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Abstract

The sequencing of the human genome suggests that transcription factors (TFs)
make up one of the largest classes of human proteins, revealing that there are over 2000
genes that code for transcription factors. The pivotal roles of TFs in cell biology become
quite apparent when one or more of these regulatory mechanisms becomes mutated or
altered. For example, the androgen receptor (AR) transcription factor plays a pivotal role
in prostate carcinogenesis and progression. Additionally, the inflammatory response of
the NF-«xB transcription factor proteins results in the transcription of many genes, which
play pivotal roles in carcinogenesis. There are several approaches to modulate and study
transcription factor activity and biochemistry. Utilizing cis element DNA decoys to
sequester TFs is one approach to directly modulate transcription factors. Introducing
these synthetic double-stranded DNA decoys containing TF binding sites into cells
effectively sequesters TFs and inhibits their target gene expression. Over the past couple
of decades, numerous reports have validated utilizing this approach. For example, a
phosphorthioate STAT3 DNA decoy has entered the “first-in-human” Phase O clinical
trials for the treatment of head and neck squamous cancer. STAT3 expression and cell
viability was reduced in the head and neck cancers injected with the decoy compared to
the saline control. Combining the spatial and temporal resolution of caging technology
with the DNA decoy strategy for the inhibition of transcription factor activity can yield
an approach for the very precise ability to photochemically regulate gene expression,

which has potential as a therapeutic agent and tool for probing biological pathways.

il



This thesis will focus on efforts to develop several novel DNA-based and small
molecule-based probes to investigate the biochemistry of TFs and their signaling
pathways. Chapter 2 discusses the synthesis and characterization of caged DNA decoys
that target the Androgen Receptor (AR). Caged DNA decoys successfully captured AR in
LNCaP lysate when irradiated with light. Chapter 3 introduces the complement to caging
technology, which is catch and release DNA decoys (CRDDs). CRDDs capture
transcription factors, by binding and sequestering them, and then a pulse of light
photochemically destroys the CRDD, permitting release of the TF. Several 7-nitroindole
(7-NI, 1.47) nucleobase mimics were incorporated into NF-kB-directed DNA decoys,
which still allowed the capture of the p50-p65 NF-«kB proteins. Irradiation with 350 nm
light drives the release of the p50-p65 NF-«kB. The capture and photochemical release of
an endogenous transcription factor is demonstrated for the first time. Chapter 4 continues
the work of Chapter 3 by developing second-generation nucleobase mimics for use in
CRDDs. Addition of molecular recognition properties on a photo-responsive monomer is
hypothesized to increase binding affinity to capture endogenous TFs. 8-Nitroguanosine
contains this added molecular recognition, is more stable within duplex DNA, and also
displayed similar photochemical depurination properties. Chapter 5 outlines work
developing photoswitchable nucleobases that transpose their hybridization properties
upon photolysis. Chapter 6 highlights work to determine the mechanistic NF-xB
inhibitory properties of several Cryptocaryone analogues, which were found to inhibit the

NF-kB translocation to the nucleus. Appendix A focuses on the characterization of the

v



enantioselectivity of guanosine monophosphate synthetase (GMPS), a crucial enzyme in

nucleotide biosynthesis.
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Chapter 1

APPROACHES FOR MODULATING TRANSCRIPTION FACTORS
CULMINATING IN PHOTOCHEMICAL SPATIOTEMPORAL CONTROL OF

NF-kB WITH CAGED DNA DECOYS

The figures of Section 1.6 are reprinted (adapted) with permission from Govan, J. M.;
Lively, M. O.; Deiters, A. Photochemical Control of DNA Decoy Enables Precise
Regulation of Nuclear Factor kB activity. J Am Chem Soc 2011, 133, 13176-82.
Copyright 2011 American Chemical Society.



1.1.1 Transcription Factor DNA Binding Domains

The sequencing of the human genome suggests that transcription factors make up
one of the largest classes of human proteins, revealing that there are over 2000 genes that
code for transcription factors.' Transcription factors have several distinct families of
three-dimensional structural motifs that recognize and bind DNA, which can be divided
into four superclasses (Figure 1.1).>® Superclass 1 DNA binding domains contain three
basic, but distinct motifs, centralizing around a pair of dimerized a-helices forming
sequence-specific interactions with the major groove of DNA. One major class of these is
the basic leucine zipper (bZIP) motifs characteristic in TFs such as Activator Protein 1
and cAMP Response Element-binding Protein (CREB, PDB: 1DH3, 1.1).* Another is the
basic helix-loop-helix (bHLH) motif characteristic in TFs such as MyoD, aryl
hydrocarbon receptor nuclear translocator (ARNT), and hypoxia-inducible factor la
(HIF1a, PBD: 4ZPR, 1.2).° The last major motif in superclass 1 is the helix-loop-helix-
leucine zipper (b HLH-ZIP) including the EF2, Mad, and c-Myc-Max TFs (PDB: 1NKP,
1.3).° Superclass 2 comprises of zinc-coordinating DNA binding domains that are often
folded into compact structures known as zinc fingers. Zinc fingers are made up of
different a-helices and B-sheets whereby zinc is required to stabilize the protein folds
creating a finger-like structure that interacts with the major groove of DNA. Nuclear
receptors (estrogen receptor, androgen receptor PDB: 1R4I, 1.4, etc.)’ are a major class of
transcription factors that bind DNA via zinc fingers. Superclass 3 motifs are series of -

sheets that are able to interact with the major groove of DNA. This superclass is made up
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of 11 classes of TFs including Nuclear Factors of Activated T cells (NF-ATs), Signal
Transducer and Activator of Transcription 3 (STAT-3), and Nuclear Factor-x of
Activated B cells (NF-kB). The NF-«kB protein largely exists as a p50-p65 heterodimer
(PDB: 1VKX, 1.5).® Superclass 4 motifs consist of helix-turn-helix folds, where the
majority of the recognition and binding to DNA is accomplished by the second a-helix,
known as the recognition helix.” Nearly 800 homeodomain-containing sequences have
been identified including 116 that are implicated in disease.'"’ For example, many
mutations in pancreatic and duodenal homeobox 1 (PDX1, PBD: 2HI1K, 1.6)ll have been
linked to type II diabetes.'

Each superclass often has a conserved primary sequence conferring similar
DNA binding sites to which each protein binds. Amino acid differences in the sequence
give rise to specificity among each family."” In some instances, a single amino acid
change can dictate specificity. For example, substitution of residue 9 on the recognition
a-helix in the Bicoid Activator Protein no longer activated Bicoid targets, suggesting that
residue 9 is crucial for the specific binding of Bicoid Activator Protein to DNA.'* These
residues can act either directly on the DNA or by influencing the interactions of other
residues with DNA. Specific DNA recognition can be achieved through these multiple

mechanisms.



1.1.2 Transcription Factor Trans-activator Domains

The domains of TFs involved protein-protein interactions with
transcriptional machinery, identified as trans-activator domains, stimulate transcription
after binding to a specific sequence of DNA. These activation domains function by
interacting with RNA polymerase II (Pol II), various other basal transcription factors
such as TFIIB and TFIID, and other proteins essential for transcription by recruiting them
to the promoter for activation of gene expression (Figure 1.2). This recruitment drives
the rate of transcription; thereby increasing the overall transcriptional activity after DNA
binding in a very controlled manner, which ultimately determines the spatial and
temporal expression of genes for development, homeostasis, and response to external
stimuli.>'>'® Activation domains can either interact directly with these proteins or
indirectly with co-activator proteins, which then interact with the transcriptional
machinery. For example, the Elk1 transcription factor binds to a Sur2 subunit of a co-
factor called meditator, which is then able to recruit Pol II and basal transcription factors

LROU,

Co-activ

TF \
Pol Il
TF =y st

gene
expression

Figure 1.2. Recruitment of transcriptional machinery to activate gene expression. Gene-specific TFs can
recruit basal TFs (such as TFIIB and TFIID) and RNA polymerase II (Pol II) either directly or indirectly
with co-activator proteins.



TFIIB, TFIE, TFIF, and TFIIH to Gal4 DNA binding sites, resulting in activation of

transcription in murine embryonic stem cells.'”

1.1.3 Endogenous Modulation of Transcription Factors

Endogenous modulation of TFs and their gene expression is a main

component that dictates which genes are being transcribed in every cellular context and

a.
TF with ligand
domain O
Inhibitor O
Protein
No gene Ligand-bound gene
expression TF expression
TF binding Ligan(_#)ound
site
Inhibitor ()
\ Protein
b. ) "o 4
Inactive TF
Inhibitor ()
Protein
No gene Fl:’g’gd gene
expression l axpression
TF binding TE g
site ; TF binding

site

Inhibitor 0

N 4

Inactive TF @
Post-
No gene translationally
expression Kinase modified TF g)?;;fe ssion
R

TF binding T
site TF binding
site

Figure 1.3. Signal induced activation of transcription factors. (a) Nuclear hormone receptor binding the
hormone ligand induces dissociation of inhibitor and allows the TF to bind DNA to activate gene
expression. (b) TFs bound to an inhibitory protein are rendered inactive until either the TF or the
inhibitory protein are signaled to be degraded or conformationally changed, releasing the TF to activate
gene expression. (c¢) Post-translational modifications to the TF induce conformational change allowing

the TF to bind DNA.



in response to diverse stimuli.'"® Endogenous regulation of TFs can occur through the
control of transcription and synthesis of the TF, epigenetic control through chromatin
remodeling, and through multiple mechanisms of post-translational activation including
phosphorylation, other co-activators, and even other TFs. In many cases, the TF is
regulated by synthesis depending on the cell or tissue type. For example, the MyoD
transcription factor is only synthesized in skeletal muscle cells. When MyoD was
overexpressed in undifferentiated fibroblast cells, the cells differentiated into skeletal
muscle cells showing MyoD’s role in the induction of skeletal muscle specific gene
expression.'”*’ Additionally, histone and chromatin modulation is a way to administer
transcriptional control, which includes histone acetyltransferases and histone
deacetylases.”’

A considerable extent of TF modulation occurs through signal-induced
activation for a rapid and amplified response to a stimulus. This occurs through several
different mechanisms including ligand binding, degradation or changes of the inhibitory
proteins, post-translational modifications including phosphorylation of the transcription

factor and dimerizations with other TFs, or combinations of the three (Figure 1.3).

1.1.4 Ligand Modulation of Transcription Factors and the Androgen Receptor

Nuclear hormone receptors (androgen, glucocorticoid, retinoid, and

prostaglandin receptors) are a superfamily of transcription factors that are modulated by

small lipophilic hormones. As their name implies, the hormone receptors reside in the



nucleus and heat shock proteins bind many members of this class, rendering them
inactive state. Binding of the hormone ligand results in a conformational change in the
receptor, causing dissociation of heat shock protein in many cases, allowing the
transcription factor to bind DNA as a homodimer, thus activating gene expression
(Figure 1.3a).*%

The androgen receptor (AR) transcription factor plays a pivotal role in the
development and function of the prostate. Prostate carcinogenesis and progression is
distinctively contingent on AR signaling (Figure 1.4).** Androgens including

testosterone are synthesized in the body and distributed through the blood stream (Figure

a. Androgens
including testosterone @ @

b. Androgens enter
responsive cell

C. Androgen binds AR 9 o)
releasing HSP @)

HSP AR

d. AR translocates and
binds DNA as a dimer

gene
expression

C
"
A4
ARE binding O
site

Figure 1.4. Androgen receptor signaling pathway. (a) Androgens including testosterone are synthesized
in the body and distributed through the blood stream. (b) Androgens diffuse into androgen responsive
cells. (c) Heat shock protein (HSP) inhibits AR activation. Upon binding testosterone or other androgens,
HSP dissociates from AR. (d) Free AR is allowed to translocate to the nucleus and bind the ARE
sequence as a homodimer to activate gene expression.



1.4a). Androgens diffuse into androgen responsive cells (Figure 1.4b). Heat shock
protein (HSP) inhibits AR activation. Upon binding testosterone or other androgens, HSP
dissociates from AR (Figure 1.4c). Free AR is allowed to translocate to the nucleus and
bind the Androgen Response Element (ARE) sequence as a homodimer to activate gene

expression (Figure 1.4d).

1.1.5 Inhibitory Proteins and Post-translational Modulation of TFs and NF-xB

Another level of control that is imposed endogenously on several
transcription factors (NF-xB, HIF-1, E2F, MDM4) is their binding to an inhibitory
protein either in the cytosol or in the nucleus. These transcription factors are in an
inactive state until conformational change in the transcription factor itself, degradation of
the inhibitory protein, or conformation change of the inhibitory protein, often due to
phosphorylation, disrupts the protein-protein interactions of the transcription factor and
inhibitor protein, thus freeing the transcription factor to translocate into the nucleus or
dimerize, if needed, bind DNA, and activate gene expression (Figure 1.3b).*

The other major regulatory pathway of transcription factors is post-
translational modifications. This can be seen with the Signal Transducer and Activator of
Transcription 3 (STAT3) transcription factors. Upon exposure to interleukin-6, STAT3 is
phosphorylated on a tyrosine residue by the JAK family of kinases. This allows the
STATS3 transcription factor to dimerize, translocate into the nucleus, bind to DNA, and

activate gene expression (Figure 1.3¢).>



A combination of both inhibitory proteins and post-translational modifications
modulate NF-kB activity. Since their discovery by Sen and Baltimore in 1986,>” the NF-
kB family of transcription factors have been linked to myriad cellular processes such as

proliferation, differentiation, and immune responses to pathogens.”"

In the canonical
pathway of NF-kB signaling (Figure 1.5), a p50-p65 NF-xB heterodimer is sequestered

in the cytoplasm by the protein IkBa. Following extracellular stress signals or pathogens,

the activated IKKo/IKKB/NEMO complex (IKK) phosphorylates [kBa, which induces

Receptor

NEMO éa

IKK-a IKK-B

gene
expression

\ NF-kB binding
site

Degradation

Figure 1.5. The canonical NF-kB pathway. Small molecule stimuli such as TNF bind to their receptor,
which leads to the activation of the IKK complex. (a) The IKK complex phosphorylates IkBa, which
then gets polyubiquitinated and sent to the 26S proteasome for degradation. p65 is further activated by
phosphorylation. (b-c) The freed NF-kB heterodimer translocates to the nucleus to activate gene
expression.
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727 Protein

ubiquitination and subsequent degradation of IxBa by the 26S proteasome.
Kinase A then phosphorylates the p65 subunit, which additionally activates NF-kB by
promoting transcriptional co-activators (Figure 1.5a). An exposed nuclear localization
sequence on p65 resulted from IkBa degradation, which alters the cellular p50-p65
equilibrium from exclusively cytosolic to nuclear (Figure 1.5b).* In the nucleus the p50-
p65 heterodimer can activate the expression of genes with NF-kB binding sites in their
promoters, including genes coding for inflammatory response such as adhesion

molecules, chemokines, MMP, and cytokines (Figure 1.5¢).>>>%3!*33>

1.1.6 Oncogenic Gene Expression and Transcription Factors

The pivotal roles of TFs in cell biology become quite apparent when one or
more of these regulatory mechanisms becomes mutated or altered.’® The aberrant change
in gene expression patterns result in the emergence of clinical manifestations including
developmental disorders, immune disorders, metabolic disorders, as well as
carcinogenesis.””’ Oncogenetics, the study of understanding the genes associated with the
susceptibility of malignancies, has uncovered that about one-third of the identified
cellular oncogenes code for DNA-binding proteins that act as gene-specific TFs.***!

For example, AR was found to promote site-specific double stranded DNA
breaks, which induces nonrandom translocations driving prostate carcinogenesis in some

42,43

cases. " Prostate cancer has become one of largest causes of cancer-related mortality of

men in the western world, with nearly 220,000 new cases estimated annually.** Many

11



patients progress to a castration-resistant (CRPC) stage where current primary therapies
are inadequate, due to mutations, often in the ligand-binding domain of AR, leading to
constitutive hyperactivation.” Inhibition of AR in CRPC, preventing its function to
activate cancer-related genes, results in cellular arrest and subsequent death.*®
Additionally, the NF-kB proteins are referred to as “the master regulators at
the center of inflammation” and their inflammatory response results in the transcription
of many genes, which play pivotal roles in carcinogenesis.”® NF-kB has been found to
control genes for tumor proliferation, angiogenesis, invasion, metastasis,
chemoresistance, and radiorestance.*” NF-xB is constitutively active in most tumor cells

and its inhibition results in stopping of cancer growth leading to tumor reduction.*®

1.2.1 Indirect Transcription Factor Modulators

There are several approaches to modulate and study transcription factor
activity and biochemistry. Transcription factors can be targeted either indirectly or
directly. Several methods have been developed to inhibit TFs indirectly (Figure 1.6).
Induction of signaling pathways that affect TF activity can be modulated by inhibiting the
extracellular signaling molecules or their cell surface protein receptors, thereby,
controlling downstream cellular gene expression (Figure 1.6a). Since transcription
factors are focal points for intracellular signaling, one common method of modulation is

to inhibit an upstream target in the signaling pathway, thus indirectly impeding TF

12
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Figure 1.6. Indirect transcription factor modulators. (a) Modulation of extracellular signaling
molecules or surface receptors. (b) Inhibition of upstream targets including kinases. (c) Inhibition of
nuclear translocation. (d) Inhibition of epigenetic targets including HATs and HDAC:s.

activity (Figure 1.6b). Additionally, activation of several signaling pathways result in
post-translational modification to the TF, allowing TF translocation from the cytosol to
the nucleus via nuclear location signals, thus resulting in activation of gene expression.

Inhibiting this translocation to the nucleus is another method to reduce transcription
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factor activity (Figure 1.6¢).*’ Lastly, targeting epigenetic regulation, such as controlling
histone modifications, has been shown to inhibit the activity of several transcription

factors indirectly (Figure 1.6d).”

1.2.2 Modulation of TFs Through the Inhibition of the Surface Receptor or

Extracellular Signaling Molecules

Many cell surface receptors can be inhibited or down regulated to prevent the
activation of downstream signaling pathways that eventually activate gene-specific TFs
(Figure 1.6a). A small molecule screen for TNF-a inhibitors uncovered the molecule
conophylline 1.7, which prevented NF-kB activation, including its phosphorylation and
the degradation of IxBa by significantly reducing the expression of TNF-a surface
receptors (Figure 1.7).°" Another way this can be accomplished is by interfering with the
ability of the extracellular signaling molecules to bind and activate the receptor. Several
anti-TNF-a antibodies including infliximab (REMICADE) and etanercept (Enbrel) have

made it into clinical trials and are FDA approved for the treatments of rheumatoid

1.7

Figure 1.7. Structure of conophylline.
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arthritis and psoriasis by inhibiting the NF-kB inflammatory response.”

1.2.3 Modulation of TFs Through the Inhibition of Upstream Signaling Targets

Kinases and other upstream signaling proteins are frequently targeted for
therapeutic modulation of TF activity and have been very successful in clinical
applications to treat aberrantly active oncogenic gene expression (Figure 1.6b). One of
the more famous examples is the small molecule imatinib 1.8, which is marketed by
Novartis as Gleevec (Figure 1.8). Imatinib targets the tyrosine-kinase BCR-Abl, which is
aberrantly activated in multiple cancers including Philadelphia chromosome-positive and
chronic myelogenous leukemia (CML).” Hyperactivation of this upstream kinase results
in the activation of several downstream TFs including NF-«B, STAT3, and
CCAAT/enhancer-binding protein—o (C/EBPa).”*® This Inhibition of BCR-ADbI results
in tumor suppression, leading to a five-year survival rate of 80% of chronic myeloid

leukemia (CML) patients. >’

Figure 1.8. Structure of imatinib.
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1.2.4 Modulation of TFs Through the Inhibition of Nuclear Translocation

Controlling the sub-cellular localization of TFs is a strategy for specific signaling
pathway inhibition (Figure 1.6¢).* For example, sequestration of the NF-kB proteins in
the cytosol prevents activation of NF-kB-directed gene expression. This can be
accomplished through the inhibition of nuclear import proteins with peptide mimics of
nuclear location sequences (NLSs). NLSs are short peptides on proteins that mediate the
nuclear import of proteins by binding to their receptors on the nuclear envelope. The NF-
kB NLS peptide SN50 (1.9) competitively inhibited NF-«kB activation at a concentration
of 100 pg/mL in mice, which significantly reduced the nuclear induction of NF-kB,
demonstrating that the sequestration of NF-xB in the cytosol is a valid strategy for TF

modulation. (Figure 1.9).®

SN50 H-AAVALLPAVLLALLAPYGRKRQKLMP-OH
1.9

Figure 1.9. Structure of SN50.

1.2.5 Modulation of TFs Through the Inhibition of Epigenetic Targets

Targeting epigenetic regulation is a strategy to inhibit the activity of several

transcription factors indirectly (Figure 1.6d). One example is the small molecule I-
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BET151 1.10, a bromodomain inhibitor, which prevents the recognition of epigenetic
modifications, and resulted in irreversibly suppressing development of type-1 diabetes in
NOD mice (Figure 1.10). The inhibition of the BET subfamily of bromodomains with I-
BET151 suppressed NF-kB-directed pro-inflammatory gene expression by inhibiting

TNF-a induced pathway activation.>

!
N A\
[IREN) o
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N’
1.10

Figure 1.10. Structure of I-BET151.

1.3.1 Direct Transcription Factor Modulators

Transcription factor activity can be modulated by indirect methods; however,
they are largely non-specific. Cellular signaling cascades are complex and often involve
cross talk between pathways. The result of indirect inhibition, then, affects several
transcription factors.®” Since many transcription factors are both oncogenic themselves
and are the focal points for aberrant gene expression that confers many of the hallmarks
of cancer progression, the selective inhibition of TFs serve as the most direct targets for

38,61,62 : :
7" In this way, even several upstream oncogene mutations

therapeutic development.
would be neutralized with the right transcription factor inhibitor. There are numerous
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examples demonstrating that inhibition of TFs preferentially causes cancer cell death
versus normal cells because of the redundancies in normal signaling pathways, thus
making them excellent therapeutic targets.*

Approaches to modulating TFs directly include the use of small molecules
and peptides that block protein-protein interactions preventing dimerization of crucial
TFs, translocation to the nucleus, or binding to the DNA (Figure 1.1 1b).** There are also
modulators targeting specific sequences of DNA to block TF binding (Figure 1.11c),
methods involved in mRNA regulation (Figure 1.11d), and cis element DNA decoys to

sequester TFs preventing gene activation (Figure 1.11e).

C.
expression

Small molecule
J— DNA binder

TF binding
site
b.

Small molecule Peptide mRNA degradation
inhibitor inhibitor e

Prevents dimerization, nuclear translocation,
DNA binding, and/or cofactor interactions

Sequestered TF
by DNA decoys

Figure 1.11. Direct transcription factor modulators. (a) Normal TF function. (b) Inhibition of key
interactions including dimerization and DNA binding by small molecules or peptides. (c) Small molecule
DNA binders blocking TF attachment. (d) mRNA degradation preventing TF synthesis. (e) Cis element
DNA decoy sequestering TFs from activating gene expression.
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1.3.2 Small Molecule Transcription Factor Modulators

Historically, small molecules have been widely used to directly inhibit
therapeutic targets including receptors and kinases that contain binding pockets (Figure
1.11b). Since nuclear hormone receptor transcription factors contain a ligand-binding
domain, small molecule modulators have been used clinically as agonists, antagonists,
and inverse agonists. The estrogen receptor (ER), which is the determining TF driving
75% of breast cancers, can be inhibited with clinical efficacy.® Tamoxifen (1.11), an ER
antagonist, was introduced into the clinic in the 1980s to treat ER positive breast cancer
patients and is one of the most successful targeted therapies, increasing patient’s survival
rate (Figure 1.12).° Similarly to the ER, the androgen receptor (AR), as described above,
drives the progression of prostate cancer.®’ Many therapies have been designed to take
advantage of this dependence.®® Enzalutamide (1.12), which was FDA approved in 2012,
increased the overall survival rate of patients by exhibiting multiple mechanisms of
action (Figure 1.12). Enzalutamide binds to the ligand-binding domain of AR, preventing

its activation by testosterone, translocation to the nucleus, and transcriptional activity.®®

-
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Tamoxifen Enzalutamide

1.1 1.12

Figure 1.12. Structures of Tamoxifen and Enzalutamide.
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With the exception of nuclear hormone receptors, there are relatively few
examples of small molecule inhibitors of transcription factors because most transcription
factors lack a ligand-binding domain. Thus, direct modulation of such proteins has been
difficult due to the fact that they are composed of large, shallow, surfaces, and have even
been referred to as ‘undruggable’.’®’® Advances in the understanding of the energetics of
molecular recognition, both high-throughput and in silico screening technologies, and
organic synthesis have permitted the ability to inhibit such protein-DNA and protein-
protein interactions that have been previously referred to as undruggable.”'”’® The
Koehler lab has developed an unbiased small molecule microarray as a common
approach to discover ligand-protein interactions of several types of proteins including
TFs.””® These advancements have paved the way for an exponentially expanding
quantity of inhibitors and therapeutic agents. For example, Vogt and co-workers
discovered several small molecule antagonists of the Myc/Max protein-protein
interaction, which interfered with Myc induced oncogenic transformation (Figure

1.13).*!

Figure 1.13. Structures of Myc/Max antagonists.

A small molecule inhibitor could also bind to DNA binding domains of TFs
and prevent them from binding their target sequences. This strategy has been used to

20



develop inhibitors of the transcription factor C/EBPa. A fluorescent polarization screen

was used to identify 39 small molecule inhibitors of the C/EBPa DNA binding domain

(Figure 1.14).%

OH
0:Sb-OH
0
HONLOH o
0
OH
1.15 1.16

Figure 1.14. Structures of C/EBPa DNA binding domain inhibitors.

1.3.3 Peptide or Peptidomimetic Transcription Factor Modulators

An alternative approach to small molecules blocking protein-protein
interactions is through peptide or peptidomimetic inhibitors (Figure 1.11b). This

approach has been successful with the in vivo targeting of the NOTCH transcriptional

WT p5314.29  Ac-LSQETFSDLWKLLPEN-NH,
1.17

WT p531429  Ac-QSQQTF*NDLWRLL*PQN-NH,
1.18

Figure 1.15. Wild-type p53 peptide fragment and the locked SAH peptide inhibitor. * denotes point of
linker attachment to lock the peptide in an alpha helical conformation.
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complex in xenograft models, inhibiting the progression of leukemia.* This strategy has
also been utilized in the most well studied TF complex of p53-MDM2. The tumor
suppressor p53 upregulates genes responsible for DNA repair, cell-cycle arrest, and
apoptosis, which is why p53 mutations are associated with a number of cancers.* The
pS3 protein is regulated by MDM?2, which binds to p53 and blocks its ability to
upregulate transcription.*® A locked, stabilized alpha helix (SAH) peptide inhibitor of
MDM2 1.18, which mimics the wild-type p53 alpha helix 1.17, has just moved into phase
I clinical trials for patients with advanced malignancies expressing wild-type p53 (Figure
1.15).%¢

Limitations to the peptide approach include lack of cell permeability and
poor stability due to proteolytic degradation. One way to overcome these limitations is by
utilizing peptidomimetics. Peptidomimetic inhibitors combine the advantages of peptides
(high efficacy and target selectivity) and small molecules (cell permeable, stable, and
bioavailability).*” Peptidomimetics function by arranging their three-dimensional
conformation in the shallow binding pockets to inhibit protein-protein interactions.*®
There are a number of peptidomimetic compounds in preclinical and clinical trials. Signal

transducer and activator of transcription 3 (STAT3) is an oncogenic TF constitutively
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Figure 1.16. Peptide lead and peptidomimetic inhibitor of STAT3.
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active in many breast cancers.®” Several peptidomimetic compounds have been identified

that inhibit STAT3 and cell proliferation (Figure 1.16).”

1.3.4 Modulation of TFs Through Small Molecule DNA Binders

Another method to directly modulate TF activity is to block it from binding
its target sequence by manipulating the DNA structure, thus preventing target gene
expression (Figure 1.11¢). DNA binding pyrrole-imidazole (Py-Im) polyamides have
become a great strategy and class of gene modulators. Py-Im polyamides are small
molecule minor groove binders that achieve sequence-specific recognition of DNA
through hydrogen bonds to DNA. This strategy has been used to rationally design small
molecules to inhibit the binding NF-«B p50-p65 (1.21) and the AR (1.22) to DNA
(Figure 1.17).”"” In addition, because G-quadruplexes are secondary DNA structures
formed by guanine-rich sequences and are over-represented in telomeres and
transcriptional start sites, small molecules have been used to stabilize G-quadruplexes to
inhibit the binding of TFs, such as c-Myc, to DNA.** *°
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Figure 1.17. Small molecule Py-Im polyamides that inhibit NF-kB p50-p65 and AR.
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1.3.5 Modulation of TFs Through mRNA Regulation

Small interfering RNA (siRNA), short hairpin RNA (shRNA), and antisense
oligonucleotides are standard laboratory tools used for mRNA regulation, which can be
utilized to target transcription factors to directly downregulate their mRNA expression
and subsequent protein synthesis (Figure 1.11d). These technologies utilize double-
stranded RNAs (dsRNAs) that get processed by the Dicer protein to yield short (~20 base
pair) dsRNAs, which can dissociate into two single-stranded RNAs (ssRNAs). This
single-stranded RNA 1is incorporated into the RNA-induced silencing complex (RISC)
and is a sequence-specific complement of the target mRNA. Upon hybridizing with the
mRNA, a conformational shift allows the catalytic subunit, Argonaute, to cleave the

%09 These technologies have

mRNA, which results in inhibition of protein synthesis.
limitations associated with cellular uptake and short half-lives, but have tremendous
advantages including specificity and efficacy against their targets. For example, the
STAT3 antisense oligonucleotide AZD9150 (1.23), has undergone phase I clinical trials
for advanced lymphoma and solid tumor patients whereby two out of three patients
observed a greater than 50% reduction in tumor size by inhibiting STAT3 gene

expression (Figure 1.18).'"

5'- CTATTTGGATGTCAGC -3'
1.23

Figure 1.18. STAT3 antisense oligonucleotide AZD9150. The nucleotides are locked nucleic acids (LNA,
1.27), which also contain constrained ethyl groups.'”’
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1.4 DNA Decoys

Utilizing cis element DNA decoys to sequester TFs is another approach to
directly modulate transcription factors (Figure 1.11e). Previous studies have shown that
tandem repeats of DNA in the genome that contain transcription factor binding sites
could serve as decoy binding sites, which effectively sequesters a TF and inhibits its

192194 This endogenous form of TF competitive inhibition can be

target gene expression.
replicated exogenously by introducing synthetic double-stranded oligodeoxynucleotides
(ODN) containing TF binding sites into cells. These platforms of artificial gene
modulation utilizing cis element DNA decoys can be transfected into cells, sequestering
their targeted TFs, and alter gene expression by inhibiting their endogenous activity

(Figure 1.19b)."” There are several types of DNA decoys, usually ranging from 10-20

base pair ODNs to plasmid DNA containing multiple decoys in the sequence.'®

a. b.

TF binds 5, TF sequestered by
genomic DNA DNA decoy
Gene No gene
expression
" Qi* ” <. P expression
AN AN
TF binding binding TF binding binding
site site

Figure 1.19. Inhibition of gene expression by DNA decoys. (a) TFs able to bind genomic DNA and
activate gene expression. (b) DNA decoys sequester TFs thereby reducing its effective concentration and
subsequent endogenous activity.

There are numerous advantages to this approach of modulating TFs and gene
expression: the TF targets are abundant and identifiable as publications of TFs and their

consensus sequences become more common, which is attributable to genome
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technologies like chromatin immunoprecipitation sequencing (ChIP-seq),'””'® the
synthesis of DNA decoys are relatively simple using phosphoramidite chemistry,'*'!?
the DNA binding domains of TFs are unlikely to acquire mutations to achieve resistance,
and DNA decoys can be rationally designed to modulate any TF because the only
structural information about the TF that is needed is the sequence that it binds.

One major limitation of DNA decoys, or DNA therapeutic agents in general,
is their poor cellular uptake. Laboratory techniques such as cationic liposomes, heat
shock, and electroporation can be used to introduce foreign DNA into cells; however,
these techniques cannot be used in vivo. However, there has been progress to rectify this
problem. The Hemaggulitinating Virus of Japan (HVJ)-liposome method and ultrasound-
mediated gene transfer method have demonstrated enhanced gene transfer and uptake of
DNA decoys."""'"® Another major limitation of DNA decoys is their rapid degradation by

. 119,120
serum and intracellular nucleases,

consequently, there have been several different
modifications of DNA decoys to improve their stability (Scheme 1.1). Modified
phosphodiester bonds (1.24), such as replacing a non-bridging oxygen in the phosphate
linkages with sulfur to form phosphorothioate (PS) bonds (1.25), greatly increases DNA

stability.'*!

