.94 mmol) 6-
chloro-1,3,5-triazine-2,4-diamine dissolved in 3.0 mL acetonitrile was added dropwise. The
resulting cloudy white solution was stirred at room temperature for about 21 h. TLC (9 DCM:1
MeOH, ninhydrin stain, Rf 0.7) was used to monitor reaction progress. The white solution was
dried in vacuo to obtain a white solid that was purified after deprotection. *H NMR (500 MHz,
DMSO-dg) & 7.44 (d, J = 7.90, 2H), 7.39 (d, J = 7.85, 2H), 7.21 (s, 2H), 7.13 (s, 2H), 6.05 (m, 1H),
5.39 (s, 1H), 3.93 (s, 2H), 3.24 (s, 6H). 3C NMR (500 MHz, DMSO-d6) & 169.11, 167.54, 138.22,
138.10, 128.48, 127.07, 126.78, 102.89, 52.97, 43.63. LR-ESI MS (m/z) calcd for C13H19N6O>",

[M+H"] 291.16; found 291.2.
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HCIl in MeOH (2M
H,N" N N 0°CtoRT, 5h HoNT °N” N
H O 15% over 2 steps H H

Compound A6. To a 20 mL scintillation vial was added 0.559 g (1.93 mmol) N2-(4-

(dimethoxymethyl)benzyl)-1,3,5-triazine-2,4,6-triamine and the vial was chilled onice. To the vial
was added 8.0 mL of 2 M HCI in MeOH dropwise. The vial was slowly warmed to room
temperature and stirred for 5 h. TLC (8 DCM:2 MeOH, ninhydrin stain, Rf 0.3) was used to
monitor reaction progress. When no more starting material was observed, the suspension was dried
in vacuo to obtain a tan solid. Preparative HPLC was used to purify 49.22 mg of the crude product
(gradient H20 (0.1% TFA):MeCN (0.1% TFA) from 100:0 to 0:100 to yield 6.3 mg (15% over
two steps) of the title compound as a white solid. Product is 96% pure by analytical HPLC
(retention time 3.729 min, analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over
5 min, 50% for 5 min, 50-100% over 5 min.). *H NMR (500 MHz, d20) & 9.84 (s, 1H), 7.86 (d, J
=8.32, 2H), 7.47 (d, J = 7.87, 2H), 4.61 (s, 2H). Amine protons likely exchanged in d>O solvent.
13C NMR (500 MHz, DMSO-d6) § 195.99, 160.40, 157.58, 145.64, 134.89, 130.45, 127.57, 43.83.

HR-ESI MS (m/z) calcd for C11H13NO*, [M+H*] 245.1145; found 245.1144.
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Synthesis of A7

H__O
: Y
o ~
in t2 0]
P/ O N
Cl N ~ MeOH
Z
cl N
- TFA

RT, ~18 h
20% over 2 steps

Compound A7. To a 50 mL round-bottom flask was added 1.995 g (19.0 mmol) 2,2-
dimethoxyethan-1-amine and 250 mg (0.90 mmol) 6,9-dichloro-2-methoxyacridine. The yellow
solution was heated to 120 °C in an oil bath under nitrogen. The resulting brown solution was
stirred under was reflux for about 9 h. Reaction progress was monitored by TLC (9 DCM:1 MeOH,
Rf 0.8). Solvents were removed in vacuo to yield the crude product as a brown solid that was
directly deprotected. To the flask containing the crude product was added 15 mL methanol to
obtain an orange solution followed by 4.0 mL 2 M HCI in diethyl ether dropwise while stirring.
The resulting yellow suspension was stirred overnight. To the flask was added an additional 4.0
mL HCI in diethyl ether and 1.0 mL DI water. TLC was used to monitor reaction progress (9
DCM:1 MeOH, Rf 0.3). Solvents were removed in vacuo and the crude orange solid was purified
using a CombiFlash silica column (12 g) with gradient from 100 DCM:0 MeOH to 70 DCM:30
MeOH. Fractions containing product were combined. The product was further purified by
preparatory HPLC using gradient from 0 to 100% acetonitrile in water, 0.1% TFA to obtain 14.68
mg (20%) the title compound as a yellow solid TFA salt. 99% pure by HPLC. (retention time
5.613 min, analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for
5 min, 50-100% over 5 min.) *H NMR (600 MHz, DMSO-ds) 5 8.43 (d, J = 9.19, 1H), 7.81 (d, J
=2.16, 1H), 7.78 (d, J = 9.30, 1H), 7.72 (bs, 1H), 7.44 (dd, J = 2.30, 9.44, 1H), 7.37 (dd, J =1.69,

9.97), 6.55 (s, 1H), 3.93 (s, 2H), 2.55 (s, 2H). NH seems to be exchanged. 3C NMR (600 MHz,
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DMSO-ds) 6 206.87, 160.66, 158.24, 155.40, 149.31, 148.35, 143.78, 137.82, 126.05, 122.96,
119.71, 117.25, 116.88, 113.63, 63.10, 56.26. LR-ESI MS (m/z) calcd for [M+H] 301.07; found
259.1*. HR-ESI MS (m/z) calcd for [M+H] 301.0738; found 259.0632*. MALDI MS (m/z) calcd
for [M+H] 301.07; found 259.0*. *fragmentation between acridine NH and CHz group a to

aldehyde.

Synthesis of A8

O/

Cl

N o ., o~ 120°C.~9h
2) HCl in Et,0 HN

Z H,N

Cl N MeOH R
RT, ~18 h O N O
2% over 2 steps cl N/
“TFA

Compound A8. To a 35 mL round-bottom flask was added 674.2 mg (3.72 mmol) (4-

dimethoxymethyl)phenyl)methanamine and 3059 mg (1.10 mmol) 6,9-dichloro-2-
methoxyacridine. The yellow solution was heated to 120 °C in an oil bath under nitrogen. To the
resulting orange solution was added 2.0 mL ethanol and the mixture was refluxed for about 9 h.
Reaction progress was monitored by TLC (9 DCM:1 MeOH, Rf 0.6). Solvents were removed in
vacuo to yield the crude product as a yellow solid that was directly deprotected. To the flask
containing the crude product was added 10 mL methanol to obtain a yellow suspension followed
by 2.0 mL 2 M HCI in diethyl ether dropwise while stirring. The suspension was stirred overnight.
To the flask was added an additional 4.0 mL HCI in diethyl ether and 1.0 mL DI water. TLC was

used to monitor reaction progress (9 DCM:1 MeOH, Rf 0.3). Solvents were removed in vacuo and
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the crude product was purified using a CombiFlash silica column (12 g) with gradient from 100
DCM:0 MeOH to 70 DCM:30 MeOH. Fractions containing product were combined. The product
was further purified by preparatory HPLC using gradient from 0 to 100% acetonitrile in water,
0.1% TFA to obtain the title compound as a yellow solid TFA salt. 99% pure by HPLC. (retention
time 6.435 min, analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50%
for 5 min, 50-100% over 5 min.) *H NMR (600 MHz, DMSO-dg) § 10.03 (s, 1H), 8.39 (s, 1H),
7.98 (d, J =8.18, 2H), 7.91 (d, J = 2.18, 1H), 7.88 (d, J = 9.27, 1H), 7.76 (d, J = 8.02, 2H), 7.71
(d, J = 8.80, 1H), 7.49 (bs, 2H), 5.43 (s, 2H), 3.78 (s, 3H). 13C NMR (600 MHz, DMSO-ds) &
193.25, 158.32, 158.12, 157.92, 144.36, 139.44, 136.21, 136.16, 130.59, 128.10, 127.91, 124.30,
124.24,124.23,118.87, 113.96, 104.19, 104.04, 56.37, 51.51. LR-ESI MS (m/z) calcd for [M+H]

377.11; found 377.1.

Synthesis of Diamine N1

CHCl; y
(0] O o
0°C, 3h N__O
A ) o Lodhy S
FN OJ\OJ\O RT, 16 ° \(f)]/

65-99%
tert-butyl (4-aminobutyl)carbamate:'* To a 1000 mL round-bottom flask was added 28.3 mL
(282 mmol) 1,4-diaminobutane and 355 mL chloroform. The resulting clear solution was cooled
to 0 °C in an ice bath. In a 500 mL Erlenmeyer flask was mixed 13.09 g (60.0 mmol) di-tert-butyl
dicarbonate and 300 mL chloroform to form a clear solution that was added dropwise to the round-
bottom flask using an addition funnel while stirring. The resulting milky white mixture was kept
at 0 °C for 3 h, removed from the ice bath to slowly warm to room temperature and stirred for an
additional 16 h. Thin layer chromatography on silica gel plates (9 MeOH:1 NH4OH, rf 0.6,

ninhydrin stain) was used to monitor reaction progress. The white solution was decanted into a
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1000 mL separatory funnel, washed with DI water (10 x 200 mL) and the organic layer was
checked for remaining 1,4-diaminobutane by TLC (9 MeOH:1 NH4OH, 1,4-diaminobutane rf
0.05, pdt rf 0.6). The organic layer was dried over sodium sulfate and concentrated in vacuo to
obtain 11.3 g (99 %) of the title compound as a colorless oil.'"H NMR (500 MHz, ds-DMSO) §
6.78 (s, 1H), 2.88 (q, J = 6.62 Hz, 2H), 2.50 (t, J = 6.82, 2H), 1.37 (s, 9H), 1.365 (m, 2H), 1.29 (m,
2H), 1.23 (s, 2H). 3C NMR (500 MHz, ds-DMSO) & 155.53, 77.22, 41.45, 40.98, 30.73, 28.27,

27.03. LR-ESI MS (m/z) calculated 189.16, found [M+H*] 189.2.

NH NH,
2 H A
NN+ HZN/\/\/N\H/O —DIPEA_ o N N H
)|\ )\ MeCN )\ /)\ /\/\/N (@)
o1 SN ¢l © RT, 14 h ¢~ NN \ﬂ/ \ﬁ
64-77% O

tert-butyl (4-((4-Amino-6-chloro-1,3,5-triazin-2-yl)amino)butyl)carbamate. To a 250 mL
round-bottom flask was added 2.00 g (12.2 mmol) 4,6-dichloro-1,3,5-triazin-2-amine and 50 mL
acetonitrile. To the resulting white suspension was added 2.10 mL (12.1 mmol) N, N-
diisopropylethylamine and the mixture was stirred. A mixture of 2.27 g (12.1 mmol) tert-butyl (4-
aminobutyl)carbamate and 25 mL acetonitrile was added dropwise via syringe to obtain a faint
white suspension. The mixture was stirred for about 14 h, filtered with a Buchner funnel, and dried
on a lyophilizer to obtain a white powder that was stored at 0 °C until further use. TLC (9 DCM:1
MeOH, Rf 0.8) was used to monitor reaction progress and the reaction yielded 2.93 g (77%) of the
title compound as a white solid. *tH NMR (500 MHz, DMSO-dg) § 7.73 (t, J = 7.73, 1H), 7.26 (s,
2H), 6.78 (t, J = 5.64, 1H), 3.17 (p, J = 6.99, 2H), 2.90 (g, J = 6.51, 2H), 1.43 (m, 2H), 1.39 (m,
2H), 1.37 (s, 9H). 13C NMR (500 MHz, DMSO-ds) 5 168.00, 166.94, 165.53, 155.56, 77.35, 39.95,

39.78, 28.27, 26.999, 26.08. LR-ESI MS (m/z) calcd for [M+H"] 317.14; found 317.1.
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N)§N HZN/\/\/ 2

P H >
a1 N7 N/\/\/N\H/O\K MeOH
H o 100°C,1 h

43-72% NH2
NI SN H
HzN\/\/\N)\N/)\N/\/\/N\n,O
H H s

tert-butyl(4-((4-Amino-6-((4-aminobutyl)amino)-1,3,5-triazin-2-yl)amino)butyl)carbamate.