Other modifications to the backbone including methyl phosphate and methyl
phosphonate (1.26) derivatives have also demonstrated nuclease resistance, giving rise to
higher stabilities.'*>'* Conformational restriction of nucleosides is another successful
strategy in designing potent DNA decoys. These locked nucleic acids (LNAs, 1.27)

contain a 2'-O-4'-C-methylene bridge in the sugar of the DNA and have demonstrated

added thermal stability and nuclease resistance while retaining their ability to bind
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TFs."**!'% Peptide nucleic acids (PNAs, 1.28) are a class of DNA mimics in which the
sugar-phosphate backbone is replaced by N-(2-aminoethyl)glycine units and are able to
efficiently undergo Watson-Crick hybridization.'””*'*” Recently, PNA-DNA decoy
chimeras have been shown to inhibit the NF-kB and Spl TFs and are fully resistant to

128
exonucleases.
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Scheme 1.1. Modifications to DNA to improve its serum and intracellular stability. B denotes any
nucleobase.

Tethering the two hybridized strands of a DNA decoy together with one or
two closed nucleotide loops on the end form either hairpin or dumbbell structures

(Figure 1.20). These structures exhibit improved nuclease stability, improved sequence
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ODN strands ODN strands

Figure 1.20. (a) Hairpin and (b) dumbbell oligonucleotide structures formed by tethering two
oligonucleotide strands together giving more stable and effective complexes.

specificity, cellular uptake, and lowered toxicity.'”'* Studies with AP-1 and STAT
decoys have demonstrated that hairpin and dumbbell DNA decoys yield significantly
greater TF inhibition in vitro (78% knockdown with the dumbbell versus 39%
knockdown with the phosphorothioate modified). Importantly, they are more stable and
effective over phosphorothioate and unmodified DNA decoys in vivo as well.**'*
Another advantage of hairpin and dumbbell DNA decoys is an added level of specificity.
Changing the sequence of the loop region of a pan STAT dumbbell DNA decoy
discriminates it for either STAT1 or STAT3."**"** These studies demonstrate that hairpin
and dumbbell DNA decoys are markedly improved over other chemically modified DNA
decoys, and therefore, utilization of these decoys are quite relevant for therapeutic
intervention and as a tool for further research.

The efficiency and versatility of DNA decoys make it an attractive approach
for use as a tool and a possible therapeutic agent. Over the past couple of decades,
numerous reports have validated utilizing this approach and the increased utilization over
a wide breadth of applications and range in clinical areas.”*'** Several targets and
applications are summarized in Table 1.1.**"**'* Among these are regulating several

140

manifestations of inflammation including cystic fibrosis (NF-xB), ™ regulating neural

stem cell differentiation (HNF4-1 and MAZ-1),'*' reducing oxidative
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stress-induced cardiac fibroblast proliferation (AP-1),'**

and altering cell-cycle regulatory
genes (E2F).*'*1% Since this approach gives an efficient and specific TF inhibition, a
wide-ranging list of DNA decoys have been developed to inhibit numerous TFs
implicated in cancer growth and development (Table 1.1)."*">* Among these, DNA
decoys designed against NF-kB, Spl, STAT3, and MAZ have all demonstrated anti-
cancer activity over many different cancer types including breast, melanoma, colorectal,
pancreatic, and several more.'*”"** Additionally, DNA decoys designed against hormone
receptor TFs including the androgen receptor (AR), the estrogen receptor (ER), and the
cyclic AMP receptor protein (CRP) have all been shown to induce apoptosis and cell
death in several cancer types.'>"'>>1>>1%

The DNA decoy approach is also validated in several in vivo mice and rat
models. Local administration of an NF-xB decoy to rats induced apoptosis of osteoclasts
via Fas signaling, which could be used as a strategy for treatment of conditions such as
osteoporosis, peri-articular osteolysis, inflammatory arthritis, and Paget’s syndrome."’
An E2F DNA decoy was administered into rats via HVJ-liposome complexes and
demonstrated reduced expression of the c-myc, cdc2, and PCNA genes, which resulted in
the inhibition of vascular smooth muscle cell (VSMC) proliferation.'”® More recently, a
phosphorthioate STAT3 DNA decoy has entered the “first-in-human” Phase O clinical
trials for the treatment of head and neck squamous cancer.'” STAT3 expression and cell
viability was reduced in the head and neck cancers injected with the decoy compared to

the saline control. Additionally, since systemic administration results in degradation of

the decoys, dumbbell STAT3 decoys were synthesized and attached hexaethyleneglycol
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linkers to yield a cyclic STAT3 decoy. Intravenous injection of this cyclic decoy
inhibited xenograft growth and downregulated STAT3 target genes within the tumor,
demonstrating successful systemic administration of DNA decoys."”” Collectively, the
DNA decoy strategy for the inhibition of transcription factor activity can be considered
one of the most useful approaches for both a therapeutic for disease progression and as a

tool to examine molecular mechanisms.

1.5 Caging Technology

To obtain spatiotemporal resolution of DNA decoy function, an external
trigger that enables precise activation or deactivation is needed. Light is an ideal external
trigger as it is highly selective, easily and precisely controlled in time, space, and
intensity, and, if done correctly, is harmless to biological systems. Strategies to develop
such a trigger for biochemical experiments have been investigated since the 1970s when
J. F. Hoffman synthesized an adenosine triphosphate (ATP) derivative with a 2-

160 . . . .
This otherwise active molecule is

nitrobenzyl photolabile group (Scheme 1.2, 1.29).
rendered inactive by appendage of the 2-NB photolabile masking (or caging, which was

coined by Hoffman) molecule, which disrupts key molecular recognition properties

NO, NH, N NH,
R N
Os 3 9 &Y e 9 o T .
o -
0-P-0-P-0-P-0— o NN " _ T0-P-0-P-0-P-0 :o:N N
o~ 0~ O~ > 0o~ 0~ O~ . R
OH OH OH OH
R =H, Me
1.29 1.30 1.31
Caged Inactive ATP Active ATP Nitroso Byproduct

Scheme 1.2. Caging technology utilized for spatiotemporal resolution of ATP.
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between the molecule and its target as a result of steric interference. Photolysis of the
molecule renders the system active by liberating the caging group (1.31) and regenerating
the original, bioactive ATP molecule (1.30). Early studies with this caged ATP
demonstrated spatial and temporal control over a biological system and single turnovers
of a sodium pump could be observed.'®' 2-NB caging groups had been used previously as
organic synthesis protecting groups.'® Since then, a myriad of applications have been
developed utilizing this technology from the analysis of neurological processes to
studying secondary messengers and cellular signaling molecules, proteins, and nucleic
acids, all achieving a higher level of control of cellular processes. "%

Over 80% of the publications on caging technology are applications of the
most widely used 2-nitrobenzyl (2-NB, 1.32) photolabile molecule or its derivatives.'®
The events from the absorption of light and eventual release of the substrate have been

170

subdivided into five major steps (Scheme 1.3). ™" The first step is excitation to form the

diradical 1.33 at a rate of 2x10 s™'. 2-NB has a strong UV absorbance with a Amay at 275
nm."”" The excited singlet can either undergo intersystem crossing to the triplet state 1.34
at the rate ks (10” s™') or undergo hydrogen atom abstraction at the rate ky (~10° s™).""
The triplet state cannot undergo hydrogen atom abstraction. After a bond rearrangement,
the product of hydrogen atom abstraction is aci-nitro intermediate 1.35. This intermediate
is stable enough to be observed and kinetic rate studies have been performed extensively
on this intermediate demonstrating its sensitivity to pH.'’> Several tautomers and isomers

exist of the aci-nitro intermediate, but it has been demonstrated that the E,E isomer

cyclizes directly to form the oxazole intermediate 1.36. The rate at which the oxazole is
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formed (k¢yc) is immediately followed by the formation of the nitroso species or the ring-
opening to the hemiacetal intermediate 1.37 (Kfag, ~5000 s).""! The last step is the
collapse of the hemiacetal releasing the substrate 1.38 and the nitroso by-product 1.39,

which is the rate-limiting step (Kpemi, 0.11 s™') of the photo-uncaging process.'”'

1 3
R R R
X X X
hv kst
H H ~ H
I —_— I
.0_ N0
NOZ +e N +e rl‘l
1.32 -0 -0
Rf Substrate 1.33 1.34
X =H, Me e
1 Excitation
R X R X
(\ H Z kcyc
0]
Z .0 ’
oN0- NY on g
.0
1.33 1.35 1.36
Decay and bond Aci-nitro intermediate Bond rearrangement
rearrangement
kfrag khem|
1.37 1.38 1.39
Hemiacetal Collapse

Scheme 1.3. Mechanism of photolytic release of 2-NB 1.32. The five-step mechanism includes the
excitation of the nitro-group with light yielding the diradical 1.33. The radical performs a hydrogen atom
abstraction followed by a rearrangement to give the aci-nitro intermediate 1.35. Bond rearrangement
leads to heterocyclic intermediate 1.36, which fragments to yield hemiacetal nitroso 1.37. The final rate-
limiting step is the collapse of the hemiacetal releasing the substrate 1.38 and the nitroso by-product 1.39.
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Several requirements need to be met to yield a good caging group like 2-NB:
it should be easy to synthesize and introduce to a wide array of substrates; it should be
stable under physiological conditions; it should have a large molar extinction coefficient
(e) for photoactivation; it should photoactivate at a wavelength that reduces the amount of
photodamage; this photoactivation should result in a large percentage of photo-uncaging
quantified by the quantum yield (¢); and finally, the photo by-product should not be
toxic.'® Copious amounts of papers have been published in the last 10 years presenting
modifications to caging scaffolds, changing one or several of these properties.
Considerable work has been done modifying the 2-NB scaffold to make it more efficient
(Figure 1.21)."”" Various functional groups such as hydroxyl, carboxylic acid, or
phosphate groups can be protected with 2-NB (1.40). Oxycarbonyl derivatives of 2-NB
allow amino groups to be protected (1.41). Addition of a benzyl substituent of the 2-NB

group is also very common. Addition of a methyl substituent to form the 2-

NO, NO, NO, MeO NO, <o NO,
o.__R R I :[ R I :[ R
(Z/R \n/ MeO o
X x o X

X X
1.40 1.41 1.42 1.43 1.44
R = OR, OCOR, OPO3R R = OR, NHR R=0R R = OR R = OR
X = H ’ X =H, Me X = Me (NPE) X = H (DMNB), X=H,
Me (DMNPE) Me (NPOM)
MeO
NO,
NO.
L. W 2
o R N N \o
X 2
) L NO, OJ\R
1.45 1.46
R=0R R=0R 1.47 1.48
X = H, Me X = H (NDBF), Me R = CR (7-NI) R = OR (MNI), NHR

Figure 1.21. Common 2-NB derivatives. 2-NB 1.40 can be used to protect several different functional
groups. Functionalization of 2-NB with an oxycarbonyl group 1.41 allows amines to be protected.
Addition of a benzylmethyl substituent 1.42 increases efficacy of the 2-NB. Addition of electron donating
groups (1.43-1.44) or increased aromaticity (1.45-1.46) enhances absorptivity of the 2-NB. Additional
scaffolds including 7-nitroindole and indoline (1.47-1.48) have demonstrating efficient caging.
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nitrophenylethyl (2-NPE, 1.42) caging group demonstrates a higher photo-release rate
than 2-NB (34300 s~ for 2-NPE compared to 600 s for 2-NB).'” Addition of electron
donating aryl substituents, such as a catechol (1.43) or piperonal (NPOM, 1.44) enhance
the absorptivity of the scaffold increasing the Ama up to 365 nm.'’®'®! Similarly,
substitution of the phenyl group with other aromatic groups that contain more
conjugation such as naphthalene (1.45) or dibenzofuran (NDBF, 1.46) have shown to red-
shift to 350-400 nm.'”® 7-Nitroindole (7-NI, 1.47) and 4-Methoxyl-7-nitroindolinyl
(MNI, 1.48) photolabile groups have also been identified as efficient caging groups.'®*
MNI caged glutamate was used in spatial temporal resolution of the neurotransmitter.'*?
An alternative to single-photon uncaging like 2-NB, is two-photon uncaging,
where light equaling twice the wavelength of the maximum absorption of the caging
group is applied, such as using 730 nm light to uncage a photolabile molecule with a
maximum absorption at 365 nm. These caging groups have resulted in improvements of
spatiotemporal resolution as well as increased tissue penetration.'®* Numerous biological
studies have utilized this technology. One example is the caging of a farnesyltransferase

inhibitor with the two-photon uncaging coumarin-based thiol-protecting group (1.49).

HS

H H Q )\/H H Q
HZN)\/N\:/\O/L[rN\:/\)I\OJ\ L) H,N N\_./\OJ}]/N\:/\)I\OJ\
z o) ] H bS) H

800 nm

B b m b
SO,CH; SO,CH;

1.49 1.50

Figure 1.22. Two-photon uncaging of a farnesyltransferase inhibitor with 800 nm light.
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Irradiation with 800 nm light yielded two-photon uncaging producing the free
farnesyltransferase inhibitor (1.50) in Ciras-3 fibroblasts to inhibit Ras localization and
alter cell morphology.'®

Relatively new in the history of caging technology, is the application of
caging DNA, RNA, and their analogues. Depending on the application, the caging group
can be introduced on the nucleobase (blocking key molecular recognition interactions,
1.51), as the nucleobase (leaving an abasic site when photocleaved, 1.52), on the ribose
sugar (1.53), on the phosphodiester backbone (1.54), or as an internal photolabile linker

(resulting in fragmented products when cleaved, 1.55).'%%!%1%7

NO, win i 9
0/\© o o o
5 T
‘| o N| N~ “NH, O,N

% 9
o 0 OH
win NO, 1.55

5 . O:p,O  OH
o 50
Y
O OH
' O,N
1.52 1.54

Figure 1.23. Different approaches to caging DNA/RNA. The caging group can be placed on the
nucleobase 1.51, as the nucleobase 1.52, on the ribose sugar 1.53, on the phosphodiester backbone
1.54, or as an internal photocleavable linker 1.55. B denotes any nucleobase.
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The effects of nucleobase caging have been widely studied and demonstrate
a perturbation in duplex stability with the addition of multiple caged groups.'®® Caged
guanosine and caged cytosine have used light to induce the formation of G-quadruplexes

and light-trigger aptamers that contain antidote activity.'®"'’

This caging approach has
been used extensively to control gene expression in a spatial and temporal manner
(Figure 1.24). For example, caged nucleobases have been used to photochemically

191
In

activate DNAzymes to degrade mRNA and silence protein synthesis (Figure 1.24a).
a similar manner, caging technology has been used to photoinduce T7 RNA polymerase
transcription both by incorporation of caging groups on the oligonucleotide and on the
polymerase (Figure 1.24b).""*'”> One major approach to regulate gene expression is
through antisense and siRNA. Caged antisense and siRNA have been used widely to
knockdown gene expression spatiotemporally both in cells and in zebrafish and Xenopus
Embryos."”*'*® This is realized by a few of different mechanisms. One early and widely
used application is the use of the photocleavable backbone by insertion of a caging linker
in the RNA backbone (Figure 1.24¢)."”” Duplex RNA is introduced with a
photocleavable linker and unable to bind mRNA thus leaving translation active. Upon
photolysis, the RNA is cleaved, yielding a single complementary strand that can bind
mRNA, thus deactivating translation. Alternatively, caging groups attached to the
nucleobase on an antisense RNA strand can prevent self-hybridization, yielding an active
antisense strand. Photolysis and removable of the caged groups drives self-hybridization,

obstructing its antisense activity, effectively activating translation (Figure 1.24d)."”® As

another method of gene expression control, caging groups introduced on the
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phosphodiester backbone and nucleobases can interfere with the formation of the siRNA-
RISC complex necessary to cleave the mRNA. Photolysis, and removal of the photolabile
groups, permits the RISC complex to bind, cleave the mRNA, and deactivate translation

(Figure 1.24e).'2%

1.6 Caged DNA Decoys

Combining the spatial and temporal resolution of caging technology with the
DNA decoy strategy for the inhibition of transcription factor activity can yield an
approach for the very precise ability to photochemically regulate gene expression, which
has potential as a therapeutic agent and tool for probing biological pathways. Deiters and
co-workers developed a caged NF-kB-directed DNA decoy to photochemically control
NF-kB gene expression.””’ It was hypothesized that caging groups would disrupt Watson-
Crick base pairing, thus rendering the decoy inactive. Photolysis of the caging groups
would then restore duplex formation, permitting NF-xB binding, thus sequestering the
TF, leading to inhibition of gene expression (Figure 1.25). Deiters incorporated several
NPOM (1.44) caging groups into hairpin and dumbbell DNA decoys that resulted in
disruption of duplex formation, which is demonstrated by thermal melting studies. When
four caging groups were incorporated into the hairpin decoy (Figure 1.26.D4), or just
three in the dumbbell (Figure 1.26.D6), all duplex formation is abolished. Upon

irradiation with light (350 nm for 10 minutes in buffer), the caging groups were removed
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Figure 1.25. Adopted with permission from J. Am. Chem. Soc. 2011, 133, 13176. The caging groups
disrupted Watson-Crick base pairing, thus rendering the decoy inactive. Irradiation and removal of the
caging groups restored duplex formation, permitting NF-kB binding, thus sequestering the TF, leading to
inhibition of gene expression.
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Figure 1.26. Adapted with permission from J. Am. Chem. Soc. 2011, 133, 13176. Thermal stability of
caged hairpin and dumbbell DNA decoys before and after photolysis. A bold T denotes a caged
thymidine nucleotide and NA indicated no melting temperature could be measured.
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and hybridization can now occur, restoring the duplex stability seen in the non-caged
DNA decoys (D2).

To identify the proficiency of binding of the DNA decoys to NF-kB in vitro,
the electrophoretic mobility shift assay (EMSA) was used (Figure 1.27). If a binding
event occurs, the higher molecular weight complex (DNA + protein) will hinder its
progression down the gel, hence is “shifted” up the gel from the unbound DNA. The
addition of nuclear extract containing NF-kB proteins to non-caged DNA decoys
promotes binding and is specific as no binding was seen with a scrambled DNA decoy
(Figure 1.27, lanes 2 and 10). The same addition of nuclear extract to the caged DNA
decoy showed no appreciable binding event, demonstrating the caging groups provided
sufficient perturbation to abolish transcription factor binding affinity (Figure 1.27, lanes

4,7, 12, and 15). Irradiation with light, removal of the caging groups, and formation of

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Lanes

D2 D2 D3 D3 D3 D4 D4 D4 D5 D5 D6 D6 D6 D7 D7 D7 DNA
- + - + + - + + - + - + + - + + nuclear extract
- - - - + - - + - - - - + - - + UV irradiation

‘ - NF-kB/DNA decoy
— - ' ; - complex

- . . . . . ‘ ‘ .‘ :I» DNA decoy

Figure 1.27. Adapted with permission from J. Am. Chem. Soc. 2011, 133, 13176. EMSAs
demonstrating light activation of NF-kB DNA decoys. Caged decoys do not induce a gel shift (lanes 4,
7, 12, and 15). Irradiation with light restores duplex DNA and induces a gel shift demonstrating NF-kB
binding in vitro (lanes 5, 8, 13, and 16).
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Figure 1.28. Adapted with permission from J. Am. Chem. Soc. 2011, 133, 13176. Photochemical
activation of NF-kB-mediated SEAP expression. Transfection of caged DNA decoys with no duplex
formation demonstrated no inhibition of NF-kB-mediated SEAP expression. UV irradiation for 2 min
restores the structure and function of the DNA decoys within the cells and resulted in effective
sequestering of NF-«B, leading to inhibition of SEAP expression.

duplex hairpin or dumbbell DNA decoys, restores their binding affinity and demonstrated
capture of NF-«B (Figure 1.27, lanes 5, 8, 13, and 16).

The DNA decoys were then transfected into NF-kB/SEAP HEK?293 cells to
investigate the photochemical control of gene expression within mammalian cells
(Figure 1.28). The transfection of native decoys (Figure 1.28.D2, D5) into the HEK293
cells down-regulated NF-kB-mediated gene expression by 60% or 100% compared to the
scrambled control (Figure 1.28.D0). The introduction of caged DNA decoys with no
duplex formation (Figure 1.26.D4, D6, D7) demonstrated no inhibition of NF-«xB-
mediated SEAP expression. UV irradiation for 2 min restored the structure and function

of the DNA decoys within the cells and resulted in effective sequestering of NF-kB,
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leading to inhibition of SEAP expression. This caged DNA decoy approach enables the
precise deactivation of gene expression in both a spatial and time-resolved manner, which
have great potential as therapeutic agents and will enable the study of gene function in

biological pathways.

1.7 Preface to this Thesis

The following chapters disclose my efforts to develop several novel DNA-
based and small molecule-based probes to investigate the biochemistry of transcription
factors and their signaling pathways. Chapter 2 discusses the synthesis and
characterization of caged DNA decoys that target the Androgen Receptor (AR). Caged
DNA decoys with 6 and 8 NPOM (1.44) caging groups successfully captured AR in
LNCaP lysate when irradiated with light. Chapter 3 introduces a complement to caging
technology, which are catch and release DNA decoys (CRDDs). CRDDs capture
transcription factors, by binding and sequestering them, and then a pulse of light
photochemically destroys the CRDD, permitting release of the TF. Several 7-nitroindole
(7-NI, 1.47) nucleobase mimics were incorporated into NF-kB-directed DNA decoys,
which still allowed the capture of the p50-p65 NF-«xB proteins. Irradiation with 350 nm
light drives the release of the p50-p65 NF-«kB. The capture and photochemical release of
an endogenous transcription factor is demonstrated for the first time. Chapter 4 continues
the work of Chapter 3 by developing second-generation nucleobase mimics for use in

CRDDs. Addition of molecular recognition properties on a photo-responsive monomer

43



was hypothesized to increase binding affinity to capture endogenous TFs. 8-
Nitroguanosine contains this added molecular recognition, is more stable within duplex
DNA, and also displayed similar photochemical depurination properties. Chapter 5
outlines work developing photoswitchable nucleobases that transpose their hybridization
properties upon photolysis. Chapter 6 highlights work with determining the mechanistic
NF-kB inhibitory properties of several Cryptocaryone analogues, which were found to
inhibit the NF-xB translocation to the nucleus. Appendix A focuses on the
characterization of the enantioselectivity of guanosine monophosphate synthetase

(GMPS), a crucial enzyme in nucleotide biosynthesis.
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Chapter 2

ANDROGEN RECEPTOR-DIRECTED CAGED DNA DECOYS

This work was performed in collaboration with Mr. Matthew Bockman and Professor
Daniel A. Harki. In this work, Mr. Matthew Bockman was responsible for synthesizing
oligonucleotides 2.3 and 2.4 and obtaining their melting temperatures, which is shown in
Table 2.1.
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2.1 Androgen Receptor (AR) DNA Decoys

As discussed in Chapter 1.1.4, AR is activated by the binding of androgens,
which allows translocatation to the nucleus, and activation of gene expression (Figure
1.4). Prostate carcinogenesis and its progression is contingent on AR signaling and
activation, thus has been exploited for therapy development. Enzalutamide (1.12), which
was FDA approved in 2012, binds to the ligand-binding domain of AR, preventing its
activation, and increasing overall survival. Despite the benefit on survival of
Enzalutamide, approximately one quarter of prostate cancer patients will develop
resistance due to AR gene mutations and amplifications, up-regulation of AR synthesis,
and/or altering signaling pathway with cross talk to AR signaling.*’> Developing DNA
decoys to sequester AR is an approach to circumvent resistance since the DNA binding
domain of AR is less prone to mutations, and will therefore avoid several of these
mechanisms of resistance. Classical DNA response elements of nuclear hormone
receptors contain inverted repeats of 5-AGAACA-3’, but extensive research has
discovered several AR-distinct androgen receptor elements (ARE) that have contributed

203

to consensus sequences useful for targeting the ARE.”” With this information readily

151,204

available, ARE DNA decoys can be a strategy employed to inhibit AR. Kuratsukuri

and co-workers synthesized double stranded DNA with the 21 base pair ARE sequence of

the prostate specific antigen (PSA) gene."”’

This decoy shifted active AR protein from
LNCaP nuclear lysate, demonstrating specific binding in an electrophoretic mobility shift

assay (EMSA). The decoy was also transfected into LNCaP cells, inhibiting key

46



downstream AR-driven genes including prostate specific antigen (PSA), which induced
apoptosis. The spatiotemporal resolution of caging technology on AR-directed DNA
decoys would yield a powerful tool to interrogate AR-signaling and a possible therapeutic
agent. Therefore, we designed and synthesized caged DNA decoys to AR. Kinetic studies
determined the speed and efficiency of this process, demonstrating full uncaging within
one minute; however, incomplete uncaging was observed. Nonetheless, caged DNA
decoys with 6 and 8 NPOM (1.44) caged groups successfully captured AR in LNCaP

lysate following irradiation with light.

2.2 Oligonucleotide Synthesis

° NO,
Caged Thymine (X, ): T:L:O/k@
0

XGC a ot
AGAACAGC O
TT TGCAIZ.CAGCAAGTGCTAGC
T ACATCTTGRCGTT = 2GATCG q,
G
"CkcGPmC photolysis AR
p,CPD(C Sequestration of AR
Cytoplasm O
AR

Translocation Inhibited

Gene expression R
ene
|\ I& expression
deactivated

"ARE binding binding

ARE blndmg site
site

Nuc/eus

Figure 2.1. Introduction of caged AR-directed DNA decoys. Introduction of caged groups prevent duplex
hybridization and AR binding. Upon photolysis and removal of the caging groups, hybridization of the
DNA decoy is restored, and AR is sequestered, effectively deactivating gene expression.
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We designed caged AR-directed DNA decoys based on the ARE sequence of PSA
and utilized a three-thymine loop to yield hairpin DNA decoys that are expected to be
stable and efficient (Figure 2.1). Introduction of caged groups was hypothesized to
prevent duplex hybridization and AR binding based on previous caged DNA examples.””!
Upon photolysis of the caging groups, hybridization of the DNA decoy is restored, which
is hypothesized to sequester AR, and effectively deactivate gene expression.

The NPOM (1.44) caging group was developed in 2006, has been previously

used in caged DNA applications,””

and the phosphoramidite has been made
commercially available by Glen Research. With the phosphoramidite in hand, we
synthesized several DNA decoys under standard solid-phase DNA synthesis conditions,
incorporating this caged thymine in place of native thymines in key positions to block
hybridization (Figure 2.2). We synthesized decoy 2.1 with one NPOM caging group
installed, to study kinetics of uncaging for one group within duplex DNA (Section 2.5).

As mentioned, the 21 base pair sequence of the ARE of PSA was synthesized as a hairpin

with a three-thymine loop (2.2) The incorporation of 6 and 8 NPOM caging groups into

TGGGGACTTTXCAG T T XGCAGAACAGCAAGXGCTAGC © .
ACCCCTGAAAGGTC ACGXCTTGXCGTXCACGAXCG
2.1 2.3
Single Caged DNA Decoy 6 Caged AR DNA Decoy

TGCAGAACAGCAAGTGCTAGC T XGCAGAACAGCAAGXGCXAGC |
ACGTCTTGTCGTTCACGATCG,  ACGRCTXGXCGTXCACGAXCG

2.2 24
Native AR DNA Decoy 8 Caged AR DNA Decoy

Figure 2.2. Synthesized DNA decoys with varying degrees of NPOM caging. X denotes an NPOM caged
thymine.
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this hairpin was envisioned to be sufficient in order to disrupt duplex formation yielding

the ability of spatiotemporal control of AR binding (2.3 and 2.4, respectively).

2.3 Thermal Melting Analysis

The thermal stability of the AR-directed DNA decoys containing the NPOM
caging groups and their corresponding deprotected products were studied by UV thermal
melting experiments (Table 2.1).” The native 45-mer DNA decoy is very thermally
stable (T, = 86.4 °C). Incorporation of NPOM caging groups located on both sides of the
duplex introduces much more steric hindrance than just on a single side, especially when
they are positioned close to one another. Previous studies have shown that complete
disruption of DNA hybridization requires a caging group every 4-6 nucleotides

throughout the sequence.””'**® The introduction of 6 NPOM caged thymines (2.3) located

Table 2.1. Thermal melting of 2.2-2.4 demonstrating DNA duplex destabilization from incorporation of
NPOM caging groups and restoration of stability upon irradiation with light. Thermal melting
experiments were performed in 10 mM sodium cacodylate, 10 mM KCI, 10 mM MgCl,, 5 mM CaCl,, pH
7.0 buffer. Mean = SD (n = 4).

dsDNA sequence = 5’ -XGCAGAACAGCAAGXGCTAGC T T 57 —XGCAGAACAGCAAGXGCXAGCTT
37’ ~ACAXCTTGXCGTXCACGAXCG T 37 ~ACAXCTXGXCGTXCACGAXCGq

2.3 24

Nucleobases T./°C AT, /°C T./°C AT, /°C

o

X=T@2 LU 8405 - 86.4 (+0.5)

X =Caged T \@Aé\@ 68.1 (+1.0)  -18.3(+¥1.0) 51.4 (+x3.9)  -35.0 (¢3.9)
e N

X = Photo- NH 86.2 (0.3 — 85.9 (0.5 —
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on both sides of the duplex lowers thermal stability of the caged decoy to 68.1 °C
compared to the 86.4 °C of the native decoy (AT, = -18.3 °C). Even more perturbed,
incorporation of 8 NPOM caged thymines (2.4) dramatically lowers thermal stability
(AT = -35.0 °C). Photolysis of both caged DNA decoys resulted in the recovery of
thermal stability (T, = 86.2 °C and 85.9 °C, respectively). Similarly to the caged DNA
decoys in Chapter 1.6, the loss of thermal stability was hypothesized to confer to loss of

binding affinity towards AR since duplex DNA is required for TF binding.

2.4 Kinetics of Uncaging

To characterize the kinetics and the identities of the photo-products resulting from
irradiation of the caged DNA decoys, we utilized liquid chromatography-mass
spectrometry (LC-MS) analysis of an irradiated aqueous sample. As shown in Figure 2.3,
irradiation of 2.1, with a single NPOM caging group, yielded fast photolysis (t;» = 0.9
min; 350 nm light; light intensity: 2.38x10-8 ein cm™s™"). The quantum yield (®) of 2.1
was determined to be 0.051, which is comparable to the literature value (@ = 0.094).%%”
After 5 minutes of irradiation, very little caged decoy remained, demonstrating efficient
uncaging. AR Decoys 2.3 and 2.4 with 6 and 8 caged groups were irradiated similarly to
decoy 2.1. Unexpectedly, multiple products formed upon irradiation (Figure 2.4). From
the mass spectrum, it was determined that these products were the result of incomplete

photolytic decay, whereas 1-4 methoxy groups are still attached to the nucleobase. It is

hypothesized that photolysis produces free alcohol 2.7, and instead of releasing
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Figure 2.3. Photolytic decay curve of 2.1 with calculated half-life and quantum yield (R* = 0.99).
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Figure 2.4. Photo-products of 2.3 demonstrating the failed release of formaldehyde resulting in formation
of multiple products. Analysis of photo-products at t = 5 min from experiment shown in Figure 2.3.
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formaldehyde to yield the native thymine 2.8, the pendant methoxy group engages in a
six-membered ring that is stabilized by an intramolecular hydrogen-bond (2.9, Scheme
2.1). Brief preliminary studies suggests pH dependence, where a low pH (pH 3-5)
prevents formaldehyde release while a high pH (pH 10-13) encourages formaldehyde

release yielding the native decoy complex.

o NO,
(o]
\(ki/\oj\(; \EJ\NH
RO
l :o: N] ° 0 " RO l A,

H N o
OR
2.5 \fl\ 3- )T =
1. Photolysis N o 238
2. H-atom abstraction
3. Cycllzatlon
H* 0'
OR
2.9a 2.9b

2.6

Scheme 2.1. Photolytic decay mechanism of NPOM caging group leading to either formation of the
native thymine 2.8 or the residual methoxy group getting trapped in the six-membered ring 2.9.

2.5 Capturing AR Utilizing Caged DNA Decoys

We next evaluated the ability of the AR-directed decoys to capture AR by
electrophoretic mobility shift assays (EMSAs). *°P-labeled 2.2-2.4 were added to a
solution of testosterone induced LNCaP lysate and protein binding was measured. Native
AR-directed DNA decoy 2.2 exhibited the appropriate band shift demonstrating AR
binding (Figure 2.5, lane 2). Addition of LNCaP lysate to the 6 or 8 caged DNA decoys,
2.3 and 2.4, were unable to bind the protein efficiently (Figure 2.5, lanes 4 and 7).
Irradiation of 2.3 and 2.4 with 350 nm light for 5 minutes, resulted in partial restoration
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32P-|abeled 2.2: + + -
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Figure 2.5. Electrophoretic mobility shift assays with 2.2-2.4. 5'-**P-labeled 2.2 incubated with AR rich
LNCaP lysate demonstrated the ability to bind AR (lane 2). 5'-**P-labeled 2.3-2.4 incubated with LNCaP
lysate were unable to bind the protein with efficiency (lanes 4 and 7). Irradiation of samples followed by
addition of LNCaP lysate demonstrated capture of the AR protein (lanes 5 and 8).

the native complex as discussed above. Addition of lysate to the photolyzed 2.3 and 2.4
yields evidence of protein binding (Figure 2.5, lanes 5 and 8). The binding events
following photolysis are weaker than native 2.2 (Figure 2.5, lane 2), presumably because

of the incomplete photolytic decay to the native decoy.
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2.6 Cellular Location of DNA Decoys Utilizing Confocal Microscopy

With evidence demonstrating that our decoys can capture the AR protein, we
synthesized a Texas Red (TR) labeled AR-directed DNA decoy to detect whether the
decoy could be transfected into LNCaP cells and where within the cell the decoys would
be distributed. We purchased the 5'-Cg-amino derivative of the native decoy 2.2, decoy
2.10, and conjugated it to the NHS-ester of Texas Red (TR), yielding AR decoy 2.11. In
future studies, this decoy will be transfected into LNCaP cells to determine sub-cellular

location and transfection efficiency of the DNA decoys.

Ronn TGCAGAACAGCAAGTGCTAGC T

H2N T
" TGCAGRACAGCAAGIGCIAGC "q > ACGTCTTGTCGATCACGATCG
3’ -ACGTCTTGTCGATCACGATCG T 0.1M NaHCO3/Na2C03 T
2.10 pH 9, 28% yield 2.11
Amino-AR DNA Decoy TR-AR DNA Decoy

Scheme 2.2. Synthesis of TR-labeled AR-directed DNA decoys for confocal microscopy studies.

2.7 Conclusions and Future Work

Hairpin DNA decoys were designed to tightly bind and sequester the AR protein.
Addition of NPOM caging groups to these decoys created steric interactions, which
reduced their duplex stability and dramatically affected their affinity for AR. Photolysis
of 2.3 and 2.4 restores the duplex, providing evidence for the photochemical

sequestration of AR. Thermal melting analysis and electrophoretic mobility shift assays
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were used to characterize the caged decoys 2.3 and 2.4. The introduction of 6 NPOM
caged thymines (2.3) lowers thermal stability of the caged decoy to 68.1 °C compared to
the 86.4 °C of the native decoy (AT = -18.3 °C). Even more perturbed, incorporation of
8 NPOM caged thymines (2.4) dramatically lowers thermal stability (AT, = -35.0 °C).
This result was very encouraging, which demonstrates lack of thermal stability and
duplex formation needed to abolish AR binding affinity. Kinetic studies determined the
speed of this process, demonstrating loss of caging groups within one minute; however,
the major product formed was not the native decoy 2.2. Due to incomplete uncaging,
multiple methoxy adducts remained on the decoy. This result is believed to have hindered
the binding of AR in the EMSA assays (Figure 2.5, lanes 5 and 8) and is a major
limitation of this technology. One method currently being investigated to overcome this
limitation is by synthesizing O°-linked NPOM thymines lacking the methoxy linker, thus
removing the intermediate in the photolytic decay process leading to methoxy adducts.
This simpler uncaging method should result in improved protein binding similar to native
2.2. Other than switching caging methods, other future directions for this project will
include transfections of the decoys into mammalian cells. We will be using variety of
chemical transfection reagents and electroporation methods to transfect the DNA decoys
into LNCaP cells to sequester the AR in mammalian cells. The TR-labeled AR-directed
decoy will allow characterization of transfection efficiency. Overall, this AR-directed
caged DNA decoy strategy enabled the precise capture of AR in a spatiotemporal
manner, which can have great potential as therapeutic agents and will enable the study of

the AR gene function in biological pathways.
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2.8 Experimental Section

2.8.1 Solid-Phase DNA Synthesis. Oligonucleotides were synthesized using standard
solid-phase phosphoramidite chemistry on an Applied Biosystems 394 DNA/RNA
synthesizer.”'  All phosphoramidites, solvents, and solid supports (1.0 pmol) were
purchased from Glen Research Corporation. Following the synthesis, the resin was
transferred to a fritted reaction vessel. Concentrated aqueous ammonium hydroxide (2.5
mL) was added and the vessel was placed in a shaker for 18 hours at room temperature.
After deprotection, the solution was filtered into a centrifuge tube (10 mL) and distilled
water (2 mL) was added. The ammonium hydroxide was evaporated in vacuo (samples
were transferred to microcentrifuge tubes and placed in a SpeedVac) and the remaining
solution was purified by HPLC (see below). After purification, the oligonucleotides were
desalted with DNase/RNase free H,O using Illustra NAP-5 columns (Sephadex G-25
DNA grade, GE Healthcare) according to manufacturer instructions. The desalted
oligonucleotides were quantified by UV-Vis (A, using predicted molar extinction
coefficients for native dNTPs and £=5,000 M™' cm™ for NPOM at 260 nm) and confirmed
by LC-MS (see below). The purity was assessed by HPLC reinjection of the purified
oligonucleotides (see Appendix B for chromatograms).

Oligonucleotide 2.1. Purity = 87.7% (260 nm). MS calc’d 9741.1, found 9741.6 (parent)

Oligonucleotide 2.2. Purity = 88.6% (260 nm). MS calc’d 13827.0, found 13827.8

(parent)
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Oligonucleotide 2.3. Purity = 96.9% (260 nm). MS calc’d 15163.4, found 15163.2

(parent)

Oligonucleotide 2.4. Purity = 86.0% (260 nm). MS calc’d 15609.2, found 15610.4
(parent)
Oligonucleotide 2.10. Purity = 75.2% (260 nm). MS calc’d 14015.2, found 14015.7
(parent)
Oligonucleotide 2.11. Purity = 91.4% (260 and 589 nm). MS calc’d 14708.0, found

14721.2 (parent)

2.8.2 HPLC Purification & LC-MS Analysis. Oligonucleotides were HPLC purified on
an Agilent 1200 series instrument equipped with a diode array detector and a PLRP-S
column (8 pm, 100 A, 4.6 x 150 mm, Agilent Technologies). The analysis method (2.750
mL/min flow rate) involved isocratic 100 mM TEAA (aqueous, pH 7.0, Sigma-Aldrich; 0
to 5 mins) followed by a linear gradient to 10% 100 mM TEAA:MeCN (1:1, 5 to 10
mins) and finally a linear gradient of 30% to 70% 100 mM TEAA:MeCN (1:1, 10 to 45
mins). Wavelengths monitored = 215 nm and 260 nm. LC-MS was performed on an
Agilent 1100 series HPLC instrument equipped with an Agilent MSD SL Ion Trap mass
spectrometer (operating in negative ion mode). A Zorbax SB-C18 column (5 pm, 300 A,
0.5 x 150 mm, Agilent Technologies) was used for LC-MS analysis. The analysis method
(15 pL/min flow rate) involved 15 mM aqueous NH4OAc containing 2% MeCN followed
by a linear gradient of 2% to 25% MeCN (0 to 15 mins) and 25% to 60% MeCN (15 to

25 mins). Wavelengths monitored = 215 nm and 260 nm.

57



2.8.3 Thermal Melting Analysis. Thermal melting analyses were performed on a
temperature-controlled Agilent Cary 100 UV-Vis spectrophotometer containing a 6-cell
block with a path length of 1 cm. A degassed aqueous solution of 10 mM sodium
cacodylate, 10 mM KCI, 10mM MgCl,, and 5 mM CaCl, (pH 7.0) was used as analysis
buffer.?!' Oligonucleotides (1 nmol) were mixed in the buffer (1 mL). Before data
collection, samples were heated to 90 °C and cooled to a starting temperature of 30 °C
with a 5 °C/min ramp. Data points were recorded at A = 260 nm every 12 seconds on a
0.5 °C/min ramp from 30 °C to 90 °C. After data collection, the sample was cooled back
down to 30 °C on a 5 °C/min ramp. The method was repeated to obtain a technical
replicate. The experiment was repeated to obtain a biological replicate (n=4 total
analyses). The reported thermal melting temperatures (T,) were calculated from the
maximum of the first derivative of the denaturation curve (Cary WinUV Thermal
Application; v 4.20). Mean T, values (with standard deviation) were calculated in

Microsoft Excel from the individual Ty, values obtained from each replicate (n = 4).

2.8.4 Photolysis, Exponential Decay, and Quantum Yield Analysis. DNA photolysis
experiments were carried out using a Rayonet photochemical reactor (RMR-600,
Southern New England Ultraviolet Co.) fitted with two, 350 nm bulbs. To enable
quantitative analysis of photochemical decay of DNA decoys, calibration plots for each
DNA decoy were generated. Increasing concentrations of each DNA decoy (0.55, 1.65,

4.94, 14.81, 44.44, 133.33 pmol) were added to a fixed concentration of a non-modified
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DNA oligonucleotide (5'-TAACTA-3’, 100 pmol) and analyzed by extracted ion current
(EIC) LC-MS (masses monitored at -9 charge state for decoys).”'> A calibration plot was
created by plotting the ratio of decoy:standard area under the curve (AUC) versus DNA
decoy concentration, yielding calibration plots with a slope-intercept equation of R* >
0.99.

Quantitative analysis of DNA decoy photolysis was performed by dissolving the
DNA decoy (800 pmol) in DNase/RNase free H,O and then adding the solution to
conical pulled point vial inserts (250 pL; Agilent, 8010-0125). Vessels containing the
aqueous DNA solution was placed into the photochemical reactor and irradiated (light
intensity: 2.38x10™ ein cm™ s™'; calculated as described below). Aliquots (4 pL) were
taken at several time points (0, 0.25, 0.5, 1, 2, 3, 4, 5 min), diluted with standard (1 pL)
and then analyzed by LC-MS. The concentration of the decoy species from irradiation
were determined by fitting the decoy/standard ratios from each sample into the slope-
intercept equation from the calibration plot to yield the amount of decoy (pmol) in sample
(performed in Microsoft Excel). This process was repeated for each prominent molecular
ion observed in the photolysis sample. Furthermore, this quantitative analysis method
assures comparable ionization properties for the photolyzed products in comparison to
the non-irradiated sample. First order decay analysis (GraphPad Prism; v5.0b) was then
fitted to the data (percentage of starting material over time) to obtain the decay equation
and half-life (t;2) of the DNA decoy. Mean t;,; values (with standard deviation) were
calculated in Microsoft Excel from the fitting of the decay curve with the individual data

points obtained from each replicate (n = 4).
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Quantum yield (®) calculations were carried out to determine the efficiency of
photolysis of caged 2.2.1 (eq. 1). The intensity of the light source (I, eq. 2) was

d.?*?*" In brief, a

determined using Kj;[Fe(C,04);] actinometry as previously describe
solution of Ki[Fe(C,04)3]*3H,0 in distilled H,O (6 M, 2 mL) was irradiated for 180
seconds in the Rayonet equipped with two, 350 nm bulbs. After irradiation, the sample
was transferred to a volumetric flask (25 mL). To the flask was added aqueous buffer (3
mL; recipe to make a 500 mL solution of aqueous buffer: 300 mL of 1.0 M NaOAc, 180
mL of 1.0 M H,SO4, and 20 mL distilled H,O), phenanthroline solution (3 mL of 0.1%
v/v phenanthroline in distilled H>O), KF solution (1 mL of a 2.0 M solution), and distilled
water (~18 mL, to 25 mL). The solution was placed in the dark for 1 hour. A non-
irradiated sample was prepared in the same manner. After 1 hour, the solutions were
transferred to a cuvette and the As;p was measured for both samples. The Rayonet light
intensity was then calculated using eq. 2 (2.38x10™® ein cm™ s'). The extinction
coefficient at 350 nm (g350) of caged decoy 2.2.1 was calculated by UV-Vis absorbance
using the Beer-Lambert law (5077 M ¢cm™). The irradiation time for 90% conversion

(toos) of the DNA decoy was calculated from the first order decay equation (above).

Quantum yield was then calculated using eq. 1 to give a value less than one.*"”

(Eq. 1) @ = ([*o*toge;) "

where 6 (cm™ mol™) is equal to 1000*¢350 of the DNA decoy

(Eq. 2) I (ein cm™s™) = (V1*V3*AAs10)/(1000 (mL/1)*g510* Vo * D *t)

60



where V; is the volume of Kj3[Fe(C,04);] irradiated (mL); V, is the volume of the
K;[Fe(C204)3] solution transferred to the volumetric flask (mL); V3 is the volume of the
volumetric flask (mL); AAso is the difference in absorbances at 510 nm between the
irradiated and non-irradiated samples; €519 is the extinction coefficient of K3[Fe(C,04)s]
at 510 nm (11,100 cm™ s)*"; @ is the quantum yield of K3[Fe(C,04)3]*3H,0 (1.21)*";

and t is the time irradiated (s).

2.8.5 P Radiolabeling. DNA decoys in DNase/RNase free water were annealed by
heating to 95 °C in a heating block for 5 minutes, followed by slow cooling to room
temperature. To a microcentrifuge tube (1.7 mL) was added the annealed DNA decoy (50
pmol) and T4 polynucleotide kinase (PNK) buffer (5 pL of a 10X solution, Thermo
Scientific). DNase/RNase-free H,O was added to yield a final volume of 40 pL. The
reaction tube was placed into a shielded rack then [y-32P]-ATP (5 uL; 6,000 Ci/mmol,
Perkin Elmer) was added. PNK was diluted in DNase/RNase-free H,O (1:10) then added
to the reaction (5 pL). The reaction was briefly mixed, centrifuged (to remove any
material from cap), and then placed in a 37 °C heat block for 30 minutes. Heating to 70
°C for 30 minutes in the second heat block was then used to inactivate the kinase. The
radioactive reaction mixture was transferred to an Illustra MicroSpin G-50 column (GE
Healthcare, prepared according to vendor instructions) and centrifuged at 1500 rpm for
20 seconds to yield °’P-labeled oligonucleotides. The radioactivity of the

oligonucleotides were quantified (counts/min/uL) by transferring an aliquot to an
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Eppendorf tube followed by analysis on a Beckman LS 6500 multi-purpose scintillation

counter (dry counting).

2.8.6 Electrophoretic Mobility Shift Assay (EMSA). Binding reactions containing
binding buffer (2 uL of a 10X solution; 10X solution: 100 mM Tris, 10 mM EDTA, 500
mM NaCl, and 10% NP-40),”* sheared salmon sperm DNA (1 pL of a 1.0 pg/uL
solution), and DNase/RNase free H,O (to a final volume of 20 uL) were prepared in
microcentrifuge tubes (0.65 mL) and incubated on ice for 30 mins. **P-labeled DNA
decoys (1 pL, 25,000 counts/min/ul) were added to the binding reaction. Binding
reactions were then transferred to glass HPLC vial inserts (each 20 pL binding reaction
was pipetted into individual inserts) and irradiated (with the exception of non-irradiated
control samples) in the Rayonet with two 350 nm bulbs (2.28x10® ein cm™ s™) at room
temperature. The samples were taken out of the Rayonet at various time points and
transferred (~20 puL volume) to a new microcentrifuge tube (0.65 mL). Testosterone
induced LNCaP lysate (1 uL of a 4.0 pg/uL solution, Active Motif) was added to the
binding reaction. All samples and controls were then incubated at room temperature for
20 min. Loading dye (2 pL, 10X solution; 0.5X TBE, 40% glycerol, 2 mg/mL Orange G
dye, Sigma) was added to each reaction and samples were loaded onto a 5% non-
denaturing PAGE gel that was pre-run at 200 V for 1 hr in 0.5X TBE. Samples were
electrophoresed at 200V until the loading dye was ~% down the gel. The gel was
transferred to filter paper (Bio-Rad; the plates were pried apart and the gel was placed on

the wetted filter paper), covered with plastic wrap and cellophane (Bio-Rad), and dried
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for 1 hr (Gel Air Dryer, Bio-Rad). The gel was transferred to a phosphorimager screen
overnight and then analyzed on a Typhoon FLA 7000 biomolecular imager (GE
Healthcare). Images were analyzed using Image Quant TL software (v 7.0, GE

Healthcare).

2.8.7 Texas Red Conjugation. The amino-modified oligonucleotide 2.10 (0.1 pmole of
free primary amines) was dissolved in 0.7 mL DNase/RNase free H,O. 10X conjugation
buffer (1M NaHCO3/Na,COs, pH 9, 0.1 mL) was added to the oligonucleotide. A freshly
prepared 10 mg/mL solution of active Texas Red NHS ester (Molecular Probe) in DMF
(0.2 mL) was added to the reaction mixture. The mixture was vortexed and reacted with a
stir bar for 24 hours. The reaction was HPLC purified and desalted to afford 2.11 (28

nmol, 28% yield).
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Chapter 3

7-NITROINDOLE (7-NI) CONTAINING NF-kB-DIRECTED ‘CATCH AND

RELEASE DNA DECOYS’ (CRDDs)

This work was performed in collaboration with Bryant Keller and Professor Daniel A.
Harki. In this work, Bryant Keller was responsible for synthesizing the 6-nitroindole
phosphoramidite and oligonucleotide 3.23.
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3.1 ‘Catch and Release’ DNA Decoys (CRDDs) and the NF-kB Signaling Pathway

The caged DNA decoy examples in Chapter 1.6 and Chapter 2 demonstrate the
precise activation of decoys in a spatiotemporal manner, which has potential as
therapeutic agents and may enable the studies specific TFs by deactivation of their
signaling pathways. However, biochemical signaling pathways are extremely complex
and involve inter-pathway cross talk, which complicates their study and analysis. For
instance, it has been demonstrated that the transcription factor Nuclear Factor Kappa B
(NF-xB) is constitutively activated in prostate cancer and regulates AR expression.”'®"?
NF-«B interacts and cooperates with more than 40 other TFs in cancer.”’” Additionally, it
has been shown that oscillation in NF-kB signaling controls the dynamics of gene
expression, and therefore, it is quite difficult to obtain more than a snapshot of the
function of these types of transcription factors.”'®*"” Given the real-time complexity of
cellular signaling pathways and the limitations of current technologies, including
engineered cell lines,” there is a need for chemical tools to study the activation of gene-
specific TFs in a spatiotemporal manner.

To study the activation of TF pathways, biomedical researchers typically dose
cells with exogenous stimulatory ligands, such as small molecules or proteins, to activate
specific pathways of interest. One example is tumor necrosis factor (TNF), which is
widely used to activate the canonical NF-kB pathway. However, it has been shown that
TNF activates more than the NF-«kB pathway, including the MAP kinase and death

60,221

receptor pathways (Figure 3.1ai). Therefore, the utilization of signaling molecules
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such as TNF can result in the incorrect assignment of a subset of NF-kB-controlled
cellular processes due to other signaling pathways being stimulated in addition to the
desired (NF-«xB) target (Figure 3.1a).

This problem can be overcome through a ‘catch and release’ mechanism of NF-
kB sequestering, re-establishment of equilibrium, then photochemical release allowing
exclusive activation of NF-kB driven genes in a spatiotemporal manner (Figure 3.1b). As
discussed in Chapter 1.4, the DNA decoy strategy can be considered one of the most
useful approaches to examine molecular mechanisms of TFs and their specific signaling
pathways. This has been demonstrated utilizing a cAMP response element (CRE)-
directed DNA decoy and analyzing alterations in gene expression by DNA microarrays.
The CRE-directed decoy sequestered the TF, which resulted in the up-regulation of the
AP-2B and other genes involved in development and cell differentiation, and down-
regulated different clusters of genes involved in cell proliferation and transformation.
This indicates that CRE transcription favors tumor growth and may serve as a target to
treat cancer.””> We hypothesized that a photo-responsive ‘on-to-off’ DNA decoy could
sequester NF-kB in the cytoplasm following TNF-a stimulation (Figure 3.1bi). DNA
decoys are known to have half-lives of ~3 days in vitro and ~5 days in vivo,”* therefore,
we predicted that the cell would re-establish an equilibrium following withdraw of the
signaling ligand (Figure 3.1bii). Finally, the NF-kB transcription factor could be then
released from the DNA decoy photochemically (Figure 3.1biii) to yield exclusive
activation of NF-«kB target genes after nuclear translocation. This ‘Catch and Release’

approach could then allow for an in-depth understanding of the mechanisms that activate
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gene expression and precise mapping of complex signaling pathways and their cross talk,
such knowledge could be valuable information for the understanding of disease processes

and for the development of therapeutic agents.””***

3.2 CRDD Design and Synthesis

We developed a novel class of DNA decoys, termed ‘Catch and Release DNA
Decoys (CRDDs)’, that capture and release DNA-binding proteins using a light trigger
(Figure 3.2). Unlike caged DNA decoys, CRDDs are an ‘on-to-off” platform that utilizes
light to promote photochemical destruction of the DNA decoy and dissociation of the
protein-DNA complex. Our design utilizes depurination-competent mimics of natural
nucleobases that when incorporated into a DNA decoy function as natural nucleobases
and enable decoy binding to its designed protein target. However, CRDD photolysis
results in formation of multiple abasic sites within the decoy, as well as truncated decoys
resulting from B- and &-elimination at abasic sites, yielding a modified CRDD that
possesses significantly diminished affinity for its design protein target. Consequently,

CRDD photolysis enables release of the sequestered protein target.

ACCCCTGAAAGGTC ACCCCTGAAAGGTC

+ truncation
products

5" - TRCRORCTTTCCAG T, v 5/ -T_G_G CTTTCCAGTT

Figure 3.2. A Catch and Release DNA Decoy (CRDD) targeting the NF-kB transcription factor.
Photolysis of DNA decoys containing photo-responsive nucleotides (X with stars) with UV-light (hv)
results in formation of abasic sites () and strand cleavage products (not shown).
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3.2

 NF-«B__ v NF«kB

57 AT)gXGXCTT/ICCAG 1 RN -
ACCCCTGAAAGGTC g + Modified CRDD
NF-kB sequestered freed NF-kB

by CRDD (catch) (release)

Figure 3.3. (a) 7-Nitroindole-containing nucleotides (3.1) depurinate with UV-light resulting
information of 2’-deoxyribolactone 3.2 and 7-nitrosoindole (3.3) products. (b) Incorporation of three 7-
nitroindole nucleotides (X = 3.1) into a DNA decoy sequence known to target the NF-kB proteins still
permit protein binding (catch). Photolysis of the decoy with UV-light (350 nm) results in the formation
of multiple abasic sites and truncation products that have lowered affinity for the protein, thereby
enabling dissociation of the NF-kB-CRDD complex (release).

Incorporation of 2-nitrobenzylethers in place of native nucleobases in DNA
oligonucleotides has been utilized as a strategy to generate abasic sites photochemically
with sequence specificity.”>**" Additionally, 7-nitroindole (3.1) has been shown to
photochemically depurinate in DNA oligonucleotides, through formation of a diradical,
hydrogen atom abstraction, heterocycle formation and degradation similar to the 2-NB
mechanism (Scheme 1.3), yielding a 2’-deoxyribolactone (3.2) abasic site in DNA, which
can undergo - and d-elimination resulting in strand cleavage, and a 7-nitrosoindole (3.3)
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by-product (Figure 3.3a).”***' Given the obvious structural similarities between indole
heterocycles and purine nucleobases, which is further reinforced by work demonstrating
that 5-nitroindole can serve as a ‘universal base’ in DNA** and that both 5- and 7-
nitroindole nucleobases can be enzymatically recognized by Klenow fragment DNA
polymerase 1,>* we hypothesized that 7-nitroindole may suitably mimic natural purines
in established DNA decoys that bind the NF-kB proteins. Furthermore, we hypothesized
that photolysis of the NF-kB-decoy complex would enable protein release through
photochemical destruction of the decoy as previously described (Figure 3.3b).

The synthesis of phosphoramidite 3.9 starting from 7-nitroindole (7-NI, 3.4) can
be prepared in four steps as previously described (Scheme 3.1).2*%* S\2 displacement
of 3',5'-O-toluoyl-1"-a-chloro-2'-deoxyribose 3.5 with the sodium salt of 7-nitroindole
(3.4) yields the protected 7-NI nucleoside 3.6. Deprotection of the toluoyl protecting
groups, followed by 5'-hydroxyl protection with 4,4'-dimethoxytrityl chloride afforded

3.8. Finally, incorporation of the phosphoramidite on the 3'-hydroxyl group of the

@@ @@
TolO N HO N
4 NaH o NaOH/MeOH o
N > NO, — > NO,
H TolO o

No, ) ;o: 94%

cl OTol OH
3.4 OTol 3.6 3.7
3.5

68%

quant. o cl
“p- o.
3.8 NiPr,

/ 4
DMTrCI
DMAp  DMTFO N bMTrO N

o TEA
OH S~
NC
N
62% \r 7/39

] -0~ | 0 NO

— NO, — 3 2
NC

Scheme 3.1. Synthesis of 7-nitroindole-containing phosphoramidite 3.9.
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nucleoside yielded 7-nitroindole-2'-deoxyribose phosphoramidite 3.9, which is now ready
for incorporation into CRDDs by solid-phase oligonucleotide synthesis.

The NF-kB signaling pathway regulates scores of cellular processes associated
with inflammation, cell survival and proliferation, and aberrant NF-kB activity is
frequently found in cancer, cardiovascular disease, and autoimmune diseases.”” Given
the fundamental role of NF-kB signaling in many human diseases, as well as strong
precedence for the development of NF-kB-targeted DNA decoys,”®** including caged
reagents,”’’ we developed our first CRDD against the NF-xB proteins. The four purine
site of the NF-kB consensus sequence (5'-GGGRNYYYCC-3', where R is a purine, Y is
a pyrimidine, and N is any nucleotide) is crucial for DNA binding of p50.>*' Therefore,

we utilized established NF-kB decoy 3.10°°! as our base hairpin sequence for optimizing

NF-kB-targeted CRDDs (Figure 3.4). One-to-three purines included in or flanking the 4-

5/ - TGGGGACTTTCCAG T 5/ - TXGXGXCTTTCCAG T

3’/ - ACCCCTGAAAGGTC r, 3’ - ACCCCTGAAAGGIC g
3.10 3.15

5/ - TGGXGACTTTCCAG T 5/ - T_G_G_CTTTCCAG T,

3/ - ACCCCTGARAGGTC 3’/ - ACCCCTGAAAGGTC
3.1 3.16

5/ - TGG_GACTTTCCAG ' 5/ - TTGCCGTACCTGAC T

3’ - ACCCCTGRAAGGTC g 3’ - AACGGCATGGACTG g
3.12 3.17

5/ - TGXGXACTTTCCAG | 57 - TTXCCXTXCCTGAC T

3’ - ACCCCTGAAAGGTC 3’ - AACGGCATGGACTG g
3.13 3.18

5’ - TG_G_ACTTTCCAG ' 5/ - TAGAGGCTTTCCAG T,

3’ - ACCCCTGAAAGGTC 3’ - ACCCCTGRAAGGTC r
3.14 3.19

Figure 3.4. Synthesized decoys 3.10-3.19 (X =3.1; _=3.2).
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G site were replaced with 7-NI nucleotides, yielding CRDDs 3.11, 3.13, and 3.15. The
substitutions of the 7-NIs were also placed in succession to amplify the result of multiple
depurination events in a concentrated area. These decoys were synthesized using 3.9
under standard solid-phase DNA synthesis conditions. Photolysis of 3.11, 3.13, and 3.15,
followed by purification afforded decoys 3.12, 3.14, and 3.16 containing one, two, and
three abasic sites, respectively. A control scrambled DNA decoy 3.17 and scrambled
CRDD containing three 7-NI nucleotides 3.18 were also synthesized, as well a DNA

decoy with three base pair mismatches 3.19 in place of the three 7-NI nucleotides.

3.3 Thermal Melting Analysis

Table 3.1 Thermal melting of duplex DNA containing the 7-nitroindole 3.21 and 6-nitroindole 3.23
nucleotides. DNA containing the 5-nitroindole nucleotide 3.22, an established universal base,”? was used
as a control. Thermal melting experiments performed in 10 mM sodium cacodylate, 10 mM KCl, 10 mM
MgCl,, 5 mM CaCl,, pH 7.0 buffer.”!' Mean + SD (n = 4) are shown.

5’-CCTTTTT X TTTTTGG-3'

dsDNA sequence = 3'-GGAAAAA Y AAAAACC-5'
Nucleobases Y=G Y=A Y=C Y=T
(o]
X=G 320 <1 M 474 (+0.7) 459 (x0.8)  57.3(+0.5) 485 (x0.5)
NTSNTNH,

X=7-NO, ¢ 40.3 (+0.4)  42.8(+0.5)  42.1(x0.2)  42.1(x0.5)
Indole (3.21) 1 [-7.1] [-3.1] [-15.2] [-6.4]
X=5N0O, 4 No; 447 (£0.3)  46.2(+0.6)  49.8(x0.5)  45.8 (x0.4)
Indole (3.22) - [-2.7] [0.3] [-7.5] [-2.7]
X = 6-NO, 43.8 (+0.5)  46.4 (+0.7)  47.3(x0.4)  45.4 (x0.4)
Indole (3.23) - NO, [-3.6] [0.5] [-10.0] [-3.1]
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The thermal stability of DNA duplexes and hairpins containing the 7-NI
nucleobase was studied by UV thermal melting experiments and compared to native
guanine 3.20.>" First, 7-NI was singly incorporated into oligonucleotide 3.21 and thermal
melting of duplex DNA containing all natural nucleotides hybridized to 7-NI was
measured. In addition, the DNA stability of duplexes containing 5-nitroindole 3.22 and 6-
nitroindole 3.23 nucleobases was included for comparison (Table 3.1).27*'*2 Ip
comparison to G-C pairing, incorporation of 5-nitroindole 3.22 into duplex DNA in place
of guanine decreases stability (AT, = -7.5 °C), while 6-nitroindole 3.23 is more
destabilizing (AT, = -10.0 °C), and 7-nitroindole 3.21 is even more destabilizing (AT, =

-15.2 °C). However, 7-Nitroindole 3.21 is the only nucleotide able to undergo

photochemical depurination.

Table 3.2 Thermal stability of synthesized NF-kB-directed (3.10-3.16), scramble (3.17 and 3.18), and
three base pair mismatch (3.19) CRDDs. Thermal melting of 3.10-3.16 demonstrating DNA duplex
destabilization resulting from incorporation of 7-nitroindoles (CRDDs 3.11, 3.13, and 3.15) and more
predominantly, abasic sites (CRDDs 3.14 and 3.16). Thermal melting of 3.17-3.19 demonstrating
scramble DNA duplex destabilization resulting from incorporation of 7-nitroindoles (3.18) and
destabilization from incorporation of base pair mismatches (3.18). Thermal melting experiments were
performed in 10 mM sodium cacodylate, 10 mM KCIl, 10 mM MgCl,, 5 mM CaCl,, pH 7.0 buffer.
Mean + SD (n = 4).

DNA T,/°C AT, /°C DNA T,/°C AT, /°C
3.10 82.6 (x0.4) — 3.15 70.4 (x0.4) -12.2 (+0.6)

3.11 785 (+0.5) -4.1(x0.7) 3.16 66.8 (x2.2) -15.8 (¥2.2)
3.12 81.1(x0.1) -1.5(x0.4) 3.17 85.1 (+0.1) —
3.13 72.3(x0.4) -10.3 (x0.6) 3.18 72.7 (x0.5) -9.9 (x0.5)

3.14 703 (x0.8) -12.3(x0.9) 3.19 72.2(x0.3) -10.4 (x0.3)
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Thermal melting of CRDDs 3.11, 3.13, and 3.15 and the stability of their
corresponding abasic photoproducts 3.12, 3.14, and 3.16 were then performed (Table
3.2). The introduction of a single 7-NI nucleotide into the CCRD 3.11 decreased duplex
stability as expected (AT, = -4.1 °C), but photochemical introduction of the abasic site in
3.12 increased stability compared to 3.11 (AT, = +2.6 °C). From this result, it was
hypothesized that more than one abasic site would be needed to sufficiently disrupt
duplex formation and overall binding affinity after depurination. The thermal stabilities
of 3.13 and 3.15 were lower in comparison to non-modified decoy 3.10 (AT, =-10.3 °C
and -12.2 °C, respectively), yet both are sufficiently stable (T, = 72.3 °C and 70.4 °C,
respectively). As anticipated, photochemical introduction of multiple abasic sites forming
3.14 (two abasic sites) is destabilizing to duplex DNA (ATy, = -12.3 °C compared to
3.10; ATy, = -2.0 °C compared to 3.13) and even greater for 3.16 (AT, = -15.8 °C
compared to 3.10;5 AT, = -3.6 °C compared to 3.15), which contains three abasic sites.
The thermal stability of scramble 3.18 containing three 7-NIs was lower in comparison to
non-modified scramble decoy 3.17 (AT, = -9.9 °C), similarly to the incorporation of 7-
NIs into the CRDDs. Three base pair mismatch 3.19 in place of the three 7-NI

nucleotides also displayed a lowered Ty, compared to native 3.10 (AT, =-10.4 °C).