To a 100 mL round-bottom flask was added 0.88 g (9.9 mmol) 1,4-diaminobutane and 5 mL
methanol. The mixture was stirred at 100 °C to obtain clear solution and 0.72 g (2.3 mmol) tert-
butyl (4-((4-Amino-6-chloro-1,3,5-triazin-2-yl)amino)butyl)carbamate was added slowly over 15
min. The reaction was stirred for an additional 45 min and dried in vacuo to obtain colorless oil.
TLC was used to monitor progress with ninhydrin stain (8 MeOH:2 NH4OH, Rf triazine 0.95, Rf
pdt 0.5, Rf 1,4-DAB 0.05). The crude product was purified on Combi-Flash RediSep column
(silica, 24 g) with elution gradient 100 DCM:0 MeOH to 70 DCM:30 MeOH. The fractions
containing product were combined and dried in vacuo to obtain 0.60 g (72%) of the title compound
as a thin, tan solid. Yield: 0.60 g (72%). *H NMR (500 MHz, DMSO-dg) & 6.83 (t, J = 5.71, 1H),
6.15 (m, 4H), 3.14 (m, 4H), 2.89 (g, J = 6.53, 2H), 2.52 (t, J = 6.88, 2H), 2.03 (s, 2H), 1.43 (m,

4H), 1.37 (s, 9H), 1.33 (m, 4H). HR-ESI MS (m/z) calcd for [M+H"] 369.49; found 369.2735.
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Nl SN H diethylterephthalimidate
HZN\/\/\N)\N/)\N/\/\/N\[]/O\K dihydrochloride -
H H a DIPEA
EtOH
0°Cto RT, 20 h
®

1,4-Phenylenebis(((4-((4-amino-6-((4-((tert-butoxycarbonyl)amino)butyl)amino)-1,3,5-

triazin-2-yl)amino) butyl)amino)methaniminium). To an oven-dried 100 mL round-bottom
flask was added diethyl terephthalimidate and 20 mL anhydrous ethanol. The resulting white
suspension was cooled to 0 °C and kept under nitrogen atmosphere. To the white suspension was
added N,N-diisopropylethylamine to obtain a colorless solution. A solution of N2-(4-Aminobutyl)-
N*-(2,2,dimethoxyethyl)-1,3,5-triazine-2,4,6-triamine in 10 mL ethanol was added to the round-
bottom flask. The colorless suspension was stirred at 0 °C for 2 h, warmed slowly to 25 °C and
stirred for about 14 h. The solvents were removed in vacuo to obtain a white solid. TLC was used
to monitor progress with ninhydrin stain (8 MeOH:2 NH4OH, Rf 0.43). The crude product was
purified on silica column with elution gradient 72.2 DCM:25.3 MeOH:2.5 NHsOH to 37.9
DCM:53.0 MeOH:9.1 NH4OH. The fractions containing product were combined and dried in
vacuo to obtain the title compound as a tan solid. *H NMR (500 MHz, DMSO-ds) & 7.80 (s, 4H),
6.79 (bs, 2H), 6.51 (m, 2H), 6.33 (M, 2H), 5.93 (m, 4H), 3.18 (m, 12H), 2.90 (q, J = 6.51, 4H),
1.60 (m, 8H), 1.41-1.37 (m+s, 26H). Note: 2 amidinium protons missing. *3C NMR (500 MHz,
DMSO-de) 6 167.24, 166.54, 166.41, 160.96, 156.05, 127.18, 127.10, 77.81, 40.59, 40.42, 40.26,
28.76, 27.82, 27.58, 27.37. HR-ESI MS (m/z) calcd for [M+2H"]/2 433.29; found 433.2874, calcd

[M+2H"]/2 — 1 Boc 383.26, found 383.2615, calcd [M+2H"]/2 — 2 Boc 333.24, found 333.2355.
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NH NH;
N NN A
Neat TFA | HzN/\H z Y NN NTSN
0°C to RT * N H o M NH
2-24 h Y Vi N =t
H H 3
NH, *4TFA  NH

Compound N1. To a2 mL vial was added 20.9 mg (0.24 mmol) 1,4-Phenylenebis(((4-((4-amino-
6-((4-((tert-butoxycarbonyl)amino)butyl)amino)-1,3,5-triazin-2-yl)amino)butyl)amino)methani-

minium). The vial was placed on ice and 0.15 mL (2.0 mmol) trifluoroacetic acid was added
dropwise over 5 min while stirring. The vial was slowly warmed to room temperature and stirred
for about 12 h. The solvents were removed in vacuo and the product was purified by preparative
HPLC (gradient H2O (0.1% TFA):MeCN (0.1% TFA) from 98:2 to 0:100 to obtain the title
compound as a white, crystalline solid. No yield is reported because the compound was purified
in small portions. *H NMR (500 MHz, DMSO-ds) § 10.09 (s, 2H), 9.71 (s, 2H), 9.28 (s, 2H), 8.34
(m, 2H), 7.94 (s, 4H), 7.85 (m, 6H), 3.50-3.25 (m, 12H), 2.82 (bs, 4H), 1.68 (m, 8H), 1.56 (bs,
8H). 'H NMR (500 MHz, d20) & 7.73 (s, 4H), 3.64 (m, 2H), 3.50 (dd, J = 11.74, 4.34, 4H) 3.44-
3.24 (m, 16H), 2.88 (bs, 4H), 1.73-1.48 (m, 18H). 3C NMR (500 MHz, DMSO-ds) & 162.45,
{159.56, 159.28, 159.00, 158.71}, 157.71, 157.64, 156.52, 133.54, 129.05, {119.92, 117.60,
115.27, 112.94}, 55.45, 42.98, 38.99, 38.94, 26.36 (d), 26.01 (d), 25.03 (d), 24.80 (d). 3C NMR
(500 MHz, d20) 6 163.19 {162.99, 162.71, 162.42, 162.14}, 158.54, 158.37, 155.59, 133.19,
128.46, {119.62, 117.30, 114.99, 112.67}, 72.00, 62.42, 42.64, 39.94, 39.07, 25.61, 25.27, 23.93.
Note: {TFA 3C NMR peaks}. HR-ESI MS (m/z) calcd [M+H'] 665.47, found 665.4704,

[M+2H"]/2 333.24, found 333.2357. 99% pure by HPLC.
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Synthesis of N3

)I\ =z toluene >|/O\n/N\/\/\N N/ N/\/\/N\n/o\|<
cm N 400°c, 20 h 4 H H o
84%
di-tert-butyl (((6-amino-1,3,5-triazine-2,4-diyl)bis(azanediyl))bis(butane-4,1-

diyl))dicarbamate. To a 100 mL round-bottom flask was added 1.0 g (6.1 mmol) 4,6-dichloro-
1,3,5-triazin-2-amine and 22 mL toluene. The resulting white suspension was stirred for 5 min
before addition of 2.4 mL (17 mmol) N, N-triethylamine and 2.86 g (15.2 mmol) tert-butyl (4-
aminobutyl)carbamate dissolved in 10 mL toluene. The mixture was stirred for about 5 min at
room temperature and heated to 100 °C to obtain a tan suspension that was stirred for about 20 h.
TLC (9 MeOH:1 NH4OH, Rf 0.9) was used to monitor reaction progress. The resulting tan
suspension was filtered to remove the triethylamine salt and dried in vacuo to obtain a tan oil. The
crude product was purified on a Combi-Flash RediSep column (silica, 40 g) with elution gradient
100 DCM:0 MeOH to 70 DCM:30 MeOH. The fractions containing product were combined and
dried in vacuo to obtain 2.84 g (72%) of the title compound as a thin, tan solid. *H NMR (500
MHz, DMSO-de) 5 6.78 (bm, 2H), 6.42 (bm, 1H), 6.13 (bs, 1H), 3.17 (bm, 4H), 2.91 (bg, J = 6.48,
4H), 1.42 (bm, 8H), 1.32 (s, 18H). *C NMR (500 MHz, DMSO-dg) § 168.07, 166.10, 156.04,

77.80, 28.75, 27.55, 27.30, 26.57. LR-ESI MS (m/z) calcd for [M+H"] 469.32; found 469.3.
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Compound N3. To a 65 mL round-bottom flask was added 998 mg (2.13 mmol) di-tert-butyl (((6-
amino-1,3,5-triazine-2,4-diyl)bis(azanediyl))bis(butane-4,1-diyl))dicarbamate and 5.5 mL DCM.
The solution was cooled on ice and 2.0 mL TFA was added dropwise. The tan solution was slowly
warmed to room temperature and stirred for about 23 h. The tan, cloudy solution was concentrated
in vacuo to yield the title compound as a tan oil. The product was purified using preparative HPLC
(gradient H20 (0.1% TFA):MeCN (0.1% TFA) from 100:0 to 0:100 to obtain the title compound
as a white, crystalline solid. 96% pure by analytical HPLC (retention time 1.074 min, analytical
HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over
5 min.) *H NMR (500 MHz, d20) & 7.51 (bs, 2H)*, 3.41 (bt, J = 6.21, 2H), 3.32 (bt, J = 6.25, 2H),
2.94 (bm, 4H) *partially exchanged amine. 3C NMR (500 MHz, d,0) & 163.35%, 163.07*,
162.78*, 162.50*, 161.83, 159.21, 119.78*, 117.46*, 115.14*,112.82*, 39.89, 39.15, 25.38, 25.23

*TFA. LR-ESI MS (m/z) calcd for [M+H*] 269.22; found 269.2.

213



Synthesis of N4

NH
o N 0™ DIPEA
SN TR
>r \g/ e TN EtOH
NH o *2 HCI 0°C to RT
18 h
NH
N 0
NN
S : : T
(0) H/\/\/
NH
di-tert-butyl (((1,4-phenylenebis(iminomethylene))bis(azanediyl))bis(butane-4,1-

diyl))dicarbamate. To a 100 mL oven-dried round-bottom flask was added 0.50 g (1.7 mmol)
diethyl terephthalimidate dihydrochloride and 40 mL anhydrous ethanol. The resulting white
suspension was cooled to 0 °C and kept under nitrogen atmosphere. To the white suspension was
added 0.89 mL (5.1 mmol) N,N-diisopropylethylamine to obtain a colorless solution. A solution
of 665 mg (3.53 mmol) tert-butyl (4-aminobuytl)carbamate dissolved in 6.0 mL anhydrous ethanol
was added to the round-bottom flask dropwise. The colorless suspension was stirred at 0 °C for ~2
h, warmed slowly to 25 °C and stirred for about 24 h. TLC was used to monitor progress with
ninhydrin stain (8 MeOH:2 NH4OH, Rf 0.3).The resulting clear solution was dried in vacuo to
obtain a tan oil. The crude product was purified on a silica column with elution gradient 9 DCM:1
MeOH to 7 DCM:3 MeOH + 5 % NH4OH. The fractions containing product were combined and
dried in vacuo to obtain the title compound as a white solid. *H NMR (500 MHz, DMS0-d6) §
9.73 (bm, 6H), 7.96 (s, 4H), 6.88 (t, J = 5.49, 2H), 3.44 (t, J = 7.04, 4H), 2.97 (q, J = 6.42, 4H),
1.64 (bp, J = 7.27, 4H), 1.51 (bp, J = 7.18, 4H), 1.39 (s, 18H). 1*C NMR (500 MHz, DMSO-d6) &
162.12, 156.13, 133.48, 129.07, 77.94, 55.40, 43.05, 28.75, 27.24, 25.15. LR-ESI MS (m/z) calcd

for [M+H] 505.35; found 505.3.
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Compound N4. A 20 mL vial containing 72.0 mg (0.143 mmol) di-tert-butyl (((1,4-
phenylenebis(iminomethylene))bis(azanediyl))bis(butane-4,1-diyl))dicarbamate and 4.0 mL
methanol was cooled on ice and 1.0 mL 2M HCI in diethyl ether was added dropwise. The white
solution was slowly warmed to room temperature and stirred for about 20 h. TLC was used to
monitor reaction progress (8 MeOH:2 NH4OH, Rf 0.8). The thick white solution was concentrated
in vacuo to yield 59 mg (92%) of the title compound as a white solid. The product was purified
using preparative HPLC (gradient H20 (0.1% TFA):MeCN (0.1% TFA) from 100:0 to 0:100 to
obtain the title compound as a white, crystalline solid. 99% pure by analytical HPLC (retention
time 0.769 min, analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50%
for 5 min, 50-100% over 5 min.) *H NMR (500 MHz, DMSO-ds) & 10.01 (bt, J = 5.86, 2H), 9.68
(bs, 2H), 9.23 (bs, 2H), 7.90 (s, 4H), 7.82 (bs, 4H), 3.42 (bg, J = 6.48, 2H), 2.84 (b, J = 6.65, 2H),
1.67 (m, 8H). 3C NMR (500 MHz, DMSO-ds) & 163.03, 159.22%, 158.97*, 158.72*, 158.46*,
133.52, 129.05, 118.62, 116.25, 113.88, 42.66, 36.34, 31.30, 24.79. LR-ESI MS (m/z) calcd for