3.4 Capture of NF-xkB by CRDDs

We next evaluated the ability of the decoys to capture NF-«B proteins by

electrophoretic mobility shift assays (EMSAs). **P-end-labeled 3.10, 3.15, and 3.17-3.19
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were added to a solution of recombinant p50-p65 proteins and protein binding was
measured. The NF-xB directed DNA decoys exhibited specific binding toward the NF-«xB
proteins, as little binding occurred with the scramble and base pair mismatch decoys
3.17-3.19 (Figure 3.5).

2P.labeled 3.10: + + - - - - - - - -

32p.abeled 3145: - - + 4 - - - - - -
32p_|abeled 3.17: - - - - 4+ + - - - -
2P labeled 3.18: - - - - - - + + - -
32P.labeled 3.19: - - - - - - - - + 4
p50-p65 proteins: - + - + - + - + - +

NF-kB - decoy ——
complexes '

ok

L B

AEEN

free DNA ———

Figure 3.5. EMSA to characterize CRDD protein binding ability. 5'-**P-labeled 3.10 (NF-«B decoy
without 7-NI modifications), 3.15 (NF-kB decoy with three 7-NI modifications), 3.17 (scramble
decoy without 7-NI modifications), 3.18 (scramble decoy with three 7-NI modifications), and 3.19
(NF-kB decoy with three natural base pair mismatch modifications) incubated with p50-p65
recombinant proteins results in the formation of NF-kB-3.10 and NF-kB-3.15 complexes. Scramble
decoys 3.17 and 3.18 as well as three base pair mismatch 3.19 show no affinity towards p50-p65.

To characterize the NF-kB complexes responsible for binding to DNA decoys,
supershifting EMSAs were carried out (Figure 3.6). p50 utilized in all experiments is a
partially truncated recombinant protein (35-381; 433 amino acids for wild-type enzyme).
The p65 recombinant protein utilized in these experiments is primarily the DNA-binding
domain with a N-terminal GST tag (1-306; 551 amino acids for wild-type enzyme).
Addition of p50 antibody to NF-kB-3.10 complexes completely supershifted the band,

indicating that p50 protein is present in all complexes bound to 3.10 (Figure 3.6a).
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However, addition of p65 antibody only partially supershifted the NF-xB complex
(Figure 3.6a). These data suggest that the observed NF-kB-3.10 complex is comprised of
both p50-p65 heterodimers (supershift) and p50-p50 homodimers (shift), which is

consistent with previously studies.**

The supershift experiment was repeated with a near
full-length p65 recombinant protein (1-537), which confirmed these results (Figure
3.6b). The ability of CRDD 3.15 (containing three 7-NlIs) to bind the NF-kB complexes
was similarly confirmed by EMSA supershift analysis (Figure 3.6¢) To support these
EMSA results, we performed quantitative EMSA titrations with NF-kB proteins to obtain
equilibrium dissociation constants for all three possible NF-kB complexes with native
DNA decoy 3.10 (Figure 3.6d). The p50-p65 heterodimer demonstrated the highest
binding affinity (K4 = 15.3 nM). The p50 and p65 homodimer proteins were also
measured (Kq = 31.1 nM and 91.7 nM, respectively), revealing the p65 homodimer has a
6-fold lower binding affinity for 3.10 than the p50-p65 heterodimer, which is consistent

with a previous study.**

Therefore, our studies of CRDD binding to NF-xB proteins are
sampling a mixture of both p50 and p65 heterodimers and homodimers.

As shown in Figure 3.7a, CRDDs 3.11, 3.13, and 3.15 demonstrated the ability to
bind the NF-kB complex similarly to native decoy 3.10. Decoys 3.12 and 3.14, however,
retain the ability to bind despite containing one and two abasic sites. Decoy 3.16,
containing three abasic sites, demonstrated no observable complex formation upon
addition of proteins. This result revealed that the photochemical transformation of 3.15 to

3.16 abolishes NF-kB binding, and therefore, we utilized this compound for further

studies.
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Figure 3.7. (a) Electrophoretic mobility shift assays with 3.10-3.16. 5'-*P-labeled 3.10-3.16 incubated
with p50-p65 (Sino Biological) recombinant proteins displays formation of the NF-xB-CRDD
complexes. NF-kB binding is observed until three abasic sites are formed (i.e., 10). (b) Quantitative
EMSA analysis to measure equilibrium dissociation (Ky) constants for 3.10, 3.15, and 3.16 with
recombinant p50-p65 proteins.

To corroborate our EMSA results, we performed quantitative EMSA titrations
with NF-xB proteins and 3.10, 3.15, and 3.16 to obtain equilibrium dissociation constants
for our probes. DNA decoy 3.10 (Kg = 15.3 nM) and CRDD 3.15 (K4 = 36.2 nM)
exhibited comparable binding affinities for the NF-xB proteins (Figure 3.7b).
Quantitative analysis using densitometry revealed approximately ~50% decrease in signal
of CRDD 3.15 compared to native 3.10 (Figure 3.7a), which is consistent with a lower
K4 (Figure 3.7b). Remarkably, CRDD 3.16, which contains three abasic sites in the p5S0
recognition domain, exhibited no observable binding to the NF-kB proteins (K4 > 500
nM). These data further support our model by which CRDD depurination ablates protein

recognition.
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3.5 Kinetics of Depurination

To characterize the kinetics and the identities of the photo-products resulting from
irradiation of 3.15, we utilized liquid chromatography-mass spectrometry (LC-MS)
analysis of an irradiated aqueous sample. As shown in Figure 3.8, irradiation of 3.15
yielded fast photolysis (ti» = 1.2 min; 350 nm light; light intensity: 5.66x10-8 ein cm™s™)
whereby 90% of 3.15 was converted to photo-products within 4.5 minutes. The quantum
yield (@) of 3.15 was determined to be 0.0104, which is comparable, albeit slower, than

6-nitropiperonyloxymethyl (NPOM)-protected thymine (® = 0.094).%%

100
SR
g sod t;,=1.0£0.3 min
= ® =0.0104
£ 40-
o
©  20-
)
G I 1 ’ F I
0 5 10 15 20 25
Time (min)

Figure 3.8. Photolysis of CRDD 3.15 (350 nm light). Samples analyzed by ion-extracted LC-MS.
Photolytic decay curve of 3.15 with calculated half-life and quantum yield (R* = 0.97).

After 25 minutes of irradiation of CRDD 3.15, very little decoy remained and
multiple abasic decoys and truncation products resulting from - and d-elimination were
detected (Figure 3.9). As expected, formation of decoys with one abasic site increases
immediately, peaks around 5 minutes, and decreases as multiple abasic sites are formed.
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Decoys with one, two, and three abasic sites (3.24, 3.25, and 3.16, respectively) were
observed after 25 minutes of irradiation. These abasic decoys result in approximately
65% of the total number of photo-products formed (Figure 3.9, dashed lines). Several
truncated products (3.26-3.29) are formed by P and d-eliminations of the 3’ and 5’
phosphates, due to the instability of the abasic lactones within DNA.”" Of these
truncated products, 2-6 nucleotides are cleaved from the 5’-end of the decoy (Figure 3.9,
solid lines). Consequently, photolysis of 3.15 results in substantial modification to the

essential 4-G NF-«B binding site, which disrupts protein-CRDD binding.

T

3 604 . 3.24 5/ - T_GXGXCTTTCCAGT, 5' -  G_G_CTTTCCAG
< ’ 3’ - ACCCCTGARAGGTCy 3’ - ACCCCTGAAAGGTCq
) .3.25 and isomers
S J 3.24 3.27
8 401 . 318 5/ - T_G_GXCTTTCCAGTT 5! - G_CTTTCCAGTT
o // 3.26 3’ - ACCCCTGARAGGTCy 3’ - ACCCCTGARAGGTCq
K] and isomers
2 204 ¥/ 321 3.25 3.28
£ /3.28 5 -  G_GXCTTTCCAG [ 5’ - PCTTTCCAG T |
£ Ve 3' - ACCCCTGAAAGGTCy 3’ = ACCCCTGAAAGGIC
& 0 <«—3.29 and isomer

0 5 10 15 20 25 3.26 3.29

Time (min)

Figure 3.9. Photolysis of CRDD 3.15 (350 nm light). Samples analyzed by ion-extracted LC-MS.
Formation of abasic sites and truncation products 3.16 and 3.24-3.29 resulting from photolysis of 3.15
(P = 5'-phosphate). Dashed line denotes full-length DNA decoys containing abasic products and solid
lines denote truncation products (some contain abasic sites as well). Isomers denote constitution
isomers resulting from photolysis of 3.15 (e.g., X and _ are in different arrangements). Mean = SD (n =
4). An LC-MS chromatogram of the photo-products from irradiation of 9 can be found in Appendix B.

3.6 Photochemical Catch and Release of NF-kB

To assess the ability of CRDD 3.15 to release the NF-«kB complex
photochemically, a solution of **P-labeled 3.15 and recombinant proteins were incubated
in binding buffer, followed by treatment with 350 nm light. Photolysis of the 3.15-NF-kB
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complex, over time, drives release of the transcription factor upon formation of abasic
sites and truncated products of the DNA decoy (Figure 3.10a). After 4 minutes of
irradiation of the 3.15-NF-kB complex, approximately 50% of the NF-xB proteins are
released even through the protein is in large excess (Figure 3.10b). Recovery of the

132

complex can be obtained by additional ““P-labeled 3.15, demonstrating the viability of

NF-«B to bind DNA after irradiation with light.

a. 32 | b
P-labeled 3.15:+ + + + + + + + + + 100
p50-p65 proteins:- + + + + + + + + +
2 photolysis, 350 nm (min):0 0 1 2 5 10 15 25 35 35 804
P-labeled 3.15 (after photolysis):- - - - - - - - - + t1/2 —4.2+16 min
NF-kB - 3.15 —> m * .

complex

D
[=)
1

N
(=]
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Bound NF-kB p50-p65 (%) -
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free DNA —> ‘ ” *

modified DNA ———

Figure 3.10. Quantitative electrophoretic mobility shift assay with CRDD 3.15. (a) 5'-**P-labeled 3.15
incubated with NF-kB proteins yields complex formation (catch, t = 0 min), which is dissociated upon
photolysis with 350 nm light (release) in a time-dependent manner. Recovery of the NF-kB-3.15
complex can be obtained by addition of **P-labeled 3.15. (b) Densitometry of EMSAs yielding half-life
of NF-B release (R* = 0.93). Mean + SD. (n = 3).

a. b.
Ladder: + - - - - Ladder:+ - - - -
3100 - + -+ + 310:- + - + + 310:+ + + +
p50-p65 Recombinant Proteins: —= - 4+ + +  p50-p65 Recombinant Proteins: —= - + 4+ 4+ p50-p65 Recombinant Proteins: -  + -+
Photolysis (350 nm): - - - - 4 Photolysis (350 nm): - - - - 4 Photolysis (350 nm): - - 4+ 4
NF-kB - decoy ——3 R i
75 kDa —> == complexes .
75 kDa —> -
p65 —> - -
p50 — >
25kDa —> "= 25 kDa —>

free DNA ——— 1

Figure 3.11. (a) Western blots for p50 (left) and p65 (right) following irradiation of NF-kB recombinant
p50 protein (Enzo Life Sciences, BML-UW9885-0050, amino acids 35-381), recombinant p65 protein
(Sino Biological, 12054-HO9E, amino acids 1-306) at 350 nm for 60 minutes. (b) EMSA of NF-xB
recombinant p50 protein (Enzo Life Sciences, BML-UW9885-0050, amino acids 35-381), recombinant
p65 protein (Sino Biological, 12054-H09E, amino acids 1-306) with 5'-**P-labeled 4 following irradiation
of proteins at 350 nm for 60 minutes.
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Additionally, western blot (Figure 3.11a-3.11b) and EMSA (Figure 3.11c)
analysis of p50 and p65 proteins following subjection to the photolysis conditions (350

nm light, in H,O) reveals no apparent damage to proteins.

3.7 Conclusions and Future Work

We demonstrate for the first time the capture and photochemical release of an
endogenous transcription factor heterodimer using a novel photo-responsive Catch and
Release DNA Decoy (CRDD). Photolysis of CRDD 3.15 resulted in formation of abasic
sites and truncated products abolishing affinity for NF-kB protein binding. These results
have demonstrated that CRDDs can be used to effectively capture and spatiotemporally
release TFs.

The EMSA experiments demonstrated the ability of the 7-nitroindole decoy 3.15
to catch, photochemically release, and recapture NF-«B in vitro (Figure 3.10a). Future
work will demonstrate the ability of our ‘catch and release’ NF-kB decoys to work in cell
culture. We will utilize a commercial cell line (CHO/GFP-NF-xB-p65, Affymetrix
RC2001), which is a stable, p65-GFP reporter cell lines that is useful in monitoring the
cellular activity of NF-kB. Under basal conditions, the NF-kB dimer is sequestered in the
cytoplasm Figure 3.12. Induction of the signaling pathway by addition of IL-1f results in
NF-kB activation and nuclear translocation. This is evident by visualizing our data in
Figure 3.12 where the GFP signal overlays with the nuclear stain (Hoechst33342,

H33342) following IL-1p activation. We will utilize this cell line to study catch and
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release by fluorescently-labeled CRDDs. We expect to see overlap of our fluorescently-
labeled CRDDs and p65-GFP when transfected into this cell line. Irradiation of the
CRDD will result in dissociation of NF-kxB and we expect to visualize the nuclear

translocation of the p65-GFP.

GFP H33342
\cytosolic/

JIL-1B

GFP H33342 Merge
X /
nuclear———

Figure 3.12. NF-kB reporter assay in CHO cells. (Top) p65-GFP is visualized in the cytoplasm, yielding
distinct localization versus H33342 (nuclear stain). Induction of NF-kB results nuclear translocation of
p65-GFP, as evidenced by co-localization of the GFP signal and H33342.

3.8 Experimental Section
3.8.1 Chemical Synthesis.
General. Chemical reagents were typically from Sigma-Aldrich or Acros and used

without additional purification unless explicitly noted. Reactions were performed under
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an atmosphere of dry N, unless otherwise noted. Silica gel chromatography was
performed on a Teledyne-Isco Combiflash Rf-200 instrument utilizing Redisep Rf Gold
High Performance silica gel columns (Teledyne-Isco) or self-packed columns with
SiliaFlash 60A silica gel (SiliCycle). Nuclear magnetic resonance (NMR) spectroscopy
employed a Bruker Avancell+ instrument operating at 400 MHz (for 'H), 100 MHz (for
1C), or 161 MHz (for *'P) at ambient temperature. Chemical shifts are reported in parts

per million and normalized to internal solvent peaks or tetramethylsilane (& = 0 ppm).

1-(2'’-Deoxy-3’,5'-di-O-p-toluoyl-p-ribofuranosyl)-7-nitroindole (3.6): Prepared as

. . 244,245
previously described.”™"

1-(2'-Deoxy-B-ribofuranosyl)-7-nitroindole =~ (3.7):  Prepared as  previously

. 244,245
described.”™

1-(2'’-Deoxy-5'-dimethoxytrityl-p-ribofuranosyl)-7-nitroindole (3.8): Prepared as

. . 244,245
previously described.”™"

1-(2'-Deoxy-3'-(2-cyanoethyl-N,N-diisopropylphosphoramidite-5’-dimethoxytrityl-p-

ribofuranosyl)-7-nitroindole (3.9): Prepared as previously described.*****

3.8.2 Solid-Phase DNA Synthesis. Oligonucleotides were synthesized using standard

solid-phase phosphoramidite chemistry on an Applied Biosystems 394 DNA/RNA
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synthesizer.”'’ 7-Nitroindole (7-NI) phosphoramidite was synthesized as previously
described.*****> All other phosphoramidites, solvents, and solid supports (1.0 pmol) were
purchased from Glen Research Corporation. 7-NI was incorporated into the
oligonucleotide by a manual coupling, whereas all other nucleotides were incorporated
with automated couplings. Automated DNA synthesis was paused immediately prior to
incorporation of 7-NI and the solid support was removed from the synthesizer. To
achieve a manual coupling, 7-NI phosphoramidite (15 mg) was dissolved in anhydrous
MeCN (200 pL), loaded into a syringe (1 mL), and attached to one side of the solid
support. A second syringe (1 mL) was loaded with Activator (600 puL, Glen Research
Corp.) and attached to the other end of the solid support. The solutions were then mixed
through the solid support vessel manually by the two syringes for 20 min. Afterwards, the
solid support vessel was drained, washed with anhydrous MeCN (1 mL) and returned to
the synthesizer. This procedure for manual coupling was performed for all 7-NI
incorporations. Following the synthesis, the resin was transferred to a fritted reaction
vessel. Concentrated aqueous ammonium hydroxide (2.5 mL) was added and the vessel
was placed in a shaker for 18 hours at room temperature. After deprotection, the solution
was filtered into a centrifuge tube (10 mL) and distilled water (2 mL) was added. The
ammonium hydroxide was evaporated in vacuo (samples were transferred to
microcentrifuge tubes and placed in a SpeedVac) and the remaining solution was purified
by HPLC (see below). After purification, the oligonucleotides were desalted with
DNase/RNase free H,O using Illustra NAP-5 columns (Sephadex G-25 DNA grade, GE

Healthcare) according to manufacturer instructions. The desalted oligonucleotides were
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quantified by UV-Vis (A, using predicted molar extinction coefficients for native

dNTPs and £=5,900 M cm™ for 7-NI at 260 nm) and confirmed by LC-MS (see below).

The purity was assessed by HPLC reinjection of the purified oligonucleotides (see

Appendix B for chromatograms).

Oligonucleotide 3.10.
Oligonucleotide 3.11.
Oligonucleotide 3.12.
Oligonucleotide 3.13.
Oligonucleotide 3.14.
Oligonucleotide 3.15.
Oligonucleotide 3.16.
Oligonucleotide 3.17.
Oligonucleotide 3.18.
Oligonucleotide 3.19.
Oligonucleotide 3.21.

Oligonucleotide 3.23.

Purity = 95.9% (260 nm). MS calc’d 9502.2, found 9501.6 (parent)
Purity = 97.9% (260 nm). MS calc’d 9513.2, found 9513.9 (parent)
Purity = 95.8% (260 nm). MS calc’d 9367.1, found 9368.1 (parent)
Purity = 98.6% (260 nm). MS calc’d 9524.2, found 9524.7 (parent)
Purity = 98.4% (260 nm). MS calc’d 9232.9, found 9233.1 (parent)
Purity = 98.5% (260 nm). MS calc’d 9551.2, found 9551.7 (parent)
Purity = 96.1% (260 nm). MS calc’d 9114.8, found 9113.5 (parent)
Purity = 93.0% (260 nm). MS calc’d 9502.2, found 9502.0 (parent)
Purity = 95.3% (260 nm). MS calc’d 9551.2, found 9550.8 (parent)
Purity = 94.5% (260 nm). MS calc’d 9486.2, found 9486.4 (parent)
Purity = 93.0% (260 nm). MS calc’d 4557.0, found 4556.8 (parent)

Purity = 87.5% (260 nm). MS calc’d 4557.0, found 4556.5 (parent)

3.8.3 HPLC Purification & LC-MS Analysis. Procedure outlined in Chapter 2.8.2.

3.8.4 Thermal Melting Analysis. Procedure outlined in Chapter 2.8.3.
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3.8.5 Photolysis, Exponential Decay, and Quantum Yield Analysis. DNA photolysis
experiments were carried out using a Rayonet photochemical reactor (RMR-600,
Southern New England Ultraviolet Co.) fitted with eight, 350 nm bulbs. To enable
quantitative analysis of photochemical decay of DNA decoys, calibration plots for each
DNA decoy were generated. Increasing concentrations of each DNA decoy (0.55, 1.65,
4.94, 14.81, 44.44, 133.33 pmol) were added to a fixed concentration of a non-modified
DNA oligonucleotide (5'-TAACTA-3’, 100 pmol) and analyzed by extracted ion current
(EIC) LC-MS (masses monitored at -9 charge state for decoys).”'> A calibration plot was
created by plotting the ratio of decoy:standard area under the curve (AUC) versus DNA
decoy concentration, yielding calibration plots with a slope-intercept equation of R* >
0.99.

Quantitative analysis of DNA decoy photolysis was performed by dissolving the
DNA decoy (800 pmol) in DNase/RNase free H,O and then adding the solution to
conical pulled point vial inserts (250 pL; Agilent, 8010-0125). Vessels containing the
aqueous DNA solution was placed into the photochemical reactor and irradiated (light
intensity: 5.66x10™ ein cm™ s™'; calculated as described below). Aliquots (4 pL) were
taken at several time points (1, 2, 5, 7, 10, 15, 20, 25 min), diluted with standard (1 pL)
and then analyzed by LC-MS. The concentration of the decoy species from irradiation
were determined by fitting the decoy/standard ratios from each sample into the slope-
intercept equation from the calibration plot to yield the amount of decoy (pmol) in
sample. This process was repeated for each prominent molecular ion observed in the

photolysis sample. Furthermore, this quantitative analysis method assures comparable
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ionization properties for the photolyzed products in comparison to the non-irradiated
sample. First order decay analysis (GraphPad Prism; v5.0b) was then fitted to the data
(percentage of starting material over time) to obtain the decay equation and half-life (ti2)
of the DNA decoy. Mean t;; values (with standard deviation) were calculated from the
fitting of the decay curve with the individual data points obtained from each replicate (n
=4).

Quantum yield (®) calculations were carried out to determine the efficiency of
photolysis of CRDD 3.15 (eq. 1). The intensity of the light source (I, eq. 2) was

d.?*?" In brief, a

determined using Kj;[Fe(C,04);] actinometry as previously describe
solution of Ki[Fe(C,04)3]*3H,0 in distilled H,O (6 M, 2 mL) was irradiated for 180
seconds in the Rayonet equipped with eight, 350 nm bulbs. After irradiation, the sample
was transferred to a volumetric flask (25 mL). To the flask was added aqueous buffer (3
mL; recipe to make a 500 mL solution of aqueous buffer: 300 mL of 1.0 M NaOAc, 180
mL of 1.0 M H,SO4, and 20 mL distilled H,O), phenanthroline solution (3 mL of 0.1%
v/v phenanthroline in distilled H,O), KF solution (1 mL of a 2.0 M solution), and distilled
water (~18 mL, to 25 mL). The solution was placed in the dark for 1 hour. A non-
irradiated sample was prepared in the same manner. After 1 hour, the solutions were
transferred to a cuvette and the As;p was measured for both samples. The Rayonet light
intensity was then calculated using eq. 2 (5.66x10® ein cm™ s'). The extinction

coefficient at 350 nm (&350) of CRDD 3.15 was calculated by UV-Vis absorbance using

the Beer-Lambert law (7070 M"' cm™). The irradiation time for 90% conversion (toge;) of

88



the DNA decoy was calculated from the first order decay equation (above). Quantum

yield was then calculated using eq. 1 to give a value less than one.*"

(Eq. 1) @ = (I*0*tgge,) "

where 6 (cm™ mol™) is equal to 1000*¢350 of the DNA decoy

(Eq. 2) I (ein cm™s™) = (V1*V3*AAs10)/(1000 (mL/1)*g510* Vo * D *t)

where V; is the volume of Kj;[Fe(C,04);] irradiated (mL); V, is the volume of the
K;[Fe(C,04)3] solution transferred to the volumetric flask (mL); V3 is the volume

of the volumetric flask (mL); AAsg is the difference in absorbances at 510 nm between

the  irradiated and non-irradiated samples; €519 is the extinction coefficient of

Ks[Fe(C,04)s] at 510 nm (11,100 cm™ s')*"; @p is the quantum yield of

K3[Fe(C204)3]#3H,0 (1.21)*"; and t is the time irradiated (s).

3.8.6 **P Radiolabeling. Procedure outlined in Chapter 2.8.5.

3.8.7 Electrophoretic Mobility Shift Assay (EMSA). Binding reactions containing
binding buffer (2 uL of a 10X solution; 10X solution: 100 mM Tris, 10 mM EDTA, 500
mM NaCl, and 10% NP-40),”* recombinant p50 protein (0.5 pL; 0.50 pug/uL, Enzo Life
Sciences, BML-UW9885-0050, amino acids 35-381), recombinant p65 protein (0.5 pL;
0.50 pg/ulL Sino Biological, 12054-HO9E, amino acids 1-306), and DNase/RNase free
H,O (to a final volume of 20 pL) were prepared in microcentrifuge tubes (0.65 mL) and
incubated on ice for 30 mins. **P-labeled DNA decoys (1 pL, 25,000 counts/min/pL)

were added to the binding reaction and then incubated at 37 °C for 10 mins.
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For catch and release, binding reactions were then transferred to glass HPLC vial
inserts (each 20 pL binding reaction was pipetted into individual inserts) and irradiated
(with the exception of non-irradiated control samples) in the Rayonet with eight 350 nm
bulbs (5.66x10® ein cm™ s™) at room temperature. The samples were taken out of the
Rayonet at various time points and transferred (~20 puL volume) to a new microcentrifuge
tube (0.65 mL). For rebinding studies (Figure 3.10a, lane 10), additional **P-labeled
DNA was added to only that sample (1 pL, 25,000 counts/min/uL of DNA). All samples
and controls were then incubated at 37 °C for 2 hours.

For supershift experiments, binding reactions containing recombinant p50
proteins (0.5 pL; 0.50 pg/uL, Enzo Life Sciences, BML-UW9885-0050, amino acids 35-
381), recombinant p65 protein (0.5 puL; 0.50 pg/uL. Sino Biological, 12054-HO9E, amino
acids 1-306 (Figure 3.6a and Figure 3.6b) or 2.5 puL; 0.10 pg/uL. Active Motif, 31302,
amino acids 1-537 (Figure 3.6¢)), p5S0 antibody (10 pL; 200 pg/0.1 ml, Santa Cruz
Biotechnology, sc-7178 x), or p65 antibody (10 pL; 200 pg/0.1 ml, Santa Cruz
Biotechnology, sc-8008 x) were prepared in microcentrifuge tubes (0.65 mL) and
incubated on ice for 60 mins. **P-labeled DNA decoys (1 pL, 25,000 counts/min/pL)
were added to the binding reaction and then incubated at 37 °C for 10 mins.

For binding constant studies (Figure 3.6d and Figure 3.7b), DNA concentration
was held constant (20,000 counts/min/ul) and titrated with increasing p50-p65
heterodimer, p50-p50 homodimer, or p65-p65 homodimer at various concentrations (0,
0.90 nM, 9.00 nM, 17.98 nM, 26.98 nM, 35.97 nM, 44.96 nM, 89.92 nM, 134.88 nM,

and 179.84 nM; 500 nM was only used for decoy 3.16).>*> Recombinant p50 protein was
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from Enzo Life Sciences (BML-UW9885-0050, amino acids 35-381) and recombinant
p65 protein was from Sino Biological (12054-HO9E, amino acids 1-306). The fraction of
DNA bound in each reaction was determined by dividing the densitometry of each bound
band by the total densitometry of the bound and free bands. These fractions were then
plotted on a semi-logarithmic plot (GraphPad Prism; v5.0b) and the equilibrium
dissociation constants were calculated. Mean + SD. (n = 3).

For photochemical stability studies, binding reactions containing binding buffer,
recombinant p50 protein (0.5 pL; 0.50 pg/uL, Enzo Life Sciences, BML-UW9885-0050,
amino acids 35-381), recombinant p65 protein (0.5 pL; 0.50 pg/uL Sino Biological,
12054-HO9E, amino acids 1-306), and DNase/RNase free H,O (to a final volume of 19
uL) were prepared in microcentrifuge tubes (0.65 mL) and incubated at room temperature
for 10 mins. The sample to be irradiated (19 pL) was pipetted into a glass HPLC vial
insert and irradiated in the Rayonet with eight 350 nm bulbs (5.66x10® ein cm™ s™) at
room temperature for 1 hr. The sample was then transferred to a new microcentrifuge
tube. **P-labeled DNA decoys (1 pL, 25,000 counts/min/uL) were added to the binding
reaction and then incubated at 37 °C for 10 mins.

Loading dye (2 pL, 10X solution; 0.5X TBE, 40% glycerol, 2 mg/mL Orange G
dye, Sigma) was added to each reaction and samples were loaded onto a 5% non-
denaturing PAGE gel that was pre-run at 200 V for 1 hr in 0.5X TBE. Samples were
electrophoresed at 200V until the loading dye was ~% down the gel. The gel was
transferred to filter paper (Bio-Rad; the plates were pried apart and the gel was placed on

the wetted filter paper), covered with plastic wrap and cellophane (Bio-Rad), and dried
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for 1 hr (Gel Air Dryer, Bio-Rad). The gel was transferred to a phosphorimager screen
overnight and then analyzed on a Typhoon FLA 7000 biomolecular imager (GE
Healthcare). Images were analyzed using Image Quant TL software (v 7.0, GE

Healthcare).

3.8.8 Western Blots. Binding reactions were prepared as described above for EMSA
analysis, except the binding buffer was omitted. Western blots were performed as
previously described.**® The sample to be irradiated (20 pL) was pipetted into a glass
HPLC vial insert and irradiated in the Rayonet with eight 350 nm bulbs (5.66x10® ein
cm™” s') at room temperature for 1 hr. The sample was then transferred to a new
microcentrifuge tube. To each sample was added NuPAGE 4X LDS sample buffer (5 pL,
Invitrogen) and NuPAGE 10X sample reducing agent (2 pL, Invitrogen) and the samples
were heated to 99 °C for 5 minutes. Protein samples were separated on a gradient 4-12%
SDS-PAGE gel (Invitrogen) using MES SDS running buffer (NuPAGE), and then
electrotransferred to a polyvinylidene difluoride membrane (Immobilon). The membrane
was transferred to a heat-sealed bag containing Odyssey blocking buffer (5 mL, LI-COR
Biotech.) to block the membrane overnight at 4 °C. Proteins were detected by incubation
with primary antibodies for p65 (5 pL; Santa Cruz Biotechnology, sc-372) and p50 (30
uL; Enzo Life Sciences, ALX-804-043-C100) in a heat-sealed bag containing blocking
buffer (5 mL) overnight at 4 °C. The membrane was then briefly washed by gentle
rocking in ddH,O (50 mL, 1 min, total 5x), and then incubated with IRDye 800 anti-

rabbit (5 pL; LI-COR Biotech., 926-32211) and IRDye 680 anti-mouse (5 puL; LI-COR
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Biotech., 926-68020) conjugated secondary antibodies together in a heat-sealed bag
containing blocking buffer (5 mL) for 2 hours at room temperature. The membrane was
again washed via gentle rocking in ddH,O (50 mL, 1 min, total 5x). The
immunocomplexes were visualized using the Odyssey classic infrared imaging system

(LI-COR Biotech.).

3.8.9 Protocol for Mammalian Cell Culture. All cell lines were maintained in a
humidified 5% CO, environment at 37 °C. CHO/NFxBp65-GFP cells
(Affymetrix/Panomics #RC2001) were cultured in Hams F12K media supplemented with
10% fetal bovine serum (FBS, Gibco), penicillin (100 1.U./mL), streptomycin (100
ng/mL), and hygromycin (100 pg/mL, Roche, 10843555001) at a density of 2x10° -
2x10° cells/mL. This cell line (Affymetrix/Panomics #RC2001) was designed for the
study of p65 translocation and was developed by co-transfection of an expression vector
for a fusion protein of turboGFP and human NFkBp65 as well as pHyg. GFP+ cells are

selected by culturing the cells with hygromycin B.

3.8.10 Confocal Microscopy. CHO/NF-kBp65-GFP cells were grown in a T75 culture
flask to 70-80% confluency. The CHO/NF-kBp65-GFP cells were detached from the
surface of the T75 culture flask using trypsin-EDTA solution. After the cells are
detached, media was added to inactivate the trypsin and transfer this solution to a 15 mL
tube. The cell density was determined using a hemocytometer and spin down the cells at

125 x g for 5 minutes. The CHO/NF-kBp65-GFP cells were resuspended in fresh media
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at a density of 10,000 cells/mL. 200 uL of this cell solution was added to the appropriate
number of wells in an 8-well glass slide (Sigma Aldrich, C7057-1PAK). The plate was
incubated on a level, vibration-free table for 1 hour at room temperature (20-25°C) to
ensure an even distribution of cells throughout each well. After the cells are attached
evenly in each well, the plate was incubated at 37°C and 5% CO, for 18-24 hours. The
appropriate wells were induced with 10 ng/mL TNF-a (or IL-18) for 30 minutes. After
incubation, the media was replaced in each well with 100 pLL of Hoechst 33342 (#B2261-
100MG, 1:10,000 dilution) staining solution and incubated for 30 minutes at room
temperature in the dark. The Hoechst staining solution was replaced in each well with
100 pL of fresh media. The cells were imaged on the Zeiss Cell Observer Spinning Disk
confocal microscope using the provided protocol utilizing the Phase II channel, blue
channel for nuclear stain, and green channel for GFP-p65. The data was worked up on the

NIS Elements Viewer (version 4.11.0) software.
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Chapter 4

THE 8-NITROGUANOSINE NUCLEOBASE FOR INCORPORATION INTO

SECOND-GENERATION CATCH AND RELEASE DNA DECOYS (CRDDs)

This work was performed in collaboration with Professor Daniel A. Harki

95



4.1 Rationale

The 7-nitroindole (7-NI) nucleobase 3.1 has allowed us to ‘catch and release’ the
NF-«B transcription factor (TF) complex when incorporated into a DNA decoy (Figure
3.10). However, 7-NI destabilizes duplex formation, such as 3.15, which contains three 7-
NIs incorporated compared to non-modified decoy 3.10 (AT, = -12.2 °C), and shows
lower binding affinity to the protein than the native bases (~50%, Figure 3.7). It has been
noted before that the worst steric repulsion effects involving purines occurs as a result of
modification to the N3 atoms.**’ As an example of this steric repulsion, N3-
methyladenine, a cytotoxic lesion, has been demonstrated to block DNA
polymerization.**® Since the 7-nitro group of 3.1 is in similar space as the N3 of purines,
we hypothesize the 7-nitro group sterically perturbs duplex formation by pushing the
aromatic ring out of favorable stacking, therefore, leading to the negative effects seen in
duplex stability and protein binding affinity. Additionally, 7-NI is incapable of hydrogen
bonding and selective hybridization with natural nucleobases, thus reducing molecular
interactions between the DNA-protein interface, which decreases the overall binding
affinity. 8-Nitroguanosine has been studied as a chemical probe for protein S-
guanylation.****°  8-Nitroguanosine (8-NG, 4.1) was envisioned to contain the
depurination properties of the 7-NI nucleobase, while positioning the nitro group away
from the hybridization face by placing it in the C8 positions of purines, which is shown to
be solvent accessible in Figure 5.1, thus reducing the steric repulsions. Additionally, 8-

NG has a full hydrogen-bond profile on the hybridization face, which is hypothesized to
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increase the amount of molecular interactions with TFs. Photolysis of 8-NG 4.1 is
predicted to follow a similar mechanism as 7-NI (Figure 3.3a) to produce the nitroso
guanine photo-byproduct 4.2, and an abasic lactone (4.3, Scheme 4.1). To test these
hypotheses, we prepared 2'-a-fluoro-8-nitro-2'-deoxyguanosine phosphoramidite 4.13,
which was then incorporated into oligonucleotide 4.14. This oligonucleotide was
demonstrated to be more stable than the 7-NI oligonucleotide 3.21, and kept the
photolytic uncaging properties, producing the abasic lactone 4.16 and the truncation

product 4.17 upon photolysis.

gY\Z/EKNH >_>\(§OR photolysis \Z/(;/(NH ﬁ} }—N

41

R = Oligonucleotide native hybridization inhibited
X=0H, F

Scheme 4.1. Second-generation 8-nitroguanosine (8-NG) depurination probe for use in CRDDs.

4.2 Nucleoside and Oligonucleotide Synthesis

8-Bromoguanosine 4.4 was utilized to synthesize the acetylated 8-nitroguanosine
4.8 (Scheme 4.2). Acetic anhydride was used to protect 8-bromoguanosine 4.4 to give
2,3,5-tri-O-acetyl-8-bromoguanosine 4.5 in 94% yield. The exocyclic amine of 4.5 was
protected with 4,4’-dimethoxytrityl chloride to afford 4.6 in quantitative yield. Nitration
of 4.6 with potassium nitrite gave 4.7 in 49% yield, and a very mild deprotection of the
DMT using 1,1,1,3,3,3-hexafluoro-2-propanol gave 4.8 in quantitative yield.*'
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Scheme 4.2. Synthesis of 8-nitroguanosine.

Nitration of the 8-position of guanine renders the nucleoside unstable (t;» = 5 min
in H,0) due to a longer glycosidic bond (1.523 A of 4.8 compared to 1.473 A of 4.6).*
Incorporation of a 2'-a-fluorine on the sugar restores stability by slightly shortening the
glycosidic bond, which dramatically increased its stability (ti» = 45 days in 0.05 M

sodium phosphate buffer).”*

With this in mind, 2'-a-fluoro-8-nitro-2'-deoxyguanosine
phosphoramidite 4.13 was hypothesized to remain stable enough for incorporation into
CRDDs (Scheme 4.3).* Initially, 2'-a-fluoro-2'-deoxyguanosine 4.9 was brominated
utilizing NBS to achieve 8-bromo-2'-a-fluoro-2'-deoxyguanosine 4.10 in 72% yield.
Similarly to Scheme 4.2, both the exocyclic amine and 5'-hydroxyl group of 4.10 were
protected with 4,4'-dimethoxytrityl chloride with 88% yield to afford protected 4.11,
which was then nitrated to afford protected 2'-a-fluoro-8-nitro-2'-deoxyguanosine 4.12 in

51% yield. Finally, incorporation of the phosphoramidite on the 3-hydroxyl group of the

nucleoside provided 2'-o-fluoro-8-nitro-2'-deoxyguanosine phosphoramidite 4.13 after
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rigorous purification in 58% yield, which is now ready for incorporation into a set of

CRDDs.

(0] [0}

0
N
HO < fjfl no_ B¢ fl\)\ Br _</ J\

I;O?N N" NH: nBs o N" NH2 ey PMTO NHDMTr
—_— —_—
H,0 Pyridine

OH F 75% OH F 88% OH I
4.9 4.10 4.1
fo) o
N
NH 7
O,N—¢ ﬁ 02N—< )\
DMTrO A DMTrO
KNO, o N N NHDMTr TEA o NHDMTr
a %
18-crown-6 o. __Cl CN
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51% 412 Ni(Pr)z 1
DCM \rNW/
58%
413

Scheme 4.3. Synthesis of 2’-a-fluoro-8-nitro-2’-deoxyguanosine phosphoramidite.

Similarly to the 7-NI oligonucleotide 3.21, 2'-a-fluoro-8-nitro-2'-deoxyguanosine
4.13 was incorporated into oligonucleotide 4.14 to measure the thermal melting of duplex
DNA containing all natural nucleotides hybridized to 8-NG. In addition, the 8-oxo-2'-
deoxyguanosine (8-0x0G) phosphoramidite was purchased and used in the synthesis of

the oligonucleotide 4.15 for comparative stability studies.

dsDNA sequence =
5’'-CCTTTTT X TTTTTGG-3’
Nucleobases
o
X = 8-NO, ,NfLNH
Guanosine 02N_<|;] ' N/J\NHZ
(4.14) -
H o
X = 8-Oxo- N NH
Guanosine °=<,|4 ' NP N,
(4.15) le
X = Abasic o
(4.16) -

Figure 4.1. Synthesized oligonucleotides.
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4.3 Thermal Melting Analysis

UV thermal melting experiments were used to determine the relative stability of
8-NG 4.14 compared to the 7-nitroindole oligonucleotide 3.21 (Table 4.1).7%"*? 8 .NG
4.14 has a clear preference when base paired against C than the other three bases due to
Watson-Crick base pairing (T, = 46.9 °C against C compared to T,, = 40.9 °C against
G, Ty =37.3 °C against A, and T,,, = 38.1 °C against T). This is a dramatic shift from the
universal nitroindole bases, which base pair appreciably against all four bases. In
comparison to G-C pairing, incorporation of 8-NG into oligonucleotide 4.14 still

decreases stability compared to G (AT, =-10.4 °C), however, is quite more stable than

Table 4.1. Thermal melting of duplex DNA containing the 7-nitroindole, 2’-a-fluoro-8-nitro-2’-
deoxyguanosine, and 8-ox0-2’-deoxyguanosine nucleotides. Thermal melting experiments performed in 10
mM sodium cacodylate, 10 mM KCI, 10 mM MgCl,, 5 mM CaCl,, pH 7.0 buffer.?'" Mean + SD (n = 4) are
shown.

5’-CCTTTTT X TTTTTGG-3'

100

dsDNA sequence = 3’-GGAAAAA Y AAAAACC-5'
Nucleobases Y=G Y=A Y=C Y=T
o
X =G «"jf:"\“ 474 (£07) 459 (+0.8)  57.3(x0.5)  48.5(x0.5)
N'!i N7 NH,
X = 7-NO, (/I; 40.3 (+0.4)  42.8(x05) 421 (x0.2)  42.1(x0.5)
Indole (3.21) X [-7.1] [-3.1] [-15.2] [-6.4]
o
X =8-NO, /Nj\)LNH
Guanosineom-% (L 40.9 (+0.8)  37.3(x04)  46.9(x0.7)  38.1 (x0.6)
(4.14) -~ [-6.5] [-8.6] [-10.4] [-10.4]
o
X = 8-Oxo- kaNH
Guanosine <L lh, 437 (£0.4) 506 (+1.1)  53.3(x04) 456 (x0.4)
(4.15) ke [-3.7] [4.7] [-4.0] [-2.9]



7-nitroindole (AAT,, = +4.8 °C). This added duplex stability is hypothesized to confer to
a higher protein-DNA binding affinity than 7-NI when incorporated into CRDDs,
especially when multiple 8-NG monomers are incorporated.

A potential limitation of 4.14, however, is the steric hindrance of the nitro group
over the sugar, preventing the nucleobase from occupying the anti position. 8-Oxo-2'-
deoxyguanosine 4.15 is known to exist partially in the syn conformation, which places

the oxo group into the hybridization interface.***

During the syn conformation, the
nucleobase undergoes Hoogsteen base-pairing, accepting hydrogen bonds from the top
face of adenosine, leading to an increased stability with mismatched nucleotides (Figure
4.2). If the nitro group of 4.14 is also in the syn conformation, it may prevent the nitro
group from being in proximity to the anomeric proton it needs to abstract or destabilize
molecular recognition interactions. Thermal analysis is informative of this syn-anti
preference. 8-Oxo0-2'-deoxyguanosine 4.15 has clear preferences when base paired
against C or A (Watson-Crick and anti vs. Hoogsteen and syn preferences, respectively)

than the other two bases (T, = 53.3 °C against C and T,, = 50.6 °C against A compared

to Tm =43.7 °C against G and Ty, = 45.6 °C against T). This clearly demonstrates that 8-

..--H-N
H - N OR
/4
H2N\<\ q---N NN
RO N / N’ \=N

N

o o) OR

RO

4.15
R = Oligonucleotide
Figure 4.2. Hoogsteen base pairing between syn 8-oxo-G 4.15 and anti adenosine.
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ox0-G is undergoing both Watson-Crick and Hoogsteen base pairing, validating that 8-
0x0-G exists in both an anti and syn conformation. To identify what conformation 8-NG
4.14 exists in, a direct comparison of 8-NG 4.14 to that of 8-0x0-G 4.15 reveals that the
thermal stability of 4.14 against A is largely decreased by existing primarily in the anti
conformation (AT, = -8.6 °C compared to G), whereby the thermal stability of 4.15
against A actually increases (AT, = +4.7 °C compared to G) due to existing partially in
the syn conformation and undergoing Hoogsteen base pairing. This provides evidence

that 8-NG 4.14 undergoes traditional Watson-Crick base pairing (seen in Scheme 4.1).

4.4 Proof of Uncaging

To demonstrate whether or not 2'-a-fluoro-8-nitro-2'-deoxyguanosine 4.1 would
depurinate within duplex DNA, the oligonucleotide 4.14 was annealed with its
complementary strand. Irradiation (350 nm light; light intensity: 5.66x10® ein cm™s™) of
4.14 yielded photolytic breakdown of the nucleotide, completing its conversion to the
corresponding abasic 4.16 and a truncation product 4.17 within 30 minutes (Figure 4.3).
Figure 4.3a displays the LC traces of 4.14 and the formed photo-products. Figure 4.3b

shows the MS traces of the corresponding oligonucleotides.
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4.5 Conclusions and Future

The second-generation probe, 2'-a-fluoro-8-nitro-2'-deoxyguanosine 4.1, contains
added molecular recognition capabilities, yielding greater duplex stability. Going
forward, we will synthesize our second-generation catch and release DNA decoys to
sequester and release TFs such as NF-kB. Our prediction is that a greater duplex stability,
in addition to added molecular recognition, will give higher affinity DNA-protein
interactions, which will increase the efficiency of the catch and release DNA decoys.
This tighter binder will result in a greater difference in binding affinity after photolysis
and formation of abasic sites yielding a more efficient probe. A more efficient probe will
give us a higher degree of binding and subsequent release, resulting in lower dosing

required in order to sequester cellular TFs.

4.6 Experimental Section

4.6.1 Chemical Synthesis.

General. Procedure outlined in Chapter 3.8.1. (see Appendix B for chromatograms).

2',3',6’-0-acetyl-8-bromo-guanosine (4.5). Prepared as previously described.**

2',3',6'-0-acetyl-2-dimethoxytrityl-8-bromo-guanosine (4.6). Prepared as previously

. 249
described.
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2',3',6'-0-acetyl-2-dimethoxytrityl-8-nitro-guanosine (4.7). Prepared as previously
described.**

2',3',6’-0-acetyl-8-nitro-guanosine (4.8). Prepared as previously described.**

8-bromo-2'-a-fluoro-2’-deoxyguanosine (4.10). Prepared as previously described.**

(0

DMTrO Br_</ )\

] | NHDMTr

OH F
4.1

8-bromo-2,6’-dimethoxytrityl-2'-a-fluoro-2’-deoxyguanosine (4.11). 8-bromo-2'-o-
fluoro-2'-deoxyguanosine (4.10, 2.55 g, 7.01 mmol) was dissolved in pyridine (10 mL)
and evaporated three times to remove any water. It was then re-dissolved in pyridine (10
mL) and charged with a catalytic amount of DMAP (85.5 mg, 0.70 mmol). 4,4'-
dimethoxytrityl chloride (5.23 g, 15.4 mmol) was added in portions and stirred at room
temperature for 24 hours. It was diluted with ddH,O (200 mL) and extracted with DCM
(200 mL). The organic layer was washed with saturated aqueous NaHCO; (200 mL) and
brine (200 mL). The resultant organic layer was dried (Na,SO,), and concentrated in
vacuo. The residue was purified by column chromatography on silica gel (gradient of 0-

5% methanol in DCM). It was concentrated in vacuo to yield an orange foam (3.85 g,
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56.8% yield over two steps. "H NMR (CDCls): & = 8.60 (dt, 4 H, J = 1.8 Hz, 6.00 Hz),
7.67 (tt, 2 H, J=1.8 Hz, 7.6 Hz, 15.2 Hz), 7.45-6.60 (m, 20H), 5.66 (d, 1H, J = 24.1 Hz),
4.85 (dd, 1H, Ju.z = 3.5 Hz, Ju.r = 54.1 Hz), 3.86 (ddd, 1H, J = 2.85 Hz, 6.1 Hz, 9.3 Hz),
3.78 (t, 2H, J = 1.8 Hz, 4.8 Hz), 3.73 (s, 6H), 3.72 (s, 6H), 3.58 (m, 5H) 3.27 (m, 1H),
3.13 (dd, 1H, J = 6.24 Hz, 10.7 Hz); °C NMR (CDCls): 8 = 158.5, 158.3, 157.4, 151.3,
150.8, 136.0, 130.1, 130.0, 128.1, 127.8, 126.9, 122.9, 118.0, 113.13, 91.8, 90.3, 87.9,
87.6, 86.4, 80.9, 55.2, 30.6, 19.1, 13.7; HRMS-ESI' m/z [M-H] calc’d for

C52H46BI'FN508 966. 2519 found: 966.2527.

(o]

DMTrO OZN_</ J\

o NHDMTr

OH F
412

2,6'-dimethoxytrityl-2’-a-fluoro-8-nitro-2'-deoxyguanosine  (4.12).  8-bromo-2,6'-
dimethoxytrityl-2'-a-fluoro-2'-deoxyguanosine (4.11, 357 mg, 0.370 mmol) was
dissolved in DMF (10.00 mL) and heated to 90 °C. Potassium nitrite (313 mg, 3.68
mmol) and 18-crown-6 (972 mg, 3.68 mmol) was added to the solution and stirred for 24
hours. It was diluted with ddH,O (50 mL) and extracted with DCM (50 mL). The organic
layer was washed with saturated aqueous brine (50 mL). The resultant organic layer was
dried (Na;SOs4), and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (gradient of 0-5% methanol in DCM). It was concentrated
in vacuo to yield an orange foam (0.175 g, 49% yield, 68% yield BRSM). 'H NMR
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(CDCLy): & = 7.37-6.95 (m, 18H), 6.72 (m, 4H), 6.61 (m, 4H), 5.58 (d, 1H, J = 23.6 Hz),
472 (dd, 1H, Jyy = 3.5 Hz, Jyr = 57.4 Hz), 3.76 (m, 1H), 3.69 (s, 3H), 3.68 (s, 3H),
3.61 (s, 3H), 3.60 (s, 3H), 3.30 (d, 1H, J = 10.45 Hz), 3.15 (m, 2H); '°C NMR (CDCL):
= 158.8, 158.6, 158.4, 147.3, 139.4, 135.9, 130.8, 130.1, 129.9, 129.7, 129.1, 128.6,
128.1, 127.8, 127.8, 127.1, 113.2, 87.1, 86.3, 81.4, 55.3, 30.6, 19.1, 13.7; HRMS-ESI'

m/z [M-H] calc’d for Cs;HasFNgO1o: 933.3265, found: 933.3341.

(0

DMTrO OZN_</ )\

o NHDMTr
CN

I\/o?,o F
Y
413
2-Cyanoethyl-N,N-diisopropylphosphoramidite-2,6'-dimethoxytrityl-2’-a-fluoro-8-
nitro-2'-deoxyguanosine (4.13). 2,6'-dimethoxytrityl-2'-a-fluoro-8-nitro-2'-
deoxyguanosine (4.12, 166 mg, 0.18 mmol) was put into an Abderhalden with P,Os and
dried for 24 hours. It was then dissolved in dry DCM (5 mL) and charged with four
molecule sieves and stirred at room temperature for 1 hour. Distilled triethylamine (96
uL, 0.69 mmol) and 2-Cyanoethyl-N, N-diisopropylchlorophosphoramidite (160 pL, 0.69
mmol) were added and stirred at room temperature for 2 hours. Silica gel, deactivated
with triethylamine, was added to the resultant reaction mixture and was concentrated in
vacuo. The residue was purified by column chromatography on silica gel (gradient of 0-

5% methanol in DCM). It was concentrated in vacuo to yield an orange foam (63.7 mg,
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32% yield). '"H NMR (CDCl3): § = 7.51-7.15 (m, 22H), 6.85-6.75 (m, 4H), 6.23 (s, 1H),
4.08 (m, 5H), 3.49 (m, 4H), 2.69 (m, 2H), 1.25 (t, 12H, J = 7.05 Hz); °C NMR (CDCl5):
& = 162.9, 158.4, 158.3, 149.3, 147.6, 139.8, 130.2, 130.0, 129.2, 129.2, 128.2, 127.8,
127.8, 127.7, 126.8, 117.1, 113.0, 113.0, 112.9, 81.2, 58.3, 55.1, 50.1, 45.8, 45.3, 30.8,
22.9, 19.9, 9.0; *'P NMR & = 150.84 (s, 1P) HRMS-ESI' m/z [M-H] calc’d for

C61H64FN8011P-Z 11334343, found: 1133.4591.

4.6.2 Solid-Phase DNA Synthesis. Procedure outlined in Chapter 3.8.2. (see Appendix
B for chromatograms).

Oligonucleotide 4.14. Purity = 90.9% (260 nm). MS calc’d 4608.9, found 4609.5 (parent)
Oligonucleotide 4.15. Purity = 85.9% (260 nm). MS calc’d 4561.9, found 4563.2 (parent)

4.6.3 HPLC Purification & LC-MS Analysis. Procedure outlined in Chapter 2.8.2.

4.6.4 Thermal Melting Analysis. Procedure outlined in Chapter 2.8.3.
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Chapter 5

PHOTOSWITCHABLE NUCLEOBASES THAT TRANSPOSE

HYBRIDIZATION PREFERENCES

This work was performed in collaboration with Professor Daniel A. Harki
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5.1 Rationale

Noticeably missing from our toolbox of reagents for studying DNA and RNA
structure/function properties are photoswitchable nucleotides: non-natural nucleosides
(and —tides) that can base pair with a cognate purine or pyrimidine and then switch base
pairing preferences after treatment with light (e.g., the designed ligand base pairs with
cytosine and administration of light triggers a switch in binding preference for thymine).
As opposed to the caged nucleobases (Chapter 1.6 and 2) or CRDDs (Chapter 3),
which are either ‘off-to-on’ or ‘on-to-off” triggered systems, non-natural photoswitchable
nucleobases are designed to be functionally active before and after photolysis. Non-
natural nucleobases that transpose their hybridization properties upon photolysis were
designed based upon the established ability of nucleosides to adopt, albeit infrequently,

234235 Watson and Crick postulated that DNA mutations could

different tautomeric forms.
occur by the mispairing of minor tautomers, which was later termed the “rare tautomer”
hypothesis for DNA replication because of the rare occurrence of natural nucleobase

tautomers.”>® Chemical modifications can be used to increase the populations of these

“rare” tautomers (Scheme 5.1). For example, converting the exocyclic amines of

a. b. C.
R~NH R"IN R~NH e R~IN O\NH O\IN
</N SN == </N N ﬁN = E(KN == %NH
N N/) N N/J '.“/go '.“/go N'go N'go
5.1a 5.1b 5.2a 5.2b 5.3a 5.3b
R = OH, OCH; R = OH, OCH;

Scheme 5.1. Examples of chemical modifications to increase the frequency of nucleobase tautomers.
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adenines or cytosines to hydroxylamine or methoxyamines, shift the tautomeric
equilibrium from the amino to the imino tautomers (Scheme 5.1a-b).*’>% The P
nucleobase is an analogue of the hydroxylamine cytosine, where the hydroxyl group is
tethered to make a 6-membered ring and prevent syn-anti isomerization (Scheme
5.1c).”*?% The P nucleotide and oligonucleotides have been utilized in numerous
applications including substrates for DNA polymerases, primers for DNA synthesis, and
viral mutagens.**?*"!

The ability of these systems to transpose their hybridization preferences exploits
differences in ground state energies (AGy) between discrete tautomers. Locking of the
high-energy tautomer through appendage of a photolabile caging group yields a
nucleobase that will hybridize to a native purine or pyrimidine. Photolysis of the caging
group removes the barrier for nucleobase tautomerization and enables return to its lowest
energy structure, which results in formation of a modified nucleobase with a different
hydrogen-bonding profile. These reagents then base pair with their new complement
purine or pyrimidine.

The position of the caging group should be away from the hydrogen-bonding face
of the nucleobase to minimize the steric hindrance to the complementary nucleobases.
The x-ray crystal structure of the DNA sequence 5'-CCAAGCTTGG-3' reveals that Cs
and Cg of pyrimidines and C; and Cg of purines are solvent exposed and point into the
major groove, therefore, the addition of the caging group to these positions should

minimize any steric interactions (Figure 5.1, PDB: len3).””
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5-CHj; of
Thymine

Figure 5.1. X-ray crystal structure of the DNA sequence 5'-CCAAGCTTGG-3' (PDB: len3). (a)
Solvent exposed 5-CHj; of thymine (shown in blue). (b) Solvent exposed 8-H of adenine (shown in
red).

We designed and have successfully made benzyl protected isatin nucleobase that
contains a locked, high energy, imine tautomer. Photolysis of this isatin has been shown
to release the high-energy imine tautomer and isomerize to the lower energy amine

tautomer.

5.2.1 Isatin Scaffold

One example of this strategy is shown in Figure 5.2. Enolate trapping of the
higher energy tautomer of the isomerizable isatin system with 2-nitrobenzyl (1.40), locks
the tautomer in one hydrogen-bonding arrangement, yielding a non-natural guanosine
mimic 5.4. Photolysis of the 2-NB group followed by isomerization of the nucleobase to

the lower energy tautomer, yields a new hydrogen-bonding conformation as a non-natural
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adenosine mimic 5.5. The mechanism of photochemical tautomerization can follow
traditional 2-NB uncaging (Scheme 1.3). Irradiation with light produces a diradical 5.7
that undergoes a hydrogen atom abstraction 5.8 and rearranges to the heterocyclic
intermediate 5.10. This intermediate breaks down, releases the nitroso by-product 5.11
and rearranges the electrons from the imine to the nitrogen, which is protonated, yielding
the amino group 5.12 (Figure 5.2b). Calculated differences in ground state energies of
the two possible isatin tautomers utilizing density functional theory calculations
(B3LYP/DFT, 6-31G* basis set, Spartan) reveals a clear preference for one tautomer over
the other (AGy = 34.4 kcal/mol, Figure 5.2¢). We utilize these relatively simple ground
state energy calculations to predict the lowest energy and predominant tautomer when
designing new nucleobases for synthesis. The position of the caging moiety is also
essential in our design since this modification cannot interfere with nucleobase

hybridization. To avoid the steric disruption of hybridization that occurs with caged
a. b.

H.
R QN -0 g E S E S }
/CN "trapped’ IO- _H. @ '0-‘,?’& JH. “0-\ \ H.
\ 9~o" N + o’ N
0.

N guanosine o photolysis

R" ‘ mimic (365 nm)
_—

photolysis

I
|
|
1
1
|

U 1

adenosine
i/{l'(""" mimic ! ~ (Q
H H -0~ “Oo-~

: L H O-N~y|  Ho N\ 0'.H&N
| = S~
|
1
|
|
1
|
'

AGrel |
(kcal/mol) 34.4

Figure 5.2. (a) Isatin G-to-A mimic scaffold. (b) Calculated relative stabilities of the tautomers of the
isatin photoswitch. (c) Proposed mechanism of photochemical tautomerization. R’ = ribose sugar. R =
oligonucleotide.
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nucleobases, we rationalized that appending the photolabile molecule to the 3-position of
isatin would not significantly disrupt DNA hybridization since this position of the
heterocycle would be expected to project into the major groove in duplex DNA, akin to

the region in space occupied by the 8-position of native purines.

5.2.2 Isatin Synthesis

To this point, we have successfully made benzyl protected isatin nucleobase 5.18
(Scheme 5.2). Benzyl protection of 4-bromoisatin 5.13 followed by reduction of the 3-
position ketone of intermediate 5.14 proceeded smoothly to deliver alcohol 5.15.
Alkylation with the requisite 2-NB caging group (1.40) provided intermediate 5.16.
Coupling of Boc protected hydroxylamine to the isatin heterocycle by copper catalyzed

273

carboamination followed by spontaneous dehydration delivered 5.17,”° which was

immediately deprotected to yield the trapped non-natural guanosine mimic imine 5.18.

Br 0
~ BnBr NaBH4 PPh3 , DIAD
=~ | N quant 99%
H
5.13

OH
5.14 5.15 No2
56%
NO, Cul, Cs,CO; Boc. NO, QN’H\ S ENO
Br o KI, DMEDA |N o] TEA | O 2
H 28% =
- over
o] N (o] g o
N Boc” “OH N 2 steps N
Bn Bn Bn
5.16 517 5.18

Scheme 5.2. Synthesis of the benzyl protected caged isatin imine 5.18.
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5.2.3 Isatin Photochemical Tautomerization

With 5.18 in hand we conducted preliminary photolysis experiments to
demonstrate the ability of the nucleobase to tautomerize (Figure 5.3). Compound 5.18
was dissolved in CDCl; and a '"H NMR spectrum was acquired. Upon photolysis at 254
nm over 4 hours, we see complete elimination of proton Hu (internally hydrogen bonded
imine proton) from the tautomerization to the amine 5.19 and large chemical shifts of the
2-NB protons upon production of the predicted nitroso aldehyde 5.20. This experiment

suggests the ability to photochemically tautomerize a trapped non-natural guanosine

He  Hp
/HA
N "O NOZ NH2 [o)
I
= hv -
0 e o
HA N N
1 Bn Bn
5.18 5.19
o,
T=0hr
Photolysis
A =254 nm
T=4hr

A

10.4 102 100 9.8 96 94 92 90 88 86 84
(ppm)

T T T T T T T T T T T T T T T T T idd
8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6

Figure 5.3. NMR photolysis experiment of the caged isatin scaffold demonstrating tautomerization
from the imine 5.18 to the amine 5.19.
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mimic imine to a lower energy amine derivative, yielding a non-natural adenosine mimic,

although more definitive experiments are needed to fully characterize this process.

5.3 Conclusions and Future Work

We synthesized the non-natural guanosine mimic imine 5.18 and demonstrated
that it is able to photochemically tautomerize to the lower energy amine derivative,
yielding a non-natural adenosine mimic. Future work will include synthesizing the
phosphoramidite of the isatin scaffold 5.7. Once incorporated in oligonucleotides, we will
utilize thermal DNA denaturation (Ty,,) to characterize the DNA oligos bearing our

photoswitchable nucleosides. A decrease in duplex DNA T, confers destabilization of

5’ CCTTTTTCTTTTTGG
3’ GGAAAAAIAAAAACC

After Mo H‘N_H\ QNO
S | photolysis L Qo B
g photoly: gcl N
i |
Temperature
ii.
5" CCTTTTTTTTTTTGG
3’ GGAAARAAIAAARACC
Before ™M oH H o
3 | photolysis i/{r«uu ):)_/%o
[5Y N—%
< R R

Temperature

Figure 5.4. The photoswitchable isatin heterocycle is incorporated into DNA oligos by solid-phase
synthesis, and isatin-functionalized duplex DNAs are measured for stability by thermal denaturation
studies (melting temperature, Ty,, experiments). (i) Hypothetical example of the isatin photoswitch base-
paired with its designed complement cytosine. Photolysis of this sample switches the isatin to an adenine
mimic, lowering T, (ii) Mispairing of the isatin photoswitch with thymine; however, photolysis of the
isatin heterocycle yields the adenine mimic, which forms a favorable base-pair with adenine and
increases the T,,. R = ribose
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the duplex, whereas an increase in T, signifies enhanced stabilization. An illustration of
this technique is shown in Figure 5.4, where incorporation of the ‘trapped’ isatin
photoswitchable nucleoside (Figure 5.4ai) into a DNA oligo and base pairing opposite its
designed complement, cytosine, in duplex DNA is predicted to yield a favorable Th,.
However, photolysis of this sample will switch the hybridization preference of the isatin
nucleobase to an adenine mimic that will exhibit a lower Ty, due to mispairing with
cytosine. Conversely, mispairing of the ‘trapped’ isatin heterocycle across from thymine
can be quantified by simply using another DNA strand (Figure 5.4aii). Photolysis of this
sample will then convert the isatin nucleobase into an adenine mimic, which should form
a favorable base pair with thymine and yield an increase in duplex Ty, upon a second
analysis of the sample. These experiments allow us to quickly triage newly synthesized
photoswitchable probes for their base pairing preferences. In addition to these studies,

other photoswitchable scaffolds will be developed.

5.4 Experimental Section

5.4.1 Ab initio calculations. Energy minimized three-dimensional conformations were

generated for each compound using the calculations function of Spartan Student Edition

(Version 4.1.1, Build 132) utilizing density functional theory calculations (B3LYP/DFT,

6-31G* basis set). Energies were normalized to the lowest energy structure.
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5.4.2 Chemical Synthesis.