[M-+H*] 305.24; found 305.2.
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Synthesis of N8

NH» NH NH,
HzN/\/\/ 2 )§
i = L
| MeOH ~ NH
Z 2
HQNJ\NJ\Cl 80°C, 1h H,N N ”/\/\/
44-65%

Compound N8.% To a 200 mL round-bottom flask was added 15.3 mL (152 mmol) 1,4-
diaminobutane and 78 mL methanol. The mixture was stirred and heated to 100 °C in an oil bath.
To the clear solution was slowly added 5.16 g (35.5 mmol) 6-chloro-1,3,5-triazine-2,4-diamine to
obtain a white suspension. The suspension was stirred for about 1 h to obtain a clear solution that
was stirred for an additional 3 h before cooling to room temperature. TLC (9 DCM:1 MeOH, Rf
0.05, 9 MeOH:1 NH4OH, Rf 0.3) with ninhydrin stain was used to monitor product formation. The
resulting clear solution was dried in vacuo. The resulting white powder was packed on silica in
methanol and purified on a 2.5” x 6” silica gel column with elution gradient 9 DCM:1 MeOH to 6
DCM:3 MeOH:1 NH4OH. The fractions containing product were combined and dried in vacuo to
obtain 7.0 g (65 %) of the title compound as a white solid that was used in subsequent reactions
without further purification. For use in DCC screen, the product was further purified using
preparative HPLC (gradient H2O (0.1% TFA):MeCN (0.1% TFA) from 100:0 to 0:100 to obtain
the title compound as a white solid. 99% pure by analytical HPLC (retention time 0.809 min,
analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-
100% over 5 min.) *H NMR (500 MHz, DMSO-ds) & 6.39 (t, J = 5.77, 1H), 6.04 (s, 2H), 5.89 (d,
J=18.13, 2H), 4.09 (s, 2H), 3.17 (m, 2H), 2.53 (t, J = 6.98, 2H), 1.46 (tt, J = 7.41, 6.99, 2H), 1.35

(m, 2H). LR-ESI MS (m/z) calculated 198.25, found [M+H"] 198.1.
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Synthesis of N10

O/© . /©/\NH2 TFA
90 °C, 20 h o
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cl N 96% ~
=
Cl N

Compound N10. To an oven-dried 65 mL round-bottom flask was added 298 mg (0.887 mmol)

NH,

6-cholor-2-methoxy-9-phenoxyacridine and 13.4 mL acetonitrile. To the RBF was added 0.10 mL
(0.89 mmol) 4-aminobenzylamine. The resulting yellow suspension was stirred at 90 °C and after
30 mins was added 10 drops trifluoroacetic acid. After ~20 h, the RBF was cooled to room
temperature. TLC (DCM, Rf 0.1). The bright orange suspension was filtered and washed with
2x20 mL cold acetonitrile and 2x20 mL cold diethyl ether to obtain 406 mg (96%) of the title
compound as a fluorescent orange solid. 99% pure by analytical HPLC (retention time 5.457 min,
analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-
100% over 5 min.) *H NMR (500 MHz, DMSO-ds) & 8.33 (d, J = 9.29, 1H), 7.84 (bd, J = 2.23,
1H), 7.80 (d, J =9.27, 1H), 7.63 (d, J = 2.73, 1H), 7.38 (dd, J = 9.36, 2.68, 1H), 7.26 (dd, J = 9.30,
2.20, 1H), 7.06 (bd, J = 8.28, 2H), 7.00 (bs, 2H), 6.51 (bd, J = 8.32, 2H), 4.97 (s, 2H), 4.80 (s, 2H),
3.79 (s, 3H). 3C NMR (500 MHz, DMSO-dg) & 187.17, 155.34, 151.66, 150.86, 148.14, 133.85,
128.03, 127.05, 124.63, 122.93, 114.34, 55.93, 52.35. Note: Some aromatic peaks are missing and
seem to be coincident. .) *H NMR (500 MHz, d20) § 7.79 (d, J = 9.31, 1H), 7.61 (bd, J = 10.39,
2H), 7.53 (dd, J =9.38, 2.59, 1H), 7.49 (bd, J = 8.51, 2H), 7.29 (dd, J = 9.31, 2.11, 1H), 7.24 (bd,
J =8.43, 2H), 6.91 (bd, J = 2.59, 1H), 4.16 (s, 2H), 3.52 (s, 3H). 3C NMR (500 MHz, d;0) &

155.61, 152.83, 140.95, 140.83, 138.80, 131.85, 130.69, 128.82, 126.18, 125.60, 124.82, 120.83,
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117.91,117.53, 115.21, 114.47, 103.14, 55.51, 42.43. HR-ESI MS (m/z) calcd for [M+H"] 364.12;

found 364.1206. Elemental Composition 364.1217 C21H19N3OCI (desired [M+H"] C21H19N3OCI).

Synthesis of N11

See procedures in Section A.3.1, compound 3 above.

Synthesis of N12

H2N/\©\
NH NH NH

2

o™ DIPEA HzN\@\/H H/\©\
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\/O NH

0°CtoRT
NH «2 HCI 18 h NH 2 TFA

2

Compound N12. To a 100 mL oven-dried round-bottom flask was added 0.50 g (1.7 mmol) diethyl
terephthalimidate dihydrochloride and 40 mL anhydrous ethanol. The resulting white suspension
was cooled to 0 °C and kept under nitrogen atmosphere. To the white suspension was added 0.89
mL (5.1 mmol) N,N-diisopropylethylamine to obtain a colorless solution. A solution of 0.40 mL
(3.5 mmol) 4-(aminomethyl)aniline dissolved in 6.0 mL anhydrous ethanol was added to the
round-bottom flask dropwise. The colorless suspension was stirred at 0 °C for ~2 h, warmed slowly
to 25 °C and stirred for about 24 h. TLC was used to monitor progress with ninhydrin stain (8
MeOH:2 NH4OH, Rf 0.7).The resulting yellow suspension was centrifuged at 5000 rpm for 5 min
and the clear supernatant was decanted. The yellow solid was washed with 45 mL ethanol, 30 mL
DCM, and 30 mL diethyl ether. The crude product was purified on a silica column with elution
gradient 100% DCM to 7 DCM:3 MeOH + 5 % NH4OH. The fractions containing product were

combined and dried in vacuo to obtain the title compound as a yellow solid. The product was
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further purified using preparative HPLC (gradient H2O (0.1% TFA):MeCN (0.1% TFA) from
90:10 to 0:100 to obtain the title compound as a yellow, crystalline solid. 99% pure by analytical
HPLC (retention time 0.865 min, analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-
50% over 5 min, 50% for 5 min, 50-100% over 5 min.) *H NMR (500 MHz, DMSO-d6) & 10.35
(bs, 2H), 9.71 (bs, 2H), 9.31 (bs, 2H), 7.94 (s, 4H), 7.12 (bdt, J = 8.97, 2.42, 4H), 6.58 (bdt, J =
8.92, 2.41, 4H), 5.17 (bs, 4H), 4.49 (bs, 4H). 3C NMR (500 MHz, DMSO-d6) & 149.11, 129.51,
129.45, 129.15, 114.22, 46.44. Amindium carbon signal not observed, two of the aromatic peaks

appear to be overlapping. HR-ESI MS (m/z) calcd for [M+H] 373.21; found 373.2141.

Synthesis of N13
HzN/\©\
NH, NH,
NH
N)\IN § N)\lN
N N
H.NT SN MeOH H,NT N7 N
100 °C, ~3 h H
64-86 % NH,

Compound N13. To a 25 mL round-bottom flask equipped with a reflux condenser was added
1.20 mL (10.6 mmol) 4-(aminomethyl)aniline and 7.50 mL methanol. The clear solution was
stirred at 100 °C and to the flask was slowly added 0.50 g (3.4 mmol) 6-chloro-1,3,5-triazine-2,4-
diamine dissolved in 5 mL methanol. The resulting yellow suspension was stirred at 100 °C for
about 3 h. TLC was used to monitor reaction progress (8 MeOH:2 NH4OH, ninhydrin stain, Rf
0.6). The suspension was filtered to obtain a white solid that was washed with 15 mL methanol,
30 mL DCM, and 30 mL diethyl ether. The solid was dried in vacuo to obtain 686 mg (86 %) of
the title compound as a white crystalline solid. The product was further purified using preparative
HPLC (gradient H20O (0.1% TFA):MeCN (0.1% TFA) from 90:10 to 0:100 to obtain the title

compound as a white solid. 95% pure by analytical HPLC (retention time 0.987 min, analytical
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HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over
5 min.) *H NMR (500 MHz, DMSO-ds)  6.93 (bd, J = 8.28, 2H), 6.67 (t, J = 6.32, 1H), 6.48 (dt,
J=8.77, 2.12, 2H), 6.08 (bs, 2H), 5.94 (bs, 2H), 4.87 (s, 2H), 4.25 (bd, J = 6.30, 2H). 3C NMR
(500 MHz, DMSO-ds) 6 167.62, 166.93, 147.62, 128.39, 128.21, 114.08, 43.11. HR-ESI MS (m/z)

calcd for [M+H"] 232.13; found 232.1305.

Synthesis of N14
NH, NH
NH
J\ HoNT NN NJ\N
I L N
—>
H,N S
cl” SN N MeOH 2 \/\/\H N7
H 70°C,3.5h \H
NH, 49-76 % 2

Compound N14. To a 50 mL round-bottom flask equipped with a reflux condenser was added
0.60 mL (0.60 mmol) 1,4-diaminobutane and 2.0 mL methanol. The clear solution was stirred at
70 °C and to the flask was slowly added 0.301 g (1.2 mmol) N2-(4-aminobenzyl)-6-chloro-1,3,5-
triazine-2,4-diamine dissolved in 5 mL methanol. The resulting white suspension was stirred at 70
°C for about 3.5 h and dried in vacuo. TLC was used to monitor reaction progress (9 MeOH:1
NH4OH, ninhydrin stain, Rf 0.4). The crude product was purified on silica gel column with elution
gradient 90 DCM:10 MeOH to 70 DCM:30 MeOH + 5 % NH4OH. The fractions containing
product were combined and dried in vacuo to obtain 362 mg (76 %) of the title compound as a
yellow powder. The product was further purified using preparative HPLC (gradient H20 (0.1%
TFA):MeCN (0.1% TFA) from 100:0 to 0:100 to obtain the title compound as a yellow, crystalline
solid. 99% pure by analytical HPLC (retention time 3.952 min, analytical HPLC gradient
acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over 5 min.) *H NMR

(500 MHz, DMSO-ds) 8 6.95 (bs, 2H), 6.81 (bm, 2H), 6.48 (d, J = 8.26, 2H), 6.41 (bs, 1H), 5.91

220



(bm, 2H), 4.88 (bs, 2H), 4.24 (bd, J = 6.18, 2H), 3.18 (bm, 4H), 2.70 (bs, 2H), 1.48 (bs, 4H). °C
NMR (500 MHz, DMSO-ds) 6 166.54, 162.79, 155.99, 155.58, 147.63, 128.27, 114.05, 49.07,
36.26,* 27.02*. *Likely result of two overlapping methylene groups on the aliphatic

diaminobutane chain. HR-ESI MS (m/z) calcd for [M+H*] 303.39; found 303.2056.