General. Procedure outlined in Chapter 3.8.1. (see Appendix B for chromatograms).

KL

A

Bn
5.14

1-Benzyl-4-bromoisatin (5.14). Sodium Hydride (326 mg, 8.49 mmol) was added to a
slurry of 4-bromoisatin (1.28 g, 5.66 mmol) in DMF (10 mL) and stirred at room
temperature for 10 minutes. Benzylbromide (1.01 mL, 8.49 mmol) was added dropwise
and stirred at room temperature for 15 minutes. The mixture was poured into cold stirring
brine (150 mL) and the orange precipitate was filtered to give 5.14 (1.78 g, quantitative
yield). '"H NMR (CDCl;): & = 7.37-7.29 (m, 6H), 7.22 (d, 1H, J=8.15 Hz), 6.72 (d, 1H, J
= 7.8 Hz), 4.94 (s, 2H); °C NMR (CDCl3): & = 180.6, 157.3, 152.2, 138.3, 134.1, 133.3,
129.1, 128.6, 128.3, 127.4, 121.7, 116.5, 109.7, 100.0, 44.1; HRMS-ESI' m/z [M+Na]"

calc’d for C;sH,(BrNO,Na': 337.9787, found: 337.9815.

Br OH

KL

A

Bn
5.15

1-Benzyl-4-bromo-3-hydroxy-isatin (5.15). Sodium borohydride (18 mg, 0.47 mmol)
was added to a solution of 5.14 (100 mg) in MeOH/DCM (1:1, 10 mL) at 0 °C and stirred

for 1 hour. It was quenched with 1N HCI (10 mL), concentrated in vacuo, extracted with
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ethyl acetate (10 mL), and SiO, purified (100% DCM) to give 5.15 (100 mg, 99%). 'H
NMR (CDCly): & = 7.34-7.27 (m, 5H), 7.17 (d, 1H, J = 9.3 Hz), 7.08 (t, 1H, J = 7.9 Hz),
6.65 (d, 1H, J= 7.8 Hz), 5.17 (s, 1H), 4.87 (m, 2H); >°C NMR (CDCl;): & = 174.8, 144.8,
134.8, 131.4, 128.9, 127.9, 127.3, 126.5, 120.5, 108.5, 100.0, 70.3, 60.4, 44.0, 14.2;

HRMS-ESI" m/z [M+Na]" calc’d for C;sH;,BrNO,Na": 339.9944, found: 339.9888.

NO
Br (o) 2

Ly
N

Bn
5.16

1-Benzyl-4-bromo-3-(2-nitrobenzyl)-isatin (5.16). 2-Nitrobenzyl alcohol (73 mg, 0.471
mmol) and triphenylphosphine (124 mg, 0.47 mmol) were added to a solution of 5.15
(100 mg, 0.31 mmol) in THF (15 mL) at room temperature. DIAD (0.093 mL, 0.47
mmol) was added dropwise to the reaction mixture and stirred for 24 hours. The reaction
was quenched with H,O (15 mL), extracted with DCM (50 mL) and washed with brine
(20 mL), then SiO, purified (gradient of 0-40% ethyl acetate in hexanes) to give 5.16
(80.0 mg, 56%). '"H NMR (CDCl3): & = 8.11 (dd, 1H, J = 1.3 Hz, 8.1 Hz), 7.75 (m, 1H),
7.68 (td, 1H, J=1.35 Hz, 7.5 Hz), 7.48 (dt, 1H, J= 1.55 Hz, 3.55 Hz), 7.34-7.27 (m, 3H)
7.19-7.11 (m, 3H), 6.72 (m, 1H), 6.59 (m, 1H), 5.30 (s, 2H), 4.94 (s, 2H), 2.78 (t, 1H, J =
6.55 Hz); °C NMR (CDCls): & = 171.2, 134.1, 133.2, 129.8, 129.0, 128.9, 128.4, 127.8,
127.6, 127.4, 127.2, 127.1, 70.1, 62.3, 60.4, 44.4, 21.1, 14.2; HRMS-ESI" m/z [M-2H]*

calc’d for CooHsBrN,O4>: 225.0113, found: 225.0990.
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5.18
1-Benzyl-4-imine-3-(2-nitrobenzyl)-isatin (5.18). A 10 mL Schlenk flask was oven
dried, cooled, and then charged with 5.16 (45 mg, 0.10 mmol), Cul (1.9 mg, 0.01 mmol),
KI (33 mg, 0.20 mmol), Boc-protected hydroxylamine (17 mg, 0.14 mmol),
dimethylethylenediamine (5 pL, 0.05 mmol). The flask was evacuated and refilled with
nitrogen. The reagents were dissolved in DMF (5 mL) and cesium carbonate (46 mg, 0.14
mmol) was added. The reaction was heated to 110 °C and stirred for 6 hours. The

reaction was filtered and evaporated to afford crude 5.17.

Trifluoroacetic acid (6 pL, 0.08 mmol) was added dropwise to a solution of crude 5.17
(25 mg, 0.05 mmol) in DCM (5 mL) at room temperature. The reaction was concentrated
in vacuo, then SiO; purified (gradient of 0-5% methanol in DCM) to give 5.18 (11 mg,
28% over two steps). 'H NMR (CDCls): & = 10.37 (s, 1H), 8.05 (d, 1H, J = 8.28 Hz),
7.89 (dd, 1H, J=2.0 Hz, 7.4), 7.73 (m, 1H), 7.71 (dt, 1H, J = 0.96 Hz, 7.28 Hz, 9.04 Hz),
7.45 (t, 1H, J = 5.32), 7.34-7.14 (m, 4H), 7.03 (t, 1H, J = 7.96 Hz), 6.66 (d, 1H, J = 8.84

Hz), 5.23 (s, 2H), 4.87 (s, 2H); *C NMR (CDCls): 8 = 206.9, 148.3, 138.3, 130.8, 129.1,
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129.0, 128.6, 128.3, 128.1, 127.4, 127.2, 53.4, 44.1, 31.9, 29.7, 22.7, 22.0, 14.2; HRMS-

ESI'm/z [M-H] calc’d for C,,H17N3047: 387.1219, found: 387.1174.
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Chapter 6

BICYCLIC CYCLOHEXENONES AS INHIBITORS OF NF-kB SIGNALING

This work has been published by the American Chemical Society:

The full text is reprinted with permission from Hexum, J. K.; Tello-Aburto, R.; Struntz,
N. B.; Harned, A. M.; Harki, D. A. Bicyclic Cyclohexenones as Inhibitors of NF-kappaB
Signaling. ACS Med Chem Lett 2012, 3, 459-464. Copyright 2012 American Chemical
Society.

This work was performed in collaboration with Mr. Joseph Hexum, Dr. Rodolfo Tello-
Aburto, Professor Andrew M. Harned, and Professor Daniel A. Harki
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6.1 Rationale

Transient induction of the nuclear factor-kB (NF-kB) transcription factors is an
essential step in the immune response to pathogens, resulting in the expression of genes
associated with cellular proliferation, differentiation, and survival, as well as activating

214276 Equally important is the ability of cells to

the cellular inflammatory response.
down-regulate or terminate this activity.””” Constitutive NF-kB activation has been
observed in a spectrum of human cancers, such as acute and chronic myeloid leukemias,
prostate, breast, lung, and brain cancers.”’ Chronic inflammation resulting from
constitutive NF-kB activation has been strongly implicated in the carcinogenesis of
tissues from these organ sites.***’"*”” Consequently, the NF-kB signaling pathway has
become an important therapeutic target for developing the next-generation of small
molecule anticancer agents.”’’

There have been numerous efforts aimed at identifying natural products with

280-283

activity against the NF-xB pathway. Many of these natural products contain reactive

moieties (e.g. enones) that can capture nucleophiles and inhibit signaling through a

2428 Drugs that function through a covalent mechanism are widely

covalent mechanism.
used in the pharmaceutical industry and at least 39 FDA-approved medicines can be
classified as ‘covalent drugs.’”**® One recently identified natural product NF-«B inhibitor

287289 Researchers at the National

with a reactive enone moiety is cryptocaryone (6.1).
Cancer Institute reported that 6.1 inhibits degradation of the NF-kB repressor protein

IxBa in B lymphocytes with high constitutive IKK (IxkB kinase complex) activity (Figure
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Figure 6.1. (A) Structure of cryptocaryone (6.1) and methodology for the preparation of the bicyclic
enones of interest. (B) Analogues 6.4-6.12 (racemic) screened for NF-kB inhibitory activity.

1.5).° As discussed above, activated IKKs phosphorylate IkB repressor proteins,
targeting them for ubiquitination and degradation by the 26S proteosome. Freed p50-p65
(NF-xB) heterodimers can then translocate to the nucleus and activate the expression of
NF-kB target genes.”*’**”” Accordingly, inhibiting the degradation of IkB proteins by
small molecules such as cryptocaryone (6.1) is a strategy that can be used to modulate
aberrant NF-kB signaling by inhibiting its translocation to the nucleus (Figure 1.6¢). Due
to this promising activity, enantioselective total syntheses of cryptocaryone have been

recently described by both Fujioka®' and Helmchen.*”

Our interest in cryptocaryone stems from its structural similarity to a series of
compounds we have recently prepared via Pd-catalyzed acetoxylation of alkyne-tethered

cyclohexadienones (e.g., 6.2—6.3, Figure 6.1a).”°> While 6.3 does not have the
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cinnamoyl side chain present in 6.1, we hypothesized that the structurally similar enone
moiety that is present in both 6.1 and 6.3 may yield similar biological activity profiles for
both compounds. Previous studies with sesquiterpene lactones that inhibit NF-«xB
signaling have revealed covalent Michael adduct formation to exposed cysteine residues
on essential NF-kB proteins, thereby eliminating their enzymatic activity and disrupting
the signaling pathway.”®> While cryptocaryone’s exact protein target(s) and mechanism
of binding (e.g., covalent or non-covalent) are unknown at this time, it is possible that it
similarly captures accessible cysteine sulfhydryl groups on key protein(s) involved in
NF-kB signaling and abolishes their function. If this is the case, then structurally
analogous compounds to cryptocaryone (6.1), such as 6.3, should also possess NF-kB
inhibitory properties. The presence of the fully substituted carbon atom at the y-position
of the enone in 6.3 does provide some additional steric hindrance that may deter Michael
adduct formation in comparison to 6.1. Undeterred, we investigated the NF-kB inhibitory
activity of several bicyclic enones similar to 6.3 and we also studied their
antiproliferative activities against protypical leukemia and prostate cancer cell lines. The
compounds investigated during this study are shown in Figure 6.1b and were prepared
using methods previously described by the Harned lab. Compounds 6.4-6.11 were all

prepared as racemic samples.
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6.2 Cytotoxicity of Cryptocaryone Analogues and Inhibition of NF-kB Gene

Expression Utilizing a Reporter Assay

Initial screening of 6.4-6.11 was carried out utilizing a standard NF-kB luciferase
reporter assay in A549 human lung cancer cells. This cell line bears a stably transfected
luciferase reporter construct downstream of six repeats of the consensus NF-kB binding
site. Induction of NF-kB signaling is achieved by treatment with TNF-a, and cell
permeable small molecules can inhibit this induced activity. We performed a preliminary
screen by treating induced cells with 50 pM concentrations of 6.4-6.11. This
concentration was selected based upon cryptocaryone’s ability to inhibit the degradation
of IxBa at 16 uM.* Results from our study found 6.4 to be poorly soluble under the
assay conditions, yielding unreliable values, and compounds 6.5-6.9 failed to inhibit

induced NF-«kB activity (Figure 6.2).
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Figure 6.2. Initial Screening of Compounds 6.4-6.9 for NF-«kB Inhibitory Activity. Assay was performed in
A549 cells as described below. NI = non-induced control wells, I = cells induced with TNF-a (15 ng/mL).
A549 cells are induced with TNF-a (15 ng/mL) and treated with 6.4-6.9 at a concentration of 50 uM.
Notably, 6.4 was poorly soluble in this assay and significant amounts of precipitate were noticed upon

serial dilution of the DMSO stock into media.
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Figure 6.3. (a) Cellular NF-kB luciferase reporter assay in A549 cells. NI = non-induced control cells,
I = cells induced with TNF-a. Compound-treated cells are induced with TNF-a and treated with
analogues 10-12 at the following concentrations: 100 pM, 50 uM, and 10 pM. (b) Cytotoxicity of 10-
12 in the NF-kB Reporter Assay. Cells are treated with 10, 11, and 12 at 250 uM, 100 uM, and 50 uM
concentrations and cell viability was assessed by Alamar Blue staining. (c-f) Cytotoxicity of 6.10-6.12
against (¢) CCRF-CEM cells, (d) DU-145 cells, (¢) RWPE-1 cells, and (f) Vero cells. Cells were
treated with 6.10 (open triangles), 6.11 (closed circles), and 6.12 (open squares) at various
concentrations. Cell viability was measured by Alamar Blue staining.
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Gratifyingly, analogues 6.10 and 6.11 both inhibited induced NF-xB activity
(Figure 6.3a and Table 6.1). At a concentration of 50 uM, both compounds inhibited
induced NF-kB activity, with 6.11 (36% residual NF-«kB activity) exhibiting more potent
inhibition than 6.10 (62% residual NF-kB activity) following treatment. The NF-kB
inhibitory activity was not attributable to non-specific cell death as only 5% (for 6.10)
and 10% (for 6.11) decreases in cell viability were observed following 50 pM treatment
with each compound under identical assay conditions (Figure 6.3b). Compound 6.11
completely inhibited NF-xB activity to non-induced levels at a 100 pM treatment and

was more potent than 6.10 at all concentrations examined.

To determine if 6.10 and 6.11 function through a covalent mechanism of
inhibition, the enone moiety of compound 6.10 was reduced to produce the respective
cyclohexanone, 6.12 (racemic). If covalent capture of proteins is the mechanism of
activity, then compound 6.12 should exhibit diminished NF-kB inhibitory activity in the
A549 luciferase reporter assay. We found that compound 6.12 only reduced NF-xB
activity by 24% (Figure 6.3a and Table 6.1) at the highest concentration tested (100
uM), which is a ~4-fold decrease in potency compared to 6.11. Therefore, these

molecules function, at least in part, through a covalent mechanism of inhibition.

Encouraged by these results we evaluated compounds 6.10-6.12 for their
cytotoxicity in two standard human cancer cell lines, DU-145 and CCRF-CEM. DU-145
is a model for hormone-independent prostate cancer and CCRF-CEM is a model for
childhood T-cell acute lymphoblastic leukemia. DU-145 cells are known to possess

294,295

constitutive NF-kB activity. In addition, these three compounds were tested against
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RWPE-1, an immortalized prostate epithelial cell line derived from non-cancerous
prostate cells, and Vero, a cell line developed from the kidney of a normal African green
monkey (Figure 6.3e-f).”***"" The RWPE-1 and Vero cell lines were utilized in this
study to allow us to measure the selectivity of compounds 6.10-6.12. Selectivity indices
are frequently-used metrics that directly compare the potency of a compound in cancer

cells to the potency of the same compound in ‘normal’ cells.’”*

As shown in Figure 6.3c-d, 6.10 and 6.11 exhibited similar cytotoxicities against
DU-145 and CCRF-CEM. Both compounds were slightly more potent against CCRF-
CEM cells (ICs¢: 6.10, 6.11 = 26 uM) than DU-145 cells (ICsp: 6.10 = 34 uM, 6.11 = 36
uM) in a 48-hr cytotoxicity assay (Table 6.1). The observed ICs, values for 6.10 and 6.11
against DU-145 are approximately 15-fold higher than the reported ICso value for
cryptocaryone (ICso = 2.3 uM) in the same cell line.*”> Control compound 6.12 exhibited
very little activity against either cell line (ICsy values could not be accurately calculated
due to lack of potency). This result further confirms that the enone moiety is essential for
activity. To measure selectivity indices (SI) for 6.10 and 6.11, we compared the ICs
values for inhibition of DU-145 versus RWPE-1 cells (Table 6.1). These values were
calculated by dividing the ICsy value obtained for each compound against the RWPE-1
cell line by the ICsy value obtained for each compound against the DU-145 cell line.
Compound 6.10 resulted in an SI value of 0.44, suggesting that this compound is not
selective towards DU-145 prostate cancer cells. In contrast, compound 6.11 resulted in an
SI value of 2.75. Thus, 6.11 appears to be more selective towards DU-145 cells than

RWPE-1 cells, adding to our interest in this analogue.
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Table 6.1. Results of NF-kB reporter and cytotoxicity assays performed with 6.10-6.12. “Percentage (%)
NF-kB activity at various doses is shown relative to the induced, DMSO treated control arbitrarily assigned
100% activity. Mean values of biological triplicate data are shown with propagated standard deviation (+
SD) from all replicates. "ICsy values shown are the mean of three biological replicates. The error values are
shown as the standard deviation (+ SD) of the triplicate data. “The selectivity indices (SI) were calculated
by dividing the ICsy value obtained for each compound against the RWPE-1 cell line by the ICs, value
obtained for each compound against the DU-145 cell line.

% NF-kB Activity”

Compound
100 pM 50 uM 10 uyM
6.10 33.9+10.8 61.6+10.7 90.9 +£ 13.5
6.11 17.3+£5.1 36.2 £8.2 93.7+15.5
6.12 76.1 +£10.9 94.4 + 13.1 1094 +£12.0
ICso (HM)h
Compound CCRF- SI¢
CEM DU-145 Vero RWPE-1
6.10 264+73 335'7; 5500 14.8+2.6 044
6.11 264+3.1 33'9; >500 98.8+15.1 2.75
6.12 >500 >500 >500 >500 -

6.3 Thiol Reactivity of Cryptocaryone Analogues

Following the cytotoxicity assays, we decided to further investigate the Michael
acceptor mechanism hypothesis for these compounds. Therefore, we performed an NMR
experiment in which 6.10 was incubated with cysteamine (Figure 6.4a).”"* NMR spectra
were collected at various timepoints (Figure 6.4b). The disappearance of the doublet at
6.06 ppm followed by the disappearance of the doublet at 6.75 ppm provides evidence for
a two-step Michael addition of cysteamine into the enone moiety of 6.10. To confirm the
Michael addition adduct had formed, the cysteamine reaction mixture was purified by

HPLC and analyzed by mass spectrometry (Figure 6.4c).
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Figure 6.4. Cysteamine reaction assay using compound 6.10. (a) Reaction of 6.10 with cysteamine. (b)
HPLC traces of 6.10 and the cysteamine reaction product. Chromatograms were obtained using a signal
wavelength of 254 nm. (c) 'H NMR spectra for the cysteamine reaction are shown at four different time
points (0, 0.5, 2, and 5 minutes). X = H or D (from deuterated solvent).
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6.4  Inhibition of NF-kB Nuclear Translocation by Western Blot Analysis,

ELISA, and RT-PCR

To further characterize the mechanism of NF-kB inhibition by cryptocaryone
analogues, we fractionated NF-kB-induced and compound-treated DU-145 and CCRF-
CEM cells and then immunoblotted for p65 protein in the nuclear lysate (Figure 6.5a
and Figure 6.5b). Decreased p50-p65 nuclear translocation is expected if 6.10 and 6.11
inhibit the degradation of IkB repressor proteins, whereas no change in nuclear p65 levels
should be observed if 6.10 and 6.11 modulate NF-«kB by directly targeting the pS0 or p65

protein (e.g., alkylation of NF-«xB proteins by the small molecule abolishes DNA-binding

d.
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Figure 6.5. Western blot analysis of p65 and histone H2B proteins from nuclear lysate fractions of
compound-treated (a) DU-145 cells and (b) CCRF-CEM cells. Cells were dosed with either vehicle control
(DMSO; NI and I lanes) or analogues 6.10 or 6.11 (100 uM and 25 uM), followed by induction of the NF-
kB pathway with TNF-a. (c) Nuclear (N) and cytoplasmic (C) control blots for DU-145 cells. This blot
shows that a-tubulin, a cytoplasmic protein, was not found in the nuclear samples. (d) RT-PCR analysis of
IL-8 and GAPDH mRNA from DU-145 cells. (e) Secreted IL-8 protein levels as measured by ELISA.
Data shown is mean + SEM (standard error of the mean). NI = non-induced cells, I = induced cells. (d-e)
Cells were dosed at concentrations of 100 uM and 33 puM for 6.10 and 6.11. Cells were dosed with 6.12 at
a concentration of 100 pM.
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capability). Both 6.10 and 6.11 completely inhibited nuclear translocation of p65 at a 100
uM treatment in NF-kB-induced DU-145 (Figure 6.5a) and CCRF-CEM (Figure 6.5b)
cell lines. Partial inhibition of p65 nuclear translocation was observed at a 25 uM
treatment of 6.10 and 6.11 in both cell lines. Immunoblotting of our prepared nuclear
fractions for a-tubulin, an abundant cytosolic protein, revealed no detectable signal,
which verifies that our nuclear p65 lysate samples are not contaminated with cytosolic
p65 (Figure 6.5c). Based upon these results, we can conclude that cryptocaryone
analogues such as 6.10 and 6.11 modulate NF-xB activity by inhibiting IkB degradation

and p50-p65 heterodimer translocation to the nucleus.

To further evaluate the ability of our molecules to regulate NF-«B activity in
cells, we tested their ability to inhibit the activation of IL-§8, a well-known
proinflammatory regulator. IL-8 is a chemokine whose expression is driven by NF-«B
binding to the IL-8 promoter and activation of gene expression.’>>"" DU-145 cells were
treated with 6.10-6.12 and NF-xB was induced by addition of TNF-a. Secreted 1L-8
levels in cell media were measured by ELISA.****% Additionally, we further correlated
IL-8 protein levels to IL-8 mRNA levels by semi-quantitative (traditional) RT-PCR
analysis. As expected, analysis of IL-8 mRNA and protein levels revealed significant
increases in both following NF-kB induction with TNF-o (Figure 6.5d-e). Compound
6.11 was found to inhibit the production of IL-8 mRNA to visibly lower levels than that
of 6.10 at the lowest concentration tested (33 puM). The changes in mRNA levels
observed with 6.10 and 11 were mirrored in the amount of secreted IL-8 protein

measured. Compound 6.10 abolished IL-8 production to non-induced levels, while
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compound 6.11 depleted IL-8 protein levels to nearly undetectable levels at the highest
concentration tested. Additionally, control compound 6.12 at 100 uM had an insignificant
effect (4,900 pg/mL) on IL-8 levels as compared to 6.10 and 6.11 at 33 uM dose (3,480
pg/mL and 2,970 pg/mL, respectively). These data support the hypothesis that the
formation of Michael adducts is vital to the mechanism of NF-kB pathway inhibition for
bicyclic cyclohexenones 6.10 and 6.11. These data also suggest that compound 6.11,
which bears a pendent aromatic ring adjacent to the Michael acceptor, compared to 6.10,

which contains a methyl group, is a better lead compound for further optimization.

With another goal of beginning to establish the stereoisomeric preferences of
these compounds, we carried out the enantioselective reaction shown in Figure 6.6. To

310 allowed us to

our delight, the use of the chiral bipyridine ligand (-)-iso-PINDY
produce enone 6.11%* in 63% ee from precursor 6.13, with the major enantiomer being the
one shown (Figure 6.6a). To determine if enantioenriched 6.11 (which we have denoted

as 6.11%) possesses enhanced biological potency compared with racemic 6.11, we

repeated the NF-kB reporter assay and cancer cell cytotoxicity experiments with 6.11%*.
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Figure 6.6. Enhanced potency of enantioenriched 6.11%. (a) Synthesis of 6.11%. (b) Cellular NF-kB
luciferase reporter assay in A549 cells. NI = non-induced control wells, I = cells induced with TNF-a.
Compound-treated cells are induced with TNF-o and treated with analogue 6.11* at the following
concentrations: 100 uM, 50 pM, and 10 uM. (c¢) Cytotoxicity of 6.11* against CCRF-CEM (open triangles)
and DU-145 human prostate cancer cells (closed circles). Cell viability was measured by Alamar Blue
staining.
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Interestingly, 6.11* completely abolished induced NF-«xB signaling to non-induced levels
(Figure 6.6b), resulting in 18% relative NF-kB activity at 50 pM. This constitutes a 2-
fold enhancement in potency compared with racemic 6.11. An enhancement in potency
with 6.11* versus racemic 6.11 was observed in cytotoxicity assays (Figure 6.6¢) against
CCRF-CEM cells (ICsp = 19 uM), whereas 6.11* was slightly less active towards DU-
145 cells (ICsp = 46 uM). Unfortunately, (-)-iso-PINDY has not proven to be generally
useful for preparing other bicyclic products with high selectivity; therefore, a more

thorough study into this effect will have to wait until a more effective ligand is identified.

6.5 Conclusions and Future Work

In conclusion, we have identified a new class of oxygenated bicyclic enones with
activity against the NF-«kB signaling pathway. While the cytotoxic and NF-«B inhibitory
activity is modest, it is sufficiently strong to view these compounds as interesting lead
compounds for further development. In addition to establishing a more comprehensive
structure-activity relationship, we are working to further clarify the exact molecular

target(s) of these compounds. All of these results will be reported in due course.

6.6  Experimental Section
6.6.1 Chemical Synthesis. Reference experimental methods for chemical synthesis are

available online at: http://pubs.acs.org/doi/abs/10.1021/m1300034a
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6.6.2 Preparation of Stock Solutions of Compounds 6.4-6.12. Compound stock
solutions were prepared in DMSO (100 mM or 200 mM concentrations) and stored at -
20° C when not in use. Compound purities were assessed frequently by analytical

reverse-phase HPLC analysis and fresh solutions were prepared as needed.

6.6.3 Protocol for Mammalian Cell Culture. All cell lines were maintained in a
humidified 5% CO, environment at 37 °C. CCRF-CEM cells (ATCC, CCL-119) were
cultured in RPMI-1640 media (ATCC) supplemented with 10% fetal bovine serum (FBS,
Gibco), penicillin (100 I.U./mL), and streptomycin (100 ug/mL, ATCC) at a density of 2
x 10° - 2 x 10° cells/mL. A549/NF-kB-luc cells (Panomics, RC0002) were cultured in
DMEM media (ATCC) supplemented with 10% FBS (Gibco), penicillin (100 I.U./mL),
streptomycin (100 pg/mL, ATCC), and hygromycin (100 pg/mL, Roche). DU-145 cells
were cultured in EMEM media (ATCC) supplemented with 10% FBS (Gibco), penicillin
(100 L.U./mL), and streptomycin (100 pg/mL, ATCC). RWPE-1 cells (ATCC, CRL-
11609), which are non-cancerous prostate epithelial cells, were cultured in Keratinocyte
Serum-Free Medium (K-SFM; Gibco) supplemented with human recombinant epidermal
growth factor (EGF, 5 ng/mL, PeproTech), bovine pituitary extract (BPE, 0.05 mg/mL,

PeproTech), penicillin (100 I.U./mL, ATCC), and streptomycin (100 pg/mL, ATCC).

6.6.4 Protocol for NF-kB Reporter Assay. A549/NF-kB-luc cells were seeded at a
density of 5,000 cells/well in cell culture media (50 pL) in 96-well white plates with clear

bottoms (Costar) 24 h prior to treatment. Compounds were serially diluted in pre-
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warmed media and dosed to cells (final volume/well = 100 pL; final DMSO
concentration = 0.5%). Thirty minutes after treating the cells, NF-kB was induced by
adding TNF-a (15 ng/mL final concentration, delivered in PBS; Invitrogen) to the treated
wells and the induced control wells. After 7 h, Bright-Glo luciferase reagent (Promega)
was added to each well (100 puL) and the plate was allowed to stand for two minutes.
Luminescence measurements were then obtained using an LJL BioSystems HT Analyst
plate reader. Background luminescence from reagents (no cell controls) was subtracted.
Typical induction yields were ~7-fold. Negligible decreases in cell viability (<15%) were
observed with test compounds under these conditions, as measured by colorimetric
viability staining (Alamar Blue, Invitrogen). Each experiment was performed in
biological triplicate (at minimum) with three technical replicates per experiment.
Uncertainty in each % NF-kB activity value was calculated via the propagated standard
error (the square root of the sum of squares of the individual standard deviations).
Statistical analyses were performed with Microsoft Excel and the results were plotted

with GraphPad Prism (v. 5.0).

6.6.5 Cell Culture Cytotoxicity Assays. CCRF-CEM cells were seeded at a density of
10,000 cells/well in cell culture media (50 pL) in standard 96-well plates (Costar) 24 h
prior to treatment. DU-145 and RWPE-1 cells were seeded at a density of 5,000
cells/well in cell culture media (50 pL) in standard 96-well plates (Costar). Blank (no
cells) wells and control (vehicle control treated) wells were prepared with each

experiment. Compounds were serially diluted in pre-warmed media and dosed to cells
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(final volume/well = 100 pL; final DMSO concentration = 0.5%). Approximately 2 h
before the end of the treatment period (48 h), AlamarBlue (Invitrogen) cell viability
reagent was added to each well (10 pL). This procedure yields a quantitative measure of
cell viability by evaluating the ability of metabolically active cells (which are
proportional to the number of living cells) to convert resazurin (non-fluorescent dye) to
red-fluorescent resorufin. Fluorescence data were obtained on either a Molecular Devices
SpectraMax M2 plate reader or an LJL BioSystems HT Analyst plate reader. Background
fluorescence (no cell controls) was subtracted from each well and cellular viability values
following compound treatment were normalized to vehicle-only treated wells (control
wells only treated with aqueous DMSO, which were arbitrarily assigned 100% viability).
Individual ICsy curves were generated by fitting data to the sigmoidal (dose response)
function of varied slope in GraphPad Prism (v. 5.0) software. Only curve fits with > >
0.95 were deemed sufficient. Each experiment was performed in biological triplicate and
mean [Csy values (with standard deviation) were calculated from the individual ICs,

values obtained from each replicate.

6.6.6 Cell Fractionation and Western Blotting. CCRF-CEM and DU-145 cells were
plated at 4 x 10° cells/well in 6-well culture dishes 24 h before dosing. Cells were then
treated with compounds 6.10 and 6.11 for 16 h. The final volume of media/well
following compound dosing was 2.25 mL. CCRF-CEM cells were induced with phorbol
12-myristate 13-acetate (PMA, 850 ng/mL, Fisher BioReagents) for the last 4 h of the 16

h dosing.”” DU-145 cells were induced with TNF-o (117 ng/mL, Gibco) for the last 2 h
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of the 16 h dosing. DU-145 cells were then trypsinized and pelleted, and CCRF-CEM
cells were immediately pelleted (500 x g for 5 min, room temperature). The media was
decanted and cell pellets were resuspended once in ice-cold phosphate buffered saline
(PBS, 1 mL) and pelleted again (500 x g for 5 min, 4 °C). Cell pellets were subsequently
lysed in Buffer 1 (400 pL; Buffer 1 components (to make 50 mL): 10 mM HEPES, 10
mM KCI, 1.5 mM MgCl,, | mM DTT, and one tablet of cOmplete (Roche) EDTA-free
protease inhibitor cocktail) and incubated on ice for 10 min. The cells were homogenized
by passing them through a 28-gauge syringe four times. Cell nuclei were pelleted by
centrifugation at maximum speed (21,000 x g) for 5 min at 4 °C. The supernatants
(cytosolic extracts) were collected in pre-chilled tubes and stored at -80 °C until further
use. The residual pellets were gently washed with PBS without pellet disruption (200 pL)
and subsequently resuspended in Buffer 2 (400 pL; Buffer 2 components (to make 50
mL): 20 mM HEPES, 600 mM KCI, 1.5 mM MgCl,, | mM DTT, 0.2 mM EDTA, 25%
(v/v) glycerol, and one tablet of cOmplete [Roche] EDTA-free protease inhibitor
cocktail) to lyse the nuclei. Samples were incubated on ice and vortexed on the highest
setting for 15 sec every 10 min for a total of 40 min. The suspension was centrifuged at
maximum speed (21,000 x g) for 10 min at 4 °C. The supernatants (nuclear extracts) were
collected in pre-chilled tubes and stored at -80 °C until further use. The protein
concentrations were determined using the BCA protein assay kit (Pierce).