Synthesis of N15

NH»
Q HN\/©/ "
Cl _N P 2 Cla N ~
LI - XL
& DIPEA NS
Cl N~ “NH, /©/\H N7~ “NH,

DMF
RT, 18-21 h
85-89 %

H,N
methyl 3-amino-5-((4-aminobenzyl)amino)-6-chloropyrazine-2-carboxylate. To an oven-
dried 50 mL round-bottom flask was added 250 mg (1.13 mmol) methyl 3-amino-5,6-
dicholoropyrazine-2-carboxylate and 8.7 mL anhydrous DMF. The dark brown solution was
placed under nitrogen atmosphere and 1.0 mL (5.7 mmol) N,N-diisopropylethylamine was added.
The mixture was stirred for 5 min and 0.14 mL (1.24 mmol) 4-(aminomethyl)aniline was added
dropwise. The resulting dark brown solution was stirred at room temperature for about 18 h. TLC
was used to monitor reaction progress (9 DCM:1 MeOH, Rf = 0.9). The mixture was concentrated
in vacuo to obtain a brown residue that was dissolved in 200 mL ethyl acetate and transferred to a
separatory funnel with 200 mL DI water. The ethyl acetate layer was washed with DI water (3 x
100 mL) and saturated brine (aqueous, 2 x 100 mL). The organic layers were combined, dried over
sodium sulfate, and concentrated in vacuo to afford 0.31 g (89 %) of the title compound as an
orange solid. *H NMR (500 MHz, DMSO-ds) & 7.91 (bt, J =6.11, 1H), 7.25 (bs, 2H), 7.04 (bd, J

= 8.32, 2H), 6.49 (bdt, J = 8.81, 2.12, 2H), 4.96 (s, 2H), 4.39 (d, J = 6.12, 2H), 3.73 (s, 3H). 13C
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NMR (500 MHz, DMSO-dg) 6 166.38, 156.10, 151.60, 148.12, 129.16, 126.25, 120.10, 114.06,

108.83, 51.61, 43.92. LR-ESI MS (m/z) calcd for [M+H*] 308.09; found 308.1.

)NLH EtOH, Na )Nl':
HoNT NH, Th HoNT NH,
Quant
HCI '

Guanidine. To a 100 mL round-bottom flask was added 20 mL dry ethanol followed by slow
addition of 1.20 g (52.3 mmol) sodium metal. To the clear solution was added 5.00 g (52.3 mmol)
guanidine hydrochloride slowly followed by 5.0 mL dry ethanol. The resulting white suspension
was stirred for about 1 h, the salt was filtered off, and the clear filtrate was dried in vacuo to obtain
the title compound as a tan oil. TLC (9 DCM:1 MeOH, Rf 0.8) was used to monitor reaction
progress and the reaction yielded 1.6 g (74%) of the title compound as a white solid. *H NMR (500

MHz, DMSO-de) 5 5.14 (bm, 4H), 2.55 (s, 1H).

(0] NH
Cl Cl N
| H
N
NH, MeOH, THF /©/\H N~ NH,
(o)
HZN 65°C. 240 .\

Compound N15. To a 15 mL round-bottom flask was added 84.2 mg (0.274 mmol) methyl 3-
amino-5-((4-aminobenzyl)amino)-6-chloropyrazine-2-carboxylate and 2.4 mL THF. The dark
orange solution was placed under nitrogen atmosphere and 0.81 mL 2M guanidine in methanol
solution was added. The resulting orange solution was stirred at 65 °C for about 24 h. TLC was
used to monitor reaction progress (8 DCM:2 MeOH, Rf = 0.4). The mixture was concentrated in
vacuo to obtain an orange oil that was purified using preparative HPLC (gradient H.O (0.1%

TFA):MeCN (0.1% TFA) from 100:0 to 0:100; analytical HPLC (retention time 4.274 min,
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analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-
100% over 5 min.). 'H NMR (500 MHz, DMSO-ds) & 7.03 (bd, J = 8.23, 2H), 7.00 (s, 1H), 6.50
(bd, J=8.36, 2H), 5.51 (bs, 5H)*, 4.93 (s, 2H), 4.37 (s, 2H). *partially exchanged amine *3C NMR
(500 MHz, DMSO-ds) 6 160.25, 158.80, 155.23, 150.08, 147.94, 128.99, 127.02, 118.161, 114.09,

43.74. LR-ESI MS (m/z) calcd for [M+H*] 335.11; found 335.1.

Synthesis of N16

NH2 )\
NN+ HeN —DIPEA 5 N| SN
)|\ /)\ toluene )\N/)\
cl” N7 e N2 400 0c, 18 1 /©/\ /\©\
40% HaN NH

2
Compound N16. To a 100 mL round-bottom flask was added 1.03 g (6.24 mmol) 4,6-dichloro-
1,3,5-triazin-2-amine and 32 mL toluene. To the resulting white suspension was added 2.4 mL (17
mmol) N, N-triethylamine and 1.7 mL (15 mmol) 4-(aminomethyl)aniline. The mixture was stirred
for 5 min at room temperature and heated to 100 °C to obtain a tan suspension that was stirred for
about 18 h. TLC (9 MeOH:1 NH4OH, Rf 0.9) was used to monitor reaction progress. The thick
orange suspension was sonicated, dissolved in methanol, and stirred at 100 °C for an additional 3
h. The suspension was filtered and the filtrate was dried in vacuo to obtain a thick orange solid.
The crude product was purified on a silica column with gradient 100 DCM:0 MeOH to 70 DCM:30
MeOH. Fractions containing product were dried in vacuo to yield 0.82 g (40%) of the title
compound as an orange solid. The product was purified using preparative HPLC (gradient H20O
(0.1% TFA):MeCN (0.1% TFA) from 100:0 to 0:100 to obtain the title compound as a white solid.

99% pure by analytical HPLC (retention time 3.459 min, analytical HPLC gradient acetonitrile in

water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over 5 min.) *H NMR (500 MHz,
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DMSO-ds) 6 8.74 (bs, 1H)*, 8.69 (bt, J = 6.10, 1H)*, 8,47 (bs, 1H)*, 7.88 (bs, 1H)*, 7.29 (bt, J =
8.41, 1H), 7.24 (d, J = 8.02, 1H), 7.07 (bt, J = 8.99, 1H), 7.02 (d, J = 7.99, 1H), 4.46 (bdd, J =
15.95, 5.89, 2H). *Partially exchanged amine. 3C NMR (500 MHz, DMSO-ds) § 159.21, 158.95,

156.69, 129.21, 129.10, 120.35, 43.77. LR-ESI MS (m/z) calcd for [M+H*] 337.19; found 337.2.

Synthesis of N17
NH, NHz
N C52003 DMF ()
s X
N H \\/\/
0]
/\/\/
70 °C, 20 h
77%

2-(4-(6-amino-9H-purin-9-yl)butyl)isoindoline-1,3-dione. To an oven-dried 200 mL 24/40
round-bottom flask was added 3.03 g (22.4 mmol) 9H-purine-6-amine and 83 mL anhydrous DMF
stored over 4A molecular sieves. To the resulting tan suspension was added 8.16 g (25.0 mmol)
cesium carbonate and 7.78 g (27.6 mmol) 2-(4-bromobutyl)isoindoline-1,3-dione . The mixture
was stirred at 70 °C under nitrogen atmosphere for about 20 h to obtain a yellow suspension. TLC
(8 DCM:2 MeOH, Rf 0.8) was used to monitor reaction progress. The white solid was filtered off
and the yellow filtrate was partitioned between water and ethyl acetate (100 mL each). The
resulting yellow suspension was filtered and washed with 2x500 mL DI water and 200 mL ethyl
ether. The solid was dried in vacuo to obtain 5.75 g (77%) of the title compound as a yellow solid.
IH NMR (500 MHz, DMSO-ds) & 8.12 (s, 1H), 8.07 (s, 1H), 7.84 (m, 4H), 7.17 (s, 2H), 4.16 (t, J
=6.96, 2H), 3.60 (t, J = 6.92, 2H), 1.83 (bp, J = 7.39, 2H), 1.55 (bp, J = 7.38, 2H). 13C NMR (500
MHz, DMSO-de) & 168.45, 156.39, 152.92, 152.79, 149.98, 141.29, 134.81, 132.10, 123.46,

119.18, 42.84, 37.31, 25.54, 25.44. HR-ESI MS (m/z) calcd for [M+H"] 337.14; found 337.1427.
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NH,

Nz H,0:HCI:CH;COOH Nz
N 0 1:1:1 (VIVIV) N
lJN:E,\? \ 100°C, 22 h > Q)NI,\?

Y 30% -~
Compound N17. To a 65 mL round-bottomed flask was added 3.60 g (10.7 mmol) 2-(4-(6-amino-
9H-purin-9-yl)butyl)isoindoline-1,3-dione and 15.0 mL of a 1:1:1 (v/v/v) solution of water :
glacial acetic acid : concentrated hydrochloric acid. The solution was stirred under nitrogen
atmosphere at 100 °C for about 22 h and cooled to room temperature while stirring. TLC (9
MeOH:1 NH4OH, Rf 0.05) was used to monitor reaction progress. The white precipitate was
filtered off and the filtrate was recycled until clear. The remaining solvents were removed in vacuo
to obtain a tan colored solid. When a white precipitate formed in the flask during in vacuo
evaporation, it was filtered off. The crude product was dissolved in 250 mL DI water and basified
with 3M aqueous KOH (about 26 mL) to pH 12 and saturated with NaCl powder. The suspension
was transferred to a separatory funnel and extracted 6 times with 100 mL of 10:1 (v/v) CHsCl:n-
BuOH. The organic layers were combined and concentrated in vacuo. The resulting white solid
was frozen and dried on a lyophilizer to yield 673 mg (30%) of the title compound as a white solid
that was used in subsequent reactions without further purification. For use in DCC screen, the
product was further purified using preparative HPLC (gradient H2O (0.1% TFA):MeCN (0.1%
TFA) from 100:0 to 0:100 to obtain the title compound as a white solid. 99% pure by analytical
HPLC (retention time 0.857 min, analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-
50% over 5 min, 50% for 5 min, 50-100% over 5 min.). *H NMR (500 MHz, DMSO-ds) & 8.14 (s,
1H), 8.13 (s, 1H), 7.17 (s, 2H), 4.13 (t, J = 7.12, 2H), 2.53 (t, J = 6.89, 2H), 1.82 (bp, J = 7.42,
2H), 1.29 (bp, J = 7.31, 2H). 1*C NMR (500 MHz, DMSO-dg) & 156.41, 152.80, 150.02, 141.30,

119.21, 43.32, 41.58, 30.76, 27.45. HR-ESI MS (m/z) calcd for [M+H"] 207.14; found 207.1352.
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Synthesis of N18

NH, 1. Cs,CO4, DMF NH2

ALY / [

HNT N7 N N
/\/\/

50 °C, 14 h
72-89%

2-(4-(2,6-Diamino-9H-purin-9-yl)butyl)isoindoline-1,3-dione.? To an oven-dried 250 mL
24/40 round-bottom flask was added 5.03 g (33.5 mmol) 9H-purine-2,6-diamine and 125 mL
anhydrous DMF stored over 4A molecular sieves. To the resulting tan suspension was added 12.4
g (38 mmol) cesium carbonate and the mixture was stirred at 50 °C under nitrogen atmosphere for
1.5 h. To the tan suspension was added 11.7 g (41 mmol) 2-(4-bromobutyl)isoindoline-1,3-dione
and the mixture was stirred at 50 °C for an additional 14 h. TLC (8 DCM:2 MeOH, Rf 0.8) was
used to monitor reaction progress and the reaction yielded 10.5 g (89%) of the title compound as
a yellow solid. *H NMR (500 MHz, DMSO-dg) & 7.85 (m, 4H), 7.69 (s, 1H), 6.60 (bs, 2H), 5.74
(bs, 2H), 3.97 (t, J = 7.01, 2H), 3.60 (t, J = 6.99, 2H), 1.76 (brp, J = 7.42, 2H), 1.56 (brp, J = 7.40,
2H). C NMR (500 MHz, DMSO-ds) & 168.45, 160.71, 156.55, 152.20, 137.89, 134.85, 132.09,
123.50, 113.67, 42.31, 37.39, 27.32, 25.71. HR-ESI MS (m/z) calcd for [M+H*] 352.1516(5);

found 352.1515.

NH
2 H,O:HCI:CH;COOH NH2
D N O 4. N
NI \> 1:1:1 (vIviv) - N| X \>
N)\N/ N | 100 °C, 32 h M "
2 ~ 34-41% HeNT N 7 ’

Compound N18. To a 50 mL 24-40 round-bottomed flask was added 439 mg (1.25 mmol) 2-(4-

(2,6-diamino-9H-purin-9-yl)butyl)isoindoline-1,3-dione and 6.0 mL of a 1:1:1 (v/v/v) solution of
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water : glacial acetic acid : concentrated hydrochloric acid. The light yellow solution was stirred
under nitrogen atmosphere at 100 °C for about 32 h and cooled to room temperature. TLC (9
MeOH:1 NH4OH, Rf 0.2) was used to monitor reaction progress. The white precipitate was filtered
off and remaining solvents were removed in vacuo. When a white precipitate formed in the flask
during in vacuo evaporation, it was filtered off. The crude product was a tan to yellow-tinted oil.
The crude was dissolved in 100 mL DI water and the solvents were removed in vacuo. This process
was repeated twice more (three times total). The crude was dissolved in about 5 mL water, basified
with 3M aqueous KOH (about 26 mL) and saturated with NaCl powder. The suspension was
transferred to a separatory funnel and extracted 6 times with 100 mL (600 mL total) 10:1 (v/v)
CH3Cl:n-BuOH. The organic layers were combined and concentrated in vacuo. The resulting light
yellow solid was dissolved in 10 mL DI water, frozen, and dried on a lyophilizer to yield 115 mg
(41%) of the title compound as a light yellow solid that was used in subsequent reactions without
further purification. For use in DCC screen, the product was further purified using preparative
HPLC (gradient H2O (0.1% TFA):MeCN (0.1% TFA) from 100:0 to 0:100 to obtain the title
compound as a white solid. 99% pure by analytical HPLC (retention time 0.988 min, analytical
HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over
5 min.) 'H NMR (500 MHz, DMSO-ds) & 7.70 (s, 1H), 6.60 (s, 2H), 5.74 (s, 2H), 3.94 (t, J = 7.14,
2H), 2.54 (t, J = 6.93, 2H), 1.75 (p, J = 7.40, 2H), 1.30 (p, J = 7.31, 2H), 1.24 (bs, 1H) *from
partially exchanged amine. *C NMR (500 MHz, DMSO-ds) § 160.19, 156.55, 152.23, 137.93,
113.71, 42.78, 41.62, 30.73, 27.44. HR-ESI MS (m/z) calcd for [M+H"] 222.15; found 222.1460.

Elemental composition calcd for 222.1460: CoH1sN7 (desired [M+H™] CoH1sN7).
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Synthesis of N19

NH2 1. Cs,CO4, DMF NH;
)NI\J%/EN» RT, 30min____ Nl)\/EN\>
HaN7 N7 N 2. g~ HZN)\N/ N
50 °C, 18 h —
75%

9-(2-Chloroethyl)-9H-purine-2,6-diamine.?! To an oven-dried 250 mL 24/40 round-bottom flask
was added 2.01 g (13.4 mmol) 9H-purine-2,6-diamine and 50 mL anhydrous DMF stored on 4A
molecular sieves. To the resulting tan suspension was added 6.50 g (20.0 mmol) cesium carbonate
and the mixture was stirred at 50 °C under nitrogen atmosphere for 30 min. To the tan suspension
was added 4.01 mL (48.6 mmol) ethylene bromochloride and the mixture was stirred at 50 °C for
an additional 18 h. TLC (9 DCM:1 MeOH, Rf 0.4) was used to monitor reaction progress. The
reaction was cooled to room temperature, 30 mL DCM was added, and the solution was sonicated
and transferred to centrifuge tubes and spun at 5,000 rpm for 5 min. The supernatant was pipetted
off and the resulting yellow solid was washed with 2 x 25 mL water, centrifuged, and the
supernatant was removed. The resulting yellow solid was dried on a lyophilizer. The reaction
yielded 2.13 g (75%) of the title compound as a tan solid. *H NMR (500 MHz, DMSO-dg) & 7.72
(s, 1H), 6.67 (bs, 2H), 5.80 (bs, 2H), 4.29 (t, J = 5.98, 2H), 3.98 (t, J = 6.00, 2H). *C NMR (500
MHz, DMSO-de) 6 160.79, 156.61, 152.21, 138.07, 113.56, 44.71, 113.56. LR-ESI MS (m/z) calcd

for [M+H"] 213.1; found 213.1.
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NH,

N)jN\> Cainh > NN

H N)l\N/ N 25°C,6h H N)I\N/ N> H
’ _c 57-80% ’ \ N~

Compound N19. To a 50 mL 24-40 round-bottomed flask was added 1.0 g (4.7 mmol) 9-(2-
chloroethyl)-9H-purine-2,6-diamine and 9.4 mL (141 mmol) of ethylenediamine. The light yellow
solution was stirred under nitrogen atmosphere at room temperature for 6 h. TLC (8 MeOH:2
NHsOH, Rf 0.6) with ninhydrin stain was used to monitor reaction progress. To the resulting
solution was added 10 mL ethanol and the solution was evacuated in vacuo to obtain a thick yellow
oil with crystalline precipitate that was triturated with 3x25 mL ethanol and 30 mL diethyl ether
(centrifuging at 5000 rpm for 5 min to settle product), and freeze dried on a lyophilizer to obtain
0.88 g (80%) of the title compound as a tan powder that was used in subsequent reactions without
further purification. For use in DCC screen, the product was further purified using preparative
HPLC (gradient H2O (0.1% TFA):MeCN (0.1% TFA) from 100:0 to 0:100 to obtain the title
compound as a white solid. 99% pure by analytical HPLC (retention time 0.778 min, analytical
HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over
5 min.). 'H NMR (500 MHz, DMSO-de) § 7.70 (bs, 1H), 6.61 (bs, 2H), 5.74 (bs, 2H), 3.99 (t, J =
6.22, 2H), 2.85 (t, J = 6.22, 2H), 2.65 (t, J = 5.69, 2H), 2.58 (t, J = 5.84, 2H). 3C NMR (500 MHz,
DMSO-de) 6 160.64, 156.55, 152.25, 138.34, 113.60, 49.35, 48.78, 43.06, 41.82. LR-ESI MS (m/z)

calcd for [M+H"] 237.16; found 237.2.
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Synthesis of N20

THF N
0°C to RT, ~18 h
29-35%

di-tert-butyl (((2-aminoethyl)azanediyl)bis(ethane-2,1-diyl)dicarbamate:?> To a 500 mL
round-bottom flask was added 5.0 mL (33 mmol) tris(2-aminoethyl)amine and 125 mL
tetrahydrofuran. The resulting clear solution was cooled to 0 °C in an ice bath. In a 250 mL
Erlenmeyer flask was mixed 16.09 g (65.3 mmol) 2-(Boc-oxyimino)-2-phenylacetonitrile (Boc-
ON) and 175 mL tetrahydrofuran to form a clear solution that was added dropwise to the round-
bottom flask over 4 h while stirring. The resulting yellow solution was warmed slowly to room
temperature and stirred for an additional 14 h. Thin layer chromatography on silica gel plates (8
DCM:2 MeOH, rf 0.1, ninhydrin stain) was used to monitor reaction progress. The yellow solution
was concentrated in vacuo to obtain a yellow oil that was dissolved in 200 mL ethyl acetate. The
organic layer was transferred to a 1 L separatory funnel and washed with 2 x 200 mL 0.5 M NaOH
(ag). The combined aqueous layer was diluted with 200 mL brine and extracted with 2 x 200 mL
ethyl acetate. The organic phases were combined, dried over sodium sulfate, and concentrated in
vacuo to obtain a yellow oil. The crude product was purified in two batches on a Combi-Flash
RediSep column (silica, 40 g — 2 different columns) with elution gradient 100 DCM:0 MeOH to
70 DCM:30 MeOH. The fractions containing product were combined and dried in vacuo to obtain
4.07 g (35%) of the title compound as a light yellow oil. *H NMR (500 MHz, DMSO-ds) § 6.73
(bt, J =5.70, 2H), 2.95 (g, J = 6.25 Hz, 4H), 2.50-2.48 (m, 2H), 2.45-2.36 (m, 6H), 1.38 (s, 18H).

13C NMR (500 MHz, DMSO-ds) & 156.17, 77.90, 58.11, 54.52, 49.06, 38.90, 28.73.
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NH,
S X <
AN J< 1) TEA, MeCN  H,N |
° N No© RT, 20 h NN A
+
Cl N Cl 2) 1,4-diaminobutane 0] 0
| S MeOH, 90 °C, 1 h j\O)LN/\/N\/\NJJ\Qk
X : :
NH,
di-tert-butyl (((2-((4-amino-6-((4-aminobutyl)amino)-1,3,5-triazin-2-

ylamino)ethyl)azanediyl)bis(ethane-2,1-diyl))dicarbamate. To a 100 mL round-bottom flask
was added 0.66 g (4.0 mmol) 4,6-dichloro-1,3,5-triazine-2-amine, 9.0 mL acetonitrile, and 0.70
mL (5.0 mmol) triethylamine. The resulting suspension was stirred at room temperature for 5 min
to obtain a clear solution. To the RBF was added 1.66 g (4.8 mmol) di-tert-butyl (((2-
aminoethyl)azanediyl)bis(ethane-2,1-diyl)dicarbamate dissolved in 1.0 mL acetonitrile to obtain a
transparent yellow solution that was stirred at room temperature. Thin layer chromatography on
silica gel plates (9 DCM:1 MeOH, rf 0.7, iodine chamber stain) was used to monitor reaction
progress. After about 16 h, an additional 0.3 mL (2.2 mmol) triethylamine and 5.0 mL acetonitrile
were added and the resulting milky white solution was stirred for an additional 24 h. The solution
was concentrated in vacuo to obtain a thin yellow solid that was mixed with 30.0 mL MeOH and
2.0 mL 1,4-diaminobutane (2.0 mmol). The mixture was placed under nitrogen atmosphere and
stirred at 90 °C for about 4 h. TLC (8 MeOH:2 NH4OH, 1,4-diaminobutane rf 0.05, pdt rf 0.8).
After no more starting material was observed, the solution as concentrated in vacuo to obtain a
clear oil. The crude product was purified on a 1” silica gel column with elution gradient 90
DCM:10 MeOH to 70 DCM:30 MeOH:2 NH4OH. The fractions containing product were
combined and dried in vacuo to obtain 0.956 g (44%) of the title compound as a thin white solid.
'H NMR (500 MHz, DMSO-ds) & 6.74 (bs, 2H), 6.60-6.20 (bm, 2H), 5.97 (bs, 1H), 5.79 (bs, 1H),

3.38-3.28 (bm, 2H), 3.24-3.12 (bm, 4H), 3.00-2.92 (bm, 4H), 2.55 (t, J = 6.98, 2H), 2.46 (t, J =
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6.72, 4H), 1.52-1.42 (bm, 2H), 1.38 (s, 18H), 1.38-1.32 (bm, 2H). 3C NMR (500 MHz, DMSO-
de) & 166.55, 156.16, 77.99, 54.44, 41.72, 38.87, 38.49, 30.62, 28.73, 27.38. HR-ESI MS (m/z)
calculated [M+H*] 527.38, found 527.3781, calculated [M+H* - Boc] 427.33, found 427.3259,
calculated [M+H" - 2 Boc] 327.27, found 327.2730. Elemental Composition 527.3782

C23H47N1004 (desired [M+H] C23Ha7N1004).