Samples of nuclear and cytosolic extracts (30 pg) were combined with
NuPAGE 4X LDS sample buffer and NuPAGE 10X sample reducing agent (Invitrogen)

and put in heat block at 99 °C for 5 minutes. Protein samples were electrophoresed on a
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gradient 4-20% SDS-PAGE gel (BioRad), then electrotransferred to a polyvinylidene
difluoride membrane (Immobilon). The membrane was then blocked with Odyssey
blocking buffer (LI-COR Biotech.) for 1 h. Proteins were detected by incubation with
primary antibodies for p65 (Active Motif, 39283), histone H2B (Active Motif, 61038),
and a-tubulin (Active Motif, 39528) in blocking buffer supplemented with 0.1% Tween
20 for 1 h. The membrane was then briefly washed by gentle rocking in a solution of PBS
(50 mL, 1 min, total 5x), and then incubated with IRDye 800 anti-rabbit (LI-COR
Biotech., 926-32211) and IRDye 680 anti-mouse conjugated secondary antibodies (LI-
COR Biotech., 926-68020) in blocking buffer supplemented 0.1% Tween 20 for 1 h. The
membrane was again washed via gentle rocking in a solution of PBS (50 mL, 1 min, total
5x). The immunocomplexes were visualized using the Odyssey classic infrared imaging

system (LI-COR Biotech.).

6.6.7 Compound Treatment for ELISA and PCR. DU-145 cells were seeded into 24-
well plates at a cell density of 2 x 10° cells/well. The plate was dosed with compounds
6.10-6.12 for 24 hours. The cells were induced with TNF-a (117 ng/mL) six hours after

the initial dosing, resulting in an 18 hour induction.

6.6.8 IL-8 Enzyme-Linked Immunosorbent Assays. A human IL-8 ELISA kit (Thermo
Scientific, EH2IL82) was used to quantitate secreted IL-8 protein levels in NF-kB-
induced DU-145 cells treated with 6.10-6.12. Following the dosing and induction of DU-

145 cells (described above), cell media (500 uL) was collected from each treated well
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and stored at -20 °C until analysis. Immediately prior to analysis, samples were
centrifuged at maximum speed (21,000 x g) for 1 minute and then secreted IL-8 protein
levels were measured for each sample according to vendor instructions. The absorbance
of each sample at 450 nm and 550 nm was collected following addition of the substrate
stop solution using a Molecular Devices SpectraMax M2 plate reader. The standard curve
was fitted using a 4-parameter logistic (4-PL) algorithm in GraphPad Prism (v. 5.0)
software. Unknown samples were plotted against the standard curve to yield IL-8 protein
concentrations in pg/mL. Triplicate biological replicates were performed and each bar
represents at least 6 individual wells. The data shown in Figure 3 is mean + SEM, which
was calculated from mean values of each of the three biological replicates. Statistical
analyses were performed in Microsoft excel and data was plotted using GraphPad Prism

(v. 5.0) software.

6.6.9 mRNA Isolation and Purification. RNeasy Plus Micro Kits (Qiagen, 74034) and
QIAshredders (Qiagen, 79654) were used to isolate and purify mRNA from DU-145
cells. Following compound dosing, NF-«B induction, and harvesting of the cell media
(described above), cell monolayers were washed with PBS (1X) and then lysed according
to the method described in the RNeasy Plus Micro Kit (f-Mercaptoethanol supplement
was included). The samples were then homogenized using QIAshredders according to
vendor instructions. mRNA was isolated and purified using the RNease Plus Micro Kit
and eluted in RNase-free water (14 pL). RNA samples were immediately stored at -80

°C.
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6.6.10 Reverse Transcription (RT) & Polymerase Chain Reaction (PCR) assays. The
RNA concentration and purity of each sample were determined using a NanoDrop
instrument (Thermo Scientific). RNA samples with Ajs0/Azgo ratios > 1.9 were used in
PCR assays. The concentration of each mRNA sample within a biological experiment
was normalized to the value obtained from the sample with the lowest measured mRNA
concentration. Reverse transcription of mRNA into cDNA was carried out using the
QuantiTect Reverse Transcription Kit (Qiagen, 205311). Template mRNA was added to
gDNA Wipeout Buffer (7X) and RNase-free water for a total volume of 14 pL (less than
1 pg of mRNA was added to each sample). Samples were then incubated at 42 °C for 2
minutes (Bio-Rad T100 thermal cycler) and then immediately placed on ice. Next, the
entire contents of the previous mix were added to 6 pL of reverse-transcription master
mix, and mRNA was reverse transcripted to cDNA per vendor instructions. cDNA
samples were stored at -20 °C immediately following reverse transcription.

The cDNA samples were carried forward to the PCR assays. These assays utilized
HotStarTaqg DNA Polymerase Kit (Qiagen, 203203) along with a ANTP Mix (Qiagen,
201900). Primers specific to either IL-8 or GAPDH (control) were purchased for
Integrated DNA Technologies. The following IL-8 and GAPDH oligonucleotide primers

were reported previously in the literature®’ "'

and were used in our study:
IL-8 Forward: 5'— CTC TCT TGG CAG CCT TCC TGA TT -3’
IL-8 Reverse: 5'— AAC TTC TCC ACA ACC CTC TGC AC -3’

GAPDH Forward: 5'—GTA AAG TGG ATA TTG TTG CCA TCA -3’
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GAPDH Reverse: 5'— AAA TTC GTT GTC ATA CCA GGA AAT -3’

Primers (IL-8 and GAPDH) were added to separate HotStarTaq DNA Polymerase master
mixes (no extra Mg®" was added) containing PCR Buffer, INTP mix, HotStarTaq DNA
Polymerase, and RNase-free water. An aliquot (2 pL) of the template cDNA obtained
from the previous reverse transcription procedures was then added to the master mix in
0.200 mL PCR tubes for a total volume of 100 pL. A total of 27 PCR cycles were
performed (on a Bio-Rad T-100 thermal cycler) for both IL-8 and GAPDH according to
the following method:

1. Initial Activation: 15 minutes at 95 °C
2. Denaturation: 1 minute at 94 °C

3. Annealing: 1 minute at 54 °C

4. Extension: 1 minute at 72 °C

5. Final Extension: 10 minutes at 72 °C
6. Final Hold: 4 °C

Steps 2-4 were repeated 27 times (27 cycles).
An aliquot of the resulting PCR products (2 pL) was added to loading buffer (8 uL;
recipe for loading buffer: 10 mg of orange G, 10 mg of bromophenol blue sodium salt,
and 10 mg of xylene cyanol FF in 6 mL of formamide). The samples were then
electrophoresed on a 1% agarose gel made in 0.5% TBE buffer (10X TBE components
(to make 1 L): 108 g tris base, 55 g boric acid, and 7.4 g EDTA in distilled and deionized

water). The agarose gel was stained using SYBR Gold nucleic acid gel stain (Invitrogen)
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and then visualized using the Typhoon FLA 7000 (GE Healthcare). Gels were analyzed

using ImageQuant TL software (GE, version 7.0).
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Appendix A

INHIBITION OF GUANOSINE MONOPHOSPHATE SYNTHETASE BY THE

SUBSTRATE ENANTIOMER L-XMP

This work has been published by John Wiley & Sons:
Struntz, N. B.; Hu, T.; White, B. R.; Olson, M. E.; Harki, D. A. Inhibition of guanosine

monophosphate synthetase by the substrate enantiomer L-XMP. ChemBioChem 2012, 13,
2517-20.

The full text is reprinted with permission.
Copyright Clearance License: 3738291108006

This work was performed in collaboration with Dr. Tianshun Hu, Dr. Brian R. White, Dr.
Margaret E. Olson, and Professor Daniel A. Harki. We acknowledge the Swiss Tropical
and Public Health Institute (Swiss TPH) for the antimalarial testing of compounds.
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Al Rationale

Studies with mirror-image L-enantiomer nucleosides and nucleotides have
revealed relaxed enantioselectivities of several cellular kinases and viral

312,313
polymerases.”

This feature of enzyme-ligand molecular recognition has been
exploited in the design of efficacious antiviral L-nucleoside drugs, which have lowered
host cell toxicity.”'*>'” For example, lamivudine (2’,3"-dideoxy-3'-thiacytidine, 3TC), an
L-nucleoside drug, exploits the relaxed enantioselectivity of HIV reverse transcriptase to
inhibit viral replication.’'® Conversely, the enantioselectivities of the majority of
nucleotide biosynthesis enzymes have not been characterized. The depletion of cellular
nucleotide pools has been shown to result in antiproliferative, antibacterial, and

. . 319-322
immunosuppressive effects.

GMP Synthetase (GMPS), an enzyme in de novo nucleotide biosynthesis,

catalyzes the amination of xanthosine 5’-monophosphate (XMP, A.1) to guanosine 5'-

o 0 GMPS j’\/ Q
HZNJ\/\l/U\OH HO \)LOH
NH,
A3 H A4

NH,
. o .
Glutamine 2 NH; Glutamate
Ammonia
NH, Shuttling
(o] o (o]

o N"0 o N"N"T0 o N" N7 NH,

k 7 H K ? o _T) t ?‘
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Scheme A.1. Enzymatic reaction catalyzed by GMPS. D-XMP A.1 is adenylated in the synthetase active
site by ATP, yielding A.2, which causes a conformational shift, allowing ammonia to be liberated in the
amidotransferase active site A.3 to A.4. GMPS then catalysis aminolysis of the adenylated D-XMP to
afford D-GMP A.5.
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monophosphate (GMP, A.5) in the presence of glutamine (the amine source) and ATP
(Scheme A.1)°"?'® GMPS possesses two active sites that are separated by
approximately 30 A, suggesting that GMPS undergoes a significant conformational
change during catalysis.’* In the amidotransferase active site, a glutamine residue A.3 is
hydrolyzed to glutamate A.4 and liberates ammonia, which subsequently functions as the

nucleophile in the amination of XMP.***

In the synthetase active site, the 2-carbonyl of
XMP is adenylated with ATP to activate the aromatic ring for subsequent aminolysis
(A.2).***3%3% Eormation of this intermediate is believed to trigger glutamine hydrolysis

in the amidotransferase active site.>¢

A crystal structure of E. coli GMPS has been solved that reveals a large
solvent-accessible synthetase pocket with considerable surface area.’*’”** Several base-
modified D-XMP analogues have been shown to function as substrates for GMPS and be
converted to their amine derivatives.”” Based on this structural information and our
interest in characterizing for the first time the enantioselectivity of GMPS, we
hypothesized that L-XMP, the enantiomer of native ligand D-XMP, could target GMPS
and modulate enzymatic activity. We hypothesized that L-XMP could incorporate into the
synthetase active site and inhibit enzyme function, or less likely, L-XMP could function
as a substrate for GMPS and undergo aminolysis to yield L-GMP. In either case, the
biosynthesis of D-GMP would be affected, either by direct enzyme inhibition or by the
activity of a suicide substrate. Given the central importance of GMPS in eukaryote and

prokaryote biochemistry, we examined the enantioselectivity of the enzyme.
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A.2  L-XMP Synthesis

Preceding this work, a synthesis of L-XMP (A.10), the enantiomer of
natural ligand D-XMP, had not been reported. Our synthesis of L-XMP (A.10) started

from L-arabinose, which was elaborated to 1-O-acetyl-2,3,5-tri-O-benzoyl-p-L-

330

ribofuranoside (A.6) by reported methods (Scheme A.2).””" A Vorbriiggen coupling with

trimethylsilyl protected xanthine A.7 gave a separable mixture protected L-xanthosine

331,332

isomer A.8 (N’ isomer, N’ isomer not shown). Deprotection of the benzoyl
P y

protecting groups of A.8 using ammonia afforded L-xanthosine (A.9). Selective

OTMS o)
\
AcO s | N> OJ\N / 3
o oBz TMSO N N N NS
{ ?l A7 T™MS 0 OBz
_ > { j
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Scheme A.2. Synthesis of L-XMP A.10: Reagents and conditions: (i) TMSOT{, DCE, reflux, 70% (for
A.8), 21% (A.11 for N'-isomer, not shown); (ii) NH;, MeOH, 55 °C (sealed tube), 93%; (iii) POCLs,
PO(OMe);, Proton-Sponge; aq. TEAB, 25%.
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phosphorylation of the 5-OH of A.9 utilizing phosphorous oxychloride gave L-XMP

(A.10).

A.3  GMPS Expression and Kinetic Analysis of GMPS by HPLC and UV-Vis

E. coli GMPS was overexpressed and purified (Figure A.6) and an HPLC-
based assay was developed to quantitate enzymatic reaction products. GMPS was
incubated with test substrates and NH4OAc (ammonia source), and the reaction was
terminated at various time points by addition of EDTA. GMPS protein was then removed
by a molecular weight spin-column (30 kDa), and enzymatic reaction products were
analyzed by reverse-phase HPLC. Surprisingly, we found that incubation of L-XMP and

GMPS vyielded a new peak of identical retention time as D-GMP (Figure A.la).
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Figure A.1. (a) HPLC analysis of L-XMP conversion to L-GMP by GMPS (254 nm) (b) MS analysis of
L-GMP peak.
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Characterization of this new peak (MS analysis, (Figure A.1b) confirmed that L-XMP
was converted to L-GMP by GMPS, demonstrating that turnover of the opposite

enantiomer substrate was possible.

Biochemical characterization of the kinetics of L-XMP conversion to L-GMP by
GMPS, as well as D-XMP conversion to D-GMP, was measured by fitting the individual
GMP/CMP (cytosine 5'-monophosphate, an external standard) ratios from each sample
into the slope-intercept equation from the calibration plot. Initial velocity measurements
of GMP production as a function of time were measured at a variety of substrate (XMP)
concentrations, and at fixed saturating concentrations of the non-varied substrates ATP
and NH4OAc (Figure A.2a). Fitting these data to the Michaelis-Menten equation and
analysis by non-linear regression allowed measurement of kinetic parameters (Table
A.l).

Analysis of D-XMP revealed an apparent K, of 35.3 uM, which was similar to
previously reported K, values for E. coli GMPS (29 pM and 166 uM).>***** The turnover
number (k) was found to be 5.6x107> s ', which was comparable to a previous report of
9.4x10 % s> but 100-fold lower than human GMPS.>***" Analysis of L-XMP revealed
an apparent K, of 316.7 uM, which is ~10-fold higher than the natural enantiomer.
Surprisingly, the ke Was measured at 3.8x107° s ', which is a 1000-fold difference in
turnover number compared to D-XMP. The specific activity (kca/Km) of L-XMP
decreased 13,000-fold from the natural enantiomer (1.6x107° uM™'s™' for D-XMP versus

1.2x107" uM's™! for L-XMP). These results suggest that L-XMP may also inhibit GMPS.
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Figure A.2. Initial velocities versus substrate plots for D-XMP and L-XMP as measured by (a) HPLC

analysis and (b) UV-Vis analysis.
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Table A.1. Kinetic parameters of GMPS enantiomer substrates D-XMP

and L-XMP.

Substrate  keat (s ) K (uM) keat/ K (UM s 71
D-XMP®  5.6(£04)x10°  353+8.5 1.6 x 10
D-XMP® 51 (£08) x 107  249+6.6 2.0 %107
L-XMP® 3.8 (£0.4) x 107  316.7+55.6 12 x 107
L-XMP™  37(+£08)x10°  3299+1049 1.1 x10’

[a] HPLC Analysis [b] UV-Vis Analysis
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To confirm the values derived from the HPLC assay, a known continuous UV

d.*****® This assay monitors a reduction in

spectrophotometric assay was also employe
290 nm absorbance resulting from conversion of XMP (g200 = 4800 M™' cm ') to GMP
(200 = 3300 M ' cm™"). UV-based kinetic data was calculated analogously to the HPLC-
derived data (Figure A.2b). Analysis of both D-XMP and L-XMP revealed nearly
identical results to the HPLC assay (for L-XMP: ke/Km = 1.1x107 pM™'s ' (UV) versus

1.2x1077 uM's™' (HPLC); Table A.1).

A.4  Inhibition of GMPS by L-XMP

Although L-XMP conversion to L-GMP by GMPS was demonstrated, the

weak affinity of L-XMP for GMPS, coupled with its slow turnover number, suggested

possible enzyme inhibition by this ligand. To probe for GMPS inhibition, we performed

A B. C
60 60- 60
o - -
£ £ E
2 s s
S 30 2 30 S 307
® - -
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
[DXMP, uM] [DXMP, uM] [DXMP, uM]
D. E
60 60
= 5
£ s
S 30 % 30
° s
0 5 10 15 20 25 30 o 5 1 15 20 25 30
[DXMP, uM] [DXMP, uM]

Figure A.3. Inhibition experiment plots of initial velocity versus substrate concentration for (A)
decoyinine (B) mizoribine (C) D-xanthosine (D) L-xanthosine (E) L-XMP. Circles denote [Inhibitor] = 0
puM and squares denote [Inhibitor] = (A) 43 uMm, (B) 0.4 uMm, (C) 100 pum, (D) 100 pum, and (E) 3.2 um.
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enzymatic activity experiments with our xanthosine-based molecules to demonstrate
reduction of GMPS-mediated amination of D-XMP (Figure A.3). Addition of a fixed
concentration of inhibitor to varying D-XMP concentrations, followed by analysis by
UV-Vis and fitting to the competitive inhibition equation (or uncompetitive for

321

decoyinine towards XMP),” yielded the K; data shown in Table A.2. Evaluation of the

known GMPS uncompetitive inhibitor decoyinine revealed a K; = 54.1 uM, which was

similar to a previous report (26 puM).>*

Mizoribine, a known GMPS competitive
inhibitor, was found to be more potent in our hands (K; = 1.8 uM), and this activity is
similar to reports of the same compound against E. brefeldianum GMPS (K; of 10
uM). %37 L _XMP (6) inhibition results were quite interesting, revealing that L-XMP is
almost 7-fold more potent than decoyinine inhibition against E. coli GMPS (K; = 7.5
uM). Both D-xanthosine and L-xanthosine nucleosides were also tested and neither
molecule inhibited GMPS, suggesting that 5’-monophosphorylation is required for
inhibition. Mizoribine does not require phosphorylation for GMPS inhibition. Our results
suggest that L-XMP can inhibit GMPS enzymatic activity with potency similar to or

slightly better than other known inhibitors, %7340

Table A.2. GMPS inhibition data of
known inhibitors and xanthosine
analogues.

Inhibitor K (uM)
Decoyinine 54.1+14.5
Mizoribine 1.8 £0.7

D-Xanthosine > 1500
L-Xanthosine > 500
L-XMP 7.5+1.8
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A.5  Docking Analysis of L-XMP

To understand the molecular interactions of D-XMP and L-XMP within the
GMPS active site, energy minimized three-dimensional conformations of the biochemical
reaction intermediates (adenyl-D-XMP and adenyl-L-XMP; Figure A.4a) were docked
(Surflex-dock in the SYBYL software suite) into the crystal structure of E. coli GMPS
(PDB 1GPM).**”*® The molecule of AMP observed in the x-ray crystal structure was

extracted and re-docked into GMPS with a calculated similarity of 0.908 (1.0 is the

a. H,N

o Nf’}
NH o u N
o g_ﬁ})\o—%—o o
“0-P-0q o N ©
OH OH OH
OH OH
D-XMP-AMP

H,N

3 o
NH o t W
g‘ﬁ()‘ 0-k-0 o )
N -0
H

OH o

AMP +

OH oH D-XMP-AMP (green) "

AMP (crystalized, blue) L-XMP-AMP (yellow)
+ AMP (docked, black) + D-)_(IVI_IEMP -

Figure A.4. (a) Structures of adenylated D-XMP, the known intermediate in GMPS biosynthesis, and
the putative adenylated L-XMP intermediate in the synthesis of L-GMP by GMPS (b) Bound ligand
AMP (blue) from X-ray crystal structure of E. coli GMPS was extracted from the structure and re-
docked into the GMPS binding pocket overlaid with the crystallized AMP (black) (residues 207-406,
pdb 1GPM) (c) Adenylated D-XMP (green) docked into the GMPS binding pocket demonstrating
docking accuracy of intermediates (d) Adenylated L-XMP (yellow) and adenylated D-XMP (green)
docked into the GMPS binding pocket demonstrating a 2.0 A conformational shift in xanthine
nucleobases.
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theoretical maximum), showing reliability in docking accuracy of the program (Figure
A.4b). The docking of adenyl-D-XMP and adenyl-L-XMP over AMP demonstrated
accuracy of the intermediates (Figure A.4c-d). Several stabilizing molecular interactions

were observed between adenyl-D-XMP and GMPS, such as hydrogen bonds between

Arg875

Glu768 ,

’

D-XMP-AMP

b . & _ Lys856

Asp738

Arg875

-

clures F
[ 4

L-XMP-AMP

Figure A.5. Docking of (a) adenyl-D-XMP and (b) adenyl-L-XMP intermediates into the E. coli
GMPS synthetase binding pocket. Key hydrogen-bonding interactions between the adenylated ligands
and GMPS are marked with dashed lines. The 2-position of the xanthine nucleobase is marked (2.0 A
conformational shift).
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Lys856 and the xanthine nucleobase; Arg785, Arg765, and Glu768 to ribose alcohols;
and Asn761 to the phosphate of D-XMP (Figure A.5a). The considerable size of the
GMPS synthetase pocket readily accommodated the docking of adenyl-L-XMP; however,
the L-ribose sugar occupied a substantially different position within the synthetase
domain (Figure A.5b). No longer present were many of the key molecular interactions
between the nucleobase and ribose alcohols as evident by a decreased in consensus score,
which is an estimate of the overall ligand binding affinity (CScore = 7.68 for D-XMP
versus 6.16 for L-XMP). One compensating molecular interaction was observed for
adenyl-L-XMP, which was a hydrogen bond between Asn761 to a ribose alcohol. The
conformation of the L-ribose sugar in adenyl-L-XMP also forces C* of the nucleobase to
be positioned approximately 2.0 A away from the region in space occupied by natural
adenyl-D-XMP ligand. This perturbation to nucleobase conformation may deter
aminolysis of the adenylated unnatural monophosphate, thereby slowing enzyme
turnover. Additionally, the loss of key hydrogen-bonding interactions may also contribute
to the loss in enzyme efficiency. Nonetheless, our observation of the synthesis of L-GMP
from L-XMP implies the large size of the synthetase pocket must allow some movement

of adenyl-L-XMP to obtain the correct conformation for amination.

A.6  Anti-malarial Activity of L-XMP Analogues

Inhibitors of enzymes that catalyze de novo nucleotide biosynthesis can be

effective drugs against cancer, inflammatory disorders, and infections, especially if the
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target is dependent on the pathway.>*' All parasitic protozoa rely on salvage of nucleic
acids for cell division because of the limited access to purines and therefore, are sensitive
to imbalances in dANTP pools, with depletion of one dNTP halting DNA synthesis

altogether.’'*>*

Hence, drugs that deplete intracellular ANTPs have the potential to starve
parasites of necessary reagents for cell division. For example, parasitic growth is
inhibited in Plasmodium falciparum by degradation of exogenous hypoxanthine.’* Since
a crucial step in the de novo synthesis 2'-deoxyguanosine triphosphates (dGTP) is the de
novo synthesis of guanosine monophosphate by GMPS, the inhibition of GMPS is
hypothesized to confer to antiparasitic activity.’** Since the pharmacokinetics of
phosphate compounds are generally poor, we synthesized a prodrug of A.10 that masked
the negative charges on the phosphates and would hydrolyze to yield A.10 within cells

(Scheme A.3). 4-Hydroxyl benzyl alcohol A.12 was acetylated to yield the intermediate

A.13, which was reacted with diisopropylphosphoramidous dichloride to afford the 4-

AcO

HO AcCI TEA AcO \r o\P,Nj/
1
2 0,
3% THF
A2 66%
OAc
A4
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(o)
N 1. A14
jiJjI \> Tetrazole HN | N\> o OA
N DCM ¢
0NN o joH A i < >

» 0” NN o _o-P
2. mCPBA H o
HO HO DCM
o 92% HO HO

A.15

OAc

Scheme A.3. Synthesis of L-XMP prodrug A.15.
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acetoxy benzyl phosphoramidite A.14. L-Xanosine A.9 was reacted with the
phosphoramidite A.14 and oxidized to the phosphate to yield the L-XMP prodrug A.15.
Because P. falciparum is the parasite that causes malaria in humans, we sent A.9,
A.10, and the prodrug A.15 to the Swiss Tropical and Public Health Institute for
antimalarial testing. Both L-Xanosine A.9 and L-XMP A.10 did not demonstrate any
antimalarial activity (greater than 10000 nM) compared to the 3.9 and 9.2 nM activity of
the known antimalarial drugs Artesunate and Chloroquine (Table A.3). The L-XMP
prodrug A.15, however, exhibited weak antimalarial activity (ICso = 6.3 uM), which
could be overall toxicity due to release of the quinone methide from the masked
phosphate. We concluded that although antimalarial activity was observed, it is unclear if

it was due to modulation of ANTP levels.

Table A.3. Antimalarial data of
known inhibitors and xanthosine
analogues.

Inhibitor 1Cso (nM)
Artesunate 3.9
Chloroquine 9.2

A9 > 10000
A.10 > 10000
A.15 6324

A.7  Conclusions and Future Work

In conclusion, the biochemical conversion of L-GMP from L-XMP

provides new insight into the substrate promiscuity of GMPS. GMPS was also inhibited
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by L-XMP at low micromolar levels, which is comparable to other known inhibitors. This
inhibition lead to a low micromolar antimalarial activity against Plasmodium falciparum
strain NF54. These results provide new insight into GMPS-ligand interactions that will be

useful for future inhibitor designs.

A.8 Experimental Section

A.8.1 Chemical Synthesis.

General. Chemical reagents were typically from Sigma-Aldrich or Acros and used
without additional purification unless explicitly noted. Triethylammonium acetate
(TEAA, 1 M aq. solution) and triethylammonium bicarbonate (TEAB, 1 M aq. solution)
buffers were from Sigma-Aldrich. Bulk solvents were from Fisher Scientific and
anhydrous 1,2-dichloroethane was purchased from Sigma-Aldrich. Buffers for HPLC
purification and analysis were prepared and diluted with distilled and deionized H,O
(ddH,0O) and the pH was adjusted with HCI (1 N aq. soln). Reactions were performed
under an atmosphere of dry N, unless otherwise noted. Silica gel chromatography was
performed on a Teledyne-Isco Combiflash Rf-200 instrument utilizing Redisep Rf Gold
High Performance silica gel columns (Teledyne-Isco) or self-packed columns with
SiliaFlash 60A silica gel (SiliCycle). Analytical HPLC analysis and semi-preparative
HPLC purifications were performed on an Agilent 1200 series instrument equipped with
a diode array detector and a Zorbax SB-AQ column (4.6 x 150 mm, 3.5 um, Agilent

Technologies) for analytical-scale analysis or a Zorbax SB-AQ column (9.4 x 250 mm, 5
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um, Agilent Technologies) for semi-preparative purification. Nuclear magnetic resonance
(NMR) spectroscopy employed a Bruker Avancell+ instrument operating at 400 MHz
(for 'H), 100 MHz (for "*C), or 161 MHz (for *'P) at ambient temperature. Chemical
shifts are reported in parts per million and normalized to internal solvent peaks or
tetramethylsilane. High-resolution mass spectrometry (HRMS) was recorded in either
positive-ion or negative-ion mode on a Bruker BioTOF II instrument. (see Appendix B

for chromatograms).

N
H Ng 0 OBz o 7 0 OBz
OBz OBz OBz OBz
A.8 A.11

9-(2',3',5'-tri-O-benzoyl-B-L-ribo-furanosyl)xanthine (A.8) and 7-(2',3",5'-tri-O-
benzoyl-p-L-ribofuranosyl)xanthine (A.11). Vorbriiggen coupling conditions were used

to prepare protected nucleosides A.8 and A.11.%"

In brief, a solution of 1-O-acetyl-2,3,5-
tri-O-benzoyl-p-L-ribofuranose®*'**  (A.6, 1500 mg, 030 mmol) and
tris(trimethylsilyl)xanthine®** (A.7, 243.3 mg, 0.66 mmol) in anhydrous 1,2-
dichloroethane (5 mL) was treated with TMSOTf (65 pL, 0.36 mmol) and heated to
reflux for 1 h. The mixture was then diluted with dichloromethane (10 mL), washed with
aqueous NaHCO; (sat'd, 20 mL), and the aqueous layer was extracted with additional

dichloromethane (10 mL, 3x). The combined organic layers were dried over Na;SOy,

concentrated in vacuo, and SiO, purified (gradient 50 to 80% acetone in hexanes) to give
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A.8 (124.0 mg, 70%) and A.11 (37.5 mg, 21%) as white foams. 9-(2’, 3’, 5'-tri-O-
benzoyl-B-L-ribofuranosyl)-xanthine (A.8). 'H NMR (MeOH-d): & 7.96-7.94 (m, 2H),
7.90-7.88 (m, 2H), 7.85-7.81 (m, 3H), 7.53-7.45 (m, 3H), 7.39-7.25 (m, 6H), 6.31 (d, J =
5.3 Hz, 1H), 6.03 (t, J = 5.5 Hz, 1H), 5.94-5.91 (m, 1H), 4.79-4.73 (m, 2H), 4.64 (dd, J =
11.9, 4.1 Hz, 1H); C NMR (MeOH-d,): & 176.5, 167.6, 166.8, 166.7, 160.5, 154.6,
145.1, 135.6, 135.2, 135.0, 134.8, 131.0, 130.82, 130.76, 130.2, 129.9, 129.8, 117.3, 87.5,
82.0, 75.8, 72.7, 64.8; HRMS (ESI+) calc'd for Cs51H24N4NaOg [M+Na]+, 619.1441; found
619.1448. 7-(2',3',5'-tri-O-benzoyl-p-L-ribofuranosyl)-xanthine (A.11) 'H NMR
(MeOH-d4): 6 8.13 (s, 1H), 8.00-7.92 (m, 2H), 7.90-7.85 (m, 2H), 7.83-7.80 (dd, J = 9.9,
2.7 Hz, 2H), 7.51-7.46 (m, 3H), 7.38-7.24 (m, 6H), 6.47 (d, J = 4.9 Hz, 1H), 6.15-6.07
(m, 1H), 6.01-5.98 (m, 1H), 4.77-4.71 (m, 2H), 4.72-4.64 (m, 1H); °C NMR (MeOH-d,):
0 167.7, 166.8, 166.6, 157.0, 153.4, 152.2, 143.7, 135.0, 134.9, 134.6, 131.0, 130.92,
130.85, 130.7, 130.3, 130.1, 129.8, 129.7, 129.6, 108.0, 90.8, 81.5, 76.4, 72.6, 65.1;

HRMS (ESI") calc'd for C3;H,4N4NaOy [M+Na], 619.1441; found 619.1427.

o
HN N
04/\ l Y
N N
H 0 OH

OH OH
A.9

L-xanthosine (L-Xao, A.9). Protected L-xanthosine A.8 (102.0 mg, 0.17 mmol) was

dissolved in ammonia in methanol (~7 N, 5 mL) in a sealed tube and heated to 50 °C
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overnight. The reaction was cooled to RT, concentrated in vacuo, and SiO, purified (33%
MeOH in CH,Cl,) to afford A.9 (45.1 mg, 93%) as a white solid. 'H NMR (DMSO-dq): &
11.74 (br s, 1H), 10.88 (br s, 1H), 7.88 (s, 1H), 5.75 (d, /= 6.9 Hz, 1H), 5.41 (br s, 3H),
422 (dd, J = 6.8, 5.1 Hz, 1H), 4.06 (dd, J = 5.0, 2.1 Hz, 1H), 4.03 — 3.98 (m, 1H), 3.66
(d, J = 2.5 Hz, 2H); °C NMR (DMSO-dy): & 157.9, 150.5, 139.4, 135.7, 116.2, 88.7,
86.1, 74.0, 70.9, 61.3; HRMS (ESI") calc'd for C;oH;,N4NaOy [M+Na]", 307.0655; found

307.0651.