NH, ) NH
N)QN 0"
| o
= NH N
NH
>L JOL )Ol\ J< EtOH, TEA
N -
o ”/\/ \/\H o RT, ~24 h
2) HCI/EtOH
0°CtoRT, ~16 h
’ H NH NH, NH,
HoN (A /\/NYN\ N\/\/\N N)\N
| H H |
N\fN N\/\/\” \N H/\/ \/\NH2

Compound N20. To an oven-dried 50 mL round-bottom flask was added 0.322 g (1.1 mmol)
diethyl terephthalimidate hydrochloride, 14.0 mL ethanol, and 0.58 mL (3.3 mmol) freshly
distilled triethylamine. The resulting suspension was stirred at room temperature for 5 min to
obtain a clear solution. To the RBF was added 1.30 g (2.5 mmol) di-tert-butyl (((2-((4-amino-6-
((4-aminobutyl)amino)-1,3,5-triazin-2-yl)amino)ethyl)azanediyl)bis(ethane-2,1-

diyl))dicarbamate dissolved in 5 mL ethanol to obtain a tan solution that was stirred at room
temperature for about 16 h. Thin layer chromatography on silica gel plates (8 MeOH:2 NH4OH, rf
0.4, ninhydrin stain) was used to monitor reaction progress. The solution was concentrated in
vacuo to obtain a thin tan solid that was dissolved in 24 mL 2 M ethanolic HCI added dropwise

over ice. The mixture was placed under nitrogen atmosphere and stirred at room temperature for
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about 12 h. TLC (9 MeOH:1 NH4OH, Rf 0.05, ninhydrin stain). After no more starting material
was observed, the solution as concentrated in vacuo to obtain a tan oil. The compound was purified
by preparatory HPLC (see general methods) using gradient from 0 to 100% acetonitrile in water,
0.1% TFA. The fractions containing product were combined and dried in vacuo to obtain 128.4
mg of the title compound as a thin white solid. No yield is reported because the compound was
purified as needed, a small amount each time. 99.9% pure by analytical HPLC (retention time
4.038 min, analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for
5 min, 50-100% over 5 min / retention time 4.883 min, analytical HPLC gradient methanol in
water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over 5 min). The solution was stored
as a master 500 mM solution in molecular biology grade water for biological studies. *H NMR
(500 MHz, D20)  7.80 (s, 4H), 3.54-3.31 (bm 12H), 3.10-3.03 (bm, 8H), 2.90-2.82 (bm, 8H),
2.81-2.73 (bm, 4H), 1.79-1.71 (bm, 4H), 1.70-1.62 (bm, 4H). 3C NMR (500 MHz, D20) & 163.29,
{163.27,163.01, 162.73, 162.45,} 133.27,128.52, {119.77, 117.45, 115.13, 112.81,} 51.15, 50.009,
42.68, 40.18, 36.74, 36.17, 25.64 , 24.06 .TFA peaks are included in {}. Note: melamine carbon

peaks are thought to be overlapped. MALDI-MS (m/z) calculated [M+H*] 782.05, found 782.072.

Synthesis of N21
H
o) HZN\/\/N\H/O\|< o
Cl _N o~ Ie) Cl N e
XL ~ A XX
DIPEA (5
CI7 SN NH, DM(,: °%) 0”7 SN SN WK,
RT, 18-21 h H H
43-89%
methyl 3-amino-5-((3-tert-butoxycarbonyl)amino)propyl)amino)-6-chloropyrazine-2-

carboxylate. To an oven-dried 25 mL round-bottom flask was added 262.6 mg (1.183 mmol)

methyl 3-amino-5,6-dicholoropyrazine-2-carboxylate and 10.0 mL anhydrous DMF. The dark
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brown solution was placed under nitrogen atmosphere and 1.0 mL (5.7 mmol) N,N-
diisopropylethylamine was added. The mixture was stirred for 5 min and 0.25 mL (1.4 mmol) tert-
butyl (3-aminopropyl)carbamate was added dropwise to the round-bottom flask. The resulting dark
brown solution was stirred at room temperature for about 18 h. TLC was used to monitor reaction
progress (3 Hex:2 EtOAc, Rf = 0.4). The mixture was concentrated in vacuo to obtain a brown
residue that was dissolved in 50 mL ethyl acetate and transferred to a separatory funnel with 50
mL DI water. The ethyl acetate layer was washed with DI water (3 x 50 mL) and saturated brine
(aqueous, 2 x 50 mL). The organic layers were combined, dried over sodium sulfate to obtain a
yellow liquid, and concentrated in vacuo to afford 361 mg (89%) of the title compound as a thin
orange film. *H NMR (500 MHz, DMSO-ds) 5 7.51 (bt, J =5.81, 1H), 7.24 (bs, 2H), 6.84 (bt, J =
5.91, 1H), 3.74 (s, 3H), 3.37 (g, J = 6.32, 2H), 2.98 (q, J = 6.47, 2H), 1.68 (p, J = 6.72, 2H), 1.39
(s, 9H). 3C NMR (500 MHz, DMSO-ds) & 165.98, 155.71, 154.80, 151.37, 119.78, 108.30, 77.60,

51.19, 38.28, 37.09, 28.83, 28.30. LR-ESI MS (m/z) calcd for [M+H*] 360.14; found 360.1.

0
o N 1) 2 M guanidine (MeOH)
ﬂ\ 0 j:/ ﬁo/ THF, 65°C, ~22h
O)LN/\/\ SN 2) TEFA/DCM
H

N NH, O NH
0°C to RT, ~24 h Cle N J
NS
HQNMH N~ “NH,
*3 TFA

Compound N21. To a 35 mL round-bottom flask was added 361 mg (1.00 mmol) methyl 3-amino-
5-((3-((tert-butoxycarbonyl)amino)propyl)amino)-6-chloropyrazine-2-carboxylate and 7.5 mL
THF. The dark orange solution was placed under nitrogen atmosphere and 2.5 mL 2M guanidine
in methanol solution was added. The resulting orange solution was stirred at 65 °C for about 22 h.

TLC was used to monitor reaction progress (8 DCM:2 MeOH, Rf = 0.4). The mixture was
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concentrated in vacuo to obtain an orange oil. To the orange oil was added 2.0 mL DCM. The
resulting solution was cooled on ice, 2.0 mL TFA was added dropwise, and the solution was stirred
at room temperature for about 24 h. TLC was used to monitor reaction progress (8 DCM:2 MeOH,
Rf = 0.1). The deep orange solution was dried in vacuo to obtain a red oil that was purified using
preparative HPLC (gradient H20 (0.1% TFA):MeCN (0.1% TFA) from 100:0 to 0:100 to yield
140.89 mg (45% over two steps, only half of the deprotected product was purified by preparative
HPLC) of the title compound as an orange solid. 99% pure by analytical HPLC (retention time
3.735 min, analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for
5 min, 50-100% over 5 min.). 'H NMR (500 MHz, DMSO-ds) 5 10.62 (s, 1H), 8.86 (bs, 2H), 8.58
(bs, 2H), 8.07 (bt, J = 5.94, 1H), 7.92 (bs, 3H), 7.58 (bs, 2H), 3.46 (q, J = 6.23, 2H), 2.84 (sextet,
J=6.26, 2H), 1.97 (p, = 6.94, 2H). 13C NMR (500 MHz, DMSO-ds) 5 165.79, 159.64*, 159.38%,
159.12*, 158.86%*, 156.17, 155.61, 152.77, 120.79*, 120.64, 118.41*, 116.06*, 113.70*, 108.83,

38.27, 37.17, 26.96. *TFA LR-ESI MS (m/z) calcd for [M+H*] 287.11; found 287.1.

Synthesis of N22

H

N _O
R 0
Cl N e 0 Cl N -
:[/ | (6) > H - | (0)
S DIPEA (5 eq) o. N ~
C1” N7 ONH, DMF >|/ 3 NONSNTSNT NH,
RT, 20 h o H

methyl 3-amino-5-((4-((tert-butoxycarbonyl)amino)butyl)amino)-6-chloropyrazine-2-

carboxylate. To an oven-dried 35 mL round-bottom flask was added 263.8 mg (1.188 mmol)
methyl 3-amino-5,6-dicholoropyrazine-2-carboxylate and 10.0 mL anhydrous DMF. The dark
brown solution was placed under nitrogen atmosphere and 1.0 mL (5.7 mmol) N,N-

diisopropylethylamine was added. The mixture was stirred for 5 min and 0.30 mL (1.6 mmol) tert-
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butyl (4-aminobutyl)carbamate was added dropwise to the round-bottom flask. The resulting dark
brown solution was stirred at room temperature for about 20 h. TLC was used to monitor reaction
progress (3 Hex:2 EtOAc, Rf = 0.5). The mixture was concentrated in vacuo to obtain a brown
residue that was dissolved in 50 mL ethyl acetate and transferred to a separatory funnel with 50
mL DI water. The ethyl acetate layer was washed with DI water (3 x 50 mL) and saturated brine
(aqueous, 2 x 50 mL). The organic layers were combined, dried over sodium sulfate to obtain a
yellow liquid, and concentrated in vacuo to afford 454 mg of the title compound as an orange oil
(contains ethyl acetate). *H NMR (500 MHz, DMSO-ds) § 7.54 (bt, J = 5.81, 1H), 7.23 (bs, 2H),
6.80 (bt, J = 5.78, 1H), 3.74 (s, 3H), 2.97 (g, J = 6.66, 2H), 1.53 (bp, J = 7.80, 2H), 1.40 (bm, 4H),
1.37 (s, 9H). 3C NMR (500 MHz, DMSO-ds) & 166.43, 156.18, 156.07, 151.83, 120.18, 108.62,

77.87,51.61, 28.75, 27.49, 26.37, 21.24. LR-ESI MS (m/z) calcd for [M+H"] 374.16; found 344.1

(M-OCHj).
0 -
ol N 1) 2 M guanidine (MeOH)
Z o~ THF, 65 °C, ~22 h
(0] H X l -
X h e NONCTSNTTSNT O NH, 2) TFA/DCM o0 H
o H 0°C to RT, ~24 h )i
Cl _N
H,N S
3 TFA

Compound N22. To a 15 mL round-bottom flask was added 421 mg (1.13 mmol) methyl 3-amino-
5-((4-aminobenzyl)amino)-6-chloropyrazine-2-carboxylate and 8.4 mL THF. The orange solution
was placed under nitrogen atmosphere and 2.8 mL 2M guanidine in methanol solution was added.

The resulting orange solution was stirred at 65 °C for about 24 h. TLC was used to monitor reaction
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progress (8 DCM:2 MeOH, Rf = 0.2). The mixture was concentrated in vacuo to obtain an orange
oil. To the orange oil was added 2.0 mL DCM. The resulting solution was cooled on ice, 2.0 mL
TFA was added dropwise, and the solution was stirred at room temperature for about 24 h. TLC
was used to monitor reaction progress (8 DCM:2 MeOH, Rf = 0.1). The deep orange solution was
dried in vacuo to obtain a red oil that was purified using preparative HPLC (gradient H20 (0.1%
TFA):MeCN (0.1% TFA) from 100:0 to 0:100 to yield 75 mg (21% over two steps, only half of
the deprotected product was purified by preparative HPLC) of the title compound as an orange
solid. 99% pure by analytical HPLC (retention time 3.849 min, analytical HPLC gradient
acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over 5 min.) *H NMR
(500 MHz, DMSO-ds) § 10.61 (s, 1H), 8.68 (s, 1H), 8.58 (s, 1H), 8.00 (bt, J = 5.85, 1H), 7.88 (bs,
2H), 7.55 (bs, 2H), 3.41 (g, J = 6.28, 2H), 2.82 (bp, J = 6.22, 2H), 2.55 (s, 3H), 1.60 (bm, 4H). 1*C
NMR (500 MHz, DMSO-dg) 6 165.76, 159.73*, 159.45*, 159.18*, 158.91*, 156.27, 155.57,
152.70, 120.60, 120.21*, 117.87*, 115.53*, 113.19*, 108.68, 40.83, 39.02, 25.68, 24.86. *TFA.

LR-ESI MS (m/z) calcd for [M+H*] 301.13; found 301.1.

Synthesis of N23

CU K2CO3
—DoMF N
OH 130°C,~22h HO" X0 0P OH

70-92 %
2,2'-azanediyldibenzoic acid.** To a 250 mL round bottom flask was added 7.69 g (56.1 mmol)
anthranilic acid, 8.01 g (51.2 mmol) 2-chlorobenzoic acid, 21.29 g (154 mmol) potassium
carbonate, and 68 mL DMF. To the resulting orange suspension was added 0.63 g (9.9 mmol)

copper powder. The resulting dark orange suspension was heated to 130 °C and stirred overnight
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(~18 h) under nitrogen. After cooling to room temperature, 150 mL ice water was added to the
flask and it was sonicated to break up the clumps of precipitate. To the resulting brown suspension
was added 4 scoopulas of activated carbon the black suspension was filtered through celite. The
celite was washed with 1 L DI water and the filtrate was acidified with ~41 mL conc. HCI added
dropwise while stirring. The suspension was filtered to obtain a tan solid and a dark brown filtrate.
The tan solid was washed with 3x400 mL hot ethanol and dried in vacuo to yield 13.1 g (92%) of
the title compound as a tan solid. *H NMR (500 MHz, DMSO-ds) & 13.08 (s, 2H), 10.88 (s, 1H),
7.97 (dd, J = 7.92, 1.56, 2H), 7.52 (m, 4H), 7.02 (ddd, J = 8.10, 6.51, 1.67, 2H). 13C NMR (500
MHz, DMSO-ds) 6 168.83, 144.03, 133.81, 132.24, 120.43, 118.06, 118.02. LR-ESI MS (m/z)

calcd for C14H12NO4* [M+H] 258.25; found 258.1.

(0]

2 QL0
80 °C 3h N
99% H

HO” Yo
9-0x0-9,10-dihydroacridine-4-carboxylic acid.?® To a 200 mL round bottom flask was added
2.24 g (8.71 mmol) 2,2'-azanediyldibenzoic acid and 45.0 mL conc. sulfuric acid was added
dropwise. The brown solution was stirred at 80 °C for ~3 h under nitrogen. TLC was used to
monitor reaction progress (8 DCM:2 MeOH, Rf 0.7). The fluorescent yellow solution was cooled
to room temperature and dumped into200 mL ice. The beaker containing ice and product was
cooled in an ice bath for 5 min and filtered with a Buchner funnel to obtain a yellow solid that was
washed with 200 mL hot water, 200 mL ethanol, and 200 mL ether. The product was dried in
vacuo to yield 2.05 g (99%) of the title compound as a yellow solid. *H NMR (500 MHz, DMSO-

de) 5 11.96 (s, 1H), 8.54 (dd, J = 7.93, 1.68, 1H), 8.45 (dd, J = 7.52, 1.67, 1H), 8.24 (d, J = 8.18,
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1H), 7.79 (dd, J = 5.88, 1.63, 2H), 7.35 (m, 2H). Note: acridone NH seems to be exchanged. *3C
NMR (500 MHz, DMSO-de) 6 177.00, 169.59, 141.66, 140.39, 137.37, 134.58, 132.88, 126.34,
122.79, 122.09, 121.06, 120.71, 119.10, 115.46. LR-ESI MS (m/z) calcd for C14H10NO3* [M+H]

240.07; found 240.1.

(0]
NH2
LD —smn -
N DMF Et;N, DCM
H 40°C, 2 h RT, 14 h
07 NoH

DIPEA, DMF

NH NH,

2

Compound N23. All reactions were run under dry nitrogen and with oven-dried glassware. To an
oven-dried 65 mL round-bottom flask was added 1.18 g (4.9 mmol) 9-ox0-9,10-dihydroacridine-
4-carboxylic acid (previously dried in vacuo) and 6.0 mL freshly distilled thionyl chloride. To the
resulting yellow suspension was added 2 drops anhydrous DMF, and after about 10 s the solution
became transparent orange in color. The reaction was heated at 70 °C for 25 min to obtain a brown
solution and then an additional h. TLC was used to monitor reaction progress (9 DCM:1 MeOH,
Rf0.9). The resulting brown solution was cooled to room temperature and the thionyl chloride was
distilled off. To the resulting yellow suspension was added 10 mL DCM that was distilled off, and
this was repeated twice more (three times total) before the resulting yellow solid was dried in
vacuo and used directly in the next reaction. The yellow solid was dissolved in 10 mL dry DCM

and cooled to 0 °C. After stirring for 5 min, anhydrous triethylamine was added dropwise until the
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pH was about 11 (about 280 drops). To the brown solution was added 0.63 mL (5.5 mmol) 4-
(aminoethyl)aniline to obtain an orange suspension. Reaction progress was monitored by TLC (9
DCM:1 MeOH, Rf 0.6) and after 22 h the resulting brown suspension was dried in vacuo to yield
an orangish brown solid. To the dry brown solid was added 1.00 g (5.1 mmol) N2-(4-aminobutyl)-
1,3,5-triazine-2,4,6-triamine and 91 mL DMF. To the resulting suspension was added 1.90 mL
(11.0 mmol) N,N-diisopropylethylamine was added dropwise. The orange suspension was stirred
at 70 °C for about 3 h. TLC was used to monitor reaction progress (8 DCM:2 MeOH, Rf 0.3). The
resulting brown solution was dried in vacuo to obtain a brown oil that was purified using a Combi-
Flash RediSep column (silica, 12 g) with elution gradient 100 DCM:0 MeOH to 80 DCM:20
MeOH. The fractions containing product were combined and concentrated in vacuo. The product
was further purified further purified using preparative HPLC (gradient H20 (0.1% TFA):MeCN
(0.1% TFA) from 100:0 to 0:100 to yield 1.81 mg (<1 % over three steps) of the title compound
as an orange solid. 96% pure by analytical HPLC (retention time 5.043 min, analytical HPLC
gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over 5 min.).
IH NMR (500 MHz, DMSO-ds) § 15.02 (s, 1H)*, 8.74 (d, J = 7.21, 1H), 8.63 (d, J = 8.89, 1H),
8.47 (d, J = 8.88, 1H), 8.08 (d, J = 8.61, 1H), 7.86 (t, J = 8.13, 2H), 7.75 (bs, 1H), 7.48 (m, 2H),
7.38 (d, 3 = 7.99, 1H), 6.55 (m, 1H), 6.44 (d, J = 5.95, 1H), 6.29 (s, 1H), 6.01 (bs, 2H), 5.88 (bs,
2H), 4.54 (t, J = 7.14, 1H), 3.39 (d, J = 7.33, 2H), 3.18 (d, J = 6.66, 2H), 2.65 (bs, 1H), 1.82 (d, J
=8.00, 1H), 1.54 (p, J = 7.36, 1H), 1.25 (s, 4H), 0.86 (t, J = 6.69, 1H). *protonated acridine. *C
NMR (500 MHz, DMSO-de) 6 204.74, 168.27, 168.00, 167.01, 161.31, 160.29, 155.42, 154.46,
154.18, 153.55, 152.73, 145.99, 140.96, 135.70, 129.13, 127.78, 126.47, 123.75, 121.18, 105.06,
55.16, 47.89, 43.95, 31.64, 30.10. HR-ESI MS (m/z) calcd for C2sH31N10O" [M+H™] 523.2677;

found 523.2670.
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Synthesis of N24

CHCl,

H
O O (o] N O
N S W B U e '
o~ Yo~ Yo 65-68%

(0]

tert-butyl (2-aminoethyl)carbamate:'* To a 1000 mL round-bottom flask was added 22.5 mL
(337 mmol) 1,2-diaminoethane and 386 mL chloroform. The resulting clear solution was cooled
to 0 °C in an ice bath. In a 500 mL Erlenmeyer flask was mixed 18.38 g (84.2 mmol) di-tertbutyl
dicarbonate and 400 mL chloroform to form a clear solution that was added dropwise to the round-
bottom flask while stirring using an addition funnel. The resulting milky white mixture was kept
at 0 °C for 3 h, removed from the ice bath to slowly warm to room temperature and stirred for an
additional ~16 h. Thin layer chromatography on silica gel plates (9 MeOH:1 NH4OH, rf 0.8,
ninhydrin stain) was used to monitor reaction progress. The white solution was decanted into a
separatory funnel, washed with DI water (6 x 300 mL) and the organic layer was checked for
remaining 1,2-diaminoethane by TLC (9 MeOH:1 NH4OH, 1,2-diaminoethane Rf 0.1, pdt Rf 0.8).
The organic layer was dried over sodium sulfate and concentrated in vacuo to obtain 11.30 g (84%)
of the title compound as a colorless oil.'H NMR (500 MHz, de-DMSO) § 8.32 (s, 1H), 2.92 (b,

2H), 2.52 (bs, 2H), 1.38 (s, 9H), 1.30 (bs, 2H).

NH, Ny NH2
N)QN + HzN/\/N\n/O

\|< — MeCN 5,
| H
A IS Bt

tert-butyl (2-((4-Amino-6-chloro-1,3,5-triazin-2-yl)amino)ethyl)carbamate. To a 200 mL
round-bottom flask was added 2.41 g (15 mmol) 4,6-dichloro-1,3,5-triazin-2-amine and 79 mL

acetonitrile. To the resulting white suspension was added 7.0 mL (40 mmol) N, N-
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diisopropylethylamine and the mixture was stirred. A mixture of 2.50 g (16 mmol) tert-butyl (2-
aminoethyl)carbamate and 10 mL acetonitrile was added dropwise via syringe to obtain a faintly
yellow suspension. The mixture was stirred for about 20 h, filtered with a Buchner funnel, washed
with 3x100 mL water and 100 mL diethyl ether, and dried on a lyophilizer to obtain a white powder
that was stored at 0 °C until further use. TLC (9 DCM:1 MeOH, Rf 0.7) was used to monitor
reaction progress and the reaction yielded 1.88 g (46%) of the title compound as a white solid. *H
NMR (500 MHz, DMSO-ds) & 7.66 (t, J = 5.76, 1H), 7.31 (bd, 1H), 7.16 (bd, 1H), 6.85 (dt, J =
11.42, 5.40, 1H), 3.24 (dq, J = 12.49, 6.28, 2H), 3.05 (dg, J = 12.92, 6.25, 2H), 1.37 (s, 9H). :*C
NMR (500 MHz, DMSO-de) 6 168.53, 167.40, 166.15, 156.10, 78.16, 40.59, 40.42, 28.70. LR-

ESI MS (m/z) calcd for [M+H*] 289.12; found 289.1.