(o)
HN

N
o‘(N /N» 0
H 0 0-P-0~

+
OH OH x2Et;NH
A10

L-Xanthosine-5’-monophosphate triethylammonium salt (L-XMP, A.10). This
compound was prepared by a modification to the previously reported synthesis of D-
Xanthosine-5'-monophosphate (D-XMP).>*® To a partially dissolved solution of L-
xanthosine (A.9, 62.5 mg, 0.22 mmol) in trimethyl phosphate (2.2 mL) was added
proton-sponge (83.0 mg, 0.39 mmol). The solution was cooled to 2 °C and POCI; (50 pL,
0.54 mmol) was added dropwise. After stirring at 2 °C for 2 h, triethylammonium
bicarbonate (TEAB, 1.0 M, 5 mL) was added and the crude material was concentrated in
vacuo. The crude monophosphate was purified by stepwise semi-preparative HPLC. The
HPLC purification method (flow rate = 4.5 mL/min) involved isocratic

triethylammonium acetate buffer (TEAA, 20 mM, pH = 6, 0 to 5 min), followed by linear
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gradients of 0% to 15% CH3;CN in TEAA buffer (5 to 15 min) and 15% to 90% CH3;CN
in TEAA buffer (15 to 20 min). The material eluting broadly from 7-10 minutes was
collected and lyophilized to dryness. The crude material was purified an additional time
by the semi-preparative HPLC utilizing this method and the material eluting broadly from
6-9.5 minutes was collected and lyophilized to dryness. The residual material was re-
dissolved in ddH,O (10 mL), frozen, and then lyophilized to dryness to give L-XMP
(55.3 mg, 19%) as a white syrup. By 'H NMR analysis, approximately 10 equivalents of
TEA salt were associated with each equivalent of L-XMP. '"H NMR (D,0): & 7.89 (s,
1H), 5.87 (d, /= 6.4 Hz, 1H), 4.46 — 4.38 (m, 1H), 4.26 (d, /= 2.9 Hz, 1H), 3.90 (dd, J =
13.0, 2.7 Hz, 1H), 3.81 (dd, J = 12.9, 3.4 Hz, 1H), 3.16 (q, J = 7.3 Hz, 12H), 1.27 (t,J =
7.3 Hz, 18H); C NMR (D,0): 8 160.4, 156.4, 148.1, 136.1, 115.1, 86.9, 84.3, 74.3, 70.5,
64.4, 46.6, 22.9, 8.2; *'P NMR (D,0): & 0.48. HRMS (ESI") calc'd for C;oH,N4O0P [M-
HJ, 363.0347; found 363.0343. The regiochemistry of phosphorylation was additionally
verified by analytical HPLC analysis of a co-injection of L-XMP and commercial D-

XMP. A singly eluting peak was observed (data not shown).

AcO
\©\/OH

A.13

Acetoxybenzyl alcohol (A.13). Acetylchloride (1.95 mL, 25.0 mmol) was added
dropwise to a solution of 4-hydroxybenzyl alcohol A.12 (3.10 g, 25.0 mmol) and TEA

(3.50 mL, 25.0 mmol) in DCM (100 mL) at 0 °C and stirred for 24 hours. The solution
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was extracted with saturated sodium bicarbonate (100 mL) and DCM (100 mL),

concentrated in vacuo, and SiO, purified (gradient of 0-10% methanol in DCM) to afford
A.13 as an oil (960 mg, 23%). 'H NMR (CDCls): & = 7.35 (d, 2H, J = 6.76 Hz), 7.06 (d,
2H, J = 6.84 Hz), 4.64 (s, 2H), 2.29 (s, 3H); °C NMR (CDCls): & = 169.7, 150.0, 138.6,
128.1, 121.6, 64.6, 21.1; HRMS-ESI m/z [M+Na]" calc’d for CoH;oO3Na': 189.0522,

found: 189.0618.

OAc
A.14

1,1-Diacetoxybenzylalcohol-/V,N-diisopropylphosphinamine (A.14). A mixture of
A13 (71 mg, 0.43 mmol) and TEA (0.07 mL, 0.49 mmol) in THF (1.0 mL) was added
dropwise to diisopropylphosphoramidous dichloride (0.04 mL, 0.21 mmol) in THF (1.0
mL) at -80 °C. The reaction was warmed to RT, concentrated in vacuo, and SiO; purified
(gradient of 0-70% ethyl acetate in hexanes) to afford A.14 as an oil (92 mg, 66%). 'H
NMR (CDCl): & = 7.28 (d, 4H, J = 8.08 Hz), 6.97 (d, 4H, J = 8.12 Hz), 3.42 (s, 4H),
2.23 (s, 6H), 1.97 (s, 2H), 1.14 (s, 6H), 1.12 (s, 6H); >C NMR (CDCl;): § = 128.6, 128.0,
121.6, 121.3, 67.98, 45.8, 25.6, 22.6, 21.1; *'P NMR (CDCLy): § = 147.94 (s, 1P);

HRMS-ESI" m/z [M-2H]* calc’d for Co4H3oNOGP>: 229.5911, found: 229.0383.
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OAc
L-Xanthosine-5'-1,1-Diacetoxybenzylalcohol monophosphate (A.15).
Phosphoramidite A.14 (13 mg, 0.03 mmol) was added to a solution of L-xanthosine A.9
(8.0 mg, 0.03 mmol) in DCM (5 mL) and molecular sieves. Tetrazole (0.27 mL, 0.47 M
in acetonitrile) was added and it was stirred at room temperature for 24 hours. The
reaction was poured into brine (10 mL), extracted with DCM (10 mL), and concentrated
in vacuo. The crude phosphine was immediately dissolved in DCM (5 mL) and mCPBA
(14 mg, 0.06 mmol) was added and stirred at room temperature for 24 hours. The reaction
was poured into H,O:NaHCO; (10 mL, 1:1), extracted with DCM (10 mL), and SiO;
purified (gradient of 0-40% ethyl acetate in hexanes) to afford A.15 as a white solid (17
mg, 92%). 'H NMR (CDCls): § = 7.76 (s, 1H), 7.30 (d, 4H, J = 10.1 Hz), 7.05 (d, 4H, J =
10.2 Hz), 5.77 (d, 1H), 5.13-5.00 (m, 2H), 4.05 (m, 1H), 3.69 (m, 1H), 3.56 (m, 1H), 3.42
(s, 4H), 2.10 (s, 6H); >C NMR (CDCls): § = 151.0, 150.3, 149.7, 136.2, 130.1, 129.2,
128.7, 123.8,121.9, 121.6, 100.0, 99.5, 87.2, 66.7, 47.5, 30.8, 21.0; *'P NMR (CDCl;): §

= 8.46; HRMS-ESI' m/z [M-H] calc’d for C,sH29N4O13P™: 659.1396, found: 659.1410.

A.8.2 Sequencing of E. coli GMP Synthetase. The pET28a plasmid bearing the E. coli

GuaA gene with a hexahistidine tag on the 5’ end was a generous gift from Professor
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Janet Smith (University of Michigan).”*’**® To verify that we purified a plasmid
containing the guad gene, we utilized two forward sequencing primers — 5'-
GGAAAACATTCATAAGC-3" and 5-CGTATTCGTCGACAACG-3' for automated
sequencing at the University of Minnesota Biomedical Genomics Center. Sequencing
results from each primer were aligned with the E. coli K12 genome using BLASTn.
Positive alignment along with manually overlapping the two sequences yielded a large
portion of the guad sequence containing one silent mutation at proline 404 (CCG >
CCA). The overlapping sequence was assembled and aligned against the nonredundant
protein database using BLASTx, confirming that the sequence derived from the plasmid

indeed codes for E. coli GMPS.

A.8.3 Overexpression and Purification of E. coli GMP Synthetase. Two x 10 mL LB-
Kanamycin (LB-Kan, 50 pg/mL Kan) media was inoculated with single colonies from
freshly transformed BL21 (DE3) E. coli. After overnight incubation at 37 °C with shaking
at 250 rpm, these cultures were used to inoculate 2 x 1 L LB-Kan cultures. Protein
expression was induced when the ODg of the culture reached 1.2 via the addition of 1
mM [PTG. Cultures were incubated overnight at 37 °C with shaking at 250 rpm. Cells
were recovered via centrifugation at 7500 x g for 15 minutes at 4 °C. The cell pellets (~4
g each) were frozen in a dry ice/EtOH bath, then thawed and resuspended in 10 mL
buffer A (0.25 M KCl, 10 mm KH,PO4, 10 mM imidazole, 1 mm DTT, pH 7.4) with 1
mg/mL lysozyme and a protease inhibitor tablet (Roche). The cell suspension was

incubated for 30 minutes at room temperature with shaking. The cell paste was then
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sonicated (VibraCell VCX-750 sonicator with temperature probe, Sonics and Materials,
Inc.) for 12 pulses of 15 s with a 45 s rest period between pulses, taking care to keep the
temperature of the lysate from exceeding 20 °C. Cell debris was removed via
centrifugation at 40,000 x g for 45 min at 4 °C. The supernatants from both cultures were
combined at this point and directly loaded onto a Ni-NTA column, washed with 200 mL
of buffer A, then eluted with buffer B (0.25 m KCI, 10 mm KH,PO4, 150 mM Imidazole,
I mM DTT, pH 7.4). An Econo gradient pump and fraction collector (Bio-Rad) was used
for chromatography. Fractions with measurable A,z and an Ajgo/Aze ratio of >1.4 were
pooled, concentrated to ~10 mg/mL, and stored as a 25% glycerol stock at -80 °C.
Typical yields of ~50 mg protein/L of culture were obtained. Protein purities were >95%

as evidenced by gel electrophoresis (Figure A.6).

60 kD—
50 kD~

Figure A.6. Purified GMPS. (a) Ni-NTA purified. (b) Mono-Q purified.

A.8.4 UV-Vis Spectrophotometric Assay for GMPS Enzymatic Activity. GMPS

enzymatic activity was measured spectrophotometrically utilizing a previously reported

assay.”® In brief, this assay monitors a reduction in 290 nm absorbance resulting from

conversion of XMP (¢ = 4800 M'cm™) to GMP (¢ = 3300 M cm™") by the enzyme. A Ae
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value of 1500 M cm™ was used to calculate the amount of GMP formed. Aqueous
solutions (800 uL) of XMP (1, 2, 4, 8, 11, 17, and 27 um) and GMPS (0.65 um for D-
XMP or 6.5 pum for L-XMP) were diluted into ddH,O and pre-incubated in
microcentrifuge tubes for two hours. The pre-incubated solutions were transferred to
quartz cuvettes and incubated for 3 min at 37 °C in a heat block. 200 pL of an aqueous
solution of Tris/HCI (75 mMm, pH 8.5), ATP (1.25 mMm), (NH4)2SO4 (60 mMm), and MgSO4
(10 mm) was added to the pre-incubated solution of XMP and GMPS. The cuvettes were
mixed, and AA9 was recorded at 37 °C using a temperature-controlled Agilent Cary 100
UV-Vis spectrophotometer. GMP production as a function of time was measured at a
variety of substrate (XMP) concentrations. These discrete initial velocity values (uM/min)
were obtained by plotting a tangental line to the first (approximately) 15% of data points,
followed by dividing the slope of the resulting line to the difference in molar extinction
coefficient between XMP and GMP (Ae value of 1500 M'cm™ at 290 nm). This series of
experiments yielded initial velocity values of GMP production at a variety of XMP
concentrations. The measured initial velocity values of different XMP concentrations
were fitted to the Michaelis-Menten equation (eq. 1) and analyzed by non-linear
regression using the software GraphPad Prism 5 to determine the K,, and V.. Each
experiment was performed in triplicate and mean K,, and V. values (with standard

deviation) were calculated.

(Equation 1) v = Vyu[S]/(K + [S])
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A.8.5 Substrate Competition Experiments with GMPS. The inhibition constants
were measured utilizing the above spectrophotometric assay. Previous studies with
nucleoside inhibitors of GMPS have demonstrated progressive-type inhibition, therefore,
pre-incubation of D-XMP, inhibitor, and GMPS was required before addition of the
amine source.’”'”* Two known GMPS inhibitors (decoyinine (Santa Cruz
Biotechnology) and Mizoribine (Sigma-Aldrich)) were used in this assay. In brief,
aqueous solutions (800 uL) of D-XMP (1, 2, 4, 8, 11, 17, and 27 um), GMPS (0.65 um),
and inhibitor (constant concentrations, shown below) were diluted into ddH,O and pre-
incubated in microcentrifuge tubes for two hours. The pre-incubated solutions were
transferred to quartz cuvettes and incubated for 3 min at 37 °C in a heat block. 200 pL of
an aqueous solution of Tris/HCI (75 mm, pH 8.5), ATP (1.25 mM), (NH4)2SO4 (60 mm),
and MgSO4 (10 mMm) was added to the pre-incubated solution of XMP, GMPS, and
inhibitor. The cuvettes were mixed, and AA;9 was recorded at 37 °C as described above.
The measured initial velocity values of different D-XMP concentrations were fitted to the
uncompetitive Michaelis-Menten equation for decoyinine®' (eq. 2) or competitive
Michaelis-Menten equation for all other inhibitors (eq. 3) and analyzed by non-linear
regression to determine the K;. Each experiment was performed in triplicate and mean K;

values (with standard deviation) were calculated.

(Equation 2) v = Viax[SVKmapp + [ Kumapp = Kl (1H[11/0K);

Vmax,appzvmax/ ( 1 +[I]/ aKz)
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(Equation 3) v = Vuux[SV(Kmapp + [S)  Kumapp= Kn/(1+[I}/0Ki)

A.8.6 HPLC Assay for GMPS Enzymatic Activity. GMPS enzymatic activity was also
measured by quantifying the amount of aminated products (D-GMP or L-GMP) formed
from reaction of D-XMP or L-XMP with GMPS by analytical HPLC analysis. Modifying
a previously reported HPLC assay of enzymatic activities,”*® the enzymatic reactions
were carried out in microcentrifuge tubes and contained aqueous solutions with the
following components (final volume of 500 pL): Tris/HCI (75 mMm, pH 8.5), ATP (1.25
mM), (NH4),SO4 (60 mM), and MgSO4 (10 mM), myokinase (5 TU/mL, Sigma-Aldrich)
and varying concentrations of XMP. The solutions were incubated for 3 min at 37 °C to
permit myokinase to convert all the ADP (present in commercial preparations of ATP) to
ATP. The concentration of ATP remains constant throughout the reaction. Reactions
were initiated by the addition of GMPS (0.65 um for D-XMP as ligand or 6.5 um for L-
XMP as ligand), the tubes were gently mixed, and the reaction was allowed to proceed at
37 °C. At different time points, 500 pL of a solution of cytosine 5-monophosphate
(CMP, 1.6 mM, external standard, Sigma-Aldrich) and EDTA (100 mM) was added to
stop the reaction. The final mixtures were filtered through a Millipore centrifugal filter
(Amicon Ultra — 0.5 mL, 30 kDa molecular weight cutoff) to remove proteins and
triplicate injections of 40 pL of filtrate were then analyzed by HPLC.

An Agilent 1200 series instrument equipped with a diode array detector and a

Zorbax SB-AQ column (4.6 x 150 mm, 3.5 um, Agilent Technologies) at 22 °C was used

218



for analysis. The mobile phase comprised aqueous triethylammonium acetate buffer
(TEAA, 20 mMm, pH = 6, 0 to 5 min), followed by 0 to 50% CH3;CN in TEAA buffer (5 to
15 min) at a flow-rate 1.0 mL/min. A representative HPLC chromatogram is shown in
Figure A.la. The formation of L-GMP (LRMS (ESI') caled for C;oH;2N4OoP [M-HJ’,
362.05; found 362.09) was verified by mass spectral analysis (Figure S2). CMP was used
as an external standard in this assay (see above), and a linear plot of GMP/CMP
absorbance (measured by area integration of respective peaks at 260 nm) versus [GMP,
mM] was created (yielding a slope-intercept equation, R* > 0.99). The concentration of
GMP formed from the test samples was determined by fitting the individual GMP/CMP
ratios from each sample into the slope-intercept equation from the calibration plot. GMP
production as a function of time was measured at a variety of substrate (XMP)
concentrations. This series of experiments yielded initial velocity values of GMP
production at a variety of XMP concentrations. Three sets of initial velocity experiments
were acquired for each XMP concentration tested. The measured initial velocities values
of different XMP concentrations were fitted to the Michaelis-Menten equation (eq. 1) and
analyzed by non-linear regression using the software GraphPad Prism 5 to determine the

K, and V4.

A.8.7 Docking Studies of L-XMP into GMPS Active Site. Energy minimized three-
dimensional conformations were generated for each compound using the Minimize
Molecule function of the SYBYL 8.0 discovery software suite (Tripos, Inc.) with

Gasteiger-Marsili charges. The three dimensional compounds were docked into GMPS
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(PDB: 1GPM)**® using Surflex-Dock function in the SYBYL software suite. In Surflex-
Dock, the cocrystallized AMP ligand was used to guide the protomol generation required
for docking. Docking accuracy was verified by extracting the bound ligand AMP (blue)
from X-ray crystal structure and re-docking it into the GMPS binding pocket, which
yielded a calculated similarity of 0.908 to the bound ligand (1.0 being identical
structures)(Figure A.4b). Parameters of 0.3 and 2 were used for docking threshold and
bloat, respectively. The maximum number of conformations per compound fragment and
the maximum number of poses per ligand were both set to their default values of 20, and
the maximum number of rotatable bonds per molecule was set to 100. All calculations
were done on Minnesota Supercomputing Institute (MSI) workstations running under the
Suse Linux Enterprise Desktop 10.2 operating system. Visualizations were rendered

using UCSF Chimera.*"’
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Appendix B

SPECTRAL DATA FOR SYNTHESIZED COMPOUNDS
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B.1 Chapter 2 Compounds

5-TGGGGACTTTXCAGTTTCTGGAAAGTCCCCA-3' (2.1)
m/z calc’d (Parent): 9741.1
m/z found (Parent): 9741.6

Intens
mAU
2504
2004
150
100 4
50 A

0 A

UV Chromatogram, 252-268 nm

0 5 10 15 20

25

Time [min]

Intens.

6000 -

9-
1081.4

10-
973.2

4000 -

2000 13- 11- 8-
748.4 12-884.6 1216.6
14- 810.8

694.7 1390.4

{ 1622.2
I

633.2 I |l L
0 A o Dokl ol o ity I an L N
T

600 800 1000 1200 1400 1600

222

1800 2000

m/z



5-TGCAGAACAGCAAGTGCTAGCTTTGCTAGCACTTGCTGTTCTGCA-3' (2.2)
m/z calc’d (Parent): 13827.0
m/z found (Parent): 13827.8
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5-XGCAGAACAGCAAGXGCTAGCTTTGCXAGCACXTGCXGTTCXGCA-3’ (2.3)
m/z calc’d (Parent): 13827.0

m/z found (Parent): 13827.8
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5-XGCAGAACAGCAAGXGCXAGCTTTGCXAGCACXTGCXGXTCXGCA-3' (2.4)
m/z calc’'d (Parent): 15609.2
m/z found (Parent): 15610.4

"#&“US'- UV Chromatogram, 252268 nm
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5’-C6-Amino-TGCAGAACAGCAAGTGCTAGCTTTGCTAGCACTTGCTGTTCTGCA-3’ (2.10)
m/z calc’d (Parent): 14015.2
m/z found (Parent): 14015.7

Intens. -
Uy UV Chromatogram, 252-268 nm
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5-TR-C6--TGCAGAACAGCAAGTGCTAGCTTTGCTAGCACTTGCTGTTCTGCA-3 (2.11)
m/z calc’d (Parent): 14708.0
m/z found (Parent): 14721.2
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B.2 Chapter 3 Compounds

5-TGGGGACTTTCCAGTTTCTGGAAAGTCCCCA-3’ (3.10)
m/z calc'd (Parent): 9502.2
m/z found (Parent): 9501.6
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5-TGG(7-NI)GACTTTCCAGTTTCTGGAAAGTCCCCA-3' (3.11)
m/z calc’'d (Parent): 9513.2
m/z found (Parent): 9513.9

UV Chromatogram, 252-268 nm
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5-TGG_GACTTTCCAGTTTCTGGAAAGTCCCCA-3’ (3.12)
m/z calc’d (Parent): 9367.1
m/z found (Parent): 9368.1

mAJ UV Chromatogram, 252-268 nm
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5-TG(7-NI)G(7-N)ACTTTCCAGTTTCTGGAAAGTCCCCA-3’ (3.13)
m/z calc’d (Parent): 9524.2
m/z found (Parent): 9524.7
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5-TG_G_ACTTTCCAGTTTCTGGAAAGTCCCCA-3' (3.14)
m/z calc’'d (Parent): 9232.9
m/z found (Parent): 9233.1
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5-T(7-N)G(7-NI)G(7-N)CTTTCCAGTTTCTGGAAAGTCCCCA-3’ (3.15)

m/z calc’d (Parent): 9551.2
m/z found (Parent): 9551.7
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5-T_G_G_CTTTCCAGTTTCTGGAAAGTCCCCA-3’ (3.16)

m/z calc’d (Parent): 9114.8
m/z found (Parent): 9113.5

mAU UV Chromatogram, 252-268 nm
401
30
204
104
01 —-
T N —
—— 1 - I 1 T 1 T 1 T I 7
5 10 15 20 25 30 35 Time [min]
1500 -
10- 9-
910.31011.6
7-
1300.5
8-
1000 - 1138.1
6-
1517 .4
12-
500 4 758.32171-
14347
0 4 Ju I.IA“IL lllll|l Lk lllnllﬂ N LI
600 800 1000 1200 1400 1600 1800 2000 miz

234



5-TTGCCGTACCTGACTTTGTCAGGTACGGCAA-3’ (3.17)

m/z calc’d (Parent): 9502.2
m/z found (Parent): 9502.0
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5-TT(7-NI)CC(7-NI)T(7-NI)CCTGACTTTGTCAGGTACGGCAA-3’ (3.18)
m/z calc’'d (Parent): 9551.2
m/z found (Parent): 9550.8

mAU UV Chromatogram, 252-268 nm
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5-TAGAGGCTTTCCAGTTTCTGGAAAGTCCCCA-3’ (3.19)

m/z calc’d (Parent): 9486.2

m/z found (Parent): 9486.4

UV Chromatogram, 252-268 nm
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5-CCTTTTT(7-NI)AAAAAGG-3’ (3.21)
m/z calc’d (Parent): 4557.0
m/z found (Parent): 4556.8

mAU UV Chromatogram, 252-268 nm
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5-CCTTTTT(6-NI)AAAAAGG-3’ (3.23)
m/z calc’d (Parent): 4557.0
m/z found (Parent): 4556.8
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Products Formed From the Photolysis of 3.15.

T =20 min photolysis
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B.3 Chapter 4 Compounds

8-bromo-2,6’-dimethoxytrityl-2’-a-fluoro-2’-deoxyguanosine (4.10)
TH NMR (CDCl3)
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8-bromo-2,6’-dimethoxytrityl-2’-a-fluoro-2’-deoxyguanosine (4.11)
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2,6’-dimethoxytrityl-2’-a-fluoro-8-nitro-2’-deoxyguanosine (4.12)
H NMR (CDCl5)
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2,6’-dimethoxytrityl-2’-a-fluoro-8-nitro-2’-deoxyguanosine (4.12)
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2-Cyanoethyl-N,N-diisopropylphosphoramidite-2,6’-dimethoxytrityl-2’-a-fluoro-8-nitro-2’-deoxyguanosine (4.13)

H NMR (CDClg)
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2-Cyanoethyl-N,N-diisopropylphosphoramidite-2,6’-dimethoxytrityl-2’-a-fluoro-8-nitro-2’-deoxyguanosine (4.13)
3C NMR (CDCls)
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2-Cyanoethyl-N,N-diisopropylphosp 2,6>-di ytrityl-2’-a-fluoro-8-nitro-2’-deoxyguanosine (4.13)
3P NMR (CDCl3)
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5-CCTTTTT(8-NG)AAAAAGG-3’ (4.14)
m/z calc’d (Parent): 4608.9
m/z found (Parent): 4609.5

Intens. E
mAD | UV Chromatogram, 252-268 nm
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1000 4

500 4

0 5 10 15 20 25  Time [min]
Intens.

x10°

1151.5

5-
2 4 921.1

7-

657.4 1673

1 L

40|O 6(I)0 80|0 1OIOO 12|00 14IOO 16|00 18|00 2600 m/z
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5-CCTTTTT(8-OG)AAAAAGG-3’ (4.15)
m/z calc’'d (Parent): 4561.9
m/z found (Parent): 4563.2
l%%nus' UV Chromatogram, 252-268 nm

1500 -

1000 -

500 4

0o 5 10 7 T 45 7 T 20 77 7 25  Time[min]
Intens.
x105

12 -
4-

10 - 1139.8
0.8
06 |

0.4 - 911.7

0.2 6-
7. 7595

650.7 k 1057.7
A L

0.0 A L ll; T '

400 600 800 1000 1200 1400 1600 1800 2000 m/z
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B.4 Chapter S Compounds

1-Benzyl-4-bromoisatin (5.14)

1H NMR (CDCly)

Br 0
o
N
b
Bn
5.14
7.55 7.45 7.35 7.25 7.15 7.05 6.95 6.85 6.75 6.65 6.55 6.45
f1 (ppm)
JU M
T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
f1 (ppm)
1-Benzyl-4-bromoisatin (5.14)
13C NMR (CDCl3)
Br 0
o
N
A
Bn
514
T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)
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1-Benzyl-4-bromo-3-hydroxy-isatin (5.15)
H NMR (CDCls)

Br OH
' 74 72 70 68 66 64 62 6.0 58 56 5.4 52 50 4.8
Bn f1 (ppm)
" A w Il J\J t
T T T T T T T T T T T T T T T T T T T
9.0 85 8.0 7.5 7.0 6.5 6.0 5.5 0 4.0 35 3.0 25 2.0 15 10 05 0.0

1-Benzyl-4-bromo-3-hydroxy-isatin (5.15)

3C NMR (CDCly)
Br OH
(o]

N
by

Bn
5.15

T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 % 80 70 60 50 40 30 20 10 0 -10

1 (ppm)
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1-Benzyl-4-bromo-3-(2-nitrobenzyl)-isatin (5.16)

"H NMR (CDCl3)

NO
Br [o) 2
o
N
Bn 8.1 7.9 7.7 7.5 n7£pm, 7.1 6.9 6.7
5.16
J‘HM A —— 1 |
910 815 810 7j5 710 615 610 5i5 510 415 4‘0 3'5 310 2‘5 2Io 115 110 015 010
1 (ppm)
1-Benzyl-4-bromo-3-(2-nitrobenzyl)-isatin (5.16)
13C NMR (CDCl5)
NO
Br [o) 2
(o)
N
A}
Bn
5.16
| I l]lh[ ll AL \'l b L ‘l k
210 200 190 180 170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10 -10

1 (ppm)
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1-Benzyl-4-imine-3-(2-nitrobenzyl)-isatin (5.18)

TH NMR (CDCl3)

N . NO
I O 2 10.4 9.8 9.2 8.6 8.0 7.4 6.8
— f1 (ppm)

N
)

Bn
5.18

MLJ oo . n
T T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

5.5
1 (ppm)

1-Benzyl-4-imine-3-(2-nitrobenzyl)-isatin (5.18)

13C NMR (CDCly)

Q@ | H.

)

o NO,

(o]
N
Bn
5.18

210 200 190 180 170 160 150 140 130 120 110f1%00 )90 80 70 60 50 40 30 20 10 0 -10
ppm
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B.5 Appendix A Compounds

9-(2',3',5'-tri-O-benzoyl-p-L-ribofuranosyl)-xanthine (A.8)

TH NMR (MeOH-d,)
0

HN N7
oJ\N 4 )
H N9 0 OBz

A.8
OBz OBz

D W

95 9.0 85 8.0 75 7.0 6.5 6.0 55 5.‘0 4.0 35 3.0 25 20 15 1.0 0.5 0.0
1 (ppm)
9-(2',3',5'-tri-0O-benzoyl-p-L-ribofuranosyl)-xanthine (A.8)
13C NMR (MeOH-d,)
(o]
HN N7
oa\N »
H N o —oB:
A.8
OBz OBz I
2|I10 I;ﬂ 1;4) 1;0 |f‘50 1;0 I';ﬂ I-'IW 1;0 H‘ﬂ 150 9‘0 5‘0 7'0 5'0 5‘0 GID 3‘0 Z‘D |I0 [Il

1 (ppm)
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7-(2',3',5'-tri-O-benzoyl-B-L-ribofuranosyl)-xanthine (A.11)
TH NMR (MeOH-d,)

HN N
&
¢ N o roBz
OBz OBz
A.11
M U( M b
“JI.B 9.‘5 910 8!5 810 7!5 7.‘0 5!5 S!D 5!5 # a;gm) 4!5 4.0 2!0 115 1.0
7-(2',3',5'-tri-O-benzoyl-p-L-ribofuranosyl)-xanthine (A.11)
13C NMR (MeOH-d,)
o H
N
HN /i »
(o) N7 0 OBz
OBz OBz
A1
| M b
2;0 Z;D 260 1{‘?0 léD 1;0 1‘50 1‘50 1‘“0 1;0 1;0 1‘10 1(‘)0 9'0 8‘0 7‘0 6'0 5'0 4'0 3'0 2'0 1'0 ‘10
1 (ppm)
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L-xanthosine (L-Xao, A.9)
H NMR (DMSO-dg)
(0]

HN N
oa\ U )
N
H N

fo) OH
A9
OH OH
J\ LL J
11‘.0 10‘.5 ﬂ;.ﬂ 915 9!0 515 Biﬂ 7.‘5 710 G.‘S 610 f (5‘;,5"“) 5.‘0 4!5 ‘.‘B 3!5 3!0 215 2!0 15 I!ﬂ 0!5 0!0
L-xanthosine (L-Xao, A.9)
13C NMR (DMSO-dg)
(o]
HN N
oA [ )
N N
0o OH
A9
OH OH
2"]0 I;ﬂ 1;0 1;0 1!‘30 1;0 I:ﬂ I-'Iw 1;0 H‘U " zégm) 5'0 3‘0 Z‘D |I0 0
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L-Xanthosine-5'-monophosphate triethylammonium salt (L-XMP, A.10)
H NMR (H,0)
(o]

HN N
o’(\N 4 . ) o
H o 0-P-0~

N
OH OH x2Et;NH
A.10

I A qu

7000

6500

6000

5500

5000

4500

~4000

3500

3000

2500

2000

~1500

~1000

=500

=0

=500

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)
L-Xanthosine-5'-monophosphate triethylammonium salt (L-XMP, A.10)

13C NMR (H,0)
[o]
HN N
o‘(N 4 . ) )
H o 0-P-0"

.
OH OH x2Et;NH
A10

r T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 o do0 %0 80 70 60 50 40 30 20 10
ppm
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L-Xanthosine-5'-monophosphate triethylammonium salt (L-XMP, A.10)
3P NMR (H,0)

(o]
HN N
oa\N ») o
H N

1
0. [~0-P-0"

N
OH OH x2Et;NH
A10

r T T T T
100 90 80 70 60

50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80
f1 (ppm)
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Acetoxybenzyl alcohol (A.13)
"H NMR (CDCls)

AcO
T o

AA13
T IV |
T ‘ : ‘ . ‘ ‘ T . T . T . ‘ T T ‘ ‘
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

Acetoxybenzyl alcohol (A.13)

3C NMR (CDCls)

AcO

\©\/OH
A.13
A n ‘L l |
T ‘ ‘ T ‘ ‘ ‘ ‘ T ‘ T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)
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1,1-Diacetoxybenzylalcohol-N,N-diisopropylphosphinamine (A.14)
H NMR (CDCl3)

OAc
- : ‘ ‘ ‘ : ‘ - ‘ : : : ‘ ‘ : : - ‘ :
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5
f1 (ppm)

1,1-Diacetoxybenzylalcohol-N,N-diisopropylphosphinamine (A.14)

13C NMR (CDCl5)

OAc
A.14

210 200 190 180 170 160 150 140 130 120 110f1%00 )90 80 70 60 50 40 30 20 10 0 -10
ppm,
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1,1-Diacetoxybenzylalcohol-N,N-diisopropylphosphinamine (A.14)

31P NMR (CDCly)

OAc
[N Y AN
180 160 140 120 100 80 60 40 20 0 -20 -80 -100 -120 -140 -160 -180 -200 -220 -240 -260 -280

-40 60
1 (ppm)
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L-Xanthosine-5'-1,1-Diacetoxybenzylalcohol monophosphate (A.15)

H NMR (CDCls)
o)

N
Ij\ | 0 /—O—OAc
o7 N Nl I—O—P-O

HO HO

A5 OAc

T T T T T T T T T T T T T T T T T T T T T T T T T
80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16

L-Xanthosine-5'-1,1-Diacetoxybenzylalcohol monophosphate (A.15)

13C NMR (CDCly)

o
N
XS g o
o”N N o ©o-P-0
o
HO HO
T OAc

i T —————

T T T T T T
150 140 130 120 110 100 90 60 50 40 30 20 10 0

80 70
1 (ppm)
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L-Xanthosine-5'-1,1-Diacetoxybenzylalcohol monophosphate (A.15)

31p NMR (CDCl3)

0
N
HN
LY 5o
o“>N""N 4  o-P-0
H 1
K 7' o
HO HO
A5 OhAc

T T T T T T T T T T T T T T T T T T T T T T T T T T T
140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 740”?50 )760 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210 -220 -230 -240
ppm
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