NH, HZN/\/\/NHz NH,
N)§N MeOH > N7 SN
)l\ /)\ 5 100°C, 3.5 h HoN AN )I\ z /\/H o)
AL Eg B NI e AN
0 O

tert-butyl (2-((4-amino-6-((4-aminobutyl)amino)-1,3,5-triazin-2-yl)amino)ethyl)carbamate.
To a 25 mL round-bottom flask was added 1.4 mL (14 mmol) 1,4-diaminobutane and 5.0 mL
methanol. The mixture was stirred at 100 °C to obtain clear solution and a mixture of 974.6 mg
(3.4 mmol) tert-butyl (2-((4-Amino-6-chloro-1,3,5-triazin-2-yl)amino)ethyl)carbamate in 5.0 mL
methanol was added slowly over 10 min. The reaction was stirred for an additional 3.5 h and dried
in vacuo to obtain colorless oil. TLC was used to monitor progress with ninhydrin stain (8 MeOH:2
NH4OH, Rf triazine 0.95, Rf pdt 0.7, Rf 1,4-DAB 0.1). The crude product was purified on Combi-
Flash RediSep column (silica, 12 g) with elution gradient 95 DCM:5 MeOH to 70 DCM:30 MeOH.

The fractions containing product were combined and dried in vacuo to obtain 873 mg (73%) of the
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title compound as a fine white powder. *H NMR (500 MHz, DMSO-ds) & 6.81 (bs, 1H), 6.60-6.33
(bm, 1H), 6.31-5.80 (bm,3H), 3.25-3.11 (bm, 6H), 3.04 (bs, 2H), 1.45 (bm, 4H), 1.38 (s, 9H). °C
NMR (500 MHz, DMSO-de) & 166.49, 166.48, 166.39, 156.13, 78.05, 41.96, 31.20, 28.71, 27.42.

LR-ESI MS (m/z) calcd for [M+H"] 341.24; found 341.1.

®
NH,
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H
o _N )\\ NH >
>r i \/\” N H/\/\/ 2 DIPEA
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(0] NH, NH2
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H Na N H N M N_ 0O
Y N s G
H H
NH, NH. o}
®

1,4-phenylenebis(((4-((4-amino-6-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-1,3,5-

triazin-2-yl)amino)butyl)amino)methaniminium). To an oven-dried 100 mL round-bottom
flask was added 0.38 g (1.3 mmol) diethyl terephthalimidate dihydrochloride and 24 mL ethanol
stored on 4A molecular sieves. The resulting white suspension was cooled to 0 °C and kept under
nitrogen atmosphere. To the white suspension was added 0.74 mL (3.8 mmol) N,N-
diisopropylethylamine to obtain a colorless solution. A solution of 872.7 mg (2.56 mmol) tert-
butyl (2-((4-amino-6-((4-aminobutyl)amino)-1,3,5-triazin-2-yl)amino)ethyl)carbamate in 10 mL
ethanol stored on 4A molecular sieves was added to the round-bottom flask dropwise with a
syringe over 5 min. The transparent tan solution was warmed slowly to 25 °C and stirred for about

18 h. TLC was used to monitor progress with ninhydrin stain (9 MeOH:1 NHsOH, Rf 0.1). The
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solvents were removed in vacuo to obtain a white solid. The crude product was purified on a 2” x
6” silica column with elution gradient 9 DCM:1 MeOH to 7 DCM:3 MeOH + 5% NH4OH. The
fractions containing product were combined and dried in vacuo to obtain 475 mg (45%) of the title
compound as a white solid. *H NMR (500 MHz, DMSO-ds) § 10.08 (s, 2H), 9.71 (s, 2H), 9.28 (s,
2H), 7.95 (s, 4H), 7.22 (bm, 4H), 6.83 (bm, 2H), 6.71-6.41 (bm, 2H), 6.18-5.95 (bm, 2H), 3.47-
3.43 (bt, J =, 6.34, 4H)*, 3.24 (bm, 8H), 3.05 (bs, 4H), 1.69 (bm, 4H), 1.59 (bm, 4H), 1.38 (s, 18
H). *overlapped with water peak. **C NMR (500 MHz, DMSO-dg) & 172.25, 166.51, 164.57,
162.29, 155.69, 133.48, 129.11, 77.71, 63.42, 42.80, 41.91, 39.50, 28.72, 25.27, 25.23. LR-ESI

MS (m/z) calcd for [M+H*] 809.51; found 809.3.

®
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S i Y
o7 SN /N\rN\/\/\N NN
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H H
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- i M X
HCI(2 M in Et,0) |\ AN /N\IrN\/\/\N X
H H l
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92 % NH, NH ; H
*6 HCI

Compound N24. In a 50 mL round bottom flask was mixed 475 mg (0.587 mmol) 1,4-
phenylenebis(((4-((4-amino-6-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-1,3,5-triazin-2-

yl)amino)butyl)amino)methaniminium) and 20 mL of 2 M HCI in diethyl ether. The suspension
was stirred at room temperature for about 22 h. TLC (8 MeOH:2 NH4OH, Rf pdt = 0.1) was used
to monitor reaction progress. The solvents were removed in vacuo to yield 446 mg (92%) of the
title compound as a white solid HCI salt. 99% pure by analytical HPLC (retention time 3.765 min,

analytical HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-
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100% over 5 min.) 'H NMR (500 MHz, DMSO-ds) & 10.31-10.23 (bm, 2H), 9.80 (s, 2H), 9.52-
9.38 (bm, 2H), 8.63-8.50 (bm, 2H), 8.30 (s, 2H), 8.20 (s, 2H), 8.00 (s, 4H), 7.95 (s, 2H), 3.61 (q,
J=6.12, 2H), 3.57-3.47 (bm, 6H), 3.43 (g, J = 6.11, 2H), 3.40-3.33 (bm, 2H), 2.99 (dg, J = 17.87,
6.53, 4H), 1.73 (p, J =8.00, 4H), 1.65 (p, J =7.21, 4H), 1.24 (s, 1H)*. *partially exchanged amine.
13C NMR (500 MHz, DMSO-ds)  162.98, 162.08, 161.74, 156.34, 133.34, 129.15, 49.06, 42.99,
38.65, 38.37, 26.49, 25.02. LR-ESI MS (m/z) calcd for [M+H*] 609.41; found 609.2. MALDI-MS

(m/z) calc for [M+H"] 609.4069; found 609.406.

Synthesis of N25
®
NH
o
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0°Cto RT, 20 h
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1,4-phenylenebis(((2-((tert-butoxycarbonyl)amino)ethyl)amino)methaniminium). To an
oven-dried 100 mL round-bottom flask was added 1.04 g (3.5 mmol) diethyl terephthalimidate
dihydrochloride and 70 mL ethanol stored on 4A molecular sieves. The resulting white suspension
was cooled to 0 °C and kept under nitrogen atmosphere. To the white suspension was added 1.80
mL (10 mmol) N,N-diisopropylethylamine to obtain a colorless solution. A solution of 1.19 g (7.4
mmol) tert-butyl (2-aminoethyl)carbamate in 10 mL ethanol stored on 4A molecular sieves was
added to the round-bottom flask dropwise with a syringe over ~5 min. The colorless solution was
warmed slowly to 25 °C and stirred for about 18 h. TLC was used to monitor progress with

ninhydrin stain (8 MeOH:2 NH4OH, Rf 0.2). The solvents were removed in vacuo to obtain a white
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solid. The crude product was purified on a CombiFlash column (silica, 24 g) with gradient 95
DCM:5 MeOH to 70 DCM:30 MeOH. The fractions containing product were combined and dried
in vacuo to obtain 474 mg (26%) of the title compound as a white solid. *H NMR (500 MHz,
DMSO-dg) § 7.97 (s, 4H), 7.12 (t, J = 5.99, 2H), 4.13 (q, J = 5.26, 2H), 3.53 (t, J = 5.69, 4H), 3.30
(d, J=5.97, 4H), 3.17 (d, J = 4.87, 4H), 1.39 (s, 18H). *Amine protons seem to have exchanged.
13C NMR (500 MHz, DMSO-ds) & 162.59, 156.35, 133.49, 129.07, 78.54, 43.77, 38.38, 28.71.

HR-ESI MS (m/z) calcd for [M+H*] 449.29; found 449.3.
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Compound N25. In a 20 mL vial on ice was dissolved 473.94 mg (0.907 mmol) 1,4-
phenylenebis(((2-((tert-butoxycarbonyl)amino)ethyl)amino)methaniminium) in 5 mL
trifluoroacetic acid (added dropwise). After addition, the solution was warmed to room
temperature and stirred for about 3 h. TLC was used to monitor progress with ninhydrin stain (9
MeOH:1 NH4OH, Rf 0.1). The solvents were removed in vacuo to obtain a tan to pink oil. The
crude product was dissolved in 100 mL acetone to obtain a cloudy solution that was let sit
overnight at room temperature. The white precipitate was filtered off using a Buchner funnel and
washed with 100 mL acetone. The tan filtrate was rotovapped to yield 572 mg (90%) of the title
compound as a white solid. 99% pure by analytical HPLC (retention time 0.684 min, analytical

HPLC gradient acetonitrile in water, 0.1% TFA 0-50% over 5 min, 50% for 5 min, 50-100% over
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5 min.) 'H NMR (500 MHz, DMSO-dg) & 10.17 (bs, 2H), 9.97 (s, 2H), 9.48 (s, 2H), 8.04 (s, 4H),
3.72 (q, J = 5.80, 4H), 3.20 (q, J = 5.80, 4H), 2.48 (bs, 3H)*. *Terminal amine protons seem
partially exchanged. *C NMR (500 MHz, DMSO-ds) & 163.25, 159.35%, 159.09*, 158.82*,
158.56*, 133.56, 129.21, 120.62*, 118.26*, 115.91*, 113.55*, 49.06, 41.06. *TFA peaks. LR-ESI

MS (m/z) calcd for [M+H"] 249.18; found 249.2.

Synthesis of N26

c' s
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92 %

Compound N26. To a 300 mL round bottomed flask was added 6.03 g (22 mmol) 6,9-dicholoro-
2-methoxyacridine and 117 mL (1.75 mol) 1,2-diaminoethane. The yellow suspension was stirred
in an oil bath at 120 °C under nitrogen. The yellow suspension transitioned to an orange solution
and then a brown solution that was cooled to room temperature after about 10 h. To the flask was
added 280 mL DI water to obtain a yellow precipitate in an orange solution. Filtered with a
Buchner funnel and washed with 20x6 mL DI water. The solid was suspended in 400 mL diethyl
ether, sonicated, filtered again, and washed with ~1200 mL diethyl ether. The solid was dried in
vacuo to yield 6.00 g (92%) of the title compound as an orange solid. *H NMR (500 MHz, CDCls)
§8.37 (d, J = 9.35, 1H), 7.91-7.76 (bm, 2H), 7.64 (d, J = 2.71, 1H), 7.42 (dd, J = 9.30, 2.68, 1H),
7.33 (d, J =9.40, 1H), 3.94 (s, 3H), 3.72 (t, J =6.36, 2H), 2.88 (t, J = 6.35, 2H). Amine protons
seem to be exchanged. *C NMR (500 MHz, DMSO-ds) & 155.50, 151.13, 133.89, 131.10, 127.56,
126.97, 124.70, 123.12, 122.52, 117.68, 115.25, 101.37, 101.17, 56.07, 53.11, 42.82. LR-ESI MS

(m/z) calcd for [M+H*] 302.78; found 302.0.
